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INTRODUCTION

Warmeblooded animals are able to maintain an almos$
eonstant body temperature despite envirommental tempere
atures which may range from the +50°C heat of the tropical
Jungle to the «50°C cold of the polar regions, Since |
environmental temperatures in certain areas may fluctuate
as much as 4,5°C in a single day, 18 1s apparent that a
eonstant temperature can be achieved only through regula-
tory mechanimms 'upuble of rapid and sensitive response
$o envirormental changs, In order to maintain a oconstant
body tempersture, heat loss must be balanced by heat |
production and a variety of control mechanisms are required
for this purpose., Thus, a constant body temperature may
be maintained in an elevated envirommental temperature by
decreasing heat production mechanisms (oxidative processes)
and/or by increasing cooling mechanisms such as vasodile
ation and vaporization of water, The body responds to a
lowered environmental temperature by increasing oxidative
processes leading to heat production and decreasing heat
loss to the enviromment by such mechenisms as vasocone
striction and piloerection of hair,

However, the body temperature of the homeotherm can
be altered by either exposing him to sich an unfavorabdle

enviromment that his eontrol mechanisms are no longer
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sapable of maintaining his normal toniponturo or by
inhibiting the ocontrol mechanisms, Prequently a combination
of these two methods is used to alter body temperature both
for therapeutic purposes and in order to gain a better
\indor-unding of the mechanisms involved in thermo- |
regulation, ‘The remainder of this discussion will be
devoted to the mechanisms involved in maintaining euthermia

when an animal is exposed to a o0ld enviromment,

Hypothermia, !‘ha term hypc;thomh was 1nt1;oduo¢d by Talbott
(1) 4n 1941 to signify the deliberate reductiom in total
body temperature of man foi therapeutie purposes, However,
since that time the term has been used more generally to
desoribe the state of the homeothermic animal when his
temperature is below nomal, 'rogu'dlnl of the cause, The
temminology describing the various degrees of hypothermia

is not clear, however, the following scheme has dbeen
suggested by Swan (2) and will be used in this discussions

., Moderate hypothermia 37-28°
Intermediate hypothermia 28-20°C
Desp hypothermia  20-0%

Moderate hypothermia permmits a reduction of metabolism
by about S0% without the danger of ventrioular fibrillation,
If cooling is despened into the intermediate range, there
is a further reduction in metabolism to about 25}‘ of normal
but ventricular fibrillation is almost nmin to dovolop
unless inhibited by some specific means, when deep
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hypothermia is obtained in homesothermic animals spontaneous

revarming becomes impossible and cardiac activity ceases

(2,

Historicael Aspects of Hypothermig, Hypothermia has been

utilized in medical therspy since sncient times, Because
of its miguie properties and its apparent reduction of
hemorrhage, Hippocrates recommended application of cold
water or ice for various injuries, During the Renai ssance
fevers were troated with cold drenching, The first recorded
.pati.ent to undergo therapeutiec general hypothermia was
Riochard Sutton, Esg, of Liverpool, His physician, Dr, James
Currie, reduced his temperature to 83°F by keeping him in
& salt water bath for a period of L5 minutes (2), In the
Napoleonic era local eooling of the tissues was successe
fully used for amputations during the retreat from Moscow
(3)e However, it was not until 1940 that the first major
study of the possible clinical value of general hypothemmia
was made, 3mith and Pey (L) were able to maintain more
than 100 patients moderately hypothemie for periods as
long as eight days and thus demonstrated esonclusively the
tolerance of man to prolonged temperature reduction, |

This entire fleld of investigation was revitalized
by Bigelow, et al, (5) in 1950, They demonstrated that
dogs oculd tolerate temperatures of 20-25°C with cessation
of cirmlation for 15 minutes, The most dramatiec use of
cold has been in cardiae surgery where opening of the heart
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‘48 & procedure limited as to time (from three to eight

minutes before there is damage to the central nervous
system and risk of life) unless some provision can be made
for an alternate circulating system, or a reduction of
metaboliec requirements, Hypothermia has made possible open
heart surgery by direot vision, In addition to cardiac
operations, hypothermia, as an adjunct to anesthesia, has
also found value in thoracic, vascular, central nervous

system, liver and other abdominal operations (6),

Thermoregulation, The process by which animals malintain
body temperature in response to cold is called thermo-
genesis, This phenomenoncan be divided into shivering and
nonshivering components, MNonshivering thermogenesis may
be further subdivided into obligatory and regulatory
components (7).

Obligatory nonshivering thermogenesis 1'3 the process
by whioch heat is produced to supply the minimal thermal
requirements of the animal, It is synonomous with the
basal or resting metaboliec rate, The magnitude of this
response is directly proportional to the concentration of
eirculating thyroid hormone and, therefore, is related to
thyroid activity, Recently it has been shown that it is
the concentration of unbound or free thyroxin that 1is
important (8), h '

Regulatory nonshivering thermogenesis is the proooil
by which heat is produced in response to a lowering of
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savirommental temperature below scme eritical level (about
20=30°C for rats) (7)e Warm adapted rats, rats raised at
2890, respond to eold exposure by inoreasing heat
production (shivering) but this is insufficient to maintain
their body temperatures if muscular activity is prevented
(9,10,11)¢ If the rats are "cold adapted” by placing thea
in & room at L°C for a period of time, the potential for
regulatory nonshivering heat production is greatly
inoreased and these "oold adapted™ rats rely on this
process to the exclusion of shivering (7)es 1t has also
" been shown by & number of investigators (12) that in
maintaining a sonstant body temperature the neonate relies
primarily on nonshivering thermogenesis at the exclusion
of shivering and in this respect, temperature regulation
of the neonate resembles that of the cold adapted rat (13,
l})e Thus, within } weeks, nonshivering thermmogenesis, the
prevailing mechanimm of heat production in the newborn
guinea pig almost totally disappears if the animals are
reared at neutral temperatures (_30-32"0). Similarly, but
in a reverse manner in adult animals, cold exposure results
in shivering when an animal is firat exposed but nonshiver
ing heat production predominates after several weeks of
exposure (7). The processes whioh bring about these schanges
in thermmoregulation are now under investigation (12),

The role of the thyroid in the regulation of obligae
tory and regulatox heat production has been studied exten-
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sively, Although evidence indicates that thyroid activity

eontrols obligatory heat produstion, it appears to have
1ittle control over regulatory heat production, Thus
thyroidectomiszed rats are still eapable of responding to
eold stimulus by an increase in nonshivering heat produstion
(15) and e0ld exposed rats do not become hyperthyroid nor
are they hypersensitive to thyroid hormones (16,17), In
faot, experiments of Hsieh (7,16,17) indicate that shronic-
ally eold oxpoud rats are not hyperthyroid, if anything
they may be hypothyroid, 1t is the visw of Halsh that the
level of ciraulating thyroid hormone plays an important
pars in determining the characteristics of the blological
.engine, but 1t is the sympathetiec nervous system that is

in eontrol,

Role of the Sympathetic Nervous System in Thormogenesis,

Rats exposed to a cold enviromment excrete large amounts
of norepinephrine (NE) and lesser quantities of epinephrine
(18,19,20,21), Johnson (19) has shown that at 4°0
inhibition of dopa (dihydroxyphsnyl alanine) decarboxylase
resulted in a decreased excretion of NE, however, larger
amounts of epinephrine were excreted and the animal was
able to maintain heat production, This increased produstion
"of epinephrine was referred to by Johnson as a "secondary
mechaniam™ and its importance was emphasized by noting

that adrenaleotomized animals treated with a dopa '
decarboxylase inhibitor failed to survive three days
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exposure at 4°C,

 Gilgen et al, (22) have shown that the survival time
of adrenal demedullated rats exposed %o u.°c was markedly
reduced relative to control animals, From oxygen
oonnmption. data, these investigators showed that the heat
production of the demedullated rats was only about 25% of
the heat production of the normal animal, Examination of
plasma glucose and free fatty acid levels in the demedule.
lated rats exposed to c¢old showed no increase in plasma
glucose, yet free fatty acid levels were close to normal
values, However, if the missing hormons (epinephrine)
was adninistered to the animals, the plasma glucose levels
returned to normal and the animals' adbility to withstand
the ¢old was restored, 1t is well known that cold-
'stressed animals respond by mobiliszing fatty acids (22,23,
2l;,25) and 1t has been shown also that NE infusions raise
plasna free fatty acid levels (26), In addition Wertheimer
ot al, (27) found that the rise in fatty acids oa cold
exposure could be blocked by adrenergic blockade, These
results were interpreted to indicate that hypomobuiueian'
of free fatty acids in response to 60ld stimulus was
mediated by the release of NE at the nerve endings in
adipose tissue while the adrenal medullary hormones were
responsible for the hypemmobilisation of glucose, This
interpretation was supported by the finding that when
adrenal demedullated rets were pretreated with a ganglionie
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blboklns agent and then exposed to cold, their body tompor-
atures fell repidly and their mean survival time was
reduced, There was no significant increase in plasma
levels of either glucose or free fatty aclds indicating
that adrenal demedullation together with ganglionie
blockade prevented the mobiliszation of both energy
substrates (2).

It appears that the aympathetie nervous system is
the major mechanimm by which the homeothermic memmal is
capable of mobilizing increased amounts of mstabolio
substrates in response te an increased need for themal
energy, Purthermore, release of NB from the sympathetio
nerve endings in vascular tissues and release of catechole
anines, primarily from the adrenal medulla both eontribute
to heat econservation through vasoconstriction and piloe
erection (24), |

The Adrenergic Synapse., In recent years numerous models of
the adrenergioc synapse have been proposed, indiocating that

its exact nature is far from settled, Pigure 1, a model
proposed by Iverson (30), is based on much of the evidence
to be presented in this diascussion,

NE 1s now sonsidered to be the ma jor neurochemical
transmitter released from sympathetic nerves (28), The
history of the development of this concept and the more
recent evidence which substantiates such a elaim has '
been reviewed by a number of authors (29,30) and will not




Pigure 1,

Schematic representation of norepinephrine
stores in an adrenergic terminal, For

explanation see text,
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11,
be dlscussed here, It is well to bear in mind that the

adrenergic synapse is a highly integrated functional unit
which oconsists of many complex anatomical structures and
aystems within these structures (see Figure 1), In order
to gain some insight into the function of this unit the
following systems will be considered, |

1, The presynaptioc terminal contains intraeollulnr |
storage particles, the biochemical machinery concemed
with the synthesis and degradation of the neurotransmitter,
and the biochemical or diophysisal machinery necessary for
the release and upteke of the transmitter,

2¢ The specialized region of the post synaptie cell
(receptors) which is in oclose proximity to the prujnaptio
terminal, |

Presynaptic Terminal, The existence of specifie intra-
sellular storage granules for catecholamines was first

demonstrated for adrenal medullary tissue in 1953, That
year Blaschko (31) and Hillarp (32) independently demen-
strated the localiszation of pressor amines in intracellular
granules from the chromaffin cells of the bovine adrenal
medulla, These investigators showed that the granules
store 70-90% of the hormones, Electron microscopic studies
of adrenal medullary tissue showed densely osmiophilie
granules nearly 0,2 u in diameter, These granules were
surrounded by & membrane and were easily distinguished

from other cell organelles (33), They oan de isolated by



| _ 12,
differential centrifugation and separated from other cell
particles such as mitoshondria and microsomes by densitye
gradient centrifugation, Wwhen granules are separated in
this manner, they show a double layered membrane
surrounding the filaceous ground structure (34),

In addition o catesholamines these granules eontain
large amounts of adenosine triphosphate (ATP), proteins,
1lipids and riboneucleio acid (RNA) (35,36,37)s It has
been shown that the molar ratio of ocatecholamine to ATP in
various species is approximately 4:1 (38), The positive
oharges of the catecholamines are balanced by the sum of
the negative charges of the adenine nucleotide (34)e | .
However, Schumann (34) has observed that after osmotic
lysis of medullary granules of cattle, all of the ATP is
released but only 908 of the catecholamines are released.
This evidence and the fact that ﬁthov investigators find
anine-ATP ratios higher than L:1 argues in favor of a
second storege ocomplex within the medullary granule,

Hillarp (35) and Schumann (3l ) have shown that the
granules can be stored at 0°C in isotonic sucrose for
nvorql days without losing their catecholamine and ATP
ocontent, These findings, and investigations in vitro on
eatecholamine-nucleotide complexes by nuclear magnetic
resonance spectroscopy (39), have led to the hypothesis
that catecholamines form together with ATP, and perhaps’
with intragranular protein as a third eomponent, a none
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diffusidble storage~-complex within the granule (40), This
theory is supported by evidence of other investigators
(4L1,42) who have shown that at 0°C the granules did not
exchange their epinephrine with isotopically labeled
epinephrine, In addition Prusoff et al, (43) were able
to demonstrate that the incorporation of 1’32 into the ATP
of the medullary granules is a very slow process in vive |
in contrast to that of mitoshondria,

Although the storage of catecholamines within the
granule is probadbly independent of metabolis processes,
the uptake of these mmines appears %o be strongly dependent
on such processes., Carlason et al, (42) and Kirshner (L)
have shown that the rate of amine uptake inoreases with
the temperature and can be sccelerated 5 to 6 times by
the addition of ATP and magnesium, Kirshner (41,L1) has
also duomﬁntod that the interior surface of the granular
membrane shows dopamine=-/3 -hydroxylase aotivity, indicating
that the biosyntheais of NE from dopamine mmy take place
within the storage granule, Thus, the mechanimm of uptake
of exogenous catecholamines is of importance for the
formation of NE, It provides the granules with dopamine,
as this amine is teken up to about the same extent as Ni
and epinephrine, The uptake can de inhibited dy small
doses of reserpine but is unaffected dy ocuabain, which has
been shown to block transport mechanisms (42,L1). '

Whether or not an active mechanisam for the relesase
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of catecholamines from the storage granule also exists 1s I
not yet settled, However, there is much experimental
evidence indiecating that stored amines are released by a
passive diffusional process, In this regard, Schumann
(34) in Snocudbation experiments with isoclated medullary
granules hﬁ shown that calcium ions n'luu eatecholamines
and ATP to the ssme percentage extent at 37°C as at 0°C,
These investigators have also demonstrated that tyramine
releases satecholamines from the 1nfmgr:mlm pool inte
the suspension medium, 8Since ATP is not released, Schumann
reasons that there is no available energy for an active
transport, Purther investigations (34) have shown that
during incubation of the granules at 37°C there is also a
spontansous releass of catecholamines together with ATP,
S8ince this release is temperature dependent (1i.e, it
ococurs only to a limited extent at 0°0c) Schumann (34) has
proposed that the release is initiated by an enzynmie
decomposition of the storage eomplex and thereafter the
amines are released by diffusion,

8tudies to prove thc‘ possible role of other somponents
in the storage of the ATP-catecholamine complex have shown
that during incubation of medullary granules at 37°C, the
spontaneous release of amines and ATP is accompanied by a
loss of RNA (37). Also, incubation of the granules with
purified RNAase preparation produced an inoreased and dose
dependent release of amines, ATP, and RNA to the same
degree but did not change the protein content (34), These
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investigators (34,37) feel that the depolymeriszing effect
of the added ensyme on RNA is connected with the release

of amines and ATP, They have investigated pure medullary
granules obtained from a discontinuous density gradient
eentrifugation and found that the granular fraction
contained sufficient RNAase activity to catalyse the
spontansous release of RNA, catecholamines and ATP at 37° Ce
) Calcium has also been observed to liberate satechol
..uninn from the intact medullary cell (45), S8chumann (34)
has shown that amines, ATP, calcium and magnesium are
spontaneocusly released at 37°C while at 0°C none of these
substances are lidberated, Further work with uloiiz; and
magnesium (34 ) has demonstrated that these bivalent ions
are released only if ATP is liberated simultanecusly as

in the proumi of RNAase, prenylamine and reserpine,
Tyramine, on the other hand, releases catecholamines but
no ATP and therefore no calcium and magnesium, These
results are interpreted by Schumann (3l) to indicate that
bivalent ions as well as REA or a ribonucleoprotein may
participate in the fommation of the storage complex, .

In 1956 Euler and xun.i-p (46) demonstrated the
existence of similar catecholamine-storing partiocles in
bovine splenis merves and in the rat spleen, These granules
were found _to have a number of properties similar to those
found in medullary granules, Thus, they eontain hrgo'
amounts of ATP and again the molar ratio of amine to ATP
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is approximately L:1 (47)e Furthermore, the nerve granule
membrane i3 freely permeable to eatecholamines at 0°C (48)
and the amine uptike mechanism in nerve grenules is
potentiated by ATP (L9) and inhibited by reserpine (50,51),
in agreement with previous observations with medullary
gramiles, However, the nerve granules have been found to
differ from medullary granules in many respects, They are
smaller and more resistant to ommotie changes and to
freesing and thawing than the medullary granules (48,52),
When incubated in vitro at 0°C they are quite stable,
however, at 37°C they lose abous 50% of the amines in about
ten minutes, indicating & muoch higher spontaneous release
rate than is found with the medullary gramiles (48,52),
Reserpine, known to deplete NE from sympathetically
innervated tissues in vivo, surprisingly enough retards
the NE release from the nerve granules when incubated in
vitro at low concentrations (53), It has also been shown
that the scatecholamine turnover rate, in vitro, is abdbout
ten times higher in the nerve than in the medullary
granules (48), Caloium ions had practically no effect on
nerve or heart granules (54), in sharp contrast to their
action on the medullary granule,

S8tjarne (54 ) has eompared the properties of nerve
granules isolated from 4ifferent parts of the neuron and
in different tissues and has concluded that with minor
exceptions they are similar, However, he warns that it
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18 as yet premature to state flatly that all kinds of

granules in postganglionio impathotic neurons have
identiocal properties, and differ from those gramiles of
chromaffin cells, Nevertheless, the practice of extrae-
polating data from chromaffin granules to nerve granules
should be abolished since new techniques have made the
isolation of nerve granules a relatively simple procedure,

Role of Granules in Norepinephrine Biosynthesis, Dopamine-
/3 =hydroxylase activity has been demonstrated in both rat
heart granules (55) and medullary granules (56) indicating
that the granules are capable of synthesising NE from

dopamine, However, incubation of nerve granules with
tyrosine did not result in the formation of either dopamine
or NE (57) although whole nerve homogenates werse eapable
of acoomplishing this synthesis (58), These experiments
suggest that tyrosine is converted to dopa within the
axonal eytoplasm and that the nerve granules 'm the sites
for converting dopa to dopamine and NB (54),.

It has also been shown that reserpine inhibits the
formation of NE from dopa on incubation of isolated nerve
granules (54). These results support the concept that
inhibition of NE synthesis may be one of the mechanimms
whereby reserpine causes NE depletion (59,60),

Qther Norspinephrine Storage Pools. The question as to
whether or not other storege pools of NE exist in the
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adrenergic nerve terminal has been raised by many investi-
gators, In this regard, it has deen found that no more
than 77% of the NE of the rat heart (55) or 35% of the KE
in splenic "press juice™ (52) has been itohtdé in amall
particles, The question is whether or no}t/;c NE recovered
from this high speed supernatant from various tissues
sorresponds to an extragranular pool of NE in vivo, or if
it represents an artifact due to leakage during the
homogenization procedure, Prolonged homogenization

permmits better cellular disruption but also decreases the
yield of amine-containing particles(6l) indicating that

the recovery of NE in particle bound form is clearly
dependent on the technique used, However, Iversen (30)

has compared the published values for the subcellular
distribution of exogenous and endogenous NE in the hearts
of various species and has found that several different
laboratories have arrived at consistent and closely

similar estimates of the ratio of particle-bound to free

NE in adrenergic nerves. If the releass of particle bound
catecholamine into the homogenizing medium were entirely
responsible for the existence of supernatant KE, one might
expect widoiy divergent results from different laboratories,
Since this was not the case, it may be taken as evidence
for the existence of other storage forms in adrenergie
nerves (30), '

"Compartments®™ of NE have also been suggested on the
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basis of differential drug responses, Depletion of NE
stores with tyramine has led to the hypothesis of two
stores of NE, one which is readily released by tyramine
and the other which is released only when large doses of
tyramine are administered, This second store is often
referred to as the tyramine resistant store (see FPigure 1),
Available evidence indicates that these stores of NE are
not necessarily two clearly distinguishadble pools but
rather may be two different storage forms existing within
the nerve granules, Lvidence for this hypothesis is
presented in a recent review on this subject (30),
Trandelenburg (62) showed that the diminished responsive-
ness to tyramine after administration of reserpine ocould
not be observed until a large portion of stored NR had been
depleted by reserpine and first suggested that reserpine
initially depletes a store which is not important for the
sotion of tyramine, Uptake studies provide further
evidence that NE is not stored in a single storage pool in
adrenergic nerves, A number of investigators (63,6l,65)
have demonstrated that following uptake into the heart,
either in vivo or in vitro, a multiphasic deorease in the
eontent of IE-H3 was observed, indicating the presence of
at least two pools of NE, each possessing different turne
over rates, -.

"~ It has been shown by many investigators that thc'nto
of reserpine induced depletion of NE in nerve terminals is
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dependent on the impulse flow in such nerves, Thus, the
disappearance of NE ean be delayed by sympathetis
decentralization, acute postganglionie¢ denervation or
ganglionisc bdblocking drugs (30), BSedvall (66) has noted a
two phase disappearance of NE from tissue after treatment
with reserpine in the preganglionic denervated gastroe
enemius muscls of the oat, Some 85% of the total NE
disappeared within the first five hours while the remaining
15% disappeared slowly over the next 19 hours, This second
slovwer phase of disappearance ocould also be observed in
normally innervated muscles, These results have been
interpreted to suggest the existence of two storage forms
of NE in sympathetic nervesj one a large pool whieh
sontains about 85% of the total catecholamine and whiech is
rapidly depleted by reserpine, the remaining 15% represents
& reserpine-resistant pool which could be released by nerve
stimulation, |

Evidence for the existence of an extraneuronal pool
of NE which is also resistant to reserpine has been
provided by Pilscher et sl, (68), These investigators have
found that in the chronically denervated rat salivary
gland, small amounts of NE-H> are still acoumulated and
retained in a store shich cannot be depleted by reserpine
but which can be partially depleted by tyramine, The '
authors suggest that it is the £illing of this pool which
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is responsible for the restoration of tyramine responses
in reserpinised tissues on exposure $0o XE, PFurther
evidence which argues in favor of such a pool may be found
in the recent review of this sudbjecs by Iversen (30),

In the model in Pigure 1 it can de seon that the main
stores of NE in the sympathetiec nerve teminal are
eonsidered to be in the particles, although the exasct ratio
of total amine to particle dound amine is not known, It is
possible that the norepinephrine in the particle is stored
in two forms, a fully bound ATP eomplex and a form which
is more readily relesased by tyramine and 4s in equilibrium
with the extragranular axoplasmic fluid, ‘

Release of Norepinephrine from Adrenergic Nerves, The

stimulation of adrenergic nsrves causes a release of NE
from the terminal regions which then diffuses to adjacent
effector cells, Very 1ittle is known of the mechanimm by
which nerve impulses promote the release of NE from
adrenergiec nerves, however, the primary event that leads
$0 transmitter release is a depolariszation of the presynap-
tie terminal as a result or the action potential wave of
the invading nerve impulse, It has been suggested (69)
that this depolarization may de followed by an increase

in the number of attachment sites on the inner surfece of
the presynaptic fibre for the preformed packets ol
transmitterj the transmitter packets attach to these sites
and discharge their oontents $o the exterior into the
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synaptie oleft, Xopin (70) in his review of this subdbject
has noted that when an impulse reaches the area from which
NE will be released, a chain of events occurs leading so
its release, The Lntoénodi-r:r steps ocould involve release
of substances other than NE, Thus bretylium, a quarternary
amine which is taken up by sympathetiec nerves, is capadble
of blocking the effects of nervous stimulation without
interfering with the eonduction of the impulse, Furthere
more, & substance ¢an be released by nerve stimulation (70)
but does not appear to be a false neurctransmitter, From
this and other evidense (70) it is apparent that dretylium
replaces something other than NE, Burn and Rand (71) bhave
postulated that a sholinergie sompound serves as & link
between the nirn impulse and the release of tho-ndron.rgio
transmitter, Although this theory is still highly
eontroversial, it has been proposed t!ﬁt brotyiiuu eould
aoct by mtcrroﬂn; with this cholinergiec eompound and thus
block transmission (70),

One soncept of the mechanism of release of NE from
the adrenergic nerves is Magremmed in Pigure 1, This
figure shows that when NE 18 released from the terminal in
response to nerve hnpulau', it 1s released from a mmall
readily available pool which may de resistant to depletion
by reserpinej this pool is normally replenished from the

larger reservoir of reserpine releasable NE,

Uptake of Norepinephrine, Sympathetis nerves have the
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ability to take up and retain large amounts of NE and 1¢

appears to be the result of an active transfer process
(72,73) quite different from intraneuronal dbinding, A
mmber of investigators (72,7,) have found that the uptake
of NE-HE> in the eat heart and brain slices was saturated
at hlgh concentrations of NE, suggesting that the uptake
of NE was mediated by a saturable membrane transport
process, Iversen (75) found that data from infusion
experiments agreed well with the olassiocal Michaelis~
Menton equation used to desoribe saturadle ensyme/substrate
interections, Thus values for the maximum reates of NE
uptake (Vmax) and the dissooiation constant for the intere
action between NE and the uptake site (Km) were calculated,
These data indicated that the uptake process shows
structural and stereochemiocal specificity in that norepine
ephrine is taken up more rapidly than its N-substituted
derivatives and the l-isomers of NE and epinephrine are
accumulated more repidly than the De-iscmers,

Seversl drugs (eg. eocaine) interfere with this
process but do not affect intraneuronal binding to the
catecholamine storage sites, On the other hand, reserpine
does not appear to interfere greatly with uptake dut doces
interfere with intraneurocnal storage (70), Thus it has
been proposed that catecholamine uptake is mediated by a
membrane transport mechanism located in the axonal membrane
of postganglionic sympathetis neurons (30), See Pigure 1,
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Catecholamine Synthesis, The main pathway for the dioe
synthesis of catecholamines in animal tissues is now known

to be: Letyrosine — LeDOPA o Ledopamine —.. Lenorepine-
phrine —> Lespinephrine, This series of reactions was
first shown to teke place in the adrenal medulla and later
the synthesis of NE was demonstrated in peripheral tissues,
sympathetic ganglia and axons, and in drain, The rate
limiting step appears to be the eonversion of tyrosine to
DOPA which is catalysed by tyrosine hydroxylase, see

Pigure 1, The major portion of the work elusidating this
pathway has been done in the last decade and there are a
number of reviews on this subject (30),

Catecholamine Metaboliam, The exoretion of deaminated

catechols and O-methylated catesholamines indicated that
there were at least two main pathways of catecholamine
metabolism, Thus, when IIE-H3 is administered to an animal,
& large portion is excreted or rapidly destroyed by
O-methylation in the liver snd kidney, Catechol-O-methyl
transferase (COMT) has been shown to occur in high eoncene
trations in both of these organs (76) and is the ensyme
responsible for this inactivation, However, unlike
epinephrine which is almost totally metabolised by COMT
(77), & fraction of the labeled Ni-H3 is taken into tissues
to be released and metabolised more slowly (78,79,80). '
This portion is destroyed mainly by oxidative deamination
by monoamine oxidase (MAO) (79). Radioautography (81,82)
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has provided direct evidence for the presence of NE-H3 in
sympathetic nerves and 1t is believed that NE-H> which is
taken up by the sympathetic nerves may be considered a
valid tracer of endogenous NE,

Reserpine markedly increases excretion of deaminated
eatechols (83) while tyramine releases unoxidized NE into
the eiroulation, This unoxidised NE, like the injected
neurchumor is mainly O-methylated (79,83).

Therefore, it appears that MAO is largely responsible
for intraneuronal destruction of NE while OOMT acts on
extransuronal NE, either in the tissues or after entry
into the circulation (70),

Adrenergioc Receptors. The specialiszed region of the poste
synaptic cell which is in intimate eontact with the pre-
synaptic nerve terminal has received relatively little
attention due to the immense interest with uptake, storege,
and release mechanisms in the adrenergic neuron, The most
direct characterisation of the adrenergic receptors would
be the actual isolation of the receptor system to allow
precise anmalysis of drug receptor interaction, However,
this has not been acoomplished, Indirect methods have
been used to characterise adrenergic receptors and most of
the present knowledge concerning the characteristics of
adrenergic receptors has been obtained from ltructnro'

activity relationships of agonists and the speeifiocity of
blocking drugs (84).
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NE, epinephrine and other catecholsmines are eapable
of causing elther exoitement or inhibition of mmooth
musole, depending primarily on the site and, to a lesser
extent, on the dose, XNE is the most potent excitatory
eatecholamine and possesses low activity as an inhibitor,
Isoproternol exhibits the reverse pattern of aotivity
while epinephrine 1s relatively potent as both an excitor
and as an inhibitor of mmooth muscle, On the basis of
this type of information, Ahlquist (85) postulated the
existence of alpha and beta receptors for adrenocceptive
sites on smooth muscles where catecholamines produce
excitation and inhibition, respectively, In this scheme,
¥E was classified as an alpha stimulator, isoproterencl |
as & beta stimulator while spinephrine was shown te | |
stimulate both alpha and beta receptors (86), |
Adrenergliec blocking agents have further aided in the
sharacterization of adrenergis receptors, They have been
mrticularly helpful since they ean act selectively against
either the exoitatory or the inhibitory effects 1i,e,
against either alpha or beta receptors, Thus the existence
of both o.lphn'nm‘l beta adrenergic receptors in the small
intestine of the dog has been postulated by Ahlquist and
Levy (87)s They observed that the inhibitory effect of
isoproterencl was blocked by DCI, a beta blocker, and not
Dibozane, an alpha blocker, and that the inhibitory effect
of NE was blocked by Dibosane and not by DCI, PFurthemmore,
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the inhibitory effects of epinephrine were not completely
blocked by either drug alone but were blocked when both
drugs were given,

Current soncepts in this area have recently deen
reviewed by Moren (8), In order to help explain the
aotion of the agonist it is necessary to assume that there
are constituents of cells, e.g. receptors, which react
~ selectively with certain agonists, The agonist-receptor
interaction represents the first step of a multi-step
sequential reaction which leads to the response of the
cell, Moran has represented this uquonthl reaction
symbolically ast A® R ~> AR > g =D =30 =3} —>
Ef whore R is the roooptoi', a, b, 8, n the s;éuontial steps
subsequent to the receptor, and Ef the effect, Although
the individual steps in most reactions are unknown,
Sutherland and Rall (88) have demonstrated that in eertain
t!.nﬁu the initial reaction of catecholamines is to
activate adenyl oyclass, Purthermore, they have described
& stepwise series of reactions that terminate in the
eontraction of smooth muscle., The assumed relationship
between the adrenergic receptor and the neuron is shown
diagremmatically in Pigure 1,

Because of the increasing therapeutioc and other
possible medical uses of hypothermia and the possibility
of hypothermia beooming a factor in prolonged space travel,
the present study was undertaken to elucidate some of its
offects on the actions of certain adrenergie drugs,




EXPERIMENTAL

Materials, The chemicals used in this study and their
sources are as follows: l-norepinephrine bitartrate
(Nutritional Biochemical Corp,); tyramine hydrochloride
(Mann Research Laboratories, Inc,)} and shlorpromasine
hydrochlorides}’

Methods., Male Sprague-Dawley ut;, weighing between 350
and 450 grams, were smployed ttiroughéut this study, All
animals were maintained in their animal quarters for at
least one week prior to their use, Purina Lab Chow and
tap water were available to them at all times during this
period, b | '

The animals were anesthetised with mti:uu (appro»-
imately 1.5 Om,/Xg, 1.p.) which was administered in
divided doses, The femoral vein was isolated and can-
nulated with PE 20 Intramedie Polyethylene Tubing, for
purposes of drug administration, To facilitate breathing,
- the trachea was exposed and cannulated with a small plece
of FE 2,0 Intramediec Polyethylene Tubing, The carotid
artery was canmulated with PE 60 Intramedie Polyethylene
Tubing to record blood pressure and heart rate, They were

lthe author thanks Smith, Xline and Prensh Leboratories
for the supplies of chlorpromazine used in these studies,

-28.
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dotermined from trecings obtained with either the Grass
Model 5 Polygraph or the B and M Physiograph both of which
were equipped with a Statham P=23 transducer,

Animals were either maintained normothermis by the
use of & wvaming element or allowed to become hypothermie
by omitting the warming procedure, Hypothermia was also
indused by placing the anesthetized animal in a cold room
at 8% for approximately 20 minutes, This treatment
" usually lowered the body temperature to about 30°C, after
whieh the animal was removed from the sold room and placed
on a waiming element where body tenpersture was maintained
at 30°C, All experimonts were earried out in an air
eonditioned room which was maintained at 21-22°C, Rectal
~ temperatures were monltored for all animals utilising the
Yellow 8prings Instrument Co, Telothsrmomester,

In experiments designed to determine the effect of
hypothermia on ehlorpromazine~indused bradycardia and
hypotoziaion, control periods of sufficient length to assure
& stabiliged Dlcod pressure and heart rate were contime
ously recorded prior to drug administration, Chlorprome
asine, 0,5 mg./Kzg., was adninistered intravenously in a
volume of 0,1 ml,/Kg. and eontrol animals received 0,1 ml./
Kge of saline, Blood pressures and heart rates wers
monitored esontinucusly for 20 mimutes immediately following
drug administration and thereafter for seversl minutes at
20 minute intervals for approximately 3 hours, At least
8ix animals were employed in each group,
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In experiments designed to study the effects of

moderate hypothermia on the responses to exogenous amines,
blood pressure and heart rate were monitored for approxe
imately 20 minutes n.rtor the ccoling procedures to assure
that the animal had become stabilized, Since norepinephrine
and tyramine were administered to the animals over a wide
range of doses, various csoncentretions of each drug were
made so that they ocould be aduninistered in constant
volumes, Drugs were infused slowly over a 15-20 second
1ntox;va1 and the volume of drug administered during this
period never exceeded 0,5 ml, Blood pressures and heart
rates were monitored for approximately 1l minute before and
L minutes after the administration of the drug, In
instances where multiple doses were given to the same
animal, eompounds were administered at 15 minute intervals,
in the c¢hlorpromasine studies, compounds were not admine
istered until at least 15 minutes after chlorpromazine had
been given,

In both of the above studies at least four to six
animals wers employed in each group except in the tachy-
phylaxis experimenta where L animals were used in each
group, The data to be presented here are expressed as the
mean value obtained + the standard error of the mean,

For the determination of nonestorified fatty acids
in plasma, the animals were treated in the manner described
above for the cardiovascular experiments except that blood
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samples were withdrawn via the ocarotid eannula and the

plasna assayed for fatty acids by a modification of the
method of Dole (09),



RESULTS AND DISCUSSION

Effect of Procedures on Body Temperature. The changes in

body temperature produced by drug treatment and as a result
of the experimental procedures are shown in Pigure 2,

These data indicate that the procedures employed produced
& highly significant difference in rectal temperatures,

It is also apparent from this figure that the use of the
waming element maintained body temperature at a reassonably
constant value, while those animels which were not warmed
became hypothermic, These results are in sgreement with
those of other investigators who have shown that at

ambient temperatures below 30°C, homeothermic animals are
not capable of maintaining body temperatures if muscular
activity is prevented (90),

Effect of Hypothermia on Blood Pressure, The effect of
& sustained, moderate hypothermia on the aystolie blood

pressure of anesthetiszed rats is shown in Table I, Blood
pressures were recorded after the animals had been
maintained at 30°C for approximately 30 minutes, The
results indicate that moderate hypothermia induced a mild
hypertension., This is at variance with the results of
some investigators who have reported that moderate hypo-
thermia elicits either no change or a slight roduotion‘ in
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Pigure 2, Rectal temperatures of rats, Arrows indiocate
temperature data curves for groups of rats, the
upper two curves representing groups maintained
with a wvarming element and the lower two curves

those whioch were not heated,
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Table I

Effect of Body Temperature and Chlorprcmazine (0.5 mg./Kge)
on the Systolie Blood Pressure of Anesthetized Male Rats

Treatment Blood Pressure
mme Hp,

Normothermie No Drug 110 ¢ 6,3 (40)

P> ,001
Hypothermis  No Drug 155 ¢ 2.5 (36) .
Normothermie Chlorpromasine 67 £ 1,8 (29) P> .01

> .

Hypothermie Chlorpromasine 92 ¢ 8.1 (29)

Pigures in parentheses indicate the mumber of animals in
each group, P values compare normothermie and hypothermie
data,
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blood pressure (91,92)., The use of different anesthetios

may offer a partial explanation for this diserepancy, Many
investigators used pentobarbital, an anesthetlies eapable of
produsing a moderate hypotensive response (93) and in the
present studies, urethane was employed as an anesthetie
because ‘1ts cardiovascular effects are much Iolt-pronounaid
and 1t 1s eapable of maintaining a more uniform mean blood
pressure than is pentobarbital (93), Purthermore, in the
other investigations ocited above, the animalt's body
temperature was reduced to 20°C or lower and data. pertaine
ing to the moderate hypothemlc state were obtained while
the animals were losing body heat, The animalas in the
present study were in a steady state with respect to body
temperature, during the period of obssrvation, Since the
physiologlcal activities occurring while ioalng body heat
differ from those of animals in & steady state with regard
to hect loss and heat production, eomparing the data on
the basis of body temperature only may not be meaningful,
A large but transient inorease in blood pressure
upon initiation of the cooling procedure, however, has
been reported by many investigators (91,92), It has also
been found that catecholamine exoretions are grossly
increased in non-adapted cold exposed animals (22,94 ),
It can thus be assumed that a mild hypertenasion may be
caused by an increass of epinephrine from the adrenal
medulla and norepinephrine (NE) from sympathetioc nerve
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endings, both resulting from an increase in sympathetis

nervous system activity,

Effect of Hypothermia on the Pressor Response of Exogencusg
Norepinephrine, It has been known for many years that the
prossor responses to exogenous epinephrine are diminished
in hypothemic animals (95) and more recently it has been
shown th;lt the response to many exogenous sympathomimetis
anines $s also reduced in hypothemiec dogs (96), Since

there appears to be an inoreased produstion but a decreased
effectiveness of ocatecholamines in hypothermic animals, it
was deoided to quantitate the effects of lowered body
temperature on the pressor responses to exogenous MNE, the
principle neurohumoral transmitter of the sympathetie
nervous system,

The results of this study can be seen in Figure 3,
Hypothermmia antagonized the pressor response to low
eoncentyations of exogenous NE, however, higher doses of
NE overcame this antagonism, When these data are plotted,
using the double reeiprocal netm;ad of Lineweaver and Burke,
the competitive nature of this antagonism is more evident,
The data plotted in this manner are shown in Pigure .
Comparison of the EDgq for KE in normothermie and hypo-
thermic animals indicated that hypothermia decreased the
potensy of NE about two and one~-half times, In as much as
the initlal blood pressure of hypothermic rats was about
L5 mm.Hg, &bove that of normothermic rats (see Table i),
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Pigure 3, Effeot of hypothermia on the norepinephrine-
induced increase in blood pressure in non-
pretreated rats, Cross hatched bars indicate
normothermic rats and dlack bars indicate
hypothermio rats, Vertical lineas indicate
standard error of the mean, Each bar
represents the mean of at loétt four to esix

experiments,
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Pigure 4o Double reciprocal plot illustrating the effect
of hypothermia on the norepinephrine-induced

increase in bdblood pressure in nonpretreated

rats,
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an equal reasponse $0 administered NE in these two types of
animals indicates that the maximum dlood pressure obtainable
in the hypothermic rats was higher than in the normoe
thermic group (see Pigure 3), Thus, the decreased
responsivensss of the hypothermioc animals is probably not
due to differences in initial dlood pressures, The reason
for higher dlood pressure nupotuu in hypothermie animals
is not sampletely understood, however, Furchgott (97), in
a recent review, noted that a number of inveatigators
presented mathematiocal evidence to indicate that a maximum
response ean ocsur before all the receptors are occupled,
Spare receptors have been postulated and it may be that
these are "uncovered"™ by the stress of hypothemia,

Effect of Chlorpromasine and Hypothermia on Blood Pressure.
Chlorpromasine (CPZ), a compound possessing antiadrenergie

properties (98), was used to elucidate the mechaniamms by
which hypothermia antagonised the pressor responses of

exogenous NE, CPZ has been shown t0 ast directly on the
alpha adrenergiec receptors, to inhibit the uptake of amines
into the adrenergic neuron (30) and to antagonise the
incorporation of samines into the nerve granmule (42), The
experimental findings of Costeet al, (99) and of Pletcher
ot al, (100) have shown that the release and/or upteke of
biogeniec smines is inhibited by OPZ in hypothermmic animals
but this effect is negated when the animals are maintained

normothermie, Costa and coe-workers (99) alse demonstrated
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$hat CFZ blooksd the releass of catecholamines by reserpine
when the animals were hypothermie but that this action of
reserpine was unaffected by CPZ in normothermic animals,
8imilarly, Pletcher et al, (100), studying the uptake of
tryptamine as influenced by drugs, found that body tempere
ature had an influence on OPZ's blockade of tryptamine

uptake,

The effect of CPZ on the blood pressure of rats
maintained at 30°C and on normothermic animsls 1s shown in
Table I, A similar degree of hypotension is noted in doth
groups indiocating that the hypotensive effect of Cri is
not altered by hypothermia, In another experiment, animals
were allowed to becoms hypothermic rather than being )
maintained at constant temperature,. During the period
sovered in this study, body temperature dropped from 37°C
%o approximately 30°C, Prom Pigure 5 it is evident that
the hypotensive phase of CFZ's action was maintained
throughout the psriod of experimental observation and that
hypothermia had no observable effect on this action,

Comparison of the results shown in Table I and
Pigure 5, indiocates that the hypotensive action of CPZ is
the same in animls which are losing body heat as it ias
when animals are maintained either hypothermic or normoe
thermic, Table I shows that CPZ induced a LOZ decrease in
blood pressure in normothermic and a 41X decrease in
hypothermic animals, Pigure 5 indicates that CPZ lowered
blood pressures to about 60%f of their initial values in



FPigure S.

Effect of chlorpromasine on blood pressure of
hypothermioc and normothermic rats, Vertioal
lines indicate standard error of the mean,
Each point represents the mean of at least
8ix experiments,
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both normothermic and hypothermie groups, Furthemmore,
CPZ appears to have little effect on hypothemmia-indused
hypertension, In control animmls hypothermia caused a }OX
- 4norease in dlood pressure while a 27% increase was noted
in the CPZ group,

Effect of Chlorpromasine and Hypothermia on lorigimwm
Induced Pressor Responses, Figure 6 shows that CPZ ecaused

& decrease in the pressor response to administered NE in
normothermioc animals, It is also apparent from the greph
that higher concentrations of NE were not capable of
eampletely overcoming the sntagonism of CPZ, The maximm
response to NE deing alightly less in the CFZ treated
animals indicates that CPZ may have caused a nonsompetitive
type of antagonimm of the adrenergis response,

In & similar manner, CPZ seems to antagonise the
pressor reaponse t0 NE in hypothermie animals as is shown
in Pigure 7, Comparison of these data indiocates that CPZ
reduced the potency of NE to & slightly greater extent in
hypothermie animals than was noted in normothermiec animals,
however, the curves do not indicate whether or not this
antagonimm was competitive, A Lineweaver-Burke plot of
these data (Pigure 8), indicates that the hypothermiae
indused antagonism of the NE response in CPZ treated
animals is competitive, ,

These results support the oconclusion that CPZ is an
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Pigure 6, Effect of chlorpromazine on norepinephrine-
induced inorease in blood pressure in
normothermic rats, Vertical lines indicate
standard error of the mean, BEach point
represents the mean of at least four to six
experiments, '
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Pigure 7.

h9e

Effect of chlorpromasine on norepinephrinee
induced blood pressure response in hypothemie
rats, Vertical lines indicate standard error
of the mean, Each point represents the mean
of at least four to six experiments,
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Pigure 8, Double reciprocal plot illustrating the effect
of hypothermia on the norepinephrine-induced
inocrease in blood pressure in chlorpromasine
treated rats,
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eoffective antiadrenergie agent, It is capable of decrease

ing blood pressure in either narmothermis or hypothermie
animals and, in addition, it antagonized the pressor
responses of ME in doth groups of animals, Hypothemia
potentianted the antiadrenergic effect of CFZ in an
apparently competitive manner,

Effect of Hypothermis on Tyremine Induced Pressor Responses.
To investigate further the hypothermia~induced antagonimm

of the adrenergic response, tyrsmine, a sympathomimetiec
amine believed to elicit its adrenergic effect through the

release of endogenous NE, was employed, S8tructurally,
tyrsmine differs from NE in containing only one ring
hydroxyl group and no hydroxyl group on the beta carbon
of the side chain, The classification of tyrumine as an
indirect acting amine is based upon results of investi-
gations eondusted with reserpine, a ecmpound known te
deplets catecholamine stores im the adrenergic neuron, and
socaine, & sompound which blocks the uptake of satechole
anmines into adrenergic neurcns, It has been ahown that in
socaine treated and in reserpinised animals, the adrenergis
response to tyramine is abolished while that to NE 1s
potentiated, Thus, it has been postulated that in order
to elicit a response, tyremine must enter the adrenergioc
neuron and displsce the neurotransmitter from its storege
sites, This is in sharp contrast to the mechanimm of



She
lﬁuon o.f exogonous NE which aots directly upon the
adrenergic receptor, _ |

Figure 9 shows that hypothermia antagoniszed the
tyramine induced pressor response and increasing the dose ,
of tyremine 414 not overcome this antagonima, When these
data are compared with those for NE in Pigure 3, it 1s
apparent that a fundamental difference exists between the
effect hypothermia exerts on the action of tyramine and
that exorted on the action of NE, '

Since these data suggested that the hypothemia~
induced antagonism to tyrsmine was non-competitive, the
following experiment was conducted, After recording the
response of hypothermic animals to a sub-maximal dose of
tyramine at 15 minute intervals, the animals were warmed
%0 37°C and tyramine was again adninistered and the degree
of response recorded, Pigure 10 shows that the response
at 37°C was much greater than that seen at 30°C, 1% was
conoluded from these data that hypothermlia~-induced
antagonism to tyramine is readily reversidle, In experi-
ments (not shown) where the temperature was repeatedly
altered between 30°C and 37°C, similar results were
obtalned,

Effect of Chlorpromazine on the Tyramine Pressor Response,
CPZ antagonized the tyramine pressor response in normo-

thermic animals, exerting approximately a 10 fold decrease
in potency of tyramine, Figure 11 shows that even at very
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Pigure 9, Effect of hypothermia on the tyramine-induced
increase in blood pressure in nonpretreated
rats, Cross hatched bars indicate normothemie
rats and black bars indicate hypothermie rats,
Vertical lines indicate standard error of the
mean, Each bar npruintt the mean of at
lesast four to six experiments,
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Figure 10, Effect of body temperature on blood pressure
response to tyremine, Each experimental

point represents mean of four rats,
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Pigure 11,

59

Rffect of ehlorpromasine on the tyraninee
induced increase in dlood pressure in normoe
thermie rats, Vertical lines indicate
standard error of the mean of at least four
to six experiments,
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high doses of tyramine, the response was effectively
reduced by CPZ, Therefore, not only does CIFZ exert &
greater antagonism of tyramine's action than it does of
NE, dbut the tymino antagonism appears to be none
sompetitive in the normothermis rat,

The effect of CPZ in hypothermmic animals can be seen
in Pigure 12, OFZ effectively antagonised the response %o
tyranine at low doses but as the soncentration of tyremine
was inoressed, the extent of the antagonisum diminished,
At high doses of tyramine, the pressor response in CPrPz
treated hypothermic animals was slightly greater than that
observed in hypothermie animals without CPZ, however, the
response never reached the levels obtained with normoe
thermioc eontrol animals,

The somparative effect of CPZ in nomothermic and
hypothermic animals receiving tyramine is shown in Figure
13 It is apparent that while the antagonistioc effects of
OPZ in the hypothermic animals are more pronounced at the
low doses, at the higher doses of tyremine there is no
significant difference betwsen the normothermic and
hypothimie animals,

The preceding data have shown that both hypothemmia
and chlorpromasine are ocapable of antagonising the dblood
pressure effects of NE and tyremine, These data alse.
indicate that the mechanisms of antagonism may be different
. fop these two agonists, In this regard, it has been shown



Pigure 12, Effect of chlorpromazine on ths tyreaminee

induced dlood pressure response in hypothemis
rats, Vertical lines indicate standard error
of the mean, Each point represents the mean
of at least four to six experiments,
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Pigure 13, Effect of hypothemia on the tyramine-induced
' inorease in blood pressure in chlorpromasine
treated rats, Vertical lines indicate
standard error of the mean, Each point
represents the mean of at least four to six
experiments,
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that the hypothermmia-induced inhibition of NE was of a
competitive nature while that agains$ tyramine eould not
be overcome by inoreasing the dose of tyramine, Inasmuch
a8 tyranine elicits its action by releasing endogenous NE,
it is difficult to explain the difference solely on the
basis of oscupation receptor theory, NE being the agonist
in dboth cases, S8imilarly, if one invokes the eoncepts
attendant in Paton's rate theory of drug-receptor intere
actions (101,102) the decreased retes of desorption (lt2 in
Paton's theory) at any body temperature would be the same
irrespective of which agonist was employed, again for the
reason that NE acts directly on the receptors and tyramine
exerts its aotions through the release of endogenous MNE,
In either case, the active moiety is NE,

The most probable explanation for the differences
observed involves the transport mechanisms operative into
and within the diophase defining the adrenergic nerve
terminal and receptors in addition to receptor effects,
it is now well accepted that the transport of NE is
controlled to a large extent by aotive processes (74) ang,
as a rqmlt of lowering the temperature at which these
processes must function, the mates of transport wuld be
expected to de reduced, Such a decrease in tranasport rete
would require an inoreased soncentration of NE at the sites
of diffusion to provide the receptor area with the same
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oéncontﬁtion of agonist molecules as was obtained in the
normothermie tissue, _'rrmport of tyramine, on the other
hand, is probably of a passive nature although it has deen
shown that its diffusion into the adrenergic granular
tissue may be an active process (42), Decreasing the
temperature from 37°C to approximately 30°C would not be
expected to cause an appreciable decrease in the huain
eomponent of tyramine's transport, howsever, transport into
the granule to release endogenous NE eould be appreciadbly
affected by the lowered temperature, It is proposed that
this decreased rate of entry may dbe responsible to some
extent for the effect of hypothermia on tyramine's pressor
response, Another effect may also be operative in the ecase
of tyramine. Inspection of Pigure 9 indicates that as one
inoreases the dose of tyramine, a maximumis reached at
approximately 1,5 Mg./Xge and at higher doses, the blood
ressure response appears to decrease rather than inorease.
One oxplmuoﬁ of this type of phenomena is that "auto~
inhibition" is being observed. In this ease, although
tyramine has little or no direct stimulatory action on the
adrenergic receptors, it may combine with them in an
ineffective manner, That is, the tyramine molecules
interact with the receptor molecules but do not initiate
the response, Thus, they could act as inhibitors with
respect to the active agonist, NE, It would be antiocipated
Shat auto-inhibition would be more pronouncsd in hypothermie
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animals than in the normothermic, The yesults obtained
are sonsistent with such a hypothesis and it is proposed
that the autoinhibitory phenomenon is one of the major
eomponents of action in the hypothermia-induced antagoniss
of tyramine, |

It is also possidble that in hyp@thannia, & reduced
eoncentration of NE resides in the nerve terminal thus
affording fewer molecules of endogencus NE to be released
by the entering Syramine, While this possibility cannos
be ruled cut, it is not consistent with the findings to de
discussed below in regard to tachyphylaxis,

Tachyphylaxis, One of the pharmacologiocal properties of
tyrumino-aharnctpriltio of most blological systems is the
development of tachyphylaxis, This is usually attributed
to the tyramine-induced depletion of ocne of ths catechol-
anine storage pools within the adrenergie neurocn, Thus,
if tyramine is given at short intervals, the pressor
response to a given dose of tyramine will progressively
decrease, If sufficient time is allowed for restoration
of NE in the storege pools betwesn doses, tachyphylaxis
will not be observed,

In the present study the time for the blood pressure
to return to eontrol levels after high doses of either
Syramine or EE was approximately ten minutes, thororogo.
it was decided to administer all drugs at 15 minute inter-
vals to allow sufficient time for the blood pressure to
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return to odntrol values prior to the re-administration
of tyremine, In order to determine the dose at which
Sachyphylaxis developed in the system, increasing doses of
tyramine were given to both normothermie and hypothermie
animals, each dose being adninistered at 15 minute intere
vals, Ko tachyphylexis was observed when ten successive
doses of tyramine at 0.3, 0.6 or 1,0 mg./Kg. were given,
Tachyphylaxis was £irst noticed at a dose of 2 mg./Kg.
given every 15 minutes and there appeared to be little
difference between normothermie and hypothemiec animals in
the development of tachyphylaxis it this dose, After the
Senth dose, the responses had decreased to about 60% and
LO% of their initial values in normothermic and hypothermie
groups, respectively,

Adminis tration of higher doses of tyramine elicit a
more rapid onset (fewer doses required) and a more
pronounced degree of tachyphylaxis, Pigure 1 shows the
responses after four doses of tyramine at 6 and 10 mg./Xg.
1t ocan be seen that the response diminished more repidly
at 10 ngr./xg. than at 6 mg./Xg., and hy;mthu‘minr appears
to have 1little effect on the onset and degree of tachy-
phylaxis,

Effect of Chlorpromasine on Taghyphylaxis, The effect of

ehlorpromasine on tachyphylaxis induced with tyramine ias
shown in Pigures 15 and 16, No tachyphylaxis was observed
until doses in excess of 6 mg,/Xg., were administered, 1t



Pigure 1,

704

Effect of repeated adninistration of tyramine
(6 mg./Xge and 10 mg./Kz,) on the tyramine-
induced blood pressure response in nonpree
treated rats, Cross hatched bdbars indicate
normothermic rats and white dars indicate
hypothermic rats, Each bar represents the
mean of four experiments. '
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Pigure 15,

72,

Effect of repeated adninistration of tyramine .
(6 and 15 mg,/Xg.) on the tyramine-induced

blood pressure response in shlorpromasine

treated rats, Cross hatched bars indiocate
normothermic rats and black bars indicate
hypothermie rats, Each bar represents the

mean of four experiments,
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Figure 16, Effect of repeated administretion of tyramine
(40 mg./Kg.) on the tyramine-indused dlood
pressure response in chlorpromazine treated
rats, Cross hatched bars indicate nomoe
thermie rats and black dars indicate
hypothermie rats, Each bay represents the

mean of four experiments,
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It is apparent from Pigﬁn 15 that even at a dose of 15
mg./Xges tachyphylaxis is not pronounced, These results
are in sharp eontrast to those presented for the sontrol
(no CPZ) animals in Pigure 1, When a tyramine dose of
40 mg./Xgs was adninistered, however, Sachyphylaxis was
clearly evident as ean be observed in Pigure 16, At this
dosage, the second adminiatration of tyramine was only
50% as effective as the first dose, Subsequent doses
reduced the response only slightly until after five doses,
the response was approximetely LOf of the initial reaponse,

It is apparent that CPZ delayed the onset of tachye
phylaxis, much higher doses of tyramine being required to
produce this phenomenon, It may be concluded, therefore,
that CPZ had a pronounced effect on some portion of the
mechanism involved in the tyramine-induced release of
endogenous NE, In this regard, CPZ has been shown to
inhibit the uptake of variocus smines into the storage
granules and also to inhibit their transport through othesy
membranes (30), It is possidble, therefore, that CPZ
inhibited the uptake of tyramine into the storage pool,
thus effeotively inhidbiting the depletion of NE from the
nerve terminal, If the entrsnce of tyramins into the
storage pool wers delayed, tyremine may be removed from
the biophase by metabolie degradation satalyzed by the
enzyme, monoamine oxidase, It is also possidle that the
transport of tyramine into the biophase was inhibited dy




(0
CPZ, BEither of these two mechanisms or a eombination of
the two may serve to protect the storage granule from
depletion by tyramine thus interfering with the mechanisms
by which tachyphylaxis would be produced,

Effect of Hypothermia on Heart Rate. Inocreased sympathetie
output induced by the stress of hypothermia in eontrol
animals appeared to have little effect on the heart rate,
Prom recordings made approximately 15 minutes after the
cannulation procedures (Table II), it can be seen that
there was no signifiocant difference bdetween heart rates

of normothermic and hypothermic animala, This may be
explained by the faot that the blood pressurs was elevated
in hypothermic animals (Table I) reflexly indueing an
increase in the vagal tone on the heart, The inoreased
sympathetic activity resulting from cold stress was

apparently antagonised or "buffered" by the increased

vagel tone,

Effect of Hypothermia on Norepinephrine-Induced Increase
in Heart Rate. PFigure 17 shows that administretion of NR

to anesthetised normothermic rats induced an increase in
the heart rate, Cardio-ascoceleration, which lasted from

one to three minutes, was usually not observed until one
to three minutes after the administration of NE, Reflex
mechanisms (see above) complicate hears rate results and

probably account for the delayed cnset of action noted in
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Table 11

Effect of Body Temperature and Chlorpromasine (0.5 mg./Kg.)
on the Heart Rate of Anesthetised Male Rats

Treatment Heart Rate
(Beats/Minute)

Normothermis No Drug 282 ¢+ 7.0 (L0)

Hypothermie No Drug 276 + 4.3 (37)

Normothermie Chlorpromasine 164 ¢ 9.2 (28)
Hypothermie Chlorpromasine 169 ¢ 12,2 (29)

Pigures in parentheses indicate the number of animals in
each group,




Pigure 17.

Effect of hypothermia on the norepinephrine-
induced inorease in heart mate in nonpretreated
rats, Cross hatched bars indicate normothemmie
rats and black bars findicate hypothermie rats,
Vertical lines indicate standard error of the
mean, Each bar represents the mean of at

least four to six experiments,
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these studies, Purthermore, NE is primarily an alpha
adrenergic stimulator dbut is reported to stimulate the beta
adrenergic receptors of the heart (86), Thus, the NE-
induced increase in dblood pressure elicits compensatory
vagal reflex activity which slows the heart and antagonizes
the direct ocardio-asccelerator action of NKE, Comparison of
Pigure 3 and Pigure 17 reveals that higher doses of NE
were required to induce cardio-acceleration thamn were
needed to induce blood pressure responses, 7The dose of
NE needed to elicit 50% of the maximum response for heart
rate was about five times that required to elicit a
similar response for blood pressure, Thus, the sombination
of & decreased sensitivity of NE for beta receptors and the
increased vagal tone reflexly induced by NE resulted in a
decreased effectivensss of NE on the heart,

Pigure 17 also indicates that the cardio-accelerator
activity of KE wis greatly antagonized by hypothemia,
Purthermore, this inhibition was not overocome when the
eoncentration of NE was increased, indiecating that the
antagonism may be non-competitive, Therefore, these data
indicate that the hypothermia-induced antagonism on hears
rate differs from that observed on blood pressure,

Vascular smooth muscle (blood pressure response) is assumed
to eontain alpha type receptors while receptors in the
heart are considered to be of the beta type (86), It is
also evident that the heart is more susceptidle to the
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eoffects of hypothermia than is the vasculap system,

Effect of Hypothermia and CPZ on Heart Rate, Table II
shows that CPZ ocaused about a LOF decrease in heart rate
in both normothermie and hypothermie animals indicating
that body temperature had no effect on the degree of
bradycardia induced by CFPZ,

Effect of Chlorpramazine loroginoghrim-lndggod Heart

Rate Response., CPZ markedly increased the heart rate

response $o exogenous NE, Pigure 18 shows that the
response to NE was more than doubled in CPZ treated
barmothermic animmls, An even more dramatic effect was
noted in hypothermic animals where CPZ reversed the
hypothermia-induced antagonism, It can be seen from
Pigure 19 that in CPZ treated hypothermic animals, N&
caused a response that was about ten times greater than
that observed in hypothermie sontrol animals, Therefore,
CPZ appears to potentiate the stimulator effect of NE on
the heart in normothermie and hypothermio animals,

CFZ exerts a variety of pharmaoco logical actions and
included smong these are its anticholinergie effects (98),
Thus parasympathetic responses, reflexly induced dy |
elevated mean dlood pressure would be antagonized by CPZ,
This would allow the direct effects of NE on the beta
Peceptors of the heart to manifest themselves at lower °

soncentrations and ecould account for the appareng




,1@8'. 18.

83,

Effect of ehlorpromazine on the norepinephrinee
induced inorease in heart rate in normothemie
rats, Vertical lines indicate standard erro»
of the mean, Each point represents the mean
of at least four to six experiments,
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Pigure 19,

85.

Effect of eshlorpromazine on the norepinephrine-
induced inorease in heart rate in hypothemmie
rats, Vertical lines indicate standard error
of the mean, Each point represents the mean
of at least four to six experiments,
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potentiation of NE in CPZ treated normothermic animals,
Purthermore, CPZ is also ocapable of blocking the uptske of
exogenous eatecholamines into granules and this property
sould also serve to potentiate the action of exogenous NE,
as does coocaine (30), _

The effect of hypothermia and CPZ on NE~induced
heart rate changes san be seen in Pigure 20, This greph
indicates that the combination of hypothermia and CPZ
actually eauses heart muscle to becoms more sensitive to
the effects of exogenous NE, It can 50 seen that the
potency of NE in hypothermic animals was about four times

greater than in normothermic animels, however, the same
maximum response was observed in both groups,

Rypothermia has been reported to induoce spontaneous
ventricular £idrillation when dody temperature falls below
28°0 (2) indicating that the heart may becoms more
sensitive to catecholamines at low body temperatures, CFPZ
is often employed in open heart surgery dboth to induce
hypothermia and to prevent the ocecurrence of ventrioular
£ibrillation as body temperature decreases (103), The
sucocess of CPZ in reducing ventricular fibrillation has
been attributed to its antiadrenergie propertles, However,
in the present astudy, CPZ appsars to have increased the

sensitivity of the heart to exogenous NE in both normo-
thermio and hypothermic animals, In the absence of
exogenous NE, & bradycardia was observed (see Table 11),




Pigure 20, Effeoct of hypothermia on the norepinephrine~
induced increase in heart rate in shlorpromasine
treated rats, Cross hatched bars indicate
normothermio rats snd blasck bars indicate
hypothermiec rats., Vertical lines indicate
standard error of the mean, Each point
represents the mean of a8 least four to six

oxpe riments,
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Purther studies designed to elusidate the effect of
hypothermia on the cardiovaseular effects of CPZ, were
performed, In these experiments CPZ was administered to
& group of normothemic animals and half of these animals
were allowed to becoms hypothermio while the rest were
maintained normothermioc with a heating element, Heart
rates, recorded at 20 minute intervals over a two and one
half hour period, are shown in Pigure 21, PFollowing the
adninistration of CPZ, a lag time ocourred defore the
effects of CPZ became evident on the heart rate, the lag
time varying between two and five minutes, Pollowing this
lag period, the heart rate was slowed appreciably in both
normothermmioc and hypothermmie animals, Twenty minutes
after drug administration, the heart rates of the normoe
thermic animals began to return toward nomal values,
shile those of the hypothemmic group decreased to even
lower values, Indeed, the minimal value of heart rate in
the hypothermie animals was still present [0 minutes after
drug administration, while the heart rate in the normo-
themis group had returned to approximately 85f% of normal,
in addition, the mean heart rate of the hypothermie group
did not return to eontrol values during the period of
observation but appeared to plateau out at approxims tely
85% of the initial value, These results were lntorprotoq
to indicate that hypothermia potentiated the antagonism
to the adrenergic response reflexly elicited by CFrits




Pigure 21, Effect of ohlorpromasine on heart rates of
hypothermioc and normothermic rats, Vertical
lines indicate standard error of the mean,

Each point represents the mean of at leass
six experiments,
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hypotensive effect, :

The work of Costa et al, (39) and Pletscher et al,
(100) shaved that the release and/or uptake of biogenie
emines is inhibited by CPZ in hypothermie animals dbut no$
in normothermic anizals, To ascertain whethor a similar
effect was operative in this aystem, an experimental
procedure was sought which was (a) under the primary
control of the sympathetic nervous system and (b) sensitive
enough to respond to homeostatic, sympathetic mechanisms
in the anesthetized animals employed in the present study,
Previous wrk (22,23,104,105) had shown that the mobilie
gation of fatty acids from adipose tissue in vivo satisfied
these oriteria, Thus, it was decided to investigate the
effect of hypothermia and CPZ treatment on the mobilisation
of fatty aclds in vivo,

ect Hypothe d Chlo a1 obilizatlo
of Fatty Acids, The results of this phase of the study
are shown in Pigure 22, The lower portion of the graph
1llustrates the change in body tanperature observed in
the two groups of animals, CPZ was administered to both
groups of animals at a dose of 0.5 mg./Kge It is apparent
in Pigure 22 that hypothemia effectively antagonized the
‘olevation of plasma fatty acids, These results also show
that the dose of CFPZ employed was not sufficient to block

fatty acid mobilization per se inasmuch as significant
elevation in plasma fatty acids were obtained in the CP2




FPigure 22,

%

Top, effect of hypothermia on fatty aciad
moblligation in shlorpromazine treated rats,
Chlorpromazine dose = 0,5 mg./Xg. Bottom,
rectal temperature obtained in both heated
and unheated ehlorpromazine treated rats,
Each point represents the mean of at least
8ix eoxperiments,
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treated, normothermic animals, 1% would appear that an
increased sympathetic outflow osccurred as a result of the
blood pressure lowering effects of the CPZ-treated group
of animals, wrobably mediated by the release of catechole
amines both locally in adipose tissue and systemically
via adrenal medullary release, In the hypothermic, CPZ
treated animals, however, this manifestation of increased
sympathetioc tone was antagonised presumably by either
inhibiting the release of catecholamines or by a more
effective CPZ antagonism of fatty mcid mobiliszation,

it is apparent from these studies that the type of
stinulation of the adrenergic receptors detemmines the
response whioch will be obtained under certain experimental
eonditions, CPZ appears te potentiate the effects of
exogenous NE on the heart in normothermic animals and
to overcome the antagonism induced by hypothermia, Yet
the combination of CPZ and hypothermia seems to antagonize
the effects of NE which has been reflexly released in
either the heart or adipose tissue, Therefore, it can
be ooncluded that CPZ and/or hypothemia effect exogenous
KE differently than endogenous NE which has bdeen relsased
by sympathetic stirmulation, In order to explain these
different effects the mechanimm of the two stimulatory
Processss must de separated, Adrenergie responses
produced by reflex mechanisms release endogenous NE in
the nomal physiologieal manner, It is believed that
the impulse scauses NE to be released from some storege
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pool within the adrenergic neuron, the endogenocus KE is
transported across the axonal membrane and released into
the biophase where i% is free to ast directly on the
receptors while exogenous NE has only to pass from the
blood vessel into the tissue biophase, 8ince it has been
demonatrated that CPZ in hypothermiec animals inhibits the
release and/or uptake of biogenie amines (99,100) 1t is
possible that this release of endogenous satecholamines
would be antagonized while exogenous smines eould de
potentiated, '

Effect of Tyramine on Heart Rate., Tyramine was adminise
tered to bdoth noruothermic and hypothermie animals and the

offect on the heoart rates were assessed conocurrently with
the blood pressures, As can be sesn in Figure 23, tyranine
significantly increased the heart rate in normothermie
animals, The observed increase in rate ococourred after an
initial lag period of approximstely one to three minutes,
a time lag of the same order of magnitude as observed
following the administration of NE, In further eomparing
tyramine's cardiasc effects with those observed with NE,

1t was found that the maximum response obtainable with
tyranine was greater than that found for the doses of NE
employed, Thus, tyramine inocreased the heart rate by 63%
while NE caused only a 2,% increase in the heart rate,
This comparison was made at doses equi-active with respect
to their effect on blood pressure, It is also interesting




Pigure 23,

98,

Effect of hypothermia on tyramine-induced
increase in heart rate in nonpretreated rats,
Cross hatched bars indicate normothermis rats
and black bars indicate hypothemisc rats,
Vertical lines indicate standard error of
the mean, Each point represents the mean

of at least four to six experiments,
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to note that the spread between the dose required to
produce an increase in dlood pressure equal to S0% of the
maximal response and that required to elicit a response
equal to 50% of the maximsl heart rate response was much
less for tyramine than was found for NE,

In hypothermie animals, it was obaerved (Figure 23)
that the lowered body temperature completely abolished the
cardioc-accelerator action of tyramine, While it was
anticipated that hypothermia would effectively reduce this
aotion of tyramine, the magnitude of the antagonimm was
unexpected, The data fllustreted in Pigure 2l show that
the antagonistic effect of hypothermia in this regard is
readily and oompletely reversidble, Thus, when the animal's
temperature is returned to normal values, the cardioe
accelerator acstion of tyramine is restored,

The no.st probable explanation for the effect of
hypothermia on the cardlo-accelerator astion of tyramine
involves the so-salled "buffer" reflex mechanismm initiated
by an elevated blood pressure and mediated through an
inoreased activity of the parasympathetie nervous system,
Thus, when the blood pressure is elevated as a result of
the hypothermia (see Table 1), the body responds dy
increasing the degree of vagal tone (parasympathetic)
attendant upon the heart in an attempt to retwrn the blood
;;_prum to normal through its cardias slowing action, ,

" This aetivity wuld antegonize the inoreased adrenergie




Flgure 2l,

Effect of body temperature on heart rate
response to tyramine, Each experimental

point represents the mean of four rats,
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activity resulting from the adninistration of tyrsamine,
The buffer reflex mechanism would also be expected to be
operative in the normothermie animals but only after the
elevation of blood pressure eaused by the administration
of tyramine and would not be expected to be of the same
order of magnitude as in the hypothemie animals,

Effect of Ghlmmimmoﬂowm
induced Changes in Heart Rate. In normothermic animals,
OPZ, probably scting through its anti-adrenergis activity,
was found to noncompetitively antagonise the eardioce
ascelerator effects of tyramine, These data are fllustrated
in Pigure 25, This effect of CFZ ean De explained either
by the inhibitory effect of this molecule on the adrenergie
receptor (antagonimm of released NE) or by the effect of
CPZ on the uptake and/or releass of amines (tyrsmine and
NE), or a combimtion of the two effects,

In hypothermic animals, however, CFZ was found to
reverse the hypothermia-induced blockads of tyraminets
eardio-accelerator action and to allow tyramine to elicit
an inorease in the heart rate of the hypothermie animals
(see Pigure 26), It will be recalled that tyramine was
not capable of eliciting an increase in heart rate in
hypothermic animals in the absence of CPZ, To explain
this apparently paradoxical activity of CPZ, 1% is necessary

to recognize that CPZ possesses many different pharmacoe




Pigure 25,

10l

Effect of chlorpramasine on tyramine-induced
increase in heart rate in nomothermic rats,
Vertical lines indicate standard error of
the mean, Each point represents the mean of
at least four to six experiments,
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Effect of chlorpromazine on the tyramine-indused
inocrease in heart rate in hypothermie rats,
Vertiocal lines represent standard error of the
mean, Each point represents the mean of at
least four to six experiments,
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loglcal properties, one of which is its anti-cholinergie
activity, Thus, in the system described above, hypothemmia
was shown to antagonize tyramine's cardio-accelerator
astivity probadbly dus to an inorease in wvagal tons on the
heart, When CPZ was administered, the anti-gholinergie
action of this compound effectively reduced the degree of
vagal tone, thus ummasking the adrenergic effects of the
administered tyramine, A similar explanation has been
given in the seotion referring to the effects of NE in
hypothemmic animals,

The data cited above should not be construed to
suggest that CPZ and hypothermia together cancel out their
separate antagonimas of tyranine's eardio-accelerator
action, Indeed, inspection of Pigure 27, which sompares
the inhibitory action of CFZ in normothermioc and hypoe
themiec animals, indicates that CFPZ plus hypothermia
results in a greater antagonism of tyrsmine than does CPZ
alone, These data suggest that both CFZ and hypothermia
influence the adrenergic system responsible for tyramine's

action even in the absence of an increased vagal tone,

Development of Tachyphylaxis in the Tyramine-Induced Heart
Rate Response, To determine whether or not tachyphylaxis
resulted from the repeated administration of tyrsmine, the
drug was administered at 15 minute intervals and the
ehange in heart rate measured, Because tyramine failed to
induce an inocrease in heart rate in hypothermic animals,
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Pigure 27, Effect of hypothermia on the tyramine-induced
increase in heart rate in shlorpromasine
treated rets, Vertical lines indicate standard
error of the mean, Each point represents the
moan of at least four to six experiments,
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‘this phase of the study was limited to normothermie rats,

Repeated administrations of tyramine in doses up to 2 mg./
Kge, failed to elisit tachyphylaxis, Inspection of

Pigure 28 indicates, however, that tachyphylaxis was
observed at doses of 6 and 10 mg,/Xg., the higher dose
producing the greater degree of tachyphylaxis, These
results are similar to those recorded for tachyphylaxis

in the dblood pressure experiments, however, the dose
required to produce this phenomenon in the heart was higher
than thet required to obtain a diminished responsiveness in
blood prﬁmrm

Effect of Chlorpromaszine on the Development of Tachyphylaxis
in the Heart., 1In this phase of the study, 1% was possible
to employ hypothemic rats as well as normothermie inasmuch
as CPZ adninistration reversed the hypothemia-induced
blockade of tyramine's cardio-accelerator effects (see
above), When tyramine was adninistered at 15 minute
intervals, doses up to 6 mg./Kg. faliled to produce tachy-
phylaxis in either normothermie or hypothermioc animals
pretreated with CPZ, Pigure 29 illustrates the results
obtained when tyramine was administered at 15 and L0 mg./Kg.,
again at 15 minute intervals, Inspection of this graph
indicates that tachyphylaxis is evident in the hypothomie
animals but that the variadility found in the hsart rate
data preclude making a definitive statement regarding this




Pigure 26,

112,

Effect of repeated administration of tyramine
(6 snd 10 mg./Xg.) on the tyramine-induced
inorease in hsart rate in nommothermie
nonpretreated rats, KEach bar represents the
mean of four experiments,
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Pigure 29,

11k,

Effect of repeated administration of tyramine
(15 and 40 mg./Xg.) on the tyramine induced
insrease in heart rate in chlorpromazine
treated rats, Cross hatched bars indicate
norsothermic rats and black dbars indicate
hypothermie rats, BEach bar represents the
mean of four experiments,
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phenomenon in nomothemmie rats, 1t is evident, however,
that CPZ exerted a protective effect against depletion of
the NE stores by tyramine, & result oconsistent with those
reported for the effect of CPZ on the blood pressure
effects of tyramine,

The proteotive effect of CPZ against the depletion
of NE stores in the heart by tyremine again indicates that
CPZ exerts an effect on the transport mechanisus operative
in the adrenergie neuron, Thus, by deoreasing either the
rate of uptake of tyramine or the rate of release of
endogenous NE, the atorage pool of endogenous NE 1s
maintained at an effective level even after the adminis~
tration of relatively large smounts of tyrsmine, The
results obtained in the CPZ treated animals in which doses
of tyremine as large as L0 mg./Kg., falled to elicit a
olear-out example of tachyphylaxis are in sharp contrast
$o the results found in animals not receiving CPZ in
whioh doses of tyramine as low as 6 ng o/Kge produced
tachyphylaxis, The results obtained in the heart rate
study are in ocomplete agreement with those obtained in
the blood pressure experiments,




CONCLUSIONS

The investigations reported herein were undertaken
in an attempt to define and, to some degree, explain the
effects of hypothermia on the astions of drugs, Partioular
emphaslis was placed upon the adrenergiec drugs because of
their role in the maintenance of the homeostatic state in
mammals, In this regard, the adrenergie drugs shosen for
these experiments were norepinephrine, the neurctrans-
mitter of the sympathetic nervous system and tyrenine,
an indirect acting adrenerglc drug, Through the use of
these two drugs 1t was possible to gain a better insipght
into the mechanimms operative in the adrenergic system,
Prom the results of these studies it can be eoncluded thats
1. The lowering of body tempersture from a nommal of 37°C
to approximately 30°C resulted in a moderate elevation of
blood pressure, mediated primarily if not solely by an
increased degree of sympathetic nervous system activity,

2, Moderate hypothermia (body temperature 30°C) antagone
| ised the NE and tyramine~induced rise in systemis dlood
pressure, While the effect of hypothermia on the pressor
action of these two agonists was similay, the data
indicated that the mechanimms by whioch the antagonism was
produced were different, In this regard, it waas observed
that the hypothemia~-indiced antagonism of KE's action was

e ll7 =
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of a eampetitive nature while that exerted against tyreanine
eould not be overcome by increasing the dose of tyramine,
It s postulated that hypothermia decreased the rate of
active transport of NE thus effectively redusing the
comsentration of this agonist reaching the receptor area,
In the ecase of tyramine, an effect on active transport
mechanimms may play & role in the antagonimm observed,
however, inassuch as the mm jor portion of the transport
processes involved with the diffusion of tyramine are
believed to be passive in nature, this mechanimm 1is
probublj seoondary in overall importance, It is believed
that the hypothermia-induced antagonism to tyranine is due
to a property of tyramine itself, the lowered body tempere
ature merely potentiating this characteristiec of tyrauine.
Thus, it is postulated that the phenomenon of auto-
inhibition best explains the effects of tyramine observed
in hypothermiec animals,

3. Hypothermia also was oapable of antagonlsing the
effoots of NE and tyrwmine on the heart rate of rats,

While hypothermia effectively reduced the cardio~
accelerator effects of NE, it eompletely abolished the
shronotropic action of tyramine, This antagonistie effect
characteristiec of the hypothermle state is probably due to
the increased degree of parasympathetie activity present

in the intact animal as & result of a reflex mechanimm L~
(buffer reflex) initiated by the rise in systemis blood
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pmam.. The rise in blood pressure in turn being due to
the physiologieal needs brought about by hypothemia,

4o The aduinistration of CPZ effectively antagonized the
blood prossure effects of hoth'tymhu and NE in hypo~
Shormioc as well as normothermie animals, This property of
OPZ has been well documented in many laboratories and the
results of the present studies serve %o sorroborate the
work of others, It is postulated that the antagonism
exerted by CPZ against the adrenergle agonists has at
leas® two components of sotiont (1) A direct effect on
the sdrensrgiec receptor and (2) an inhidbitory effect on
she transport processes operative within the adrensrgic
biophase, '

5, While CPZ also exerts an anti-adrenergic effect on
the positive chronotropie actions of both NE and tyramine
in normothermic animals, its effects on the actions of
these two compounds in hypothermic animals 18 in the
opposite direction, Thus, when OFZ 1is aduinistered to
hypothermic animels followed by either tyramine o» NE,

the inorease in heart rate cbserved is greater than ir
the adrenergis stimulants were adnintistered to hypothemie
animals in the absence of CPZ, Indeed, in regard to
$yranine, the otrictc of CPZ are dramatic, In the absence
of CPZ, tyremine is incapable of eliciting an increase in
heart rute in hypothermie animls, In the presence of OFZ,
tyranine's cardio-accelerator action is present, These
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apparently paradoxical results ean be explained in the
following manner, In addition to its other pharmasological
;ropaétiu, CPZ possesses potent anti-cholinergis proper=
ties., Thus, when sdninistered to hypothermie animsls, CFZ
effectively antagonizes the buffer reflex mechanism
(cholinsrgic) and by this action urmasks the positive
ehronotropie effects of tyrsmine, Its effect in NE treated
animals is explained in the same way,
¢, Tachyphylaxis was observed after the repeated acdminis-
tration of tyramine in doth the blood pressure and hears
rate experiments, Hypothermia had ne pronounced effeoct
on either the rate of onset or the degree of taohphylaxis
ebserved, CFPZ, on the other hand, was found to produce &
protective effect against the tyramine-induced tachy-
phylaxis, I$ is concluded that CFZ elther reduces the
rate of uptake of tyramine into the adrenergie neuro-
transmitter storage area or decreases the rate of release
of neurotrensmitter, By either mechanism, or a comblnation
of the two, OFZ alds in the maintenance of an adequate
level of NE within the storage pool, thus preventing the
depletion of the storage pool by tyremine,
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Pressor Responses of Certaln Adrenergic Drugs
in Hypothermie Rats

ROBERT LEWIS CAVANAGH
Under the Bupervision of Professor Kenneth F, Finger

The inoreasing therapeutic and other mediocal uses of
hypothermia in addition to the possibility of ensountering
lowered body temperatures during prolonged space travel
have mede it necessary to investigate the effect of
hypothermia on the action of drugs. Of partioular
importance in this regard 1s knowledge oconcerned with the
action of adrenergiec drugs inasmuch as the adrenergie
system is intimately involved with the maintenance of the
homeostatic state within the animal body, This study was
instituted in an attempt to define and explain, if possible,
the influence of a lowered body temperature on the actions
of two specific adrenergic drugs, mamely norepinephrine
and tymln..' |

Utilizing the anesthetized rat as the experimental
animal, blood pressure and heart rete effeots of the
adrenergic agonists norepinephrine and tyramine were
investigated in both normothermic and hypothermie animals,
While the knowledge galined odnoorning the cardiovascular
actions of adrenergioc drugs is of importance in its owm
right, 1t is also believed that this information m;bo
directly extrapolated to other adrenergic ayttm ‘ecncerned



e
with tho maintenance of homeostasis,

The results of these studies indicated that hypoe
thermia induced & moderate hypertension in the experimental
animal. The results further indicated that this elevation
of blood pressure was dus to an increased degree of
sympathetiec nervous system activity resulting from the
physiological needs brought about by the hypothermic state,
While the blood pressure was increased by hypothermia, no
inorease in hears rate was observed presumably because of
an increase in parasympathetic nervous system aoctivity
reflexly induced by the elevation in blood pressure,

During sustained hypothermia, it was observed that
both the increass in bdlood pressure and the increase in
heart rate induced by either norepinephrine or tyramine
were effectively reduced or abolished by the effects of
lowered body temperature, These data can be explained in
terms of the effect of lowered body temperature on intrinsie
transport processes operative within the adrenergic blo-
phase and the phenocmenon of sutoinhibition sharacteristic
of compounds such as tyramine, In addition, the "buffer”
reflex mechanism manifesting itself in an increased
degree of parasympathetlo eontrol over the rate of the
heart beat probably ascounts for a major portion of the
antagonistic aotion of hypothermia on the positive
ohronotropic effects of the adrenergic agonists, X

The adninistration of ohlorpromasine to either
normothermio or hypothermic animals effectively inhibited




3e
the slevation of blood pressure induced by either
norepinephrine or tyramine, This anti-adrenergic action
of chlorpromasine can be explained either through its
effects directly on the adrenergic receptor or by its
actions on the diffusional processes econcerned with the
transport of amines into or out of the adrenergiec neuron,
or a combination of these two effects,

The saction of chlorpromasine on the heart rate
effects of the adrenergic stimulants, however, differed
significantly from those observed in the blood pressure
experiments, In hypothermle animals, chlorpromazine was
found to potentiate the positive chronotropie effects of
both tyramine and norepinephrine, The mechanimm by which
shlorpromasine ascomplished this effect appeared to de
due to its relatively potent anti-cholinergie properties
which negated the "buffer" reflex mechanisms ( see above)
thus ummasking the cardio-accelerator actlons of the
adrenergioc stimulants, Despite the potentiation observed
in hypothemic animals, it was observed that a significant
degree of an anti-adrenergic sffect of chlorpromasine was
also present in both normothermic and hypothermic animals,
Thus, the net effect on heart rate to be obtained with the
system employed was dependent upon the physiological state
of the animal,

Chlorpromasine was also found to effectively .
antagonise the onset and degree of tachyphylaxis induced by




e

the administration of successive doses of tyramine, It
was postulated that the prbtoctivo action of chlorpromasine
was due to its effects on the transport mechani sus
associated .with adrenergio amine transport I&ﬂun the
adrenergic blophases : | |

These studies have shown that a lowered body temper-
ature significantly alters the eardiovascular sctions of
both norepinephrine and tyrsmine and has indicated, but
not proven, the mochani sms by which these effects occuUrs
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