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Hepatic and intestinal adenyl cyclase activity were measur-

ed after a sinéle/puldh injecti?n of epinephri%e or glucagon into
normal dogs and into dogs subjected to hemorrhagic éhock. The results
indicated that hemorrhaglec shock abolishes thé ingrease in z;denyl
cyclase activity seen in normal animals following epinephrine and
significantly reduces that induced By glucagon. These changes are
reflected in thet glucdse production’ from the liver induced by these
hormoness The response of adenyl '}cycl’ase to the in vitro addition of ',
epinephrine or glucagon, as welllas the nonsgpecific stimulator of
adenyl cyclase, sodium ﬂuoride, showed that it is the receptor site

of the enzyme which i affected primarily by shock. The treatment of
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d®gs with 30 mg/ kg of Methylprednisolone following the reinfusion of

shed blood significantly improved.the response of adenyl e¢yclase to

eplneghrine in both liver and intestine, as well as to the in vitro

"addition of hormone, and these improvement:s were refle;ted in the glu-

g | ' cose production by the liver in responsé to the hormone. Insulin levels
. were significantly increased in steroic% treated animals. Plasma tyclic
; AMP levels were not altered by steroid therapy, although tissue phos- .

phodiesterase was significantly rgducegi.
. Steroids,‘ therefore, enhance tissue response to flormonal

e

stimlation in shock by restoring adenyl cyclase response and decreas-

v

ing phosphodiesterase sctivity.
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'fagoh éignificative la réponse de 1'adényl cyclase & 1'épinéphrine
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\ L'activité de 1l'enzyme adényl cyclase du fole et de

liintestin gréle a ete mesur&e aprés un-seul bolus intra—Veineux )
d*eplnephrine ou de glucagon 3 des chiens normaux et & des chiens
séumis d un choc hemorrhagique. Les résultats démontrent que le ) ,
choc hemorrhagique abolit l'augmentation de l'activité de 1'adényl

cyclase suivant 1'injection 4d' epinephrine chez le group de chiens .
normaix, de méme qu'i# diminue d'une fagon significative la réponse
de 1'enzyme & la stimulation par le glucagon. .Ces changements ;
induits par Ses hormones provoquent uné modification quantitative

de' 1a production du glucose hépatique. La réponse de l'adényl.

cyclase & l!addition "in vitro" d'épinéphrine, de glucagon ou
bien d'un stimulateur non-spécifique de 1' enzyme, le fluorure
de sodium, a permis de démontrer que le choc hemorrhagic affecte
principalement le site recepteur de 1' enzyme. Le traitement des
chiens avec 30 mg/kg. de méthylprednisolone injecté aprés la ré-

infusion du sang dont ils avaient &té defletes, a améliorgé d'upe

étudiée dans le foie et 1l'intestin., La méme réponse a &té notée
¥ 1'addition de 1'hormone "in vitro". Ces améliorations de .~ p

-~

l'activité de 1'enzyme ont de plus conduit @ une production de

glucose hépatique en réponse 3 1'hormone. Les taux d'insuline

se sont élevés d'une facon Significative chez les animaux traités
aux st&roides. Les taux ﬁlasmatiques d'AMP cyclique n'ont pas
été modifiés par la thérépie stéroidienne, bien que les taux de
la phosphod;egterase tissulaire diminuérent d'une fagon-signi- %
ficative, - > )

Par conséquent, dans le choc, les stéroides augmentent

la téponse tissularie la stimulation hormonale en reactivant

A activite de 1'adényl cyclase et en’diminuant celle de la phos- ;
I
phodiesterase. '
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INTRODUCTION

a

SHOCK — A DEFINITION:

-

Shock is a state‘characterized by peripheral vascular insuffi-
ciency or periphersl vascular collapse. Shog:k may b: associated with
hemorrhage, trauma, myocardialénfarction, acute pancreatitis, severe
infection with gram negative bacteria and their contained endoioxins
and gram positive bacteria with their elaborated exotoxins, intestinal
obstruction, intestinal infarction, diab\étic coma and manyé’o’ther diseased
states, The precipitating events may havé'”ﬂidéﬂ\diver t{ effects
upon physiologic and metabolic balance, however, there is general agree-
ment (25, 143, 199, 218) that tﬁere is an ultimate common denominator
in a1l forms of shock énd that is - inadequate capillary and tissue
perfusion. 'The tissues receive insufficient nutrients and dxygen to sus-
tain normal cellular activity. - In time, the peripheral tiussues beco‘me
anoxic and cellular metabolism and function are disruptede This in
turn aggraxia'tes the homeéstati; attempts to:,:restore adequate perfusion
to these/ peripheral tissues. |

- . ) //‘, -
SHOCK - REVERSIBLE AND IRREVERSIBLE: - .

The sympathoadrenél homeostatic response to moderate blood loss
is a normal adaptive response. Losses of up to 1 litre or about 16
percent of the average adult blood volume can be tolerated in this

manner and can be compensated for by the venous reservoir. An equili~

/},
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* brium can be established so that the period of hypotension can be moder—

a\%}y prolonged, and retrangfusion of the lost blood volume will restore -
B

the circulatory system to normal. This state of shock is termed rever-
sible (143).

However, should the degree of };ypotension become too severe
or too prolonged, a state oi‘\ irreversible shock results, and retrans-
fusign of the shed blood volume cannot correct the syndrome. Vaso-
dilation and increased capillary permeability occur, with accumulation
of plasma and red blood cells in the capillary beds. The blood flow
to the tissues is not sufficient to maintain their nm.nlrmm biochemical
needs. This stage is characterized by a decompensatory phase in which
the vasculature becomes refractory to the effects of the high circu-
lating levels of the catechclamines, This phase' is recognized as the
irreversible stage of shock whereupon replacement of the lost blood
volume will not reverse the course of events leading to death. Many
investigators have attempted to establish the sequence of events leading
from reversible to irrleversib%e shock.

‘ Attention should be focused at fche cellular levels Defects
in the machinery of the cell are translabed into tobal physiologic
failures Investigators must characterize the crucial changes in the
cellular and subi;ellular processes induced by prolonged ;hock. Further-
more, a means to restore these damaged processes must; be found before

irreversible shock c¢an be rendered revers;ible.
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GELLULAR METABOLISM IN SHOCK: .

The peripheral cells, nameljr those of the g‘astro-intesltinal
tract, liver, skin and muscle, gradually become anoxic due to the
intense vasoconstriction and progressive shunting of blood away from
these areas in the shock state., The ische;rtic anoxia (reversible stage)
which later beconies staénént anoxia (irreversible stage) has profoundly
deleterious effects on the ultrastructure ax}d function of ’ohése cells.
The literature surveying the effects of hemorrhagic shock on metabolism
in the peripheral organs has been deriw.red’ from many different species
of animals, using a variety of techniques. As'a result, the differences
in the effects of shock on metabolism are “controversial, However, the
common denominator of all forms of shock is cellular hypoperfusion.

Schumer and his associates have ;io'ne ektensive“stu;iies on

cellular metabolism in shock (302, 303, 306, 308)s Schumer defines shock

t @ ‘
as a "disorder of the molecules of the cells" (302). Normally, oxygen

" and mutrients such‘ as glucose,.amino acids, fatty acids and glycerol

pass through the 9611 membrane with the aid of an energy ti‘ansport}
systems The body's energy component is adenosine triphosphaté (ATP)
and it's energy storage molecule, creatine phosphates Normally, most
of the cellular ATP is derived from glucose breakdown to CO2 and waters
Ho‘wev\er, in( the sbsence of sufficient amounts of oxygen, gl\ucose can
only ‘be catabolized-to ‘pyruvate and lactate, reducing the produc’r.ion/ of

ATP by 90%, lLactic acid accumulates within the cell reducing the intra-




¢

cellular pH (305)e The iactate contimues to accumulate and leak into
the plasma decreasing plasma pH and producing a lactic acidemia.
. Normally, glucose is stored in the cyto”p]:asfn/ of liver and

' mu-scle/cells in the form of glycogen. In the presence of increased
circulating levels of the catecholamines coupled with a decreased
availability of intracellular glucose for ATP production, the‘_’_glycogen
stores aJ\:'e broken down to form glucose. If anoxia is prolpnged, the
glycogen stores of the body become depleted and the body must use
alternate pathways for glucose production. This is accomplished with
the aid of the stress—i:nduc?d increase in the circulating levels of
cort;.sol (115, 126‘Chapt. 24)e Cortisol aids in stimulating the com~
pensatory gluconeogenic process (308). This process uses any available |

(} lactate, amino acids, fatty acids and glycerol to manufacture glucose

molecules for the energy (ATP) producing pathway. 0ji and Shreeve (252)

report that the amount of glucose available to the body in times of severe.

'stfess from the gluconeogenic process is about 10 times greater than
that from the regular glycqgen storese Pfowever, despite the body's
compensatory efforts to maintain ATP production and eellular function,
.should the anoxia continue, the ATI” levels continue to fali. An 80%

- depression of ATP levels in shock has been noted in the intestinal nucosa'
(56, 133, 222, 280) and in the livér (50, 192, 308). As ATP levels
‘decline and the cellular functions that it norrx;ally maintains begin to

Y L'y
falter, the cell membrane sodium ~-potassium exchange pump fails, allowing
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.intracellular accumulation of sodium and water (15, 302, 323) and leak-

age qf potassium to the extracellular space. Further dersngements of
cation balance occur as intracellular calcium levels increase (15, 48)
wh:f.lle intracellular ievels of bound magnesium fall and extracellular
magnesium levels increase (3). | |

Associated with all these metabolic and electrolyte distur-

bances is an alteration in cellular membrane associated with an increase

in permeability (255)s In addition, the intracellular metabolic acidosis 4

3

contribut:es to the weakening and eventual rupture of lysosomal membranes

(120, 151)s The release.of the lysoso}nal hydrolases produces cell death,

"lysis and release of intracellular components into the already acidotic

~
circulation. (

The common pathWay for all types of shock appears to mvolve
a molecqlar type of derangement deriving from the basic defect in the
energy forming pathways of the cell; and prolonged catecholamine =

induced peripheral capillary ischemic anoxia appears to be the precipi-

tating factor. -
e
. .r;
/ /' ~ r ;
snocx - THE smncmc ORGANS: '

w

S’hﬁck is a syndrome of peripheral failure. It is consequent

upon intgt}se and selective peripheral vasoconstriction (128). The

. purpan of this homeostatlc action is to shunt the remaining effective

blood volume toward the vital organs «~ the heart and brain - at the

G '
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expense of other non-vital organs. In the dog, the sympathetically -
induced vasocoﬁétrict;or'résponse of the blood pressure regulating mech-
an::Lsm is selective (27, 131). It occurrs mogt no(;cably in the adrenergic
sensi/tivq splanchnic, followed by pulmonary and’ cutaneous beds, ~The
bloo<£ flow in the hep{atic artery and ‘hepatic and portal veins is signi-
ficantly reduced rendering the liver ischemic. ,The megénteric bloc;d
fTow has been reported (67, 141, 166, 328) to be signific;ntly reduced
to as little as 30 percent of noﬁﬂ in the hypovolemic state. The
splanchnic organs have become well known as the "target organs" to the
destructive vasoconstriction and ischeimia associated\with low flow states.
Hepatic function has been shown to be significantly impaired
following severe shock and trauma (26, 48, 80, 97, 324)s The damage
incurr:d by the liver in shock is thought to be due directly to the
decreased blood flow. Frank et al (104) and Hay and Webb (139) have
fdund that protective perfusion of the liver with arterialized blooa
via the hepatic artery improved hepatic i‘unction and survival in dogs
subjecﬁed' to~ex}erimental hemomhagic shock. Normalljr, the he;)atic
artery contributes one third of the Jlow to the liver, while the portal
vein contributes the remaining ‘two thirds. The hepatic artery is
constricted during hemorrhagic shock (55), total hepatic blood flow is
decreased 10 to 20 percent of normal (55), and oxygen levels in the’
portal bloc;d are far beiow normal (80)s The reduced flow coupled with
intral';epe;tic v,asoconstriction combine to produce ischemic anoxic damage

e

{0 hepatic ultrastructure end function (104, 139, 151, 198).

#
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Shoemaker and Fitch (324) repirted diffuse congestion around

the hepatic capillaries and vemules in dogs subjected to the Wiggers' (355)

",
procedure for hemorrhagic shock. Grossly, the liver appears d‘i'gﬁeh/dgd and™,

engorged. Histological studies by the same investigators and(ot'r;_érs

(48, 151) showed marked congestion, hyperemia with disruptionnof theu
normal cellular and tissue architecture and increased loss 6f "definition
of cellular detail" The mitochondria appeared swollen, glycogen stores
depleted and distortion of the endoplasmic reticulum and hepatic lysosomes

]

occurred.
The intestine as the "central lesion® in shock was reported b

in the classical studies of Lillehei in 1957 (197). . Oross perfusion

of the dog's intestine in hemorrhagic shock via the suf;erior mesenteric

artery with blood from a normal donor animal prevented death in 90 per-

cent of the anim;ls. In addition, the characteristic intestinal necrosis

induced by ischemia, was prevented. Perfusion of the portal vein however,

did not prevent death or intestinal necrosis. /

There, are numerous theories on the role of the intestine

“in the pathogenesis of irreversibility in shock. In 1942 Wiggers (356)

found that in canine shock tﬁere was a resistance to portal flow created
by the intense hepatic artery and intrshepatic vasoconstriction. This
led to stagnition in the portal system contributing to intestinal mucosal
congestion and pooling ‘of blood in the intestinal capillary beds. The

excessive vasoconstriction in the mesenteric bed (143, 169, 228, 247)
aq

o

I




coupled with increased poz;tal pressure produces anoxic damage to the
intestinal mucosa. ‘The intestine, like the liver, suffers severe meta-
bc;lic, structural and functional alterations in hemorrhagic shock.
Prolonged intestinal ischemia can be so detrimental that actual tissue.
necrosis and sloughing of the intestinal epithelium can occur (56).

This necrosis has been called hemorrhagic enteritis and has been associ-
ated with irreversibility in shock (29, 197, 355, 367).

Evidence of severe metsbolic depression in the intestinal
epithelium Iin low flow states has been reported by several investigators
(30, 32, 56, 225, 238, 279). This is associated with decreased micosal
ATP levels (56, 223, 225) and production (33, 221, 225), Furthermore,
Chiu et al (56) found that morphological da}nage correlates well in ,
time course and degree of severity with the\ metabi)lic depression in the
intestinal mucosa in low flow states. The greater the reduction in flow
to the intestine,, the more sévere ;ohe metabolic and morphological damage.

Chiu et al (58) and McArdle et al (223) administered glucose intralum—

' inally for its protective effect upon the’failing ischemic intestinal

Ymucosas It was found that the ischemlic damage to mucosal cells was
diminished by the presence of glucose which was used directly by the tissug
as substrate for energy production. ‘

Several investigators (28, 96, 165, 315) have postulated that

_during prolonged hypovolemia, there is increased intestinal permeability

,to‘ intraluminal substances which are normally retained. The depressed

e,
#
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hepatic function renders the reticuloendothelial system incapable of hand-
ling and detoxifying the increas‘ed circulating bacteria and toxins and thus
contributes to irreversibility. However, these conclusions have been dis-
puted by Zweifach et al (368) who reproduced the identical shock situation
in germ-free animalse. In addition, others ( 271 59, 62, 261) believe that
'the observed increase in intestinal permeability in shock allows for
leakage into the bowel lumen as opposgd to increased absorption. Large
amounts of plasma and eventually red blood cells leak into the intestinal ~

v , B

lumen contributing further to a decreased circulatiné blood volume. Chiu
et _al (59) showed that absorption of toxins from thé bowel lumen qié not as |
irntegral to circulatory collapse and irreversibility in shock as is
"fluid loss into the intestinal lumen. Others have noted that the is-
chemic intestiné becomes a secretory organ (145, 218, 226, 237)e Similar-
ily, in intestinal obstruction (170, 320, 321) and .superior mesenteric
occlusion (59, 218) there is-up to 30— 4O percent of the plasma volume
| lost into the intestinal lumen (57, 117, 261) often with an associated -
increase in hematocrit (170, 321). |
There are several studies disputing the importance of the

intestine as the site of irreversibility in shock, Partial (229).as

well as total (113, 263) en"(’.erectorrw produced little prolongation of |
survivé’l time in’ canine hemorrhagic shock., Gergely and Nagy (113) pointed

out that total enterectomy rendered the dogs incspable of tolerating i \

hd o

hypotension.
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Lefer and Glenn (188) have studied the role of the splanchnic

« § ' -
myocardisl depressant factor (MDF) in the pathogenesis of irreversibility
in shock., MDF is thought to derive from the ischemic pancreas during

\\ , .
bowel, ischemia, hemorrhagic, endotoxic, cardiogenic and pancreatitis -

- shocke Lefer and Glenn indicate that MDF produces a negative ionotropic ‘

effect upon the heart, constricts the splanchnic resistance vessels,
alters intestinal mobility and probably contributes to the reticulo-

endothelial breakdown observed in shock. MDF is thought to work as a

BLOCD LOSS AND SYMPATHOADRENAL STIMULATION'

Ioss of 10 to 20 percent of the ,blood volame in man and

experimental animals produces a decrease in arterial blood pz:essu.re.

- This then produces a reduction in the afferent impulses from the baro-

F

receptors in the carotid sinus /and aortic arch, which in turn activates
the sympathetic afferents to the heart and blood vessels. As arterial
pressure falls, blood flow through the carotid and aortic bodies de-

creases, stimulating the chemoreceptdrs to discharge. The increased
'

chemoreceptor discharge coupled’with a reduced baroreceptor discharge work

together to stimlate the cardiovascular ¢enter (172) and sympathetlc

™

vasoconstrictor fibers, Bilateral vagotomy eliminates both chemoreceptor

and baroreceptor responses resulting in severe drops in arterial pres-

~

sure in resiaonse to small blood losses ~ tﬁus indicating the importance

e




}

. of these reflexes .in maintaining cireulatory homeostasis;

JActivation of the sfnnpathetic nervous system causes release
of norepinephrine from the post—ganglionic nerve endings and release

of norepinephrine and epinephrine from the adrenal medulla (82). Re-

~ viewing the data from several sources (349) indicates that Lowering

blood pressure to levels around LO mm Hg can illicit 50 to 100 fold
increases in circulating levels of epinephrine (55, 130) and 10 = 50
fold increases in norepinephrine (287, 349). S?nutilar massive increases
in c”ircula‘oing catecholamine levels ha;ve been noted in septic shock (97).
Minor :‘anzl'eases in circuiating catecholamines are. benei‘ic:':al
in response to a small blodd loss situation. However, massive ;md
prolonged release in respénse to excessive blood Toss upsets the normal
gnd intricately balanced microcirculatory flow. Block et al (27) have
shown that large doses of ‘epinephrine (3 - 10 ug/kg) consistently cause -
marl;ed peripgheral vasoconstriction in\man and dogs. The arterioles and
precapillary sphincters of the v%scefa and skin are richly supplied
with alpha adrenergic receptors which cause these vessels to constrict -
in response to the increased sympathetic nervous tone and high levels of
catecholamines (2, 61)e Visceral and cutaneous vasoconstriction produces
a reduction in the vasculair" space, and total peripheral resistance is
increased while ialﬁod flow to;the brain and heart is maintained. . y
. The normal reaction’of the heart to the increased sympathetic

tone is reflected in an increased heart rate and myocardial conti'actility.

i
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The beginning or phys:l.ologlc decompensatlon in shock is heralded\\

e

by gradually decreasing catecholamne levels (16). Failure of the sym~

pathetic homeostatic mechamsm is characterized by a general vasodilatory
i ’,

e wak T ™ SR DY

response and resultant fall in total)peripheral resistance, This re-
\ °

¥ fractory state may occur as a result l‘of anoxia - induced ;release of
? vasodilatory substances from ischemic tissues, depleted catecholamine ’
: “ o

© stores,'a decreased effectiveness .of the catecholamine action on the vascu-
- lature du? to acidosise Refractoriness has been demonstrated after pro=—

1onged”ép:{nephrine and norepinephrine infusions and may, in addition to .

P e R

0

other factors, be related to a desens:Lt:Lzat:Lon of the vascular adrenergic
response (106 136)
The catecholamine - induced vasoconstriction occurs in the
: (f « orgails where it has been réported that so called alpha adrenergic
‘ zg,\ ~receptors are highly concentrated. Therewg're two major types of recep-
%ﬁors that drugs or hormones can interact with to elicit a response in

sympathetlc effector cells -~ alpha and beta receptors. [

)
i

- The alpha (X) and beta (B) receptors originally were conceptual .

structures proposed by Ahlquist in’ l9h8'(2) to explain changes occurring . |

\ in the précapillary and postcapillary ’arterioles and venules in the pre— .
se;nce of catecholamines, Stimulation of the alpha receptors by epine-

.

phrine or norepinephrine produces vasoconstriction of both arterioles

) and venules, and hence reduced capillary perfusion and anoxiae Stimu-

X - lation .of the beta receptors whicli are located primarily in the striated !
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mscle, results in vasodilation. Beta receptors are found in the myocard- .
ium (and elsewhere) and stimulation of these receptors by the catechola-
ﬁines results in the observed increase in force and rate of contraction.
There is strong evidence to suggest that prolonged and exces—

sive increases in the circulating levels of the catecholamines m#y'

_significantly contribute to the magnitude of tissue ischemia and subse—

quent irreversibility in most forms of shock, The role of the sympathetic
nervous syétem in causing detrimental changes in prolonged shock have A

~ been emphasized by Fine (96) who noted that the vasoconstrictor response
can be abolished and mortality improved by sympathectomizing certain
areas such as the intestine and spl?en. Drucker (77) states that tpe

- adrenergic response to hemorrhage is initially adaptive but igg; pro-
longed will compromise homeostasis. Lillehei (331 p. 7 - f5) and others

(248, 307) have provided further evid®nce that catecholamine action

N

contributes to irreversibility in shocks Lillehei (311 %. 7 - 15) has.
shown a correlation between circulating norepinepﬁrine and epinephrine

levels and the state of the circulatftn - greater catecholamine concen—
trations a?é associated with poorer tissue peffusion. A higher mortality |
rate has been observed (79)‘in patients with severe sepsis particularly

if it is associated with hypotension and incrleased circulating cate- |
cholamine levels, Continuous‘infusions of norepinephrine or epinephrine

(106, 136, 224) repr¥pgas_the shock situation in healthy dogs and is

N
assoc@#ﬁed with a high mortality rate. The death usually being attributed l |
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to lethal shock. Furthermore, if exogenous vasopressors such as metara- ~
minol are added to boost a falling blood pressure, the microcirculation
may deteriorate at an even more rapid rat;: and the chance ofosur;ival
may be further decreased.

Pre~treatment with an alpha - adrenergic blocking agent has
been shown (135, 147, 347, 36L) to blunt the vasoconstrictor effects -
of the catecholamines and thus protect the eﬁperimental animal from a
potentially 1é%hal hypovolemic episode. Mgﬁgﬁle et al (224) have shown
that both hepatic and intestinal hypoxia ar; significantly reduced in
dogs pretreated with an(ﬁhblocking agent prior-to a lethal Wiggers' shock
procedure, In addition!CY-blockade has been shown (106) to increase sur-
vival following epinephrine shock, norepinephrine shock (64, 98), endo-
toxic shock (347, 354), cardiogenic shock (27, 147, 199, 257) and
hemorrhagic shock (135, 364). The—ﬁost significant results have been
obtained where the Of=blocker was administered before the induction of
shock. However, several studies (27, 199, 257) have shown that Gi-blockade

coupled with adequate volume replacement following shock provide signi-

ficant increases in survival. . .

TOLERANCE TO SHOCK:

"

A common feature of all types of shock is the viscero-cutaneous
vasoconstriction spd reduced blood €low and anoxia in response to the

sympathoadrenal reaction to stress, Initially, this is a protective .
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responses However, if prolonged, it becomes deleterious and leads té
eventual deterioration of the viscero-cutaneous microcirculation. Any
méasure that blunts the excessive sympathetic response appears to increase
survival as seen in the studies with OG-adrenergic blockﬁdé. In additionm,
development of epinephrine tolerance appears to blunt the effects of

excessive sympathoadrenal activity in shock. FEpinephrine - tolerant

dogs have been shown to survive an otherwise lethal shock procedure (215).

-

Normally, most dogs will die (acutely) if given a 1 - 2 mg/kg dose of
epinephfgh;\as an intravenous bolus (199). However, if the epinephrine
is given three times a week in gradually increasing doses from less than
0.1 mg/kg to 2 mg/kg over a period of about 6 weeks - these animals will
be golerant to excessive doses of epinephrine.

The classic studies done on shock in 1964 by Lillehei and
co-workers (199), showed that epirephrine tolerance conferred a significant
(70 - 80 percent) protection against usually lethal hemorrhagic, endotoxic
and cardiogenic shock episodes. The studies indicated that .there is a
basic hemodynamic disturbance which is common to all forms of shock.

In addition cross tolerance studies showed that endotoxin - tolerant

4.

animals were protected from Phe exc?ssive vaéoconspriction and showed
increased survival when subjected to lethal drum (traumatic) shock,
hemorrhagié or cardiogenic sﬁgck. They $stressed the potential value of
modifying the sympathoadrenal response in shock £o provide improved

survival,.
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SHOCK AND OTHER HORMONAL ALTERATIONS:

The excessive catecholamine response, coupled with widespread
disturbance of the vasculature and cellular metabolism are associated with
slterations in function of all the endocrine glands. This is reflected
by changes in circulating levels of other hormones.

Gi.ucagon rele/ase, like insulin, is normally controlled by
the interplay of gastro-intestinal food products and other hormones.
Hypoglycemia is the most powerful stim}rus for glucagon release (126 /
Ps 1597 Chapte 71)e Unger (342) has Buggested that gluc,:agon may play a;
prominent role in catabolic states such as sepsis, diabetes, burns,

trauma and malignancy. Hyperglucagonemia and hypoinsulinemia have been

©

observed in several-disease states associated with shock; severe trauma
(205), extensive burns (358), endotoxic shock (97) and hemorrhagic shock

¥

(136)s 1In addition, little or no change in glucagon levels were seen in
major surgery unless accompanied by hypotension (204). It would A
appear that is is some-factor of the shock itself, rather than tie type

of injury that stimlates glucagon secretion. Several investigators (272,
313) .have postulated that plasma concentrations of glucagon increase when
there is an increased requirement for endogenous glucose - sucﬁ as in times
of prolonged physiologic stress - and may be in part responsible for

the transient hypez\'glycenﬁa of sh/ock. Gerich et al (114) have shown

that increased levels of epinephrine stimulate glucagon release in man,

On the other hand, Sheps and Maher (319) and others (294, 313) have shown
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that glucagon can stimulate epinephrine release. -In addition, increased

-«

cortisol levels have bmen associated with shock states (97, 189, 230) and
also have been report,e;i to stimulate glucagon release (97, 217).

Increased glucocorticoid release as a ;‘egular accompaniment
to hemorrhage has been shown i\n dogs (111, 112) and in humans in surgical
trauma (115). “Cortisol levels increase in response to stress £115, 233, 310
Pe 1 - 6) and”even when adrenal glands are denervated (360). ,Z'[t has
been proposed that the value of increased glucocorticoid reiease in
stress lies in their capacity to play a pern;issive role in several of the
effects of other hormones; i.e., the hepat;'xc production of glucose from
nonca;bohydrate precursors (gluconeogenesis) (107, 127). Cortisol
itself stimilates gluconeogenesis (250) and enhances thg ability of ep/i-
nephrine and glucagon to stimulate gluconéogene\sis (1 s 163)e The
glucocorticoids supply endogenous glucose in times of stress whenL normal
stores are depleted. | i |

Insulin secretion is normally regulated through the co-ordinated
interplay between food products, gastro~intestinal hormones and o’r;her
hormonal and nﬁegjc;al‘stinhli. High circulating glucose levels, amino
acids, fatty acids and ketoné bodies stimulate insulin release (126

%

P. 1597 Chapts 71)s However, when circulating levels of the Ea‘oe—
cholamines are elevated, the predominant effect is usually one of
decreased insulin release (6). Meguid et al (230) found that in shock

there were inappropriately lov.;r circulating insul:in levels associated with
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hyperglycemia, hypercatecholandnemi}a and gradu_a.]ly increasing glucagon
levels, Other investigators ha;}e reported depressed insulin release
and hyperglycemia in several forms of shock in primates (240) and in
humans (46, 171)e On the other hand, Finley (97) has reported elevated
insulin levels in post-operative patients who became septic. In addi-
tion, several others have also found elevated insulin levels associated
with hyperglycemia in various forms of canine and human shock (17, L6,
76, 227). Baue et_al (14) and others (52) have‘ indicated that elevated
glucose and insulin levels may be associated with a periphéral insulin
resistance and decreased transport and utilization of glucos;a. The

literature to date indicates a marked variation in insulin secretory

responses in shocke.

THE SECOND MESSENGER SYSTEM:

A=
(1) Introduction:

s " . b

Hemorrhagic shock, trauma and other low flowh é.tatés are assocCi=-
at?cli with dz"amatic hormonal and metabolic derangementse The c'ircula"oing
levels of tk;e catecholamines, glucagon, and déytiso]r increase markedly
during prolonged hemorrhagic shock. The catecholamine - .alp.ha rec’eptor‘
interac}ion results in ‘excessive vasoconétriction in the splanchnic organs
reducing e;‘fective biood flow to the Tiver and intestine. If prolonged,
ischemic damage to these organs is inevitable. .

Hormonal regulation is fundamental to homeostasis. However,

in shock, there is a "rude unhinging of the machinery of life" \(132).

s 8

w
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, Most of the actions of all the hormones (or first messengers) are normal-
. 1y transmitted at the cellular level by the intracellulér second messenger
to the hormones, cyclic adenésiﬁe 3%, 5' - monophosphate, or cyclic AMP.

Cyclic AMP was discovered by Rall, Sutherland and Berthet

in 1957 (268). It was determined/to be the intracellular compound capable

of stimulating hepatic gyycogen breakdownlin response to epinephrine

and glucagon. Epinephrine and glucagon iﬂcrease the rate of hepatic

cyclic AMP production, which in.turn promotes the conversion of ine

active phosphorylase b tq'active phosphorylase a (333) which then

' catalyzes glycogen breakdown (226) dnd glucose production and release
/ by the liv;r. ’

4rMost, of the known hormones have been shown to exert their

influence~in the target tissue by increasing or decreasing net produc—

, - 1
tion of cyclic AMP (282). Since cyclic AMP mediates the actions of most .of

the hormones, it's.action consists primarily of regulating the rate of a

-

nurber of intracellular processes. In fact, cyclic AMP is now recognized és
an ubiquitous nucleotide which may be as crucial as ATP or AMP in con-,
trolling enzymatic reaction, rates, - However, as more in depth investi=
gation into this syépemdproceeds, the regulation and effects of net .

*
cyclic AMP production becomes more and more compleXe

(ii) Adenyl Cyclase — Phosphodiesterase:

The intracellular level of cyclic AMP is dependent mainly on the
" pelative activities of two enzymes, adenyl cyclase (AC) (282) and
\

i

W

-

e
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phosphodi esterase (PDE) (335). Recently however, leakage of cyclic AMP

. from the cells into the extracellular fluid (ECF) has been shown to

play an important role in the regulation of intracellular cyclic AMP

levels, Cyclic AMP is formed from ATP (Figure 1) in the presence of mag- |
nesium (Mg"' "') via thg catalytic action of the membrane—bqqund enzyme adényl ;
cyc:‘lase (282), Epinephrine, glucagon and some of the prostaglandins stim- |

ulate AC activity as do several other polypeptide hormones, resulting

in an increased intracellular accumulation of cyclic AMP (282). Insulin /
and some of the other prostaglandins are thought to exert a mild in-

hibitory influence upon adenyl cyclase, producing small decreases in cyclic -

AMP levels (283). . .
The degradation of intracellular cyclic AMP is catalyzed by ' N
pe
: ( phosphodiesterase (PDE), contained mainly inethe cell cytoplasm. Cyclic

AMP is rapidly hydrolyzed to 5' AMP in the presence of magnesium ions (335).

PDE moderates cyclic %MP accumilation and thus plays a key role in term-

inating its action. PDE has been postulated to exist in up to 7 iso~

enzymatic forms (37, 239, 343). A
There are numeroua; low Km (2 t¢ 5 M) and high Km (50 to 250 uM)

3 . forms of PDE in the Iiver (211). To date, little data is available

on the intestinal mucosal content of PDE. Evideﬁce see}rls to indicate

that the, low Km activity of the hepatic PDE enzyme is the most im—

portant for cyclic AMP metabolism in vivo (284 addendum Chapte & pe 90). . .

PDE, like AC may increase or decrease activity subsequent to hormonal to-

or drug interactions. It's activity is increased by :'Lmi',dazolé (53)

4}
#* .




. v s ScrTe!
i e SRS SN L W R ;“‘%"{Mﬁ' B2

Inactivated
Hormone

-2l - .

FIGURE 1

N\

EFFECTOR CELL -

GTP . |

. /ATP--MQ++ o

a .

! AR YYY -
y PDE

g \ o

c CAMP ¥ PP;

Ca*+ ( ~— Pp'ags§ponse'°bg'°

A
Ca*tt " CAMP—» ECF 72




[
e
L e

and is inhibited by methyla.t'ed Xanthines such as theophylline and caffeine

(335), resulting in a decreased degradation and hence an increased net

B I —— <.
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production of cyclic AMP,

(iii) The Second Messenger Concept: .

Cyclic AMP has been found to exist in almost every animal tissue

TR, A AT

. for vhich it has been assayed, including bacteria and unicellular organisms

g

(28Y, Chapt. 2 p. 17)s It is now considered the key intracellular

mediator of the tissue responses to most hormones. These include those

which influence hepatic and gastrointestinal function such as the cate-

PRSP Loty

cholamines, glucagon, corticotropin, thyrotropin, vasopressin, insulin,

growth hormone, leuteinizing hormones, parathyroid hormone, serotbni’n,

angiotensin, the estrogens and prostaglandins (284, Chapte 2 pe 17). o
(;— The concept of alpha (&) and beta (B) receptors initiated by

v Ahliquist (2) has since been expanded to include the adenyl cyclase —

cyclic AMP - PDE system. The new concept (Figure 1) proposed includes the
hormones as part of a two messenger systems The hormones, acting as the ®

; first messengers, are released from their cells of origin and travel via

i

: the circulation to their target tissues, where they interact with the

oy

membrane=bound adenyl cyclase to affect an alteration in the intra-

b T cellular level of the second messenger, cyclic AMP, which in turn induces

e G o e ~ny

the affected cell to perform it's particular function., The ¢ and £
receptor theory proposed by s‘avé(ral investigators (282) includes an ex=

R panded design of the adenyl cyclase enzyme. The enzyme "is thought to be

XAy

composed af at least three subunits (Figure 1), Two different outer
e N ' 3
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/ subunit which specifically catalyzes the breakdown of ATP into cyclic AMP,

tors in this case results in a predontlnanﬁly Ol effect upon the vasculature,
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or regulatory subunits to which the hormones bind and an inner catalytic

One of the outer regulatory subunits has properties associated with of recep~

tors and the other with B receptors, Interaction between the o receptor and

\

a sympathomimetic agent results in a decrease in adenyl cyclase activity.

This of interaction leads to vasoconstriction in the splal:lchnic organs in res-

ponse to epinephrine or norepinephrine (126, Chapt. 24, p. 485). On the other
hand, activation of the g receptors leads to an activation in adenyl cyclase .
activity and (for example) an increase in glycogen breakdown in the liver. In

tissues where Ox and g effects appear the same, the predominant Of or A receptors

d E

may be bound to a catalytic subunit in such a way .that interaction with,  for
example, the catecholamines, leads to a net O or inhibitory effect. upon adenyl
cyclase activity. Systemic vasoconstriction in dogs is a‘classical X response

to the catecholamines (173)s The overall effect of stimulation of both recep-

In addition, the differences in sensitivity of B receptors in different

organs to P agonists of varied chemical structure are sufficiently great

enough to diEferentiate two distinct types of §,receptors - By and Boe
Glucagon and epinephrine are both f§ agonists, but interact with separate and
distinct B receptors in the liver to produce different responses (23).

The exact mechanism where by the binding of a hormone to it's
particular receptoz: produces a change in adenyl cyclase activity is unknown.
It is postulated (270), that changes ip'calcium permeability of the ,c;eli ' :

may signal the change in adenyl cyclase activity. Alpha stimilation increases

r
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calcium ent;y into the cell to reduce adenyl cyélase activity, while ’
stimlation reducés calcium entry to promotg an increase in ACA. In
addition, Rodbell et al (285 B) have recently observed that guanyl nucleo—-

* tides (especially GIP) also modulate ACA and are able to potentiate the
AC response to hormonal stimulation. s '

The inner or catalytic subunit function is more-stable than the
receptor subunit function. Rutenberg et al (289) and others (69, 2Lé,)’
have reported disrupted receptor function assqciated with unchanged
intrinsic or catalytic subunit activity. The intrinsic or catalytic
activity of adenyl cyclase may be studied without regard to the receptor .
subunit influence with the aid of sodium fluoride (NaF). NaF is a none
specific stimulator of ACA activating the c¢atalytic subunit of the
enzyme only in broken cell prepération%. The mechanism of NaF activation
is not completely understood. It is thought that Né? releases an in-
hibition normally exerted upon the catalytic subunit. ' Hence, the 2 to
10 foid increase of AC activity (25@) over basal in the presence of
10 millimolar (mM) NaF may represent a reversal of an inhibition (30L);

’ although it could be an artifact resulting from cell breakage. However,
if the catalytic subunit of the enzyme is functioniné normally, theg no
changes in the NaF ~ stimulated ACA woulq be expected rggardless of
changes p?oduced in basal enzyme activity in the presence of xor g
agonists. The ability of NaF to stimulate AC sometimes lasté longer
than the ability/of the receptor portion of the enzyme to bind or respond

to hormones; but even this is very labile. The expression of basal adenyl

\
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cyclase eictivity is also very labile and therefore great caution must be
taken in preparation of tissue homogenates. It is therefore, with the

use of in vitro additions of NaF and hormones, coupled with basal and

“
’

“nvivo hormonal stimlation of ACA, that precise alterations at any
of the levels of the enzyme system may be studied.

}

\\

SHOCK _AND THE SECOND MESSENGER SYSTEM:
- ~ 7 Al"—’/#’”/__,__,____ ———— - —

There are such extreme ghanges in epinephﬁ.ne, norepinephrine,

glucagon and cortisol levels in shock, coupled with severe ischemic

cellular structural and functionsl damage, that changes in the adenyl

cyclase - cyclic AMP -~ phosphodiesterase system might be‘expected. Few
exi:erimental and even fewer clinical studies have been done in this speci-

fic area. However, of the experimental studies that haw{e wrecently been!
initiated in this area, all of them indicate a depressic_on in the normal func- ,
tion of the second messengeg system in low flow states (221, 288, 289,

échofield - Jones, C.A., unpubl;lshed data, 1973). No'such clinical data in
pati:ants éuffering from hemérzjxagicw shock is available, However, studies

done on dogs and pigs féllowing hemorrhagic shack (224, 264) and in hum;ns
following majog surgical trauma (liﬁ, Chiu C.J., McArdle, A.H., Hinchey, E.J.,
npublished data), and myocardial infarction (332, 346) and sepsis (326) \\
have shown increases in circulating plasma cyclic’ AMP levels when compared
to levels in normal pat;ients. The reports on shock - induced alterations

in tissue PDE are inconclusive and coritiroversiai (118, Rutenberg, A.M.,

unpublished data). °UStress‘- activated hormonal and associated metabolic

‘z
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- - __THERAPY OF SHOCK: - _ .

second messenger system.” Inadequate or excessive response of the second
messenger system could result in the decrgased abilifr,)? of the tissues i
to i‘espond to honleostatic or therapeutic controls and therefore may

contribute to irreversibility in' shock. L i

(i) Introductiont™ .

——

There are two major prc;blems to correct in acute circ:u;latory' ' | 1
collapse - a deficiency in effective circulating blood vol},tme and insu\ffi-’
ciency in the peripheral vasculature presenting with stagnant anoxia.

_ In other words, the integrity of the damaged microcirculation must be ) !
re-established in order to restore normal cellular metabolism,

Restoration of the cix;cgating blood voldme and return of normal
blood pressure are of prime importance. Proper assessment of tﬁe degree ~

of fluid loss must be attempted and appropriate losses (fluids, whole .
‘ Y

blood, plasma, et?c‘.‘) replaced. Several experimentdl studies (59, 215)
have shown that immediate short:-term fluid therapy following an other-
wise lethal period of superior mesenteric artery écclusion, confers 33
to 53% survival rates over controls with no treatment. TIf fluid therapy
is delayed, changes typical of irreversible shock will ensue., |

. The microvascular and cellular met?bolic derangeinents charactér:- >

istic of stagnant anoxia often cannot be corrected by, fluid repiacement

alone, as the exogenous fluid itself may accummlate within the st;gnant
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microcirculation increasing the interstital edema and further contribu~

ting to deterioration. The problem has long been recognized, although

corrective measures lack complete successs The pharmacological agents
that have been used in shock therapy can be divided into two basic groups,

vasoconstrictors and vasodilators.
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(ii) Vasoconstrictors:

Most clinicians have almost entirely abandoned the use of

sympathomimetic agents with x—adrenergic (vasoconstrictor) action in

refractory shock patients. Levarterenol is the synthetic equivalent of

N
N

r;orepl'.nephrine.' It, like norepinephrine, has some beneficial effects upon
¢ ' myocardial contractility and rate, however, these benefits are far out-

weighed by the delete{ious vasoconstrictor effects upon the microcircula-
(‘: . tion and tissue perfus,ion (137).

(iii) Vasodilatorss

- .le The primary aim of pharmacological therapy is to restore blood
.J . ~flow to the anoxic tisstess , It is probably the initial phase of intense

peripheral vasoconstriction and resultant tissue anoxia that perpetuate
; o “irrevaarsibility in shock. In the presénce of an (x—adrenergic blocking

; agent, or vasodilator, the catecholamine ~ induced vasoconstriction,
E ; . pooling of blood and decrease in flow are nﬁnirrfilzed. Associated with

E e these changes. is a decrease in the accumlation of metabolic waste and

5 .

E‘ gfeater availability of bxygen to the ano::ic tissues, The drugs used

. Dmay .produce vasodilation directly as a result of concentrated intravenous

1 administration. They may also vasodilate by blocking p=-adrenergic

o . ,
o

——
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receptors, or they may vasodilate by unknown means.

Nickerson, in 1955 (249), published preliminary observations on the
clinical use of phenoxybenzamine (POB), a potent ow-adrenergic blocking
ageﬁt, in treating refractory shock. S:'mc.e then, an abundance of experi-
mental studies have provided data on the l'ef;‘ects of POB in catecholamine
(64), endotoxic (347, 354), hemorrhagic (98, 135, 208, 36k4) and cardiogenic
(147) shock. ‘

Most of the studies have shown improved survival with the use of

POB before or soon after the induction of shock in a variety of animals,

S v

The increase in survival rate is usually attributed to the improved micro-

)
circulation and hence improved peripheral tissue metabolism.
f

H

Interist in o~adrenergic blocki}g agents led to studies with
isoproterenol (91) which is a pure f-adrenergic agonist. Glucagon (181)
and digit;alis (73) have also been used in the therapy of shock. These
agents are usefdi for their stimilatory effects u;Jon thelmyocardium,.
Each of these‘/;;ents also has sid;a effects which must be considered,

and if used accordingly and in conjunction with adequate blood volume,

replacement, may afford significant protection from the ravages of

»

shock.

’ (iv) Glucocorticosteroids:

Melby et al described the use of aldosterone in septic shock in
1957 (232). Since then, there has been much controversy as to the efficiency

of steroids in treating shock. Several investigators have found an increase
‘ 4
in survival rate in animals given massive doses of glucocorticosteroids

o
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before induction of catecholamine shéck (110, 200), septic shock (194,
199), cardiogenic shock (194) or hemorrhagic shock (60, 134, 241, 353).

.Fukada (110) reported that pretreatment of rabbits with glucocorticosteroids

. increased survival by rendering the animals less susceptible.to hypovolemic

hypotension, Schumer (304) showed that administration of large amounts of
dexamethasone at strategic intervals during bleeding, increased survival in
splenectomized Rhesus monkeys subjected to hemorrhagic shock. Desmonts
(70), Hakstian (134) and others (105, 179, 187) have found that adminis-—

tration of pharmacological doses of steroids after hypovolemia is not as

. effective as pretreatment however, does result in improved survival

rates when compared to animals given no treatment.

Lillehei (143, pe 139) emphasized the importance of splanchnic
hypoperfusion as a common denominator in the pathogenesis of various shock
states. Corticosteroids have been reported to increase splanchnic T

flow (348) which may contribute to their salutatory effects in patients

“suffering from shock. However, Raflo et al (267) showed only a transient

increase in splanchnic flow and no increase in survival in dogs pre-
treated with 60 mg/kg methylprednisolone (Solu-Medrol) prior to a lethal
hypovolemic ep:lsode. Sintilari}y; Replogle et _al (276) was unable to
demongtrate any significant improw{ement in hemodynamic or metabolic aspects
in dogs receiving 5 mg/kg dexamethasone after ninety~ minutes of hypo-
tension. Spink and Vick (330), Thomas and Brochman (339) and Reichgott

and Melmon (273) also failed to show increa/sed survival rates in shock

with glucocorticoid treatment.




- 30 - ' \/_J\

Desments (70) and Altura (7) have specified that when gluco-

corticoids are administered after shock is induced, the timing and
dosage are crucial to improved survival. They postulated that perhaps

failure to achieve increased survival with steroids might be due to |

e, g TS

inappropriately large or small doses of the steroid adminisfered at the
| wrong time intervals.

Preliminary clinical studies by Schumer and Nyhus (309) of

‘ fifty patients in shock showed survival to be 20 percent greater in >

patients treated with steroids than those not treated with steroids.

B

Lillehei, Motsay and Dietzman (200) beliex\re that steroids prevent arteriolar
and venular constriction in the viscerocutaneous circulation induced by the
high circulating catecholamine levels in shock - thereb}; improving tissue
( 1 perfugion. They have postulated that this effect may be due to O(—C?drenergic
' ' blocking properties of some glucocor%icosteroids. They advocate one or

more doses of 30 mg/ kg of methylprednisolone or equivalent amounts of

4

hydrocortisone or dexamethasone, Similarly, favourable results have been

obtained with massive doses of hydrocortisone, methylprednisolone ar
3

s R e o o

dexamethasone for traumatic shock (310), gram negative septic shock (359)
and for cardiogenic shock (72).

There are several side effects of prolonged steroid therapy g
that'; do not appear to be a prol;lem in the acute use of steroids for shock
therapy. Jama et al (167) report that if steroids are administered very
early in clind cal shock, and for only up to 48 hours, there is a decrease

E in the incidence of stress ulcers associated with low flow states.




»

Similarily, Dietzman.et al (75) state that there is no increased

frequency of gast}-ointestinal.bleeding nor is there a slow down in

wound healing following limited glucocorticoid therapy.
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Feunfer et al (109) state that in vitro, there is no increased

<

-
risk of infection with acute methylprednisolone treatment. These studies

-

have been confirmed in vivo by Brothers et al (38).
Melby and Spink (233) have noted that adrenal supression is

not a problem wi:en pharmacological ‘doses of steroids are given over a 48

.o hour period and that no replacement therapy is required.

e S LRI KA Wi T

1t would appear, that when pharmacological doses of steroids
are given for 48 hours or 1e§s the frequency of complications, due directly
. to the steroids, are no greater than in shock patients not receiving steroid
( : therapy.
The mechanism(s) by which glucocorticosteroids preserve cir-
culatory and cellular function are not fully understood. However, there
are many theories and much data implicating steroid - induced benefits ‘ ;

at all levels of cellular and tissue structure and function.

-

Ko s e

Glucecorticoids have been reported to produce peripheral vaso-—
dilation (7k, 200) thus increase tissue perfusion, (308, 310, p. 7 = 15),

decrease metabolic acidosis (309) and increase venous-return to the heart.

In addition to the hemodynamic improvements, glucocorticoids are repor:bed
to stabilize cellular and lysosomal membranes (4, 189, 302, 329). There-
fore, the integrity of the capillaries, cell and subcellular membranes may

be preserved in the face of anoxia.
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Several reports hav:a irf\plipated fysosomal enzymes as being
injuriou;-s to a variety of tissues (94, \119, 337).' Hypovo]Zemic hypo-
tension produces tissue ischemia which results in an increased permea-
bility of hepatic lysosomal membranes (143, p. 93 - 111) allowing release
of lysosomal enzymes into the circulation (120) and resultant formation
of t};e cardiotoxic peptide = myocardial depressant factorl(MDF) (121).
Coﬁjcosteroid thefapy has beén reported to prevent "éﬁch elevations of
plasma levels of lysosomal enzymes in' several experimentél shock si;ates
(120). Accordingly, Lefer (189) has s\h,g&;g*that dexamethasone pretreat-
ment decreases MDF formation compared to untreated controls.

" \Reversal of lactic acid into pyruvat.e, and then finally glu-
cose (gluconeogenesis) is an important mode of reducing met,ab‘olic acido-
sis and increasing energy' ( ATP) production. Schumer (309), has noted
that ﬂglucocprticoids decrease .lactic acidemia, aminoacidemia and the
hyperphosphatemia of shocks Several others (75! iéé, 252) have shown
that glucocorticoids stimulaté conversion of lactate to glycogen through
an unknown metabolic pathway. With these facts in mind, Schumer (§O92
evolved the concept that corticosteroids stimulate gluconeogenesis, convert—
ing amino acn'.'ds, fatty acids and lactate to energy — producing substances.

“This generates ATP. When more ATP is produced, there is a greater utili-
zation of free phosp‘h’ates.' '

Glucocorticoids have been reported to play a permissive role in
the glucmepgenic process in the liver in respOnse‘ to epinephrine or
glucagon (107, 127). 1In fact, glucocorticoids have been shown t'ot T
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potentiate the effects of epinephrine, glucagon and norepinephrine on

several cyclic AMP - mediated processes in normal and exercising dogs

(120, 161, 162, 163). The most striking of which, is the potentiation

of the effects of epinephrine and glucagon on hepatic gluéose output. Up
& \

to 20 told increases over control hepatic glucose output have been report.éd

(160, Lo62, 1635 in dogs challenged with epinephrine or glucagon after

several days of treatment with methylpf‘ednisolone. The mechanism of

this effect upon the cyclic AMP - mediated process is not' fully. under-
stood. However, it has been postulated to be due to a sensitizing effect
on the adenyl cyclase - cyclic AMP - phosphodlesterase system (163, 297,
316). Since the cyclic AMP - generating enzyme, adenyl cyclase, and per—
haps one or more phosphodiesterase enzymesyy are integrated into the cell

membranes in low flow states, then the damaging effects of ischemia and

anoxia may be amelior;foedyby pharmacological doses of steroids.

Pl
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MATERTALS AND METHODS

<

Preparation of Animals:

itr

Fasted dogs of either sex, weighing 17 - 22 kg were anesthe-
tized with 30 mg/ kg sodium pentobarbital administered intravenously.
The dogs were then intubated in order to maintain an adequate airway.

The animals were divided into three groups on the basis of
the hormone they received, and each group was subdivided on the basis

of treatment.

Group I: Twenty dogs received 0.3 mg glucagon administered
intraveno;lsly as a single bolus, These animals were subdivided into
four equal groups as follows: /

A« Control animals. -

B. Shock an\imaJ:Qs.

Ce Shock animals ’rl,reated with glucocorticoid.

Ds COntrol animals pre-treated with glucocorticoid. -

Group II:/ ﬁftem dQ\gs received 0.25 mg epinephrine adminis-
tered intravenously as a single\bolus. These animals were subdivided
into 3 equal groups as follows:

- A. Control animals.
’ B. Shock aniu;als.

Ce Shock animals treated with glucocorticoid.

" Group ITI: Ten dogs received 0.1 mg norepilnephm‘_né ‘adminis-~

tered intfavénously as a single bolus. These animais were subdivided

-
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into 2 equal groups as follows:
/
. A Control animals.
/
B. Shock animals.

Treatment of Animals:

Two hours following induction of anesthesia, a laparotony
was performed. Cannulas were placed in the femoral and portal veins.
Blood samples were obtained from the portal and hepatic veins before,

end at one, three, five, ten and fifteen minutes following a single

" pulse injection of hormone administered via the femoral vein. The

' /
samples of hepatic venous blood were obtained by direct puncture of
the hepatic vein. A cannula was also placed in the femoral artery to
monitor blood pressure throughout the entire experimental- px/'ocedure.

~ ;

Wedge biopsies of liver were obtained from adjacent areas of the left

ventral lobe, Intestingl biopsies were obtained from an area approxi-

mately 15 - 20 centimeters proximal to the ileocecal valve, Samples

of liver and “int‘estine were removed before hormone :'mjection, and again

. two and fifteen minutes following hormone injection.

\

Immediately following induc";.ion of anesthesia, the dogs
were subjected to a modified Wigger's procedure for hemorrhaglc shock.
They were bled to a mean arterial blood pressure 6f 4O to AS mm Hg

which was maintained for three hours by removing or reinfusing

»
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aliquots of blcod as necessary. At therend of the three hour hypovolemic
period, the dogs were reinfused their shed blood, and:ailowed to remain a
ﬁ;rther four hours wit.hoﬁt intervention wﬁereupon they were challenged

with a bolus injection of hormone. Tissue and blood samples were obtainéd

in exactly the same marner as described for the control animals.

C: Shock Animals Treated with Steroid:
- These animals were subjected to the same bleeding procedure
described for shock animals. Immediately following reinfusion of shed
blood, the dogs received 30 mg/kg Methylprednisolone sodium succinate
(MPSS) (Solu-Medrol, Upjohn), and received a second 30 mg/kg dose 3 hours °
later, One hour following the second injection, the dogs were challenged
with the respective hormone, ‘

D: Glucocorticoid Treatment of antrols.‘

Five control animals were allowed to stablllze from induction
of anesthesia fox: two ho.urs. They w?re\then given an intravenous bolus
injection of 30 mg/kg body weight of MPSS over a one minute period. This
was repeated agajn 3 hours later, One hour following the second injection
pf steroid, glucagon was injected and samples obtained exactly as speci-
fied i’ornthe untreated con‘r;rols. /

Blood Analyses: .

e

Whole blood for glucose determination was collected in tubes
containing i‘luonde, and glucose concentration was determined us:mg the

Boehringer Mannhelm Test Kit for Glucose (Hexokinase Met.hod)
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B: Hematocrit:

Hematocrit was determined on whole blood by the star;.dard tech=~

s
b SRS I R e R

: -~ nique of microcentrifugation.
C: Insulin:

Insulin was measured in serum by radioimminoassay using the

Phadebas Insulin Kit (Pharmacia, Canada Itd.). Samples were run in dupli- |
| cate and read off a standard curve which was set up for each group of }
{ samples.l Serum insulin levels‘are expressed as microunits of insulin per 3
mllilitre (u units/ml) of serum.

D: Cyclic AMP:

Whole blood was collected in tubes containing EDTA and immedi-
ately cooled to 0°C. The samples were centrifuged in the cold at 2,500
( rpme The plasma was collected and precipitated with an equal volumi? of
ice-cold 0.6 N perchloric acid. The supernatant was decanted and frozen
ab ~45° ¢ until snalyzed for cyclic AMP contente . s

oo

. Tissue Analyses:

G e

A: Adenyl Cyclase Activity (ACA):

The hepatic and intestinal Biopsies obtained for biochemical

v
A S vag— bt

examination were immediately immersed in iee-cold physiologic saline.
The mucosal side of the intestinal biopsy was blotted on a piece of
gauze and an epithelial cell preparation (221) was obtained by. lightly

scraping the surface with a scalpel.s A portion of the intestinal and

liver biopsies were then weighed on a precision torsion balance, then

-~ &

i

~ gently homogenized with 3 strokes in a Teflon homogenizer in 10 volumes

|
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dce~cold 75 mM Tris-HC1 buffer (pH 7.50), containing 25 mM MgCla. All
samples were assayed for enzyme activity within 30 minutes.

i (1) . Basal ACA: Basal ACA was determined using a modi-

fication of the method of Krishna et al (182)e The incubation medium
consisted of 50 mM Tris~HCl buffer|(pH 7.56), 5 mM magn“esiu;n chloride,
10 mM theophylline, 2 mM ATP, an ATR—regenerating system of 10 mM phos~
pho~enol pyruvate with 250 micrograms/ml pyruvate kinase and an amount
of mucosal homogenate containing 100 - 150 mficrograms DNA or an amount
of liver homogenate containing 35 ~ 4O micrograms of DNA. The final

volume of the reaction mixture was Oe5 ml. All’'samples were run in dupli-

" ““cate, The reaction was initiated at 37° C by addition of the tissue

homogenate and the incubation was carried out in a Dubnoff metabolic

LN . AN :
shaker. - The reaction was terminated exactly lO/f?unutes ~later by placing
the reagent tubes into a boiling water.bath for 3 minutes, The tubes
weré then cooled and the clear supernatant collected by cold centrifugae
tion and ‘then stored at ~45° C until assayed for cyclic AMP content. The
-precipitates were analyzed for their total DNA content. .

(ii) Sodium Fluoride — Stimulated ACA (NaF — ACA): The

effect of in vitro addition of NaF upon basal ACA 'was determineds 10 mM
NaF was added directly into the incubation medium immediately preceding
tissue homogenate introducti:on and initiation of the enzyme reaction,
These samples were run in duplicate and exactly as described for basal

ACA except for the in vitro addition of 10 mM NaF.
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(i1i) 1In Vitro Hormone — Stimilated ACA: The effect

of in vitro addition of glucagon, epinephrine or norepinephrine upon
>  basal enzyme activity was determined. Five ~nanomoles of either glucagon,
epinephrine or norepinephrine were added directly into the incubation
\medium immediatel;'y before ‘addition of the tissue homogenate. These
samples were also run in duplicate in the same manner as that described

for basal ACA except for the in vitro addition of hormone.

B: Phosphodiesterase Activity (PDE):

- PDE activity in the liver and intestine was determined in

duplicate from aliquots of the remaining Tris buffer tissue l{omogenatqs.

Low Km (1 = 3 uM) was determined by a method developed in this labora- - |,

- *Wnnstant amount of cold cyclic AMP (1 x 1078 moles) was added
I (*} into the incubation medium consisti Tris-HC1 buffer (pH 7.60)«

The tissue homogenate was added to initiate the reaction which was carried
’ out at 37° C in a Dubnoff metabolic shaker, The reaction was terminated

after 5 minutes in the/same manner as described for the AC agsay. The
. Vo
clear supernatant was collected and'tstored at -45° C until cyclic AMP

-

determination’ could be carried out. The precipitates were analyzed for

4 o o

fheir DNA content. The difference between the amount of cyclic AMP. remain-
ing in the supernatant and the standard amount injtially added was consi-
" dered as the amount of cyclic AMP destroyed by the enzyme.

C: DNA: _

-

’i‘he total DNA .content in the tissue precipitates from all

‘the AC and PDE assays was determined by the method of Burton (4L). -

~
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D: Cyclic AMP Determination: |

(€3] The cyclic AMP content in the supernatants of all
the AC and PDE samples was determined by the Amer:a.ham Searle Circlic AMP
Assay Kite The procedure follows the protein ld.z;xase binding method
/ of Brown et al (39, 40) using a charcoal separation techniqué to bind free

cyclic AMP, 1eav:mg the protein k:x.nase—cycllc AMP complex in solution.

B Fifty mcrolltre -aliquots of the supernatants were assayed dlrectly, or

diluted.to within a 1 picomole to 8 picomole range with 50 - Tris-HC1

: buffer, All samples were run in duplicate and cyclic AMP values read off
) .

_a standard curve freshly prepared with each set of samples to be assayed.

ey et At

"The total cylic AMP content of the supematan't fraction was divided
by the total pf'ecipitate DNA content and ACA was expressed as picomoles

of cyclic AMP generated per microgram DNA per 10 minufe periode PDE

-
7
-

.
W

activity was expressed as picomolés of cyclic AMP destroyed per micro- '
gram DNA per 5 minute period, oL
(ii) " The cyclic AMP t.:ontent of the tissues anc}iglasma
~was detern:lnled as follows: aJiquotsoof the tissue and plasma perchloric
acid extract supernatants were thawed and passed through a i)owex 50 x

200 mesh columns,(ls x 0.7 cm), then eluted with 0.1 N HCle The resulte .

ing eluate was rapidly frozen and lyophylized, giving samples that

were stable indefinitely at room temperature. The cyclic .AMP content -
of ‘these samplestyas determined by the protein kinase binding method of
Gilman (116)e The lyophylized samples were brorughtﬁto volume with an

appropriate volume of acetate buffer (pH 4.10), and run in duplicate

\ -
,
.
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at two different concentrations. The cyclic AMP values were read off

a freshly prepared standafd curve ranging from O to 4 picomoles of
cyclic AMP. Tissu;a cyclic AMP levels were expressed as picomoles of
cyclic-AMP per nlilliéram wet: weight of tissue. Plasma cyclic AMP values\
were expressed as nan6moles of cyclic AMP per litre of plasma.

Statistical Analysis:

The data obtaiped within each group at 2 and 15 minutes follow-
ing hormone injection was compared to basal vaiues uging a palred-T-test.
The differences between gteroid-treated and untreated controls, and steroid-
treated and untreated shock were analyzed by wme Student's T test, Signi-

ficance was obtained at P = or <.05.
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EXPERTMENTAL: RESULTS AND DISCUSSION

Blood Glucose Response Curves = Control And Shock: -

(1) Glucagon :

Hepatic and portal blood glucose changes following in vivo Y

*  glucagon injection into normal and shock dogs is presented in Figures

2 and 3,

The normal hepatic blood glucose response to glucagon in—

WA B |

jection (Figure 2) shows a sustained rise in glucose levels which

becomes significant (p<.05) by 1 minute and remains %o (p <.0L)

until 10 minutes where it levels off. . In shock, the hepatic blood
glucose response to gl;cagon is reduced but is still significant at .
(. 1 (p <.05) and 5 (p<.05) minutes. '
In Figure 3, it can be seen that the control portal ‘blood
glucoge response to\glucagon shows a slower rise and reaches levels
lower than those seen in the hepatic bloods In shock, this response . D

is decreased compared to that seen in the hepatic blood.

ks T TR

2 (1i) Fpinephrine

. The hepatic and portal blood glucose response to epinephrine

E ' ’ injection in normal and shock dogs is presented in Figures 4 and 5.

In Figure 4, it can be seen that the hepatic blood glucose
level is increased significantly (p <»0l) by one minute following -
. VA
epinephrine injection. It continues jncreasing to a peak at 10 min-

utes then falls slightly by 15 minutess In shock, the basal pre-

S \
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hormone level is 19% lower than control levels. In addition, the
response to epinepl:rine is completely abolished (p <+005)s -

/ ' In Figure 5, it can be seen that the control portal blbéod
glucose response curve follows much the same pattern as that seen in
the hepatic blood, however absolute levels are not as great. In shock,

again the blood glucose response to epinephrine injection is abolish-

ed, ,

(iii) Norepinephrine

.
i
;
F
4
§
£
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+
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£
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Hepatic and portal blood glucose changes f'ollowing nor-
epinephrine i;njection are presented in Figures 6 and 7.

Figure 6 shows ~;,hat/‘c,here is little change in hépatic blood'
glucose levels following norepinephrine, The increases are significant
i (f only at 5 (p <.05) and 15 (p<.0l) minutes. In shock, there is less

of a response, the only significant increase|being at 15 (p<.05)

minutes,

. "~ Figure 7, shows that the control portal blood glucose res—
ponse to norepinephrine is similar to that seen in the hepatic blood.
In shoclj there is no re.;,ponse.
Discussion:

'GIucagon is a more potent hepatic glycogenolytic and gluco-

neoéenic“lformone than is epinephrine (23,.88, 210)s The maximum he- B

¢ patic blood glucose levels feached in this study following in vivo

yo.
glucagon bolus in normal animals is 33% greater than those %ached
4
s ‘ following epinephrine bolus (Figures 2 and 4). Similar'ﬁy; Issekutz

e
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\ - FIGURE 7
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et_al (161, 163) and Altszuler and Mox::;'ison (5).report a 25 to 30%
greater increase in hepatic blood glucose levels during intravenous
infusion of glucagon compar’ed'with infusion of an equivalent dose of
epinephﬁﬁe in normal dogse |

Glucagon is a more potent mobilizer of glucose, however it
has been shown that there is a lag period before the maximal effects
of the hormone becomes evident (86, 88, 286). The maximm effect of
epinephrine bolus in normal dogs in this study is obtained by 3 min-
utes, whereas with glucagon this is not observed until after 5
minutes.

Several sources (88, 126, Chapt. 24, p. 478, 161, 165)
indicate that small doses of norepinephrine have virtually no effect
upon hepatic carbohydrate metabolism in normal dogs. No change in
hepatic blood glucose levels are noted following norepinephrine infu-
sion (161) in normal dogs. This study- shows that in addition to normal
dogs, there also is no effect ’of norepinephrine on glucose output in
hemorrhagic shock in dogs (Figures 6 and 7).

Since the time of Claude ”Bernard, hyperglycemia has been
known to accompany injury, surgicél trauma, and early hemorrhagic or
endotoxic shock (4, 17, !;6, 76, i'l.Bh, 227). However, the later and
irregg?sible stages of shock have been associated with both’hypér—
glycemia and hypoglycemia. In this study, only in the shock ~ epi~-
1:1ephrn'.ne group were both basal hepatic and portal bloo& glucose levels

sigmificantly reduced from their respective control values. When data‘
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TABLE I

Baseline Blood Glucose Response
To Shock and Steroid Therapy

HEPATIC BLOOD PORTAL BLOOD

Control ‘ 75634 + Le03t T 68492 + 5406

ki ) : “%

Control Jsﬁfaid : 104491 + 9.50 The28 £ 5493

Shock H ! 70.30 t 6.63 63.77 i 8.81

. Shock ~ Steroid : 91.80 +°16490 7913 + 16,47
+

All values represent mg % + S.E.M, .
Significantly (p = or <+05) elevated from control (Student~T-Test)
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on‘ basal glucose levels were grouped (Table I) there were dnsigni-

ficant decreases in shock hepatic and pérbal blood glucose levels

when compared to their respective grouped coﬁtrol levels. -
- Despite the fact that basal blood glucose.levels are not
! . significantly altered in hemorrhagic shock; the noi'ma.’;,,increases in
' blood glucose in response to the hormones are ;i@ificantly altered
E in hemorrhagic shock. Y

The complete abolition of glucose response following epi~

nephrine injection may be due to a.depletion of liver glycogen stores -

b Y # SO

a well known effect of ischemia upon the liver (80). However, the fact

that the hepatic blood glucose output in response to glucagon in shock
is not abolished; only slightly decreased from normal and is the g
L? . same as that obtained in the control dogs following epinephrine - -

s suggests that perhaps hepatic glycogen dgpletioﬁ is not the sole cause

of an altered glucose output following hormone injection in shock.

—
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Basal AC Response To In Vivo Hormone Injection ~ Control And Shock: N
(1) Glucagon ) Lo

The effect of in vivo glucagon injection on hepatic ACA

in céontrol and shock animals is seen in Figure 8. The "O" time repre—
sents basal ACA -~ prior t'o hormone injection. The control tissues are
represented b;; the d.otted bars and shock tissues by the open bars.

The control basal ACA is 6.64 + 0.69 picomoles of cyclic
AMP generated per microgram of DNA per 10 minute incubation (pmols/ng
9] | DNA/10 mins.)s There is a significant (p <.005) 72 percent increase in

ACA at 2 minutes-following glucagon injection. At 15 minutes the

B

hepatic ACA is still elevated above normal basal levels.

e s

Basal ACA in the shock tissue does not differ from that,
C% of the control. However, the response to glucagon is no longer signi-
\ficant and is reduced.by 46% compared to the contrql response. The
ACA measured at 15¢ nﬁnutés in th;a shock animals was also greater -
than basal levels but aéain reduced from respective control values.
The AC response in the intgstine following glucagon in-
jection is shown in Figare 9. L ’ . e
Control basal intestinal micosal ACA is 2421 # Okb . ' L
pmols cyclic AMP/JJ.; DNA/1O mins., which does not change following
glucagon injection. ~ ﬁ ’
The basal ACA in shock animals is not significantly - .
different from control values. ACA increases signi:i‘icantly

(p<.05) at 2 minutes in the shock tissues .

@
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FIGURE 8

HEPATI(; ADENYL CYCLASE RESPQNSE
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(i1) Epinephrine

The adenyl cyclase response to in vi;m epinephrine injection ’I
“is presented in Figui'es 10 and 11. [
}

There is a significant (p ¢ «025) 27% increase in hepatic
ACA over basal ACA at 2 minutes following epinephrine injection
: (Figure 10). ACA returns toward normal by 15 minutes.

Basal hepatic ACA in shock was not significantly differ-

B S
:

ent from normal basal ACA. However, the normal increase is completely

abolished in shock (p <+025)s * There is no significant difference

e

between control and shock by 15 minutes following epinephrine injection.
: Changes in intestinal ACA following in vivo epinephrine
. pulse are seen in Figure 11, |
(_Ee Control ACA is increased by 27 and 15% respectively at 2
. and 15 minutes after epinephrine. o . -
, " Basal ACA in shock is not significantly different from
control ACA.. However, the response is abolished (p <.0l) in the shock
tissue. ‘
(iid) Nor‘egineghrine - f
The re‘spohse of AC to in vivo norepinephrine injection |

into control and shdck animals is presented in Figures 12 and 13.

In Figure 12 it can be seen that there is no change in hepatic ACA
following norepinephrine injection in normal animals. In shock, how- ’
ever, basal ACA is slightly reduced from control and shows a i

gradual increase to a’sigr_:ificant (p = 405) 52% increase above basal

™

: 1 ) 4
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FIGURE 10

HEPATIC ADENYL CYCLASE RESPONSE
TO INVIVO EPINEPHRINE INJECTION f
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FIGURE 11
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HEPATIC ADENYL CYCLASE RESPONSE
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levels,

Bassl ACA and that seen at 2 minmutes in the shock intes=
tine (Figure 13) are significantly (p<.05) reduced from their res-
pective control valuess No pattern of response to norepinephrine
appears in either control or shock intestinal tissue.

Discussion:

Glycogenolysis and }'xyperglycencla’ in response to epinephrine
(87, 333) "and glucagon (87, 333) are well known to be mediated by the
adenyl - cyclase -~ cyclic AMP -~ phosphodiesterase system. Since both
the liver (12, 36, 88, 196) and intestine (196, 224, 351) have been
shown to be major sources of plasma cyclic AMP fbllowing epinephrine or
eg:l_uca,gon infusion, the response of adenyl cyclase in these splanchnic
ox"gans following in vivo injection of epinephrine, gluca§on or norepis-
nephrine was studied in normal dogss In shock, the hyperglycemic
response to eP?.nephrine was abolished whil; that to glucagon was
attenuated -’it was of interest to see if these changes were reflected
by parallellchanges in the AC response\to these hormones in shock

dogse’

The results obtained in the hepgtic and intestinal sdenyl

)\ _cyclase assay are expressed as pmols cyclic AMP/ug DNA/10 minutes.

- Most investigators expx‘ess ACA per mg oi‘ tissue protein, The reason for

" the use of DNA is primaﬁly because mucus in the intestine and mucous

discharge contributes signii’icantl‘%' to the weight of the.tissue, Mucus

' >
"&
X
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is also protein - containing and therefore may not truly répresent the
cellular component of the tissuee. The DNA, however, is constant in
each tissue and always represents the cellular component of the tissues.

Basal ACA in both liver and intestine, when appropriate
conversion factors are employed, compare favorably with values obtained
in the same tissues by several other investigators (101, 175, 178,

260, 318).

Glucz;gon produces greater increases in hepatic glucose oute
put than does epinephrine and it might also be expected that glucagon
produces greater increases in hepatic adenyl cyclase activity than does
epinephrine. Indeed, this is the cases The maximal increase in
ACA following glucagon injection is almost 50% greater than that
seen following epinephrine injection in normal aninals (Figures 8 and 10),

Despite %hé fact that in shock the basal hepatic ACA is
unchanged from control levels, the sbility of this enzyme to /respond
to hormonal stimilation is reduced following glucagon and abolished
following epinephrine (Figures 8 and 10)e Thus, the red{lction and
abolition of the hype’rglycemic\ responses to glucagon and epinephrine
respectively are accompanied by parallel iosses in the adenyl cyclase
sensitivity to these hormones. o

Rutenberg et _al (289) have shown a s:Lgxificant 29% reduction
in—basal hepatic ACA in hemorrhagic ';hock. Indeed, in the shock
group of the norepinephrine series in this'study (Figure 12) basal

hepatic ACA is significantly reduced by 2% However, when data
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from all three series were- grouped (Table II), the decreases in basal
ACA were not significant, Thus, an altered_response may be associ-

ated with a normal - looking basal enzyme activity. It is crucial
therefore, to determine the ability of the enzyme) to ‘respond to stimula-
tion. This will indicate whether there is a serious alteration in bio-
chemical and thus physiologic response.

Intestinal adenyl cyclase shows little response to glucagon
injection in normal or shock (Figure 9) animals. Klaeveman &t _al (178)
also failed to find any effect of glucagon upon normal human Jejunal
mucosas Schwartz et al (312) have stated that there is lack of res-
ponse because the intestine lacks receptors with any significant affine
ity fq,}' glucagon. On the other hand, there appears to be a significant
humber of receptors in the intestinal tissue for epinephrine. This is
evident from the significant increase in intestinal ACA following epi-
nephrine injection (Figure 11). The physiologic signii‘icar?c,e of this
particulgr response ;.sf unknown at this timg. Howevezj it may possibly '
be associate;with a stimlation of the active secretory process for |
ions and water in the mucosa of the small intestine (95)s In shock,
the adenyl cyclase response is abolished (Figure 11) and might possiply
be related to the decrease in‘intestinal absorption of ions and water
that is known to occur in early hemorrhagic shock (144)e

| Catecholamines also have the ability to decreasé the level
of cyclic AMP in some cellz’s. The receptors responsible for thisfty'pe

of effect have the characteristics of Ol~adrenergic receptors. The

weaale oo
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_ possibility that X-adrenergic effects might be mediated by a decrease
or unchanged ACA has been discussed by Robison (284, pe 225 Chapte 6)e
Thus, the lack of hepatic or intestinal AC response to norepinephrine
might be expected (Figures 12 andc']ﬁ). The significant decreases in:
basal. ACA in shock,_may be related to damage of the AC enzyme induced

by the ischemia of shock.
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Adenyl Cyclase Response To In Vitro Hormone Addition ~ Control And Shock:

vitro addition of 5 nanomoles of glucagon is seen in Figure lhe

_ produces a final ACA of 16.34 + 1.27 pmols/ug DNA/10 minutes. These

in vitro into intestinal homogenates from normal animalse. In shock,

"reduced from the control value both before (p <+05) and at 2 (p<£e025)

giz Glucagon

The response of hepatic and intestinal tissue to the in :

Addition of 5 nanomoles of glucagon in vitro to the incuba-

tion mixture containing hepatic tissue increases basal ACA from J

6e6l + 0469 t0 16443 + 1.27 pmols/ug DNA/10 minutes, Addition of 5
nanomoles in vitro into the incubation medium of tissue taken from

animals at 2 and 15 minutes following in vivo glucagon injection still

results in;'l.icate that the in vitro addition of 5 nanomoles of glucagon
is saturating all the available glucagon receptor sites in the 200
microlitre volume of hepatic homogenatee The effects of in vitro
and in vivo glucagon are not ad%ltlve.

The in v:;.tro stimilation of basal ACA in shock is decreas—
ed from control by a significant 29%; that is fTom 16,43 to 11.63 +
2,06 pmols/ug DNA/10 minutess This 11.63 value appears to be the site
saturation level in the shock tissue as Ithere is no difference from
this value even in tissues obtained at 2 and 15 minutes following in
vivo glucagon injection. ’ — ““7 _

There is no change in basal ACA vhen glucagon is added
however, the in vitro — stimulated intestinal ACA is significantly

-
and 15 mimites (p.¢.OL) after in vivo glucagon injection.

-
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(ii) Epinephrine

The response of the liver and intestine.to in vitro addi-
tion of 5 nanomoles of epinephriné is seen in Figure 15,

’ Addition of 5 nanomoles of epinephrine to control homo-
genates of hepatic tissue produces a 2.85 fold increase (p <<.001)
over basal adenyl cyclase activity. That is, from 5.92 + O.54 to
16.85 + 2,07 pmols cyclic AMP/mg DNA/10 minutes. This value does not
cha;nge when 5 nanomoles of epinephrine is added to lepatic homogenate -
obtained at 2 and 15 minutes after in vivo epinephrine injectiocn.

The in vitro epinephrine'-‘/f s;timulated ACA in shock is
significantly reduced (p = +05) by 40% from the respective control

value. That is from 16.85 + 207 to 10,08 + 1.78 pmols cyclic AVP/ng

- DNA/10 minutes, This value does not change in tissues obtained follow-

ing in vivo epinephrine injection. 5

) Addition of 5 nanomoles of epinephrine td control homo-
genates of intestinal mucosa produces a 1.2 fold increase in ACA’
over basal activity. This remains unchmgéd in tissuetaken following
epinephrine injection. i \\ . -
| ‘ The in vitro stimlated ACA in shock is significantly
reduced (p <+02) by 26% from control levels. That is from 5.51 %
0473 t0. 407 + 0.81 pmols cyclic AMP/ug DNA/10 minutess This value
remains unchanged when SpiAGpArine is sdded to tissues obtained at 2

and 15 minutes following epinephrine injection. l
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 (4id) Norepi:!hrine

Hepatic and intestinal responses to in vitro addition of

5 nanomoles of norepinephrine are seen in Figure 16,
Addition of in vitro norepinephrine to normal hepatic

homogenates produges a 6% decrease in basal ACA. This respange

remains the same in hepatic tissue taken after in vivo norepinephrine

injectiaon.

‘ There is no difference between control and shock tissue
responses to in vitro norepinephrine addition.

' A similer pattern is seen in the intestinal tissue, however
in vitro stimulated ACA is significantly reduced from control in

the shock tissue obtained before (p<«05) and 15 minutes (p <.025)
after in ¥ivo norepinephrine injection.
Discussion:

The data so far indicate a decrease in the ability of the
splanchnic second messenger system to respond to hormonal stimlatipn
in experimental hemorrhagic shock. The decreased response is rei’lel‘.ted
by the' altered hepa‘lbic blood glucodse response curve following»glucagop
and epinephrine injections. |

The Acirwlation %o and within the splanchnic organs is
severely compromised in hemormhagic shock. The question arises as to’
whether the defects obs;wed are a divect result c;i; a decreased
delivery of the hormone to the cells of the target %’issue; or perhaps

"due to severe ischémic damage to the cellular membrane~bofind enzyme.

.
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Additional studies were therefore carried out in which the hormone to
be studied was added directly ilnto the tissue hoxnogenateé made from.
biopsies taken from the animals just prior to, and following hormone
injection. The purpose was to investigate the adenyl c&clase response
in normael and shock ti:?sueél when hormone conta-ct. with the target-cell
was assured in vitroe This was done by ‘adding equal amounts (5 x 10~7
_ moles/500 ul incubagtion volume) ( 10"5M) of glucagon, epinephrine or
norepinephrine directly into the AC incubation med:'i.um.
The results obteined by others using similar methods of in
»  ¥itro eddition of hormones to hepatic tissue honiogenates is variable.
The % increase over basél ACA followiﬁg in vitro addition of vari- .

[

. ous concentrations of epinephrine ranges from 53 to 230% (100, 271, 291).

0 In vitro addition of glucagon is associated with increases of 60 to

: 300% over basal AC levels (271, 285, 289).
. Stimilation of ACA upon in vitro addition of epinepl(.tine
' appears to be maximal (Figure 15); the stimxlated ACA seen inh‘animals
who have received in vivo injection of epinephrine (Figure 10), does
not in¢rease to a level higher than that seen in thé animals who have
received the hormone in vitros This, most likely, is due to the fact
* that the amount of hormone added in vitro is saturating all the AC
l receptors specific for epinephrine. Therefore further addition of
epinephrine - in the form of an in vivo injection - will not alter an
,alre;dy maximally activated enzyme. The same is true for glucagon

(Figures 14 and 8). Furthermore, Ray et al (571), using rat liver,

L
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~ in vivo injectio’n ‘of epinephrine (Figure 11), This would seem to
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P

have indicated that concentrations of glucagon and epinephrine of ' -
. s o
20" M and 1075 i respectively sre saturating for each hormome and will i

result in‘maximal ACA. Rodbell et al (285) indicate that for glucagon,

the saturating concentration is even less, at 4 - 8 x 10"8 M.

‘ This also/ explains why the ACA is the same when equal
amounts of either glucagon or epinephrine at saturating concentrations
are added to an equal amount of tissue homogenate.

The fact that there is; no change in basal intestinal ACA
following in vitro (Figure 1L4) addition of glucag;m is further evidence
for the lack of glucagon receptors in the intestine, .

Addition of epinephrine‘ to intestinal homogenates is associ-
ated with a 28% increase in basal enzyme activify (F‘.‘Lgui‘e 15)s This
is the same % increase in basal ACA that was observed following

indicate that 10> M epinephrine is a ssturatipg concentration for
intestinal as well as hepatic tissue. Furthermore an injection of
0+25 mg of ep:mephrj_ne into a 17 kg animal would resilt in a dilution

of the epinephrine to approx:.ma’oely 10"6 M. It may be that the satur—

ating concentration of the intestine for epinephrine is less than that
of the liver for epinephrine; since the in vitro addition of 105 M

epinephrine produced a 185% increase, while in vivo injection produced

only a 30% increase over basal ACA in the liver. ,
*  The discrepancy between the in vivo and in vitro responses
to epinephrine in the liver may be explained by the fact that in vivo,

the amount of hormone reaching the hepatic tissue is not as great
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as that in the in vitro situation. In addition, the vasoconstrictor
effects of epinephrine upon the vasculature may limit it's own delivery
to the cells of the liver,

~
Glucagon has been shown to saturate hepatic adenyl cyclase at

concentrations of 4 - 8 x 10"'8

Molar (285) which is within ;,he range of
concentration obtained by injection o}‘ﬂ./B mg dose of glucagon into a
17 kg an:Lmal, and since glucagon has been shown to increase hepatic
blo’od f]..'ow by 100% (iBO); the above explanati(ons cannot account for

the discrepancy between in vivo and in vitro respanses of the hepatic

AC system to glucagon (Figures 8 and 1i)e .

The explanation may pertain to the facf; that there\ is up ,to a
4 minilte' lag period before the in vivo glucagon - stimulated ACA ‘reaches
it's maximum (88, 286). This effect is dependent upon the concentration
of glucagon in touch with the cel:il.. The greater the glucagon concen~

tration, the less the time lag (286). Therefore, since the tissue

_ biopsy was obtained at 2 minutes following in vivo injection of gluca-

gon, the ACA at this time, probably does not represent maximal
activity. The in vitro measurement is obtained ai\‘ter 10 minutes of
contact with a greater concentration of glucagon [than that in contact
with the intact liver], and therefore represents a more close approxi-
mation of maximally sti@ated activitye.

There were no significant alterations in basal ACA in the
liver or intestine following in vitro addition of norepinephrine

7,

(Flgnre 16). Mermore, no changes in basal ACA were noted when
norepinephrine was added in vitro to the -tissues obtained following
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@i in vivo norepinephrine injection. Norepinephrine in low doses, there=
.  ——

fore, esu]_.ts in a nonspecific effect on AC in the liver and intestine.
I‘t may'\:i\c ease, decrease or produce ;o change in tissue ACA as seen
in this study. !
Shock is associated with significant depressions in both
basal ,and norepirephrine in vitro - stimilated ACA before and after
in vivo norepinephrine injection in the liver and intestine. The
depressions in basal ACA in the liver and intestine of this group
of animals may indicate that the extent .of damage to the AC enzyme
differs from that seen in the epinephrine or glucagon series of shock
animalse *
The response of the shock liver and intestine fo‘llow:ing
in vitro addition of glucagon is (Figure li) significantly reduced by
ﬂ 30 and 27% respectively. Rutenberg' et al (289) have also reported ‘a
significant 50% reduction in the shock,liyer respongse to the in vitro
addition of glucagon. There are'no reports to date on the effects of
vitro addition of glucagon to shock intestine.
Hepatic and intestinal responses in shock to in vitro addi-
tion of epinephrine are significantly reduced by 40 and 27% respective-

1y (Figure 15). These data indicgte that even if the hormane is deliver-

ed in a normal fashion to the/tissues in quest:ion, the aiaility of these

tissues to respand normally tio the hormones is significantly reduced

in hemorrhagic shock. .
Therefore the .reductions in both the n.n vivo ani in vitro

g
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AC responses to the hormones are not totally a result of the tom-—
promised microcirculation, and reduced delivery of hormone to the
tissues. However, the question arises as to\ why the membrane-
bound enzyme is not functioning normally. Is there actual ischemic
d;mage incurred by the enzyme? Is there a decreased affinity and

therefore decreased binding of hormbnes to the f=receptors, provid-

ing less increase in adenyl cyclase activity?
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Adeny). Cyclase Response To In Vitro Sodium Fluoride Addition - Control

And Shock:

(1) Glucagon

The data obtained following the in vitro addition of 10 mM
sodium fluoride (NaF) to control and shock tissue homogenates is pre~
sented in Figurel 17. |

};ddition of 10 mM NaF to control hepatic homogenates before
in vivo glucagon injection pi'oducesTa 4 fold increase in adenyl cyclase
activity over control basal ACA. /rhis is from a basal ACA of 6e64 +
0,69 to a NaF ~ stimilated ACA of 26420 + Le69 pmols cyclic AMP/ng
DNA/lO minutes. Following in vivo glucagon injection, there is little

change in this value from the NaF - stimilated ACA obtained at "O" time.

There is a nonsignificant 30% decrease in the "O" - time
Nal;‘ - stinul'ated ACA in shock. Thez:e is a slight inﬁrease in the
NsF - stimilated ACA at 2 minutes following glucagon injection which
falls s;ightly by 15 minutes.

Addition of 10 mM NaF to control homogenates of intestinal
tissue produces a 4e6 fold increase in basal ACAs This NaF - stimu-
lated ACA does not change following glucagon injection. \

NeF - stimilated ACA in the shock intestine (Figure 17)
is reduced by 26% from the .control value and remsins omly slightly
lower . (nonsignificant) than control values following glucagon injectiom.

11) FEpin e )
The response of AC to the in-vitro addition of NaF in the

epinephrine series of animals is presemted in Figure 18.
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FIGURE 1

:
I ADENYL CYCLASE RESPONSE TO IN VITRO
SODIUM FLUORIDE ADDITION *
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The control hepatic tissue response to NaF addition to
tissue obtained following epinephrine injection does not dJ.ffer from
that seen in the control glucagon series (Figure 17). However, in
shock, the reductions in NaF - stimulated ACA are noﬂ, as gre%t in ‘c:ime
epinephrine group as those seen in the shock - glgcagon selzries; being
sigrrlficantiy decreased (pu<.025) at 2 minutes following epinephrine
injection. '

The response of the normal intestine to in vitro addition of
NaF.in the epinephrine series oi‘ animals (Fijgure 18) is not unlike that
seen in the ‘resl/aective glucagon series. In shock however, the reductions
in NaF - stimilated ACA sre significant at 2 (p <.025) and 15 (p <.025)
nnnutes following epinephrine injectlon. ' !

- (i) Norepinephrine $

The resp@hse of hepatic” and intestinal tissue to in vitro
addition of NaF in the norepinephrine series of.control and shock
animals is presented in Figure 19.

The normal liver responds It(o in vitro NaF addition in the
same fashion as Phat seen in the glucagon and epinephrine'seriess In
shock, NaF — stimulated ACA in the liver is significantly reduced
from control levels before (p <.025) and at 2 minutes (p<.05) follow-
3ng norepinephrine injection. o

) The‘ response of the intestinal tissue to the in vitro addi--
tion of NaF (Figure 19) in both the control and shock situations does

-
.

not differ from that seen in the glucagon and epinephrine series. ‘The

+
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NaF - stimulated ACA i% significantly reduced before (p{.005) and
15 minutes (p<+05) after norepinephrine injection in the shock animals.
Discussion:

The membrane-bound adenyl cyclase enzyme is composed of two
subunits; the receptor subunit and the‘catalytic subunit, It was of

interest to study the defective AC response using this characteristic

of the enzyme. In the face of impaired receptor i‘unct.ion‘, the intrin-

sic ACA or the catalytic subunit.function may be hnphanged. This
property of the enzyme may be studied jithout regard to receptor
subunit influence with the aid of sodium fluoride (NaF) (20). This
compound is a nonsi)ecific‘ stimulator of maximal ACA and works by ‘
stimlating only the catalytic subu\nit of the enzyme and only in broken
cell preparations (336). Thus, the NaF - sti/;nul;ted ACA repr}es\ents‘
the total amount of enzyme present (176). For example, increased tissue
growth is associated with induction of AC synthésis and increases
in NaF - stimulated ACA (243); whereas total NaF ~ stimulated
ACA is not si@ificant:ly different when added to hormone stimulated
and unstimilated tissues (20).

Birnbaumer et ‘al (20) found that in vitro addition of 10 mM.
NaF to liver homogenates produced ma:d.mal stimlation of ACA -
a 7 fold incfeaée over basal hepatic ACA. Others (13, 20, 101,
268, 285(b), 289, 301, 345) have found between 3 and 10 fold increases
over basal ACA when 10 mM NaF is sdded in vitro to various tissues.
In this study 10 mM NaF was four;d to produce a conaistent -5 fold

r i . B

/.
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increase over basal hepatic ACA and a consistent 4 fold increase ’ ‘
over basal intestinal ACA - data well within the limits reported * “ L

by other investigatorse ' ' (

No change in the tissue response to NaF ﬁddition would be
expected 'ii‘ the catalytic subun.’ILt. is functioning norma]ly,u regardless
of 'changesl induced by shock upon the receptor subunit of the enzyme.
A corollary to this statement is that, if in fact the intrinsic . -~
enzyme activity is intact, while receptor subma:}.t - s:tinnl'ated activity
Dis altered in shock! the basal unstimilated enzyme activity may remain
unchangeds Furthermore, Rethy et al (278) stelate that mos"c investigators.
have observed that thé fate of the NaF - stimulated ACA parallels
that of the basal rather ?han the hormone - sensitive ACA.

| Indeed, this is what was found: 1In the shock tissues where -

there are nonsignificant decreases in NaF - stimilated ACA, the T
basal ACA is unchanged from control values. However, when NaF -

ACA is significantly reduced in shock (norepinephrine series - -
liver and intestine) so the basal ACA in the liver and intestine

is also significantly reducede The reductions in basal and NeF =

stimlated ACA are comparsble in the liver (24% decrease in basal,

29% decrease in NaF - stimulated ACA) and less so in the intes’pine

5 o
T - 1% .
A v e e & D

(45% decrease in basal, and 35% decrease in NaF - stimulgped ACA) ' %
It would appear then that only when admvl cyclase function is very 4
sevére]y disrupted is the intrinsic or catalytiég activity of the '

’ aszme disturbeds This is evidemt in both the epinephrine and nor-

LY
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epinefﬁéi’in’e seriese¢ In the glucagon series; where flmc’ti‘on is only
slightly altered, there is no significant alteration in the catalytic
function of the enzyme as determined with the in vitro addition of
sodium fluoride. The structural integrify, of the cell membrane has .
been altered in such a fgshg.on as to result in significant ]:osses of
tissue responsiveness to };ormonal stinmulation at the receptor subunit k
level. However, the significant ciepressions in basal and NaF - stime l
lated ACA represent losses in the total‘ amount of functional AC -
representing more severe damage which includes both receptor, and cata=
l‘ytic subunit function of the AC enzyme. ‘

The data so far have shown that the resgqnse of t'he: splan-
chiic tissue adenyl cyclase enzyme to both in vivo 'and in vitro
hormonal stimulation is signiffcantly reduced in hemorrhfgic shock.
Further investigation of the enzyme has revealed that of the two sube
units of which AC is cc:mposed, there appears to be a defectﬂin the
hormone réceptor site, while the catalytic subunit function remains ‘;mrh
mal. However, when hormone - stimilated receptor function is *;otQJJy

abolished, the catalytic function of AC also is altered.

-
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Gener) Discussion: ‘

Speculation about the nature of the adenyl cyélase defect
in hemorrhagic shock can lead in numeroﬁs‘:/direct.ions.

A’ﬂ(‘is the substrate for the adenyl cyclase reaction. T};e
well documented (50, 152, 176) decréases in tissue ATP levels in shock
ndght account for the observed reductions in ACA. . ‘

McArdle et_al (224) and Rutenberg et al (288) have shown
that there is a parallel decrease in intestinal and hepatic ATP and
cyclic AMP levels in hemorrhagic shock in dogs. Since the ATP hsed
for c;rcilichlu‘il> production could be derived from a restricted pool
( compartmentalized) (203) which may be more suséeptible to fluctuations
than total tissue ATP (277) - the possibility that substrate deple-
tion accounts for decreases in ACA cannot be ignored. However, the
Km of the adenyl cyclase enzyme for ATP is 1 - 5 x 10“* M (13).

Thig is at least one order of magnitude lower than the concentration |
of,ATl;'- nonﬁally found in the liver or intestinal tissue (140). It

1s possible therefore, that the minimal decresses in tissue ATP ob-
served in this /study would not compromise the Km for AC, In addition,
the particular assay for AC utilized in this study employs an in vitro
addition of 2 mM ATP coupled with an ATP ~ regénerating system ~
which allows for recovery of 80% of the iil:i:tia]_ly added ATP at the ,
terxrn.natlon of a 10 rm.nute :mcubation period (21)s The possibility
that the crude tissue homogenates employed in this study are contam—
inated with ATP'ase - another source for ATP reduc‘r,:.cm shmﬂ.d also
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be considerede However, it has been shown (280) that ischemia in the

; . » A _
intestine is associated with a“significant decrease in homogenate ATP'ase

Pt

. . R .
* levels. Although it has,not,been studied, hepatic ATP'ase levels may ~

also be reduced during igchemia, 1 N
Thus; the decreased tigsue ATP and AC function may repre-
¥ } -
. 5,
sent concomittant metabolic derangements which are characteristic of
- » '

shock tissues.

B

L e o
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Liver glycogen levels are relatively depleted in hemorrhagic
shock (24, 151). A depleted glycogen store might exert a form of pro-
duct inhibition upon hormone ~ stimulated increases in ACA. However,

this cannot account for the abolished intestinal epinephrine -~ stimlated

1

-
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AC response, since the intestine does not contain glycogen stores.

/ In addition, hepatic Ad'mnction is not only aimed at glycogen break=
down and glucose’ releases “'Therefore, it seems unlikely that a product
inhibitiox; could totally abolish epinephrihe — stimulated incr?ases in

| ’ hepatic ACA. Furthermore, the hepatic blood glucose levels rose

following glucagon injection in shock.

Changes in the intracellular ionic enﬁronment are well
known to occur in shock tissﬁes. As the mitochondria fall, and ATP
levels f‘all, there is intratellular accunmlatlon of such ions as
sodlum, chloride, calcium and water (48, 151, 295, 323) with an associ-
ated 1@53 of potassium and magnesn.um (231, 344)e These changes are
acco&pamed by an increased intracellular pH (336, 345) and cellular
swelling., - . , .
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'gBeemcher et al (18) have determined that there is a direct
: felhtionsﬁip betweerg J:‘anreased extracellular' magnesium and the se've?i;r.y .
of shock in humans. Furthermore, Rodbell-et al (286) state that if°
ATP is not complexed with magnesium, it.may in fact ‘inhibit adenyl
cyciase. Excesgive i,ntracelluiar calcium has also been shown to exert/ g
an inhibitory influence upon ACA (260, 270, 327). Th‘us, massive losses
and gains of intracellular magnesium and cslcium respectively, in shock,
may effect severe reduc,tion.? in in \viv’o AC respongiveness,
These factors have been taken into account; 5 mM Mg Clp
is added in vitre into the as;ay fOI; AC, thus proy.di.ng the necessary
magnesium. In additic;n, the Tris buffer is used in order to buffer
the pH changes within the tissue homogenatess Therefore in the in vitro
assay of AC —most of the ionic and pH derangements are minimized and |
probably do not account for the decreased hormonai responsiveness.
‘ GTP (Guanosine triphos;;hate) has been shown by Rodbell
et_al (286) and Salomon eb_al (292) to be a regulat;:»r, modulator‘o'r
allosterjc effector of hormone -'stimilated ACA. Thus, in the
absence of GTP, epinephrine and glucagon stimulation of ACA is not |
expressed maximallys In addition, GOP (Guanosine diphosphate) has been
shown to inhibit ACA (2B6). In shock, GTP and GDP 1eveis have not .
spt;cifica]ly Jbeen measured, Chgnées in these nucleotide levels there-
fore may also contribute to the altered AC response in shock. ‘
The observed' AC defect in shock appears mtidh to be

associated with an alteration in the epinephrine and glucigon or f-
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receptor sites in the hepatic and intestinal tissue. Others (Li, 51,

Sy

52, 288, 289, 290) have made similar: observations in that t‘h‘e shock ‘
tissues studied appeer to be "resistant® :to hormonal stimulation, Baue
N &t al Zlh) noted the decreased transport and utilization of glucose
in sholck“ muscle, despite the high circulating levels of glucose and

jnsulin. Rutenberg et al (288, 289) also’found decreased hepatic AC

response to in vivo injection and in vitro addition of glucagon or

epie!!ephririe in shc;ck ra‘l;bits. ‘However, Baue et al (14) have determin-

o e

.. ed that the attachment or binding of the hormones to the receptor site
is not impaired in shock. Furthermore, it has been shown by Lefkowitz

(190) and Levey (193) that solubilization of the cell membrane phos—

pholipids, destroys hormonal sensitivity leaving basal and NaF - stim-

»m",
AY

_ulated ACA essentislly unchanged, However; it was determined that

reduced hormone sensitivity caused by exposure to phospholipases, is

e, N S ISR e
P AN

due, i/.n part, to a reduced ability of the hormone to bind to the ﬂ:-
& adrener;gic\ receptors as assessed using (—) - (3H) alprenclol (201).
; | It would appeax", that the structure of the receptor subunit is in some

- o way altered so as the transducér effect/followin; hormone binding is
reduceds Whef:her or ]not the binding is altered for epinephrine and
glucagon in shock has not been assessed.

Altered _hormonal responses may. reflect damage incurred by
the cellular membrane structure induced by ischemia. \\Damage to -
structure and enzymatic function of cell membranes is well documented

g in shock (31; 68). It is dlso well known that cellular swelling and

-
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increased permeability occur in shock and tram/na (19; "151) .

Adenyl cyclase is a membrane~bound /enzyme 'and it is deperid-

. . , .
ant upon the-structural integrity of the membrane for optimum enzymatic-
function. Structural and functional membrane changes induced by cell-

ular ischenr‘la;. swelling and altered permeability could therefore

..,.'.M-.N_v..ammw
N

induce abnormalities in the function of AC.

“ ‘ In a related study done in this laboratory ﬁ70) and subse-

e VAN IR e 2

~ quently in another laboratory (Robinson, J.W.L., Personal Commnication),
v reductio;xs\in ATP and cycli\?: AMP levels coupled chth AC/ malfunction were
’observeti :m the hypoxic pro:cima‘l portion of the obétrl‘zcted intestinf.
The structural and/or functional changes in cellular membranes induced
by hypo:cig and ischemia do in this cése produce asbnormalities in the

Ci‘ ' membrane-beund AC enzyme. This then, would thwart attempts on the part

e o G R M ey TR AT LT 1

of the hormones to maintain ‘or regain ‘homeostasis in shock.
These changes; however, do not account for the differences
: in the extent of change in the Af) response between epinephrine and,

«

glucagoh. The fact that in shock, the AC response is more reduced

[T

following epinephrine injectiorf than it is following glucagon in,ject:&onl
may be related to the phenomenon of desensitization. Tolerance, (iesensi-
tization or subsensitivit.;,r to certain drugs and hormor_xes has long beén
observed in both clinical and iaborato;:'y settings (125). Ho’ and
Sutherland (150) and others (22, 33, 69, 274, 340) have reported that
exposure to high levels of a f-adrepergic drug renders a tissue less

responsive to the same stimulator several hours Iateri Observations
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" An man (35,.196) and experimental animals (43, 65, 88, 17k, 209, 224,
.2595 have shown that there is a‘tendency'i‘oi- hepatic 'cyclic AMP pro-

" duction to decline from an earlier peak. during sustained epinephrine
or glucagon infusion. Similar findings were obtained with thyroid
\tissue and TSH (325), adipose tissue and épi’nephriﬁe (300) and myo-
cardial tissue with epinephrine and norepineghrine (11). Furthermore,

in rats with persigtent hyperglucagonemia induced by infection, hepatic
&

cyclic AMP response to exogenous glucagon is blunted (363), with no
'~ change in basal or NaF - stimilated ACA (191, 236, 215, 275). These

findings are similar to what was seen in this study. Furthermore,

the redu&ions in cyclic AMP levels w‘ere associated with a blunted - )

AC response to subsequent .epinephrine or glﬁcagon ‘challenges Reports

’ -indi%e‘zte up to 70% reductions in épi:’neiahrine - z;esponsive ACA (236)
and 30 - 40% reductions in glucagon responsive ACA (69).
Throughout the hypovolemic period and then again in.late

*
L

\ reffractory shock when the blood pressure is again. falling, the epi-
) nephrine receptofs are bombarded with up to 100 fold increases in the
circulating levels of epinephrine, Glucagon receptofrs, however, are
riot exposed tp such excesgsive amounts of giucagon. Since epi{xephrine
arfd élucagc;n have distélnct rlece,ptorrs in the liver and only epinephrine
receptors in the intestine, it is conceivable that such reductions
in r('asponsiveness t; further hyormone challenge could occur.

Ho et _al (150) have recentlf postulated that a feedback

-

regulator is responsible for the pheno‘gzenon of hormonal desensitiiza— .

~
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tion. Repeated addition of epinephrine and glucagonl or ACTH to 1iver'
or adrenal glands produced between 50 and 70% decreagés in subaeéuent
.responses to these hormones. Basgl ACA remained unch‘?nged. The
inhibitio;'l of subsequent responses was found to be du; to the intra~
cellular generatlon of a so~called feedback regulator during initial .
stimulation. Feedback regulator has since been f,ound in the circulat—
ing blood of humans (149). It is thought that the feedback regulator
acts at a site beyond thgt of the actusl hormone binding (perhaps it
acts upon the phospholipids of the cell membrane)e '

Other 'possibilities mist net be excluded such as: accunula-
tion of unidentified extracellular inhibitors of hormone ‘action (150);
local generation of peptide inhibitors of ACA (21); intracellular
or extracellular formation of adenosine (93) increased local hormonal
degradstion (285) and numerous others. ,

Selective alterations in tissue responsiveness may serve .
to modulate cellular cycllc AMP generat:.on and glter hormonal sensitlnty
during pemods of excessive and susta:.ned ‘hormonal stlnm:lation.

_ Undoubtedly, a comproms?d circulation such as that seen
following hemorrhagic shock reduces normal‘ce]lulér activity in the
splanchnic organse Delivery of mutritional substances, hormones or - / ’
drugs may be prevented, cont,ributirlzg fufther to the ischenlic damage
incurred by the cell membrane; the structural mtegnty of which
optimum adenyl cyclase acta.nty depends, It appears that the enzymé

system is defective in tissues from shocked animals since the response |
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to both in vivo and'iﬁ vitro hormone,stimﬂiation is markedly depressed,
Thué, hormonal sensitivity of the splanchnic second messenger system
is significantly reduced in shock, reflecting the impaired response

to homgostaﬁic control at the cellular level.
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Glucocorticoids and Glucose RESponse Curves:

animals treated for 4 hours with pharmacological doses of” glucocorticoid.

. (1) Glucagon

The effect of glucocorticoid administration upon the hepatic "

blood glucose response curve following in vivo élucagoh injection’is, S 1

I

presented in Figure 20.

1

There are nons:\.gnificant elevations in the normal hepatic

blood glucose responsge curve following glucagon mjectioﬁ-—into normal

However bassl or resting blood glucoae levels'are ,s:‘.)grﬁ.ficantly increased
(p <005) by 2ihe

Glucocorticoid treatment in shock produces a significant
(p €.02) elevation in the b_aseline blood glucose level over untreate-dl
shocks However the resoonse curves are not sigzlificontly different,

The effect of glucocorticoid administration on the portal
biood glhcose ,1éwve1;:‘5 following glucagon injection are presented in
Figure 2. '

The portal blood glucose levels following glucagon injectlon
in glucocorticoid-treated normal and -shock animals follows a simila}r -
pattern as that seen in the hepatic blood, however no significant
:anreas( are seefl, .

il inephrine

‘

The effect of glucocorticoid administration on the hepatic I
blood glucose regponse curve following in vivo injection of epinephrine

is prosented in Figure 22, Glucocorticoid administration produces

- < ,‘“’
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' FIGURE 23
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a nonsignificant 42% increase in the basal resting blood sugar level

3 over the slightly depressed shock level. Furtheérmore, it can be seen
that the blood “slucose response curve in the shock animals treated

with glucocoxrticoids has been restored to the control pattern. Thus,

is significantly elevated from the respective shock levels at 3 (p<.02),
5 (p<«05), 10 (p<.01) and 15 (p <+001) minutes following epinephrine,

A similar restoration of response is reflected in the portal
/

blood glucose levels.(Figure 23). .
Note that portal blood glucose levels are lower than their

respective hepatic levels by 8 to 29%.

Glucocorticoids and Adenyl Cyclase Response:

(f (1) Glucagon
The effect of glucocorticoid administration on hepatic adenyl

AY
B T BRI AT ST G e > 038 ks .

cyclase response to in vivo glucagon injJection is presented in Figure 24. .
It can be seen in FIgire 2/ that glucocorticoid administration
to normal)nimals pmduce's a 68% increase in basal ACA over untreated
control basal ACA. There is‘no ;:_s‘igﬁ:ficant difference in AC respc;nse to
glucagon injection between controls and steroid treated cont;'ols.

- There is a significant (p <.05) depression in AC .response at

2 minutes following glucagon injection in the untreated shock animals
- compared to the control-steroid animals. However, in the steroid treated

shock animals the AC response at 2 minutes following glucagon injection

f is slightly reduced from the respective control value (not significant).
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The effect of glucocorticoid administration on the in-

.

testinal AC respanse to in vivo glucagon injection is presented in
Figure 25,
. .~
Tt can be seen that glucocorticold treatment produces no
<&
significant changes in either control or shock intestinal AC response

to in vivo glucagon injection. | -

(ii) Epinephrine® ‘

The effect of glucocorticoid administration in shock upon
hepatic a&enyl cyclase response to in vivo epinephrine injection is
presented in Figures 26 and 27.

" It can be seen in Figure 26 that steroid administration in
shock animals produces small’ decreases in basal hepatic ACA (p <.05)e
H;)wever, the respon.fs;a at 2 and 15 minutes has been restored to normale

In Figure 27 the results are presented as percent change in
basal ACA 2 minutes following in vivo epinephrine injectin, Tt can
bé seen that although the response to epinephrine is abolished in -
shock, stéroidw‘treatment 1;1 shgck restores the response to levels that
exceed the contxr-ol responses !

The effect -of glucocorticoid administration in shock on

intestinal AC response to in vivo injection of epinephrine is present—

ed in Figures 27 and 28.
' In Figure 28, it can be seen that steroid administration

is associated with a significant (p<.Ol) depression in basal ACA. ’ _—

However, the ability of the intestinal -adenyl cyclase enzyme to

~ 0
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FIGURE '26

&

RESPONSE

TO IN VIVO EPINEPHRINE INJECTION

16

+

.
. Con
L U eesTITTI
- o

"' ---- I‘;.‘

- -

, .
~
AR

=
" Minutes . After

’

Epinephrine




T TASTERAETT ATy K TR T W

TR T O e
LAY

AN
L3

-102 -

FIGURE 27 )

SUS——————

‘ Ve
QCHANGE IN ADENYL CYCLASE
2 MINUTES FOLLOWNG N VIVO |
EPINEPHRINE INJECTION ‘
Liver + Intestine ‘E |
100 |
75|, 3 | g
50 | /
o] _ i | )
o
. "y




1’ )
PR

o ]
:
- 103 -
F‘IGURE 28 , ' | ° J t
) |

. INTESTINAL ADENYL CYCLASE RESPONsé .
'TO IN VIVO EPINEPHRINE INJECTION ‘

16

12

pmols CAMP/ug DNA /10 mins
\
oy

15
After Epinephrine  Injection




B it

(]

- 104 -

respond to epinephrine has been restored, despite the fact that
absolute values remain reduced from control (p< .01, p<{+001). '

In Figure 27 it can be seen that although the intestinal L~
rESponse, to epinephrine is abolished in shock (p¢«0l), as seen in

the liver, steroid treatment restores the response to levels that

-exceed the control response. ‘

~ Note that hepatic basal ACA is almost alwsys about 180% s

greater than basal intestinal ACA. ‘ | -

Tissue ATP Levels:

g i 2 Glucagon °

Changes in hepatic and intestinal ATP ‘%levels foilowing giuca-
gon injection are presented in Tables IIX ‘and IV.

Steroid administration in normal animals prociuces a non-
significant 12%.increase in hepatic ATP levels (Table I1I) compared to
the untreated controls. There were no changes in ATP levels followe
ing glucagon injection in either steroid—treat.ed or untreated contro;s.
Steroid treated shock is associated with no change in baseline ATP

levels, and the untreated shock ATP levels were also unchanged from

~\

control.

There were no changes in intestinal (Table IV) fucosal

~

ATP levels in all groups of animals. .
ii inephrine

a

Hepatic and intestinal ATP levels after epinephrine are °

o

shown in Tables V and V1.
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TABLE II

Basal Adenyl Cyclase Response

To Shoek and Steroid Therapy 7
LIVER INTESTINE
Control ot 6.17 + 0.62* ¥ 3.36 + 0.64
Control = Steroid 1119 + 292 2.39 + '0.58
. %
Shock H \ 577 % 1.02 2,66 + 0.51
Shock = Steroid " he20 £ 0.57 154+ 0418

+

All values represent pmols c'AMP/ug DNA/10 min. + S.E.M.

~

Significantly (p = or <.05) depressed from control-steroid (Student—T-Test)
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TABLE ITI

Hepatic ATP Levels '
Following In Vivo Glucagon Injection

ya

TIME (Minutes) 0 2« T 13

Control : 1.333 & 03087 1,662 + 4270°  1.504 + 245
Control = Steroid + 19734136 1607 £.198 1k & W1%
Shock b L6284 0239 L6354 4220  L1.685 + o159
‘Shock - Steroid H 1.280 '_': 0177 10628 i .lﬁO? 1.328 i'_ 00142

-

3

All values represent pmols/”tissue + S.EM, <

Significantly increased over "O" time value (Paired-';'—'rest)

.
~ TABLE IV ,
Intestinal ATP Levels v
Following In Vivo Glucagon Injection
. [} 7
TIME (Minutes) 0 2 ’ 15
( kY
_ Control P 1798 £ .1737 L716'4+ 4176 1.568 + .102
Control - Steroid :  1.532 4 »201 1512 + 131 1,320 + o177
shock : o L5654 4102 1770 £.177 1770 & 77
Shock - Steroid 1 L1.184 # (087°  1i46h 4 123 —X336% ogg™

. All values represent }J.mols/?g tissue + S.E.M,

Signlflcantly reduced from "O" control and shock values (Student—T-Test)

Sigmflcantly reduced from "15" shock value (Student-T-Test )

)

S
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TABLE V e

o

Hepatic ATP Levels
Following In Vivo Epinephrine Injection

TIME (Minutes) 0 2

e

15 ,

Control , 1.586 + .137*

- Lab52 & L1767

Shock . 14206 £ 4197 1342 #0130

-
1.184 + 4130

shock -~ Steroid l.424 + «197

10612 : '0176
1.430 + 270
1,198 + .158

* A1l values represent gmols/,.\tiésue + S.E.M,
*

Significantly greater than "O" value (Paired-T-Test)

* Significantly decreased from "2" control value (student-T-Test)

Y

4

- TABLE VI

Intestinal ATP Levels
Following In Vivo Epinephrine Injection

" ~

£

TIME (Minutes)

15

i

-

Control ;14824 4 051" 1.890 £ 4123 1940 # .101

Shock : 1.752 + »217 , 1590 4 315 1,724 # «273
P :

Shock - Steroid : 1.788 + 4137 1e574 # 250 14820 + JLU46

* ALl values represent )umols/ﬂtissue + S.E.M. .

»




e

There was a significant (p <.05) increase in hepatic

tissue ATP (Tgble V) 15 minutes following epinephrine. The ATP

j level at 2 minutes fouowmg’epinephriné }njection in the shock-
steroid treated group was significantly pe;luégd fﬁom that seen in
the-control “animals. Otherwise, there were no clllanges in ATP
levels in treated. or untreated shock compared to contrd;l., or egch
other., - ' ¢ -

‘No changes in intestinal ATP levels were oi»served follow-
ing-epidn_ephrine‘ in,jectiogi in control, shock or steroid;-treate;i sho‘c:.k
gnimals (Table VI). |

. (iii) Norepinephrine ' .

ATP levels in liver and intestine following norepinephnne

injection are presented in Tables VII. and VITI. .- . °

There was a significant increase (p <.02) in hepatic ATP
levels (Table VII) in normal animals at 15 minutes following nor-

epinephrine injection. No further changes in hepatic ATP levels

1

were observed in control or shock animals.

There we;re no significant changes in mtest:.nal ATP levels

4‘_,.-4'#
in control or shock animals following norepmephrine :mjectlon (Table VIII)&
/ \_

-

Glucocorticoids and Adenyl Cyclase Response to In/ Vitro Hormone Addition:

‘ i) Glucagon / .

The effect of gluc;ocorticoid adnﬂnistrat;ion on the response

of hepatic and’intestinal homogenates to in vitro addition of 5 .

%
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| TABLE VII | | <
Hepatic ATP Levels
Following In Vlvo Norepineplirine Injection
TIME (mute§) ‘, 0 | 2 15
— -
Control Lt Ls2h & 177 1,808 £ .19 2.014 # 4133 * |
 shock 14623 4 4285 1,723,431 1770 + 4183 4 r
A1l values re?resent mols/%tissue * S.EM, i
Significantly increased over "0" value {Paired~T-Test) \ ' *
| .

Nt

L

TABLE VIII

Intestinal ATP Levels

.» Following In Vivoc Norepinephrine Injection

o

S

1 TIME (Minutes) 0 2 15 \
;
!Cox;tr;:l ' : 1.752 + 292" 1,662 + 4131 1.844 + o173
, Shock p L8B3 .26 1980 £ 072 200014130 7
g - / — :

All values represent umols/ yentissue + S.E.H,

o e s - e
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nanomoles of glucagon is presented in Figure 29. The results are
presented as percent increase over basal ACA. . 1

It can be seen that steroid administration in normal aogs
results in no change in the percent increase in basal hepatic ACA
over that seen in the untreated controls following in vitro gluca-
gon addition. It can also be seen that the depressed response in
shock is partially restored by steroid therapy.

The normal intestine is associated with a reduction in
basal ACA upon in vitro addition of glucagc;n. Steroid administration
in normal anifmals results in an increase over basal enzyr;\e activity
following in vitro glucagon addition. A similar pattern is observed
for the shock and steroid treated shock tissues. /\" |

A
{ii) Epinephrine

- ﬁ‘he effect of glucocorticoid administration in shock upon

the ability of hepatic-and intestinal adenyl cyclase to respond to

in vitro addition of 5 nanomoles of epinephrine igs presented in

Figure 30. , : .

The shock liver shows a significant reduction in the in vitro

' )

®

response to epinephrine. Steroid treatment restores the response to

normal. '

3

The ‘shock intestine glso shows a marked reduction in the
response to in vitnemgiimulation which is restored in the steroid
treétf;d animals, - .

—
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Glucocorticoids and the Adenyl Cyclase Response to In Vitro Addition of

ggdium Fluoride:

The effect of glucocorticoid administration on NaF - stimula-
ted‘ adenyl cyclase activity -in the liver and iftestine is presented
in Figure 31. The results are presented as a percent increase over
basal ACA. It can be seen that in the normal liver 10 mM NeF produces
a 410% increase over basal ACA. Steroid administration in normel ani-
mals results in a 68% increase in basal ACA and only a 23% increase in
NaF - stimulated ACA over respective unt;'eated control values. There-
fore the percent increase ove; basal in the control s‘c‘.eroid group
appears slightly reduced. On thel other hand, steroid administration
in shock improves the ability of the tissues to respond to NaF, to a
level not unlike that seen in the untre\ated controls.

_Glilcocorbicoid administration in the normal :Lntestiney is
associated with a slight increase in the 'NaF - stimulated enzyme
activity from that seen in tﬁe untreated 'controle.l Steroid treat-
ment in shock shows an improvemt;xt in the ability\of the tissue to

respond when compared to the lower shock levels.
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FIGURE 31
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Introductory Discussion: Glucocorticoids

Glucocorticoids play a mliltifaceted role in cellular meta—

bolism. The exact mechanism(s) of action of the stercids has been o

" speculated upon, however there are biologic effects that cannot be

accounted for by currently available‘informatioh. \

Glucocorticoids have been reported to play a permissive
role or potentiate the effects of exogenous epinephrine and gluca~
gon in carbohydrate metabolism in normal, (160, 161, 162, 163) and
adrenalectomized (84, 296) animals. Pharmacological doses of steroids
have been shown to effect several hemodynamic improw}ements in shock
(74) by way of an alpha-adrenergic~like effect with a resultant
preservation of the integrity of the peri;gﬁeral capillary bedse
Glenn and Lefghz;k (121, 222) report that glucocorticoids 'stébilizlé cell-
ular and lysosomal membranes in shocks They p6stu1:ate that there is
some involvement of the second messenger system in the lysosomal meme

\

% £
brane stabilizing effects of the steroids (123). Furthermore, glucocorti-
N\ ~
coids have been shown to interact directly with the second méssenger

system at seversl levels (34, 206, 211). However, as yet, there is -
little agreement on the precise mechanisr/n(s) involv:ad in the‘ afore-
mentioned \processes. | ’

| It was of interest ‘thérefore, to investigate whether the

%
short-term-administration of pharmacological doses of ‘steroids to

,normal and shock animals alters the adenyl cyclase - phosphodiesterase

réspénses to the hormoness In addition, it was of interest to see if

v

e
‘_;uﬁ-e*‘}‘ﬂ' P
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the steroids could afford protection from the ischemic damage in-
curred by the cell membrane in shock; especially with regard to the
membrane-bound adenyl cyciase enzymes -
The results obt:ained by .other investigators using steroid
therapy in shock are contradictory. The "key"™ to estimation of the
beneficial effects of steroid therapy in shock appears to be in the
close regulation of ‘the dosage and timing of administration (74)e
In addition, monitoring of fluid requirements is crucial. The same
steroid therapy given at one time may have a completely different
effect — even a detrilmental effect — while given at another time -~
it proves l;enei‘icial. ‘Therei‘ore it was of interest to administer |
optimal doses (30 mg/kg) (7, 7k, 200) of Methyl Prednisolone Sodium
Succinate (MPSS) immediately following hypovolemia. Several studies
have administered pharmacological doses of steroids before induc\tipn ‘

of shocke. When translated into the clinical situation, pre-treatment

of a "shock" patient is next to impossible - pre~treatment of the ani-

. mals in this study 'was not attempted, The effects of administering the ~

~ steroid immediately following the period of hypovolemia were studied.

The half-Iife of MPSS in normal animals is said to be about
3 to 4 hours (251, Melby, J.C., in 310). Therefore each dosage of
MPSS was repeated every 3 hours until termination of the study in

A

both normal. arnd shock animals.
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Blood Pressure Studies: Discussioﬁ

Blood pressure was monitgred throughout all experiments.
When MPSS is coupled with adequate volume replacement and a positive
iontroplc agent following shock, Dietzman and Castenada (74) have
shown that survivel rates are increased from 22 to 65% in experimental
hemorrhagic shock in dogse. :

There were no attempts to measure survival rates in this
study. However, from previous experience in this laboratory, it is
known that the particular modification of the Wiggers' procedure for
hemorrhagic shock in dogs used in this study is associated with a
mortality rate of 85%. Therefore, in this study, interest centered
around the acute and lethal shock situation; no attempts at fluid
replacement or use of iontropic agents was agtempted.

) Steroid treatment was benefic:"Lal, in this study, when adpmin-
isteredl goon after the ﬁypovo’lemic episodes.. Reductions in blood
pressure were minimized and no;ocardial response to the catechﬁlam’mes
was improved. In addition, despite the fact that many of the meta—
bolic effécts of epinephrine are potentiated by MPSS treatment, the
tolerance to the extra insult of a 0.25\mg dose of elpinephrinq follow-
ing three-hours of hypovolemia, wWas increased.

o

Y
Discussion:

Sterc?id—induced increases in hepatic glucose turnover and an

enhanced rate of peripheral glycolysis has been shown to be aﬂssociated

&
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with a significant increase in re:;t:'mg hep;atic blood glucose levels
as seen here and elsewhers (103, 163, 250). When MPSS is administered
acutely, and not overa several days - the enhanced peripheral glycolysis
is responsible for increased conversion of availabfe iactate into
glucose (103, 161). Lacticacidosis is a common feature of shock, and
any substance that can actuallyc put use to some of the excess:lactate
for production of exidogenous glucose; mist be of benefit. Glycolysis
¢an proceed in hypoxic tissues and the fact that in the shock-
steroid treated groups, the resting blood glucose is elevated from
the respective unfreated ~ shock values is evidence for this fact.
Issekutz and Borkow (163) also studied ht;patic blood
#lucose responge curves ’]following exogenous glucagon administration
in MPSS - treated normal dogs. However, unlike our findings, they
observed a spectacular potentiation of the normal hepétic blood
glucose response curve in the MPSS - treated animels. This was
explained in several ways: Glucagon was infused (0.06 )/.tg/ kg/min)
over a period of 2 hours, In addition; the MPS3 was administered
over a three dey period ;;rior to the glucagon administration, allow-
ing for the glucocorticoid -~ induced "de novo" éynthesis of several
giuconeogenic eﬁzymes (350) and an increase in hepatic glycogen
stores, with a resultant supranormal response of the]hepatic target
cell to glucagon. Furthermore, in vivo, the rate of formation of glu—

cogse from lactate depends on the plasma lactate levels and on the turn—

over rate of lactate (103, 161). Normally, glucagon does not increase

’
o
. u
’ 5
" ' >

e
¥
bl "

¥ EAE
i e 7




-~

w

- 19 -

plasma lactate levels (5, 163), however, when MPSS was administered
over 3 days, lactate levels we;e significantly increased '(163). .
These factors probably account for the greater potentiation of res-
ponse following gluc:;gon seen in this other study (163).

“De novo s\yhthesis of hepat:.ic \gluconeogenic enzymes in
the shock state is very unlikely, especially following shortterm
MPSS treatment. However,- glucocorticoiaa-stimﬂ.ated gluconeogenesis
and glycogen production from lactate (74, 252, 302) in the presence
‘of increased endogenous lactate may contribute to the restoration
of the hepatic blood glucose response to epinephrine in shock.

Steroid treatment in shock‘is’ associated with a dramatic
restoration in hepatic blood glucose response following epinephrine
boluse It was of interest /to gee if any changes in adenyl cyclase
response might play a role in this 1mprovement..

Very little data is available on the dlrect effects of ster-
oids upon the AC enzyme. Most reports deal with the effects of
steroids upon increased "de novo" synthesis of eqzyme§ and the resul-
tant potentiation of the particular physiologic response, For example,
the enha;zced response to ACTH in fat cell ghosts that have been
incubated for several days (34), or the enhanced gluconebgenesis
observed in normal and adrenalectomized animals treat‘ed with steroids
over several weeks (8k, 296, 297).

However, there is one report by I;(;g'sdor_l et_al (206) that
suggests a direct effect of steroids’ up<'>n AC activity. They found

' /




a rapid (within 5 minutes) 25 — 36% increase in basal ACA when
lO"'6 M cortisol was added in vitro into a leukocyte incubation mix-
tur‘e;

MPSS treatment in normal animels for a,total of A4 hours
prior to intervention was assé\ciated with a significant 68.5% in-
crease in basal ACA over untreated controls. However, there was no
signii‘icant difference in responsé betwe;en the two groups folklowing
glucagon injection. This is not due to the lag in glucagon action in
" the liver, as a later increase in ACA would most likely be re-

flected in further significant increases in hepatic blood glucose

levels - which did not occur. Recently, it was shown that :msul:m

is a very potent inhibitor of the glucagon stimlated release of cyclic

AMP from the perfused rat liver (85, 86). When cyclic AMP levels are
increased, i.e€s, in the presence of glucagon, the cyclic AMP -’\ lowering
effect of insulin can readily be demonstrated (195). The mechanism .,
by which insulin pro&uce:s this effect is uncertain, ?urthermére,
"inhibition by insulin of hepatic glucose release has also been cb-
served (235), " Treatment with MPSS significantly increases insu'lin
levels (185) and following glucagon injectior;, insulin levels were
found to peak at levels almost 5 fold greater than basal levels
(Tables XIV and XV)., Therefore it is possible that such excessively -

high insulin levels may in part be responsible for the lack of signi-

ficwt‘potentiation of AC and glucose responses in the comtrol steroid A s

I4

- treated animals, compared to the untreated controls.




C

- 121 - ‘ N

<

-

Steroid treatment in shock is associated with reductions 0
in basal and glucagon responsive ACA in the liver. However, the per- -
cent response at two minutes following glucagon injection (Figgre 24)
is the same in the steroid-treated controls, and shock ém'.mals and the

untreated shock animals - despite lowered absolute values. All these

extreme’ changes in AC response to glucagon are assdcihted with very

- little alteration in:the primary physiological response - hepatic

-

blood glucose output.
The insulin levels measured in the steroid treated and "
untreated shock animals (Tables XI*I and XV) were ‘significantly E
. elevated from the untreated controls. The steroid treated shock =
group more so than the untreated shock group -~ which might account
for the greater reductions inishock basal ACA if, in fact, insulin does
decrease ACA (271). However, insulin levels following glucagon injfc-
tion in shock were only slightly higher than in the controls — .
'probably not elevated enough to explain the lower AC responses in
steroid ~ treated and untreated shocks The question still arisesl
‘as to how there cian be an unchanged glucose 7response curve in the
face of a depressed AC responsel
The second messenger system invol\'red in the hepat;i.c glucagon-
glucose output interaction may be saturateds In otherwords, the degree
of AC activation observed in the control animals far exceeds that
required to produce the normal blood glucose response curves Further-

more, Robison ‘states (284, Chapte 7 ps 272) that, "glucagon is capable

- -

R 2P
v

ALY ; e ekt By 3 T, ™

o ey - R vt s —————_T AL



- 1_22 - _:‘ *
- R J)

-
' ¥

of increasing the concentrations of cyclic AMP in the liver to levels
much higher than are necessary to produce a maximal stimalation of
glucose output”s The remaining cyi:li‘c AMP is put to other uses within
.+ the cell, is broken down by PDE or appears in the ‘exbra'cellular fluid.
There is great adaptive value to this p;atential.’ Sixty percent of
the glucagon - AC function may be de;troyed, as geen in this study,
however the physiologlc resPonse remaing intact.e Thus, the levels of
cyclic AMP are still h:Lgh enough that no effect upon glucose output

hormone of stress, ] B

/
i

- Steroid administration in normal or shock animals has little

effect,l;upon intestinal ACAe There is a slight increase in basal

ACA in the steroid treated controls (Figure 25) and a slight de= |
crease in the steroid treated shock intestine. There appears to be
a slight response to glucagon in the; steroid treated shock group at
. 2 minutes and the steroid ireated control group at 15 minutes
(Figzlr; 25)s This may {>e Gde t/o the effect of MPSS on intestinal ~°
PDE activity, which will be discussed. / -
Bitensky et al (22) has presented substantial evidence for
the existence of two separate and distinct receptors in the liver
for glucagon and epinephrine. This becomes es,r;n more evident when
one observes the totally different manner in which r;asponse to these
' hormones is altered in shock. . )

l Steroid treatment in shock completely restores the hepatic

B e ———-

can be seens Glucagon appears to be an efi‘iclent glucose - supplying

e
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blood glucose respon¥e to epinephrine which was abolished in.shock.

This is associated with a complete restoration of adenyl cyclase

responses In fact, the percent response in both the Iiver and intes-
tine is supranormal in the steroid treated shock animals (Figure 27).
The insulin levels in the epinephrine aninial;, (Tables XVI
and XVII) control, shock and steroid shock, are not significantly
different from those seen in the respective animals at 5 minutes
following glucagon injection (Tables XIV and XV). However, the fact
tix,at epinephrine inhibits insulin release (262) and :'Ls associated with
a significant depressmn in portal 1nsu.11n levels by Y nn.nute (Table
XVII), may help to augment the AC response at 2 m:mutes follow:.ng
epinephrine 1nject10;1 by exex:tlng little or no 1nhlb1tory influence.
The supranormal response to epinephrine ((1(9 the steroid-
treated shock animals agrees with data by others (lhh, 211, 269) in

unrelated studles, that indicate glucocorh1c01ds enhance the sensi-

~

’ tivity o{ ﬂ-adrenergic receptors to stimilation by catecholanﬂnes.

—

This action of glucocorticoids in shock appears to be:very ef;fective
and at a time when the receptors are devoid of sensitivity to hormon-
al st:.rmlatlon. - ; | : , —

The benei‘lclal etji‘ect of steroid therapy may be dlrectly
related to an improvement ﬂn blood flow to the affected orgens. This,
in turn, may provide an inc‘rea(sed availability of the hqnnorie in

question, Dietzman and Castenada (74) have reported that MPSS in

doses of 30 mg/kg acts as an effective peripheral vasodilatory agerft.

. vy ' .
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in clinical and experimental shock. Tissue perfusion is enhanced
as reflected in an increased oxygen consumption (7b,) and tissue ATP
levels. The positive effect upon peripheral c:chulatorg;L sﬁﬁlg may
in turn help to reduce the severity of ischemic damage to cellular
e c0mponent.s within the tissues,

Steroid administration in normaJ: animals produces a 12%
increase in hepatic tissue ATP levels. This 15 Similar to.results
obtained by Feigelson and Feigelson (92). McArdle et al (224) obtain-
ed a similar increase,in hepatic ATP levels following administration -
of ;nm-?drenergic' blocking agent, acepromazine maleates On the other—
hand, Young (361) states that hydrocortisone may cause a decrease in

\
the level of intracellular ATP, which is what was found in the normal.

intestine in the steroid-treated control animals (Table IV).

Shc;::k,-ip both steroid-treated and untreated animals, was

associated with no significant alterations in tissue ATP levels.
Numerous~invebs;tigators (50, §;1,/i58, 288) have reported significant
reductions in tissue ATP levels during oligemia.. However, by‘2 hours
. following re;infusion of._blodd, ATP leyels may recover to within 30
to 4O percent of normal (152, 176, 22L). The tissue biopsies in this
study were obtained 4 hours fpllow:;ng re~infusion of blood and were
not significantly‘different from control values. Steroid therapy in
shock, the;'e;‘ore, .provided no ifprovement in tjiss:ue ATP levels, ‘There
was no correlation between altered adenyl cyclase function and changes

/

in tissue ATP levels.
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Goldfarb and Glenn (123) state that steroids may maintain
4
‘lysosomal stability in ischemic tissues by _restoratién of cyclic AMP

levels. It is interesting that they did not state, that because celi-

ular and lysosomal membranes are stabilized by the steroid, the

| ‘eyclic: AMP system is therefore restored. Ignarro et _al (155) report

| that liver lysosomal fractions contain:ﬂ receptor sites which when

. L stimilated by catecholamines, inhibit lysosomal enzyme release by a
cyclic AMP -~ mediated processs The ﬂ response to0 epinephrine is
abolished in shock as seen in this study. Therefore, by restorating
the B recept})r respénse to catecholamine stinmlzition, the steroids
may also re;;tore the effectiveness of the cyclic AMP -~ mediated lyso-
somal stab;{lizing effect.

;
c _ .~ The question arises as to whether the improvement in adenyl

P

cyclase function is assoeciated with improvedr delivery of the hormone
or actual enhancement of receptor and/or catalytic ‘;.nction. Since
the response' to epinephrine in steroid-treated shock is supranormal,
there must be improved enzyme functionr in addition to improved peri-
pheral blood flow,. )
Steroid treatment in normal livers is associated with no

increase in response to in vitro glucagon addition (Figure 29).
*However, there is a stimulation of bas;l ACA in the :jmt.estine of =

-, :
; steroid = controls where normally .there isrone in response to

| .. in vitro addition of glucagon (Figure 29)e This effect of the éteroids

1

¥ ’l is most probably related to the ¢ adrenergic blocking properties;
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(74) of MPSS. 1In blocking any o or inhibitory influences upon in—
testinal ACA, basal and hormonal activities become sensitized, and
to some degree stimulated - even in shocl?.

Steroid therapy in shock is associated with significant
improvements in hepatic response to in vitro addition of epinephrine
and glucagon (Figures 29, 30)e. This effect is more prevalent with
epinephrine than with gl{xncagon. )

Steroid theraﬁg{ in shock is probably associated with a
stabilization of the cell membranes with a resultant improvement
in thé receptor - subunit function of the membrane~bound AC.

. N\
The NaF - stimulated ACA is not significantly different

between the steroid-trested and untreated control groups in either the
liver or intestine (Table IX). However, since MPSS administration
caused an increasé‘ in basel ACA in the normal liver (Figure 24),
hepatic NaF - stimulated ACA in Figure 31 appears reduced from the
untreated control value, It may thus be concluded that short-term
adminigtration of pharmaéological doses of )EPSS does not induce the
synthesis of new Aé er;zyme. Furthermore, thert; appears to be no
significant inhibition or interference in the ability of NaF to inter-
act with and stimulate ACA in the presence of MPSS. However, the ACA
meagsured in the presence of NaF is significaﬁtly reduced from control
in shock and/in steroid-treated shock in both the liver and iht;estine,
when a1l the data is grouped (Table IX). As mentioned previdusly,

shock and ischemia in the splanchnic tissues is associated with a

¥
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E | TAELE IX
? Changes in Sodium Fluoride Stimulated
: Adenyl Cyclase Activity Following Steroid
4 Administration in Normal and Shock Animals
§ LIVER INTESTINE
1 : ‘
?‘ .
;; Control : 29.69 + 2.52% 13660 + 1ek5
3 -
l € Control - Steroid : 32,46 + 7.0L 11,15 + 1430
3 _ N
; Shock : 21,80 + 2.85 Yol + 1.69
: Shock - Steroid i 17.07 "+ 2445 7.08 & 072"
E * A1 values represent pmols c'AMP/ug DNA/10 min, + S.E.M.
: * Significantly (p = or (.05) reduced from control. (Student-T~Test)
-
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% v -
E
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\ »
loss in the total amount of Ac‘”enz}:me ~ ag represented by re;uctions
in NaF —« ACAs Steroid therapy in shock does not induce synthesis of
new adenyl cyclase enzyme, however, the ability of the remaining AC
to respond to NaF (Figure 31) has been improved from that seen in
shocks The steroids do not create new enzyme, “nor do they restore
all the 1dst enzyme. They do, perhaps through a membrane stabilizing
effect, enhance the function of both receptor and catalytic subunits
in the remaining AC enzymefx - )

_ Throughout this study, it has become increasingly evident
that absolute ACA in the liver exceeds the same in the inte'stine. \
-Basagl, NaF - stinmlatﬁed, in vitro epinephfdne and in vivo epinephrine
stimlated ACA in the liver r‘anggsfrom 150 - 209% greater than the
respective enzyme activities in the intestine. The reason for this
phenomenon, has been touched on before, Rodbell et al (285a) have
shown t:hat the liver binds 20 times more glucagon than do fat cells
(which are specific for ep:{.nephrine) where glucagon — sensitive AC
is 25 fold less than hepatic ACe This principle applies also in
the intestine, where there is a lack of glucagon ~ sensitive-AC
(312) and a presence of epinephrine sensitive AC. The fact that
the absol\;te values for intestinal NaF - stimulated ACA are so much
lower than those in the liver probably indicates there is less
adenyl cyclase/mg intestinal tissue than per mg hepatic tissue.ﬂ The
reason for this discrepancy is most likely centered around the physio-
logical need‘for the AC system. Beta adrenei‘gi-c stimulation is of
limited physiological significance in the intestine as compared with

the liver (318).
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_ Glucocorticoidsand Phosphodiesterase:

S i) Glucgon

.|
Changes in hgpatic phosphodiesterase (PDE) activity follow-

ing in vivo glucagon injection are presenteci in Figure 32,

Control hepatic PDE activity in this series,of animals

was 154e49 + 18.31 pmols cyclic AMP destroyed/)./zg DNA/5 minutes, and

did not change i‘ollpwi;xg glucagon *fmjection.' In shock, the basal PDE

activity is d:acreased by 23% (not significant) and gradually increases

to control levels by 15 minutes foilowing gluéagon injection. Steroid'

treﬁtmen’c produces a 4% (p <.05)’aecrease from control basal PDE and
- a 27.10% decrease from the respective shock value. Th\e steroid

treated PDE activ:i.ty‘does not change from basal levels after glucagon
‘ g administration,

) Changes in intestinal ,FDE activity fo]:lowing glucagon

injection are presented in F:Lgure 33 B

g Control basal PLE in the intestine is 14«67 + 145 pmols +

cyclic AMP destroyed/ng %DNA/ 5 nﬁ.ﬁutes, and does not change follow-
v | ing giucagon i_njec'tion. ' In shock thereﬁ is a significant (p<'.025)
25% decrease in lga;al P 1 , which remains the same after §lﬁcagon
adminigtration. St:aroi'd treatment restores PDE activity toward/
co'n'grol levels.
(ii) ?Rimaphn(me . .
¢ o | Hepatic PDE aétivity following epinephrine pulse is pre-,

|
‘sented in Figure 3. Gontrol hepatic PDE is 75¢67 + 15.13 pmols - ~

i
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i FIGURE 33 ) | }

INTESTINAL ~ PHOSPHODIESTERASE  RESPONSE
TO INVIVO GLUCAGON INJECTION

0

£

S -

o)

<\( "18{ CONTROL [l

| ) % SHOCK-STEROID 3
12 — SHOCK.

> q -+
/ 3 -

& ,
s 6 .

% «

G | ‘ : .

3 0 2 15
£ A

5 |

“Minutes After Glucagon Injection-




S VP

- 132 - ) ”

L
i

destroyed/ug DNA//5 minutese This value does not increase significant—
ly after epineph/z;zihe bolus. ;[n shock, basal PDE is' significantly
increased (p <+025) before and at 2 (p<.025) and 15 minutes (p <.0025)
after epinephrine :‘u:n;)ect.ion. Steroid treatment i; associated with a
gignificant (p <.o5)‘ 27% decrease in PDE from shock levels which re-
mains wnchanged. 1

Intestinal PDE activity following epinephrine pulse is seen
in Figure 35. Control intestinal I;DE activity is 21.25 + 3435 pmols
cyclic AMP destroyed/ng DNA/5 minutes, This value does not change
after ei:inephrine pulse. In shock the PDE activity is unchanged from
the control activity and remains :che s‘ame follow:i.ng epinephrine
injection. Steroid treatment in shock is associated with a signifi- /
cant (p.<.05)y 20% reduction in PDE from shockvlev;els at 15 minutes,
following epinephrine bolus.

:,'Lii Norepinephrine _

Changes in hepatic PDE activity i‘c\>llowing norepinephrine
injection are presented in Figure 36. A slight decrease (nonsigni=
ficant) from basal levels; is seen following norepinephrine bolus in

normal animals. In shock, basal PDE is only slightly decreased (none~

. . N -
‘significant) from control and this value rises only slightly by 15-

\ . [

minutes.
Changes in intestinal mucosal PDE activity after norepi~

nephri.ne,boluﬂs is presented in Figure 37. Control basal PDE activity

does not change following norepinephrine injection. There are no




HEPATIC PHOSPHODIESTERASE RESPONSE -
TO  IN.VIVO EPINEPHRINE INJECTION

1

\

7))

c

= 200
n

N\

< 150
Z

(@)}

0\3 100
E !
< 50
7))

o

£

Q

-133 -

FIGURE 34
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FIGURE 37
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significant changes in intestinsl PDE in shock, and the levels do

P vog
not differ from control levels. .
. Hepatic PDE is generally 6 fold greater than intestinal v
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TABLE X

Baseline Phosphodiesterase Activity
in shock and Steroid Therapy

LIVER INTESTINE
Control : 123.50 + 12,80" COLlT9h 4 2.75
Shock : . h4e19 + 22,02 ° 16449 + 1.80
Shock - Steroid : 110,98 + 4a50" 16,23 + 1.28

All values represent pmols c'AMP/ug DNA/10 min. + S.E.M,

Significantly reduced (p <.05) from shock value (Student—T-Test)

t
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Discussion:

The amoun‘c', of cyclic AMP present at any one time is influ-
enced by it's rate of synthesis, but also by it's rate of destructién.
Therefore, it is of grea{t im’portance to observesmchanges in phos-

phodiesterase (PDE) activity before comments can be made about

14
tissue and plasma levels of cyclic AMP.

The AC response to epinephrine in the stergidltreated
shock tissue is supranormal.e This may indicate that’/'i related and
compatible changes are occurring within the cell to ‘Ipotentiat.e tﬁe ﬂ-—
adrenergic responsé. For example, in the presence of a p-agonist,
PDE activity may be decreased, and cyclic AMP breskdown reduced -
thus potentiating the B responses ; Furthermore PDE,’ activity has'been
shown to be altered by several _hormones and drugsl; Therefore it was
of interest to observe the changes in hepatic and/ intestinal 'PDE
activity following in vivo ho:é'\mone injection in the normal, shock,

]

and steroid-treated shock animals.

Numerous investigators (54, 202) have noted th/at most

tissues contain both a low Km (0s2" = 3 uM) and high Km (15 - 250 uM)
PDE enzymes. Others (23’9; 343) have shown up to 7 separate PDE

enzymes in one tissue. Furthermore, Sutherland and Rall (335) hav: ,
‘shown that PDE apt.ivity ¢an vary consi\dergbly from tissue to tissues’
Hepatic low Km PDE activity in this study i's almost 6 fold greater than
intestinal low Km PDE activity. Since most changes are said to occur

in the low Km PDE fraction (213) = it was this enzyme which was
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chogen for study. ]

Pawlson et al (256) and others (66, 212, 365) have shown
that cyclic AMP, in addition to being the substrate, may also plagr’
a role in the acute reguiation of PDE activitye. PDE activity is
increased 35 to 50% by in ;r.itro addition of epinephrine or ACTH-
‘agents which increase fat cell content of cyclic AMP (256), PDE
activity reaches a maximim py 4 - 7 minutes, thus paralleling changes
in cellular cyclic AMP production; then falis toward basal levels

by 20 to 30 minutes, Similar changes were observed in this study

_ following in vivo epinephrine injection (Figure 34). Control liver

samples obtained at 2 minutes following epinephrine in:jection showed
a 30% increase over basal PDE levels. Zinman and Hollenberg (366)
also found a 30% increase in PDE activity in the présence of
epinephrine. The increased PDE in the liver is associated with the
increased ACA. Furthermore, a 15% fall-in,iaepati;: PDE was seen at

2 minutes following norepinephrine injection (Figure 36) which was

"~ associated with no increase in cyclic AMP productién. Glucagon increas-

/ed hepatic cyclic AMP p:ioduction, but was asgociated with no change in
PDE activity (Figure 32). This may represent further evidenée for
the specificity of hepatic AC response to epinephrine or glucagon.
-The cyelic AMP \generated by either hormone may be immediate]:j com=
partmenialized and directed toward specific physioclogic responses. - ‘ .
The cyclic AMP g\enerateti by glucagon may be reserved primarily forﬂ

hepatic glucose metabolism while that generated‘ by epinephrine may be

|3
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used in a more ubiquitous fashion and only a small portion directed
toward glucose metabolism. The remaining portion may be directed
to the vicinity of PDE in order to increase cyclic AMP destruction
and 1imit the action of epinephrine.

No increase in PDE was seen in the intestine following
epinephrine, glucaéon or‘ norepinephrine injections (Figures 33, 35,
37)s Acute regulation of the cyclic AMP system may not be needed
in the intestine to the degree that it may be required in the liver.

Little concrete data is available on the effects of epi~
nephrine, glucagon, norepin;phrlne or shock upon intestinal low Km
PDE. Most of thg work done on PDE has been performed in the normal
liver or adipose tissues 1In addition, the few reports available on
hepatic PDE changes in shock are conflicting. Glenn and Goldfarb (118)
report, tha"c,min shock, hepatic PDE activity increases by 50%. Further~
more, Cheung (53) states that citrate and ATP produce a 50 to 75%
inhibition of PDE-activity. It may be that in normal tissues, PDE
is operating under the inhibitory influence of citrate and ATP, 'while
in shock tissues which contain reduced amounts of‘ citrate and ATP, PDE
is released from this particular influence and may remain unchanged
or increase. v '

Changes in the intracellular ion content may also affect

PDE activity. Since magnesium ions are required for PDE activity

(78, 335), and hypoxic cells tend 'to lose magnesium (231), then
PDE activity might be expected to fall, Calgiim ions are said to

re

—
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inhibit PDE (9, 53, 138) and are known to accumulate within shock
cells; then PDE m:Lght again be expected to decrease in vivo. On
/ the otherhand, Rutenberg (unpubllshed data) states that there is no /
change in hepatic PDE in shock. The effects of shock upon bagal
hepatic and intestinal PDE in this study, were varisble (Figures 32 to
'37). There appears to be no relationship between increases ovﬁe—
creases in PDE activity and altered receptor and/ or cataly;c,ic funcdtion
of the AC enzyme. The epinephrine-induced increase in hepatic PDE is
significantly reduced in shock (Figure 34). This may be due to the
fact that AC response afld cyclic AMP generation are abollshed. The
grouped data (on basal P];E response in shock (Table X) shows a r;on-
significant 16% increase over control basal PDE. PDE may be associ-
ated primarily with the soluble fraction of the cell and not the
membrane, Therefore, ischemic damage to tﬁp cellular memb%ane is
'not necessaiily associated with similar alterations in PDE function
as seen with the AC enzyme. \\
Manganiello and Vaughan (213) and Senft (316) have shown
that adrenalectomy is associated with 1ncreases in tissue PDE acti- ‘
. vitye Furthermore, numerocus investigators (44, 124, 186, 206, 211,
316) have reported that 25 - 50% depressions in basal PDE activity
occur in normal tissues when steroids are administered either in vivo
or in vit‘ro. ' ‘
The effects of shock updn hepatic and intestinal PDE are

variable, however the changes associated with steroid treatment are
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not, Basal hepatic PDE in the steroid treated animals was significant—
1y &ecreased from shock levels by 27% in both the glucagon aﬁéﬁepiné-
phrine se;ies (Figures 32, 34)e. The inhibitory influence of steroids
upon PDE activity in norma]: tissues is still evident in shock tissues.
Thus, the mechanism by which MP3S3 alters ?DE activity is not abolished

in shock.

The 30% increase in PDE that occurred 2 minutes following
epinephrine injection in normal animals (Figure 3L) which was absent
in the shock animals,‘was partia%ly restored in the steroid-treated
animals. Since the AC response ta spinephrine was restored in the

steroid trested - shock animals, it is not unlikely that cyclic AMP

is again'acutely regulqting PDE actiéity as seen in the control
tigsues, )

The influence of insulin upon PDE activity must be mentione
ed.l Several investigators (153, 207, 213, 317, 366) have reporéed
that eiogenous administration of insulin increases homogenate PDE
activity. Pawlson et_al (256) studied this effect of insulin upon
PDE ectivity\and determined that the mechanism of insulin - induced

F increases is different from the cyclic AMP - induced PDE increas—

es.” The results obtained in tﬁis.study agree with Pawlson and further-

more indicate that probably the cyclic AMP influence upon PDE activity

" overrides the insulin influence, ) ) R

Insulin levels in the control animals increased much more

immediately following glucagon injection than following epinephrine
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injection (Tgbles XV, XVII). However hepatic PDE did not increase
following glucagon injection (Figufe 32)s The basal circulating in-
suiin leve]:s in shock were highest in the glucagon series, however
shock basal hepatic and intestinal PDE in this series were lower than
in the epinephrine series. The basal shock ingulin levels in thé nor-
epinephrine series (Table XIX) were greater than the respective cont-
rol values, but hepatic PDE activity was lower in shocke The basal
insulin levels in the glucagon series (Table XV) of steroid treated
shock vwere two fold greater than ‘the respeétive value in the epi=-

- nephrine group (Table XVII)e However, again, hepatic and intestinal
PDE activity were greatest in the epinephrine series (Figures 34, 35).

Therefore, it appears that there is no relationship between changes

‘ in endogénous insulin levels and Pf)E activity. There are several

possible explanations for this. The effect of insulin on PDE has

f 4 L] .
been studied following exogenous in vivo or in vitro administration

of insulin. The endogenous llevels obtained in this study may not
be great er;ough to exert a noticeable influence. Furthermore, it is
nqt known whether insulin and cyclic AMP affect the same PDE enzymee
The data so far indicate that steroid treatr;xent in shock
tends to restore both the AC and PDE responses to ho\\rmonal stimilaw-

tion.
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Glucocorticoids and Plasma Cyclic AMP Levels:

(1) Glucagon

P The effect of glucocorticoicis upon hepatic plasma cyclic
AMP levels following in vivo glucagon injection in normal ‘and shock
animals is presented in Figure Bé.

The control basel hepatic plasma cyclic AMP level is
J1.04 + 12,71 nmols/l. This value is significantly increased
(p <+05) by 1 mimte following glucagon pulse and contimues to ﬁse
(P €+025) to peak at 10 minutes, then fall slightly by 15 -minutes,
Steroid administration in control animals 1s associated with no
significant change in baseline plasma cyclic AMP levels, however
the levels by 5 minutes following glucagon injection increase at
a greater rate.and pesk st a higher level by 10 minutes then in
the untreated controlss They also fall off slightly by 15 minutes.
In shock, there are no significant differences in the basal and

initial plasma cyclic AMP response t8 glucagon pulse, however after

'5 minutes the levels drop off slightly from those in the control

.and steroid treated control animals at ,:],O and 15 minutes after

glucagon. Steroid administration in shock is associated with a
greater rate of h?patic plasma cyclic ‘AMP appearance initially,
however by 5 minutes'the levels no longer increase and remain stable,

The effect of glucocorticoid administration upon portal

plasma cyclic AMP levels following glucagon injection in normel’and

shock enimals is presented in Figure 3?.

<,




- 146 - i
FIGURS 38
i )
4 R
% - .
¢ HEPATIC PLASMA c'AMP LEVELS
; " FOLLOWING GLUCAGON  INJECTION )
1 7 g , 1
; “" ) v z /
5 ) )L . | (\ |
NQ ST . |
. x
B
3
N
£
- - 01 3 5 0 T

Minutes After Glucagon  Injection




T i

P s

v

et e o

e T

Py PR B B e N

TR R

e

sy

e T e e nr . S A Bt

- U7 -

FIGURE 39
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There is a smaller cyclic AMP response in the normal portal
plasma than in the hepatic blood following glucagon injection. The
incresse in the normal animal becomes significant by 3 minutes and
continues to rise -gradually until iS minutes following glucagon pulse.

" Control steroid treatment is associated with a significant
(p<+05) increase in portal plasma cyclic AMP at 1 minute following
glucagon injection when compared to the respective untreated control
value. The\\reSponse remains similar to the untreated control until
15 minutes w\here it peaks at a slightly higher level. Thg: increase
in plasma cyclic AMP is significantly greater (p<.05) in shock, com-
pared to the control at 1 ;rdnute,fouowing gl\icagon iﬁg;tion. HoWe

#

emzr,/t e is very slow thereafter and the levels st 15 minutes
7 .

. are’/significantly (p <.05) depressed from the levels obtained in

steroid treated and untreated coptrols. Steroid therapy in shock is

associated with a slight elevation in basal portal plasma cyclic AMP

level over the respective control value (not significant). in addi-

tion, the level at 1 minute following glucagon bolus is also slightly
elevated over the re:?pectiv'e control value. However, again the rise

is slower and levels’faﬁ. off by 10 minutes’ and are depressed from

both stercid-treated and untreated controls by 15 minutes (not signi-

» <

?

ficant),

(i1) Epinephrine:

L]

The effect of glucocorticoid administration on hepatic

-plasma cyclic AMP levels followiixg in vivo epinephriné‘ injection in
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b ) normal and shock animals is presented in Figure 4O. Hepatic plasma
" cyclic AMP levels show a steep rise within 1 minute following epi-

nephrine injection. They remain significantly elevated over basal

e

s

levels at 3 (p<.01) and 5 (p <.0h25) minutes. There is a small

decline at 10 minutes and then a peak again at’ 15 minutes. (Signi-

ficantly (p <.05) elevated from basal level). The rise is more rapid
iy

in gshock ~ the first peak is sustained from ~1 to 3 minutes. The

=

decline is more rapid and remains low from 5 to 10 minutes whereupon

it rises again to a— level similar to that seen at 15 minutes in the

control situation. Steroid treatment in shock is associated with a

small elevation in basal hepatic plasma cyclic AMP and a reduced but
" not significantly different response from that seen in the control
3 " N -
3 C" animals. ' - ' ~
4 ' ' g )

The change in plasma cyclic AMP levels in the portal blood

3 ©oE N is presented in Figure il. The response to epinephrine injection in

the portal plasma is more rapid and remains consistently highef th;an

that seen in the 1’1epatic bloods

g o ‘ The lejrels became significantly inpreased ovez.- basal levels h
by 1.minute (p<+025); show a small decline at 3 minutes and peak again
by 5, remaining constant until 15 minutes following epinephﬁne bolus.
In shock, the basal level is signiﬁcantly.(p<.05) increased over the

- c°ntrgl level, however the response following epinephrine injection \

is significantly less than the control at 5 minutes after epinephrine

pulse., Steroid treatment in shock is assoclated with a response

!
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FIGURE 43
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~ ( ‘TABLE X

3 ~

' Baseline Plasma c'AMP Levels Following Steroid x

' Administration in Normal and Shock Animals

;
i

f HEPATIC BLOOD PORTAL BLOOD

1

; + "%
| Control s 49.42 + 13.52 35.83 + 8.89

% (CéntrOl - Steroid : 50014-2 i ]J+.06 33.75 .t 10-05**‘
g Shock : Sl g 26,10 93469 + 33.23 ‘

Shock - Steroid 88,45 + 38469 63405 + 2333

&

* All values represent nmols ¢'AMP/L plasma + S.E.M.

Significantly (p = or <.05) elevated from control (Student-T-Test)

b Significantly (p = or <.05) decreased from shock levels (Si';udalt-T-Test)

IR A Y S S h

TABLE XTI

Baseline Tissue c¢'AMP Levels Following Steroid
Administration in Normgl and Shock Animals

g LIVER INTESTINE )

t i . | |

' Control : 2,66 + 0.53 3037 & 0uk5
Control - Steroid 3 2,0L + Oe43 2.0, & 0,62
 Shock : 23k & 00 3a2h % Oud Cq
Shock - Steroid 1,59 & 0.2 2,15 + 0,33 i

a

* ALl values represent pmols c'AMP/mg tissue + S.E.M,

Significantly (p = or £.05) reduced from control (Student-T-Test)
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slightly lower than control which falls off significantly (p <e025)

i

by l?”minutes.

(iii) Norepinephrine

R

BAEea e pa g

The hepatic plasma cyclic AMP response to in vivo nor-
/
epinephrine injection is presented in Figure 42. There are no signi- '

ficant changes in the hepatic plasma c:}clic AMP levels following

T e s dreas

norepinephrine injection in the control animals. The response in
shock is slightly elevated but is only significantly inecretsed
(p'<e01) over control levels at 15 mnutes. .

¢ The portal plasma cyclic AMP response to norepinephrine is

presented in Figure 43, There is very little change in portal plasma
cyclic AMP in normal animals following norepinephrine injection. The
Qﬁ basal portal plasma cyclic AMP level is significantly elevated
— s 1 4

\

- ' - (p <.0§5) in shock and the resporise slightly elevated over control
levels, significant (p <.05) at 10 minutes. .

) Hepz;tic plasma cyclic AMP levels -exceed portal levels by
an average of 40%°'(Table XI). However, in shock, this ratio is

reversed and hepatic levels are 36% less than portal levels. Steroid

J

administration in shock restores this ratio.

y A}

Glucocorticoids and Tissue Cyclic AMP Levels:

.

(1) Glucagon

Hepatic tissue cyclic AMP changes following in vivo gluca—

_ gon injection in steroid=treated gnd untreated control and shock

.
|
’ !
e st et 8 A R WL 57T
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animals is presented in Figure 4.

There is a significant (p = .05) 54% increase in hepatic
cyclic AMP levels 2 minutes after glucagon injection. Tissue levels
return to normal by 15 minutes, Steroid~treated controls show non-
significant. increases gt 2 minmutes and at 15 minutes, The response
in shock is not different from that seen in the steroid controls.
Steroid therapy in shoék is asso;iated with a slight depression in

the basal cyclic AMP level and in the résponse to glucagon.

Changes in intestinal cyclic AMP levels following glucagon
in steroid treated and untreated animals are presented in Figure 45. . -

There is a gradusl decrease in inte]stinal cyclic AMP levels

e g L

following glucagon pulses This is significant (p<.05) at 15 min-
: " :

' . utes. Steroid treatment in control animals is associated with a non—

significant decrease in basal tigsue cyclic AMP levels, )The levels

' remain low at 2 minutes and are signficantly (p<.05) reduced from

»

;
.
]
1
K
,
/

N .

controls at 15 nﬁnutes}folloying glucagon pulée. Shock is associw
ated with levels of intestinal cyclic AMP not significantly different
from control values, or steroid-controls at 15 minutes. Steroid
treatment in s_hoc}c produces a significant depression in basai cyclic
AMP levels when compared to untreated controls and shock, Tissue
levels continue to fall and are not signif‘icax;tly reduced from
control and shock levels at 15 minutes. Tere is no difi;erence in
ifitestinal cyclic AMP levels between the steroid-treated controls

d the steroid ‘treated shock animalse
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HEPATIC CcAMP LEVELS
AFTER GLUCAGON ' INJECTION
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FIGURE 45
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INTESTINAL CAMP LEVELS °
AFTER GLUCAGON INJECTION
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(ii) Epinephrine

Changes in hepatic cyclic AMP levels following epinephrine
injection are presented, in Figure 46,

There is a 6% and a significant (p<.05) 45% increase in
the normal hepatic tissue cyclic AMP levels at 2 and 15 minutes
resp;ctively following epinephrine pulses Shock is associated with
a similar response; the cyclic AMP level at 15 minutes being signi-
ficantly (p <.025) elevated above the basal level. Steroid treatment
in shock produces a slight depression in hepatic cyciic AMP levels
from control which is sig'nificant (p €«05) at 15 minutes,

} Changes in intestinal cyclic AMP content follo{ding epi-
nephrine injection are presented in Figure 47.

There is a small decline in tissue cyclic AMP levels follow-
ing epinephrine irfjection which becomes significant (p<.01l) at 15
mnutes. Shock is associated with a significant increase (p <+025)
in basal tissue levels, however levels fall :ff slightly following
epinephrine pulse. ‘Basal/ cyclic AMP levels are not siénificantly
reduced from the respective shock levels in the steroid treated shock
animals. There is a significant increase (p<.0l) at 2 mimites which

falls back to basal levels by 15 minutes.
(iii) Norepinephrine

—__ Changes in hepatic cycliqWiAMP content following norepine-
phrine injection is presented in Figure A8

There are no changes in hepatic’cyclic AMP content follow=

— e e iy g
W Ty e ——s T e b L AT i
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INTESTINAL c'AMP LEVELS
AFTER EPINEPHRINE INJECTION:
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FIGURE 49
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ing ‘norepinephrine Bolus, and in shock the values do not differ from

¢
”
1 - - -~

the respective control values,

Changes in :fntestinal cyclic AMP content following nor-
epinephrine injection are presented in Figure 49. ,

There is no change in cyclic AMP content in normal animals
following norepinephrine pulse. Cyclic AMP content in the shock
intestine is signific;nntly reduced (p <.05) from cantrol at 2 minutes
after /norepinephrine pulse. \

fhe cyclic AMP content of intestinal tissue is generally
25% éreater than the cyclic AMP content in the liver, however in

the steroid treated controls, the cyclic/AMP content is the same

in the two tissues (Table XII). ‘ T
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Discussions

.

Cyclic AMP is the product for AC and substrate for PDE,,

The data so far implicates changes &in both 1".:1333 enzymes in shocke.
Glucocorticoid therapy in shock exerts a positiw}e influence upon
“these enzymes tending to return their hormoixal responses to normal.
However, since tissue.and plasma cyclic AMP are a net result of ACA,
PDE activity,_ leakage and utilization and since the ultimate physio-
-logic responses are mediated Py cyclic AMP - it was of great import
to stl;dy-changes in both tissue and plasma cyclic AMP levels. The
changes in cyclic AMP in hepatic and intestinal tissue and hepatic and
portal plasma are discussed with respect, to one another and to changes
in ACA and PDE activity.

Measurement of total tissue cyclic AMP is not as easy to

* interpret as once was thought, Several investigators (49, 351) have °

reported that cyclic AMP and other adenine nucleotides are capable
of .crossing cellulgr membranes ihtact, to appear in the extracellular
fluid.' Exton et al (86) and others (12, 36) have shown that glucagon
and epinephr'i'ne markedly increase net hepatic cyclic AMP generation,
however the increase was more accyrately reflected in the increasing
extracellular fluid levels than in an intracellular accumulation.
They (86, 185) found a better correlation between the glycogenolytic

effect of these hormones and t:he rise in perfusate cyclic AMP rather
than tissue levels, in the perfused- liver. Furthermore, McArdle et sl

,‘ Ll
(224) have shown that epinephrine can stimflatd<cyclic AMP production

=]
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in the intestine in vivo, but the incre‘ased amounts of cyclic AMP
leave the cells and enter the portal plasma res;.ﬂ.ting in no intra-
cellula’;‘- accunulation. °Wehmann et al (351, 352) also came to the
’ conclué;ion that the small intestine is an important source of plasma
cycli?',/ AMP. j ’l 5
A large portion of the intracellular baseline cycl:Lc AMP
_\eontént in the normal liver and intestine, may be in an inactive

d or compartmentalized form, wheréas the active free cyclic AMP

§ Leak Anto the, extracellular space (85, 185), ' Furthermore, Anderson
al (8, 9) and Matsumoto and Uchida (219) reporh that nc} change in ,
issue cyclic AMP levels can occur when no sign:lf:u.cant alteration in
/ 4he trati:p between adenyl cyclase activity and phosphodiesterase

activity takes place. -Therefore, changes in the AC/PDE'ratio mey

¢

/ affect chang,ias in intracellular and to a greater degree extracellular

(/\J cyclic AMP levels. ‘
The source of plasma eyclic AMP under basal conditioms is
o rather uncert,‘ain. \However, it is thought.that organs release and take @

up cyclic AMP at the same° time (351)e ' The basal levels of plasma /

cyclic AMP obtained in this study range between 15 and 30 nanomoles h
per li'tre of plasma. Similar le¥els have been reporbed elsewvhere’ in

v dogs (351, 352) and in man (115,,196, 265). Normal basal hepatic fiissue
.cyclic AMP levels in this study ranged from 2.26 to 2.88 picomoles of

scyclic AMP per milligram wet weight (pmols/mg) of tissue. This is with-

in the range reported by Robison (284, De 271, Chapte 7)s The baseline

\ :
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levels of cyclic AMP in the intestinal mucosa ranged between 2,67 and
3,82 p;nlxols/ mge This is ﬁ*agreement with data reported by others (101,
221, 298, 299). ‘

‘Glucagon is more potent in mobilizing hepatic glucose than
is epinephrine. This was e:rident in the greater increases in ACA and
tissue and plasma cyc}ic AMP levels following glucagon injection com-
pared tolepinephrine. These observations are in agreement with others

(5, 88)s Norepinephrine is an alphé-adrenergic agent and ‘therefore

produced little change in cyclic AMP production and glucose mobilization.
~ / )

There is another essential difference between the glucaéon (

snd epinephrine responses., The pattern of tissue and plasma cyciic /

/
AMP response to epinephrine is biphasic in nature, while that follewi
glucagon is not (88, 334). This finding was confirmed in the present
study. The explanation for the biphasic response to epinephrine is

fiot certain, however it has been proposed (334) that an increase in/ __

£
PDE, (which was seen in this study, Figure 34), account for the

decline seen following the peak in hepatic plasma cyc < AMP levels.
-

T

. This coupled with a massive initial release of cellular cyclic AMP

%ht also account for the lack of tissue cyclic AMP accumulation.
Thirs iheory 18 borne out by the fact that by 15 minutes PDE has re-
tuﬁed to normal and cellular release has slowed down which allowed
for a significant intracellular accumilation of cyclic AMP. Further-
: «

more, in the glucagon group, PDE activity did not change and initially

cellular release was slower than at the same time following epinephrine.

’ v
-

»



This allowed for a significant increase in hepatic cyclic AMP at 2
minutes which fell to normal by 15 minutes when cellular release was
much grester than that seen a:t"ter epinephrine,

Cyclic AMP, itself, appears to be partially responsible for
terminating it's own actionse This is accomplished in two ways: by
‘stimulating PDE activity to increase intracellular breakdown; and
by escaping into the extracellular fluide These two mechanisms may
operate one at a time or in unison.

The pfttern of cycli’c AMP response to glucagon in the portal
plasma probably reflects the.changes in hepatic blood levels cor;tri-
buted by the liver (Figures 38, 39)e Furthermore, there was a slight
decline in intestinal mucosal cyclic AMP levels. This was nof UNEX~
pected. Previously mentioned, was the fact that the intestine does
not appear to contain significant amounts of AC sensitive to glucagon.

Field et al (95} stated that addition of epinephrine to ’
en isolated strip of intestinal micosa ;'esulted in a decrease in
‘tissue cyclic—AMP levels and therefore concluded that epinephrine
+ exerts an alpha-like effect upon the intestinal nucosal AC, There
was also no intestinal accunulation of cyclic AMP following in _vivo
epinephrine pulse in this study (Figure 47). However, ACA was in-
creased 30% by 2 minutes, and appearance of cyclic AMP into the portal

circulation was rapid and sust.ained at a high level (Figures. 11, 41).

Furthermoré, in vitro add:Ltion of epinephrine to intestinal homogenates .
produced a 30% increase in ACA (Figure 15). Although intestinal PDE did

e

ey
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in vivo epinephrine injection.
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not change in vivo, it appears that cycl\ic AMP leakage from‘ the cells
prevented a net intracellular accumulation following in vivo epinephrine
as seen elsewhere (224)s The discrepancy between these findings and
those reported by Field et al (95), may be due to the fact that they
did not take into account the fact that cyclic AMP may leave the tis—
sues to appear in the external mediume However, epinephrine does
sti@ate both & and A receptors and the intestinal mucosa may contain
both types of receptors. Alpha receptor stimulation ‘and reduct';ion in
cyclic AMP production cannot be’ igriored as a possible contributing
factor to' fluctuations in tissue and plasma cyclic AMP folloﬁing
Recently, changes in hepatic and portal vein cyclic AMP levels
were studied (224) following a single bolus injection of' 1 mg of epine-
phr:.ne (4 times the does used in this study). The findings were similar
to what was seen in this study, howc;er_there were some noteworthy
differences. In the previous study, plasma cyclic AMP levels fell to-
ward normal by 15 minutes following epinephrine injection -~ unlike this

. gtudy where they remained elevated at 15 minutes. Noteworthy also,

is the fact that the maximum levels of cyclic AMP reached in the
portal blood following a 0.25 mg dose of epinephrine exceeded those

seen follovdng a 4 times larger dose of epinephrine (1 mg); while

. hepatic vein cyclic AMP levels were similar in both studies.

‘There is a distinct intestinal micosal second messenger -

response to epipephrine and this response can equal or exceed that
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-

of the liver following epinephrine wit'h respect to plasma cyclic
AMP increases, However, the pattern of the intestinal response appears
to be dose dependant; when the epinephrine load becomes excessive
(1 mg), :;e response is somewhat blunted‘aixd shorter in duration than
that seen following a mich smaller epinephrine load (25 mg)e
This may be a protective measure on the part of the second mes-
senger system; when overwhelmed, it may "apply the brakes" in the form
of a negai;i.w're feedback s./yst.em to reduce production of cyclic AMP. In
addition, itrmay be that the vasocanstrictor effect of such a massive
soe of epinephrine on the sensit:ive intestinal vasculature predominates
and prevents full expression of the epinephr:ine effect upon the AC system.
There is little or no change in either hepatic or portal
plasma and tissue cyclic AMP le‘vels following norepinephrine pulse
\(Figures L2y 43, 48, 49)s Ball et al (12) studied the responge of
plasma cyclic AMP in humam; followifig norepinephrine and alse found no

changes in plasma cyclic AMP lervels. This is not unexpected, as in

. low doses, norepinephrine is primarily an alpha agonist in the liver

i

and intestine.
Basal hepatic vein cyclic AMP levels in shock were not

different from their respective control values (Table XI). However,

‘portal vein cyclic AMP levels were significantly elevated in shock,

(Table XI)o  Furthermore, the shock portal vein levels were slightly
greater than’ the shoMepatic vein levels. Normally hepatic vein
} .

cyclic AMP levels are greater than portsl vein levels under basal
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3
infestine is the well known “sarget organ" of shock with a tendency
to ;ievelqp\nec— otic lesions; and if an increased. cellular release of
cyclic AMP is a rough indication ofj tissue injury or stress, as show;l
by McArdle et al (224) in-shock dogs, Prudhoe et _al (264) in shock
pigs, Rabinowitz et al (265, 266), Strange et al (332) am‘i Vetter

et al (346) for myocardial infarction, Sibbald et al (326) in clinical

sepsis and Sehgal et al °(311;) in elcoholic pancreatitis; the increased
port.al levels may in fact be an index of the degree of severity of
the insult as proposed by Sehgal et al (3114,)

~ Furthermore, Gill et al (115) have indfcated that in sur-
gery and trauma, the. increases in plasma cyclic AMP preceded and
appeared to be involved in the stimulation of cortisol release fr<’>m
the pituitary glafide They concluded that perhaps the extracellular
fluid cyclic AMP increases seen in response to stress might be an
additional form of physiologic compensation. |

Cyclic AMP and other rx;zcleotides have been shown to leak

-at increased rates into the ext.race].lular fluid in vivo (99) and

in vitro (183) from cells as a regult of increased cellular membrane
permeability which is known to occur in trauma and shock. This may
also explain v;hy the initial response of both shock liver and intes-
tine to epinephrine or glucagon is greater 'than normal. Furthemore,
such factors as renal insufficiency and reduced ‘excretim"t of cycldc

AMP may also contribute to thefinereased plasma cyclic AMP levels

A

U
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or to maintenance of the increase in plasma levels. Despite the
increased c‘ell permeability, the response to epinephrine rapidly
fell -~ no doubt due to the ablated AC and increased PDE activities.
The rise in hepatlic vein cyclic AMP in shock following glucagon cone
tinued at a rate slower than normal but did not fall off (Figure 38).
Probably this reflects the contimuing AC response coupled with a nore
mal PDE activity, The altered pattern of cyclic AMP release into
portal and hepatic blood appears to be a rough reflection of the dew
fects present in the hepatic and intestinal second messenger system.
Shock basal hepatic and int/estinal cyclic AMP levels vere
not sigx;ificantly different from control. Robisom et al (283) also
found thaé‘ anoxic cardiac tissue cyclic AMP levels were unchanged
from control. However, in contrast are the }'esults\\of several in-
vestigators that found significant reductions in hepatic (228, 269)
and intestinal (221;) cyclic AMP levels in experimental hemorrhagic
shocke Simultanecusly measured ATP levels in these studies were also
significantly rediceds There were few significant reductiomns in ATP
le"v"els in this study. The possibility :of ATP being compartmentalized
and that significant reductions in ATP could occur in the pool des-

3

tined for AC camnot be ignored as a possible compromising factor in

,tissue cyclic AMP production. . s

~There were some significant jpcreases in( shock tlissue levels
of cyclic AMP, These were associated §ith a normsl or slightly ine-
creased ACA and e‘a normal or slightly screased PDE, and occurred
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despite the increased cellular permeability, and could not be readily
explained, B

Simultaneous measurement of production, release and break-
downA can account for most plasma and tissue cyclic AMP changes. How=:
ever, certain discre}?ancies do arise and may be explained in several
ways. For example, under appropriate conditions, concentrations of

the catecholamines can be found which increase fat cell lipolysis (89,

90) or contractile force in cardiac muscle (254), without any de-

tectable changes in total tissue cyclic AMP. Furthermore, the reste
ing level of cyclic AMP in the liver, if evenly distributed intra=-
cellularly would, on the basis of in vitro studies, (284, ps 271
Chapt. 7) represent a concentration of the nucleotide sufficient to
stimlate’ glucmeogenéis and glycogenolysis maximally. This would
esgentially eliminate glycogen synthesise. Since this 1s not the

case, several investigators (10, 42, 100) have postulated that any
total tissue pool of cyclic AMP is compartmentalized within the

cells, Thus, the pool of cyclic AMP affecting any particular function
may represent only a small fraction of the total tissue cyclic AMP,
Therefore certain agents could double the size of it's spt;cific
ntarget" pool of cyclic AMP without its resulting in any measur-
able increase in the overall basal levels. On the otherhand, hetero-
genous t.ie;sues, such as the intestinal micosa, m;y contain numerous

large pools of cyclic; AMP, which are not closely related to the
particular function being studied, The intestine contgins villus,
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_creased PDE activity. The excess cyclic AMP appeared
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crypt and‘goblet cellse The extent to which each contribute to the
absorptive and secretory functions produced by o-stimulation and 8.
or cyclic AMP' stimlation i:s not known. The ileal mucosa also con-
tains many leukécytes (mostly lymphocytes) which could contribute

t‘g the cyclic AMP content of this»tissue. Minute changeg of only e
few picomoles per mg of tissue cenceivably are associated with maxie
mal |alttarafc.:lons in physiologic function., Changes of this magnitude
might be undetectab}e when they occur in one compartment surrounded

by other compartments with high basal cyclic AMP levels. Furthermore,

relatively small decreases in one cell might be masked by high basal

cyclic AMP levels in surrounding unaffected cells.

Issekutz (159) reported that Depo-Medrol treatment of
3.8 mg/kg x 3 days in normal dogs was associated with a 43% decrease
in baseline plasma cyclic AMP levels. Short term adnunlstrat:.oq of
Solu-Medrol for 4 hours (30 mg/kg) was associated with no cha.ngés in

baseline plasma cyclic AMP levels (Table XI)s However in shoc}é,

steroid treatment tended to restore the reversed hepatic/port

plasma cyclic AMP ratio evident in untreated shock. This was accom-

plished by increasing hepatic vein cyclic AMP levels, (49%) de=,
creasing (32%) portal vein cyclic AMP levels.

Initial]y, MPSS treatment in normal animals was /associated
with an increased ACA, decreased tissue cyclic AMP leveld and de- -
the plasma.

However, steroid administration in normal animals for periods longer
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than four hours may be associated with depressiéns in baseline ACA,

coupled with decreased plasma levels.

- Steroid therapy in shock appeérs to exert an inhibitory

influence upon all.levels of baseline function in the second messen-

ger system as seen here and elgsewhere (159). However, despite the

\
‘
i
A
-
7
1
Y

depressed baseline values in shock and in control steroid treated b ’
animals (159) the responses of AC to hormonal stimulation were sSupra=-

normal and cyclic AMP levels were restored in shock.

Recently, it has been shown that insulin is a very potent
inhibitor of glucagon = stimulated release of cyclic AMP from the

R e i A RC T R T Byt

perfused rat liver (85, 86, 185). Methylprednisolone adginia’orgtion
significantly increases i)lasma insulin levels in normal dogs (Figure 51),
. (45, 159) and in shock - steroid treated animals (Figures 51, 53). The
increased circulating insr;:lin levels 1n the shock and steroid-treated
shock animals in this study could contribute to some of the decreases
in plasma cyclic AMP response to glucaéon stimulation. ~
—  The absoiute values for baseliné, basal and NaF - stimulated
ACA az;e dépressed from control 'and shock values in the steroi;i-treatéd
shock animals. The decrease in NaF ~ stimulated activi?y probably
indicates a reduction in the total amount of functional AC enzyme.
However, the response of AC to hormonal stimulation is normal or -
supr’anormal in the steroid - shock group, Steroid administration in
'shbck appears to potan'_ciate the ei:ficiency of the remaining enzyme to

a point where the response to hormonal stimilation is greater than

¥
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normal, In conjuﬁction with this positive effect upon AC, steroid

therapy is associated with a decrease in PDE activity. The overall

effect of steroids in shock appears to be aimed at preservation OT

-\

AC response irrespective of baseline function. . N
Ba,sal ACA'dogs not appear to be of primary importance in
determining the ultimate ability of the enzyme to respond ‘to hormonal
stimlation. Basal ACA in the steroid - treated controls was signi-
ficantly elevated from untrea'bed/ controls, while response to glucagon /
was not significantly altered from that of the untreated controls.
The AC response to epinephrine in shock was abolished and was associe
ated with a normal basal ACA. Basal ACA was reduced in the sterqiti-
treated shock tissues, while AC response had been Festored to normal.
Therefore, changes in basal ACA go not necessarily re"p:/f'éseht a reliable
prediction of the ability of the AC enzyme to function. However, when
both basal and NaF - stimulated ACA are significantly reduced, the
response of AC and the copcontitant physiologic response are altered,
as seen in shock following epinephr:_l.ne pulses This is no longer true
in the presence of steroids where; even in shock, significant reductions

in basl and NaF - stimulated ACA are associated with normal or supra-

normal responses
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Glucocorticoids and Serum Insulin: -

(i) Glucagon

The effeét of glucocorticoid admirﬁ.stratioﬁ upon hepatic
serum insulin levels folgl.owing glucagon injection in norn;al and shock
animals is presented in Table XIV,

Theré are only small nonsignificant elevations in hepatic

- serum Insulin levels following glacagon injection into control animals.
| The changes in serum insulin levels in shock dogs. following
glucaggn pulse are not significantly different from those seen in the
normal gnimals. e »
] ’ Steroid administration in normal or shock animals is as;soci-
: ated with slight elevations in basal circulating insulin levels. No
’ ' significant alterations in i{he response curve following glucagon in- ’

Jjection was noted when compared to the respective controi or shock

1

values.
Porba% serum insulin changes following glucagon injection
' _are presented in Table XV.
There is a slight elevation in serum insulin following

glucagon injection in normal animals, however none of the increases

A R Ry

are significant. Stexfo’id administration in control animals is assqQci-
> ’ . ated with a nonsignificant increase in basal insulin over the res- ‘
pective ‘control value. The incresses in insulin levels at 3, 5, 10 ' {
and 15 minutes following glucagon injection are aisq not significant. |
Within each groi}p in which insulin levels were measured, there were

v




TABLE X1V
Changes in Hepatic Serum Insulin Levels F;ollowing In Vivo Glucagon Injection
& TR —

P

TIME (Minutes) 0 1 '3 5 "10°

15
Control 1 38.5%17° 36,0411 58.2426 66,5438 59,5+ 26 - 78.0 + 30
Control - Steroid : 87.8 + 36  123.8 + 69 5647 £ 18  128.8 + 80 ° 151.8 + 63  171.0 + 85
Shock s 23.0 + 5 9565 + 10 5507 + 24 23.0 + 9 28,7 + 13 2440 + 12
J

+ All values represent n unit,s/ml * S.E.M.
+ TABLE XV )
Changes in Portal Serum Insulin Levels Fo;llowing In Vivo Glucagon Injection

TIME (Minutes) 0 1 3 -5 10 15
Cantrol ) H 22,2 4 ll+ 4147 * 25 The'? * 52 73.9 + 52 56.8 x 3\0 61,3 + 27
Control -~ Steroid : 6\6.3 £26 135465 200.5+ 88 3147 # 110  285.8 + 98 186,6 + 56
'Shock ) : 5040 £ 21 190.0 £ 170 108.5 £ 71  143.3 # 119 121.3 + 101  121.5 + 93
| Shock - Steroid.  : 100,239 186.8 £ 74 1i3.0 + 86  107.8 4+ 59 1428 + 76 ' 8L.2 + 38

* A1l values represent n units/ml + S.E.M.

-
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always one or two animals that showed excessively high insulin levels
following hormone injection; especially in the shock and steroid—
* N . '
. treated animalss This was therefore associated with large standard ‘

errors and a lack of significance.

Steroid administration in both control and shock animals
wae agsociated with a trend toward grea:t.er elevations in portal ine-
sulin levels following glucagon injection. The/l‘evels atted‘.ned
following glucagon injeoction into steroid-~treated contr:':ls tended
to be greater than those seen in the steroid-treated shock animals.

(1i) g.pineghrine

Changes in hepatic serum insulin levels following epine-

phrine injection are presented in Table XVI,

. N There is a significant (p <.025) décrease in serum insulin N
levels at 1 minute following epinephﬂne injection in normal animals.
Levels rise sligqhtly but are not significantly different than the
basal levels, The response in shock is similar except the increases
seen at 5 and 10 minutes are sigt-xi‘ficantly (p<0.05) increased from
the shock basal level. There are no significant differences between

the control and shock serum insulin levels following epinephrine bolus.

g e

Steroid administration is assoclated with mo significant
changes in basal lev(ele or responge following epinephrine pulse.
_ Changes in portal serum insulin levels following epinephrine

3
:
3 , injection are presented in Table XVII.

] " Serum insulin levels remain low until after 1 minute following
I'! ' ' [\ ¥ ‘ ! ’ .
: ' e -0 .

o
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TABLE XVI

L4

Changes in Hepatic Serum Insulin Levels Following In Vivo Epinephrine Injection

TIME (Mimuites) - 0 "1 3 5 - 10

15
Control : 2744 + 57 19.8 + 3 - 20.8 + 2 3R.0 + 7 Shely + 21 39.6 + 16
Shock : 25049 ' 2137 | 50421 538421 5882, 4684 20
Shock = Steroid »: L8eks + 12 33.2 + 11 39.0 + 14 49.0 + 11 70.0 + 21 L6e5 + 8
¥ A1l values represent a units/ml + S.E.M,

\ TABLE XVII

! - Changes in Portal Serum Insulin Levels Following In Vivo Epinephrine Injection
TIME (Minutes) 0 1 3 5 . . 10 15
Control . : 226 £ 25\ T250, 28/ 428416 8L1+5 . U9.8+17  92.0 4 59
Shock . . 3 12,7 + 7 10.5 + 5 18,0 410 28,7 +11 30k +16 250 49
Shock - Steroid 7506 £33 28.8+3 451210 137.6 457 163.1 461  127.0 4 54
* A1l Values represent m units/ml + S.E.M, o

Significantly greater than the respective shock value (p <.05)
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epinephrine injection, There is a peak (p+05) at 5 minutes, a

. troygh at 10”and another Pesk at 15 minutes following epinephrine
' pulse. The response in shock is not“significantly different from
] , the control resl;onse. ’ "
' Steroid administrstion in shock is associated with a non-
' . significant increase in basal portal s“erﬁm insulin levels. There is
a slight (nonsignificant) decrease at 1 minute, which is signifi- -

cantly greater (p ¢+05) than the respective shock value. This is

E Co followed by a gradual increase which peaks at 10 minutes amd- falls
off slightly by, 15 minutes., Y T '
L )
(iii) Norepinephrine .

Changes in hepatic serum insulin levels following nor-

N

epinephrine pulse are presented in Table XVIII.

There is /73 gradual, and variable"increase in serum insulin
levels sigﬂificaritl/(p < +025) only, ’at 10 ‘nglnutes following norepi-
nephrine pulse, éhock is associated with a slight decrease in
response which is significant (p = #05) a'; 10 minutes,

Poi':t»al serum insulin response .to norepinephi'ine injection

is presented in Table XVIII. The increase in control portal serum
insulin levels becomes significant at 3 fimites (p €00125) and. re-
mains so at 5°(p = «05) and 10 minutes (p <.05) following norepi-

nephrine boluse There is a significant increase in s;erum insulin
7

ot »
levels at 1 and 5 minutes following norepinephrine injection in

N
shock animalss The shock response is only significantly greater

Y

~

\ ) ]

%
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q . " TABLE XVIII <

Changes in Hepatic Serum InsulWollowing In Vivo Norepingphrine Injection

- .
A R s

TIME (Minutes) o0 1 -3 5 10 : 15
Control - 2642 # g* 32.8 + 8 5348 + 23 97.8 + 56 8L:0 + 28" 67.2 + 32
Shock : 3645+ 16 32649  3T.h+16 384 +13 31048 27348
+ All values represent n units/ml + S.E.M. . ’ )
Significantly lower than the respective control value (p = +05) (Student-T—Teat) :_,
Significantly #levated over baseline value (p <.05) (Paired-T-Test) . ]
) 3 '
Changes in Portal Serum Insulin Levele Following In Vivo Norepinephrine Injection )
TIME (Mirutes) - 0 1. 3 5. 10 15
Control : 20,6 + k¥ 25.0 £11 4Bk £10° 108.8 2 48 T6uh £ 260 67.2 %3k \
N R . i
* ALl values represent u units/ml + S.E.M. / : )

Significantly elevated over respective baseline values (p = or <.05) (Paired=T~Test)
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than thﬁe control response at 1 minute after norepinephrine bolus.

T

|

Glucocorticoids and Hematocrit: ) N

(i) Glucagon

Changes in hepatic blood hematocrit following glucagon
injection are presented in Tai)le XIX. ‘

There is no change.in hematocrit in the normal animal -
followiné glucagon injection, Steroid-treated sho;:k or untreated

shock are associated with a slight increase in hematocrit (nonsigni-

ficant) which remains unchanged after glucagon bolus.

A similar pattern in normal, shock and steroid-treated.
shock animals is seen in the portal blood (Table XX).

* (ii) Epinephrine

+

Changes in hepatic blood hematocrit following epinephrine  ~
injection are seen !in TableaXXI. /

There is a significant increase (p <.0005) in hematocrit
1 minute following epinephriné pulse, which remains elevated
(p.<.0005) until 15 minutes (p <+0025). There is no change in hemato-
erit at 1 minute following epinephrine injection in shock animals.
This value/ is significantly (p ¢ »025)* reduced from thle respective -
control value. The remaining vialues_are n;Jt significantly different
from the control- values, Steroid therapy is associated with a slight
increase in basal hematocrit which is not significant. There is a
significant depression in hematocrit at 15 minutes in the stero%i.d:-

treated gr’oui»
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. TABLE XIX

Changes -in Hepatic Blood Hematocrit Following In Vivo Glucagen Injection

TIME (Mimutes) 0 1 3 5

+

Y 10 15
Control 4 : 1548 £ 1o8% 45,8 4 2.2 1942+ 2,00 AB.8 + 2.0 L7.6 422 460 + 2.7
Shock : 5508 + 6e5  She5 & 61 5548 & 548 5545 £.5¢9 550 + 5.9 5he3 + 6,3
Shock -~ Steroid ¢ 5542 + 367 532 * 843 53e2 + 8.3 533 b o 3¢k 53e¢5 o 342 51.3 o 365
+ All values represent percent red blood cells + S.E.M, ‘
*' significantly (p <.05) elevated from baseline value (Paired-T-Test)
- T .
[
TABLE XX .
Changes in Portal Blood Hematocrit Following In Vivo Glucagon Injection
TIME (Minutes) 0 1 . "~ 3 5 10 15
Control H 14.5.8 ;t l.l}+ 1{,600 .'t 2.1 14-8;6 i 2.3* ABQB i 2.2* l&7.6 i 2_‘.3 L}io6 : 2.6
shock : 5505 + 65 5645 £ 640 5643 £ 5.9 5640 + 5.7 5540 £ 5.9 5345 + buk
Shock - Steroid She5 & 3¢5 5146 + 2477 5342 + LeO © 5248 + 343 5248 + 3.3 L9k £ 342

All values represest percent red blood cells + S.E.M.

Significantly (p <«05) elevated above baseline value (Paired~T-Test)

Y

Y 07‘8-[_




= TABLE XXI

. Changes in Hepatic Blood Hematocrit Following In Vivo Epinephrine Injection

TIME (Minutes) 0 1 3 5

10
Control ; 5000 + he3* 6505 4 3.1° 62,3 £ 310 60.8 + 305 5745 # 348 55:0 £ hal’
Shock : 5348 + 3-1** 5642 * 2.3 5706 + 2ely 5740 + 243 Shely + 2.6 | 53.2 * 205
Shock -~ Steroid H 58.0 + lol** 5700 + 2.2 5608 + 2oL|» . 58.2 ;l'_ 107 56.0 : 201 ‘514-08 i 109*
A1l values represent percent red blood cells + S.E.M,
Significantly (p = or <.05) elevated from baseline value (Paired-T-Test) _J

Significantly (p = or <.05) elevated from control value (Student=T-~Test)
Sigrﬁi'lcantly P = Or <.05) decreased from baseline value (Palred-T-Test)

TABLE XXII

SR ————————

+

Changes in Portal.Blood Hematocrit Following In Vivo Epi.néphrine Injection

10

TIME (Minutes) ' o 1 3 5
Control . L5ek + LelY 55,5 + 6,07 57.0 + 5.6° 56,0 # 5.6
Shock v 5284 2.6 5T.2 421 55.8 £ 2.0  Sheb & 2.2
Shock - Steroid : 5702 + 225 5702 4 Lok 58.2 3 1.6 57.6 4 1.6

\
5540 i 6. 5*

5340 i 2.k
5504 + 2427

A1l values. represent percent red blood cells + S.E.M.

Significantly 2p = Or <+05) elevated from baseline value (Pa:Lred-T-Test)
wxx Significantly (p = or <.05) elevated from control value (Student—T~Test)
Signii'icant];y (p = or <.05) decreased from baseline value (Paired-T—Test)

T = 68T -

50uk + 5ol

5106 i 2.7




T A s:.nrllar pattern is observed for the portal blood pemato-

crit in Table XXII. “

4

(iii) Norepinephrine

) 7
N p

Changes in hepatic blood hematocrit followihg norepinephrine

injection are presented in Table XXIII. A - 1

’ There is a significant (p <.02) increase in hematoerit at ]

1 minute following norepinephrine boluse The hematocrit remains

A e r ik

elevated at 3 (p‘<.01) and 5 minutes (p <+05) however falls to basal
levels thereafters There is g,sig;ifg'.éant (p <»025) increase in

basal hematocrit in the shock animals. There are no changes follow-

ing norepinephrine pulse in shock.

-~

Portal blood hematocrit (Table XXI¥) shows a significant
T % . ,
increase (p <»001) at 1 minute, which remains significantly elevated,
There is a nonsignificant increase in the basal hematocrit of the

shock animals and this does not change fo}.lowing norepinephrine bolus.

NN




R . TABLE XXIII

E

Changes in Hepatic Blood Hematocrit Following In Vivo Norepinephrine Injection = -

——

TIME (Minutes) 0 1 . 3 5 10 15

Control- : 4640 + 2,37 5642 + 2.7 5;3.6 + 2,25 548 + ZM + 245 50.8 + 2,2
] - : .

Shock H 55.8 :I; 2.8 - 511-03 :l‘_' 301 55.0 i 3.8 51n5 j‘_ 3.6 53.5 i 303 5303 i 305

* ALl values represent percent red blood cells + S.E.M. v -

Significantly (p = or <.05) elevated from baseline value (Paired-T-Test)
*%
Significantly (p = or <+05) elevated from respective control value (Student-T-Test)

s N
TABLE XXIV

Changes in Portal Blood Hematocrit Following In Vivo Norepinephrine Injection

TIME (Minutes)

1 ’ "3 \ 5 10 15
&
Control 5502 + 1.6 55¢2 + 2o 5he0 + 245 5240 # 2.1 510 + 242
Shock 3 55,0 + 3¢1 550 + 3o1  5he3 £ 3.1 53.8 # 3.k 53.8 & 3.k
\
+ / T

All values represent percent red blood tells + S.E.M. ‘

~
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. Discugsion: ) !

In;ulin is capable of supressing the normal rise in tissue
and plasma cyclic AMP in response to epinephrine or glucagon (283).
Many of ﬁpe hepatic effgcts of insulin are mediated by a decrease in
cyclic AMP, either by ‘redt’mtion in adenyl cyclase activity or increase
in phosphodiesterase activity or both. Since blood glucose, serum
insulin and the sec}oﬁd messenger system are intimately related in
normal and pat};ological conditions, it was of interest to observe the
insulin résponse to hornlonal stinm.i.ation under nomal conditions, in
untreated shock and following steroid therapy.

The normal baseline levels of circulating irmmnoreaqtive
insulin range between 20 to 30 micro units per millilitre of serum
(mu/ml), values similar to those found in dogs by others (45, 159).

| The maximal increase jpeportal blood insulin levels in
normal dogs did not differ ﬂo:lﬁg epinephrine or glu'cagdn (Tables
XV, XVII), despite the fact that glucagon is a more powerfl;.l‘—mobilizer
of glucose, and also has been reported to stinu.}ate insulin release
in the absence of glucose (8l)s Glucose is the primary stimuluslfor
increased insulin release. However, it appears that there is a limit
beyond which subsequent increases in circulafing glucose levels will
produce further increases in insulin releasﬂc?. Thus:, the maximal in-
creases in insulin may be similar, however the patterns of insulin
response following epinephrir}e or glucagon are different. Porte (262)

and others (108, 146) report that epinephrine exerts a direct inhibi-
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tory effect upon insulin release by stimulating the oi-receptors of

the pancrez\atic islet cells. However, the inhibitory inflilence exert—
ed by epinephrine does not preveht insulin release completely. ]it

is the glucose, and not amino acid (102) or free fatty acid (12;9, 214)
indu?ed elevations of serllJ.m insulin that are inh;Lbited by ep'inei:hrine.
Since epinephrine is known to mobilize fatty acids, then some increase

o

in insulin release would be. expected following epinephrine injection.

P
_ The’inhibitory effect of epinephrine probably accounts for thé lag

in insulin release seen following epinephrine pulse - which was not
seen following glucagon, and which was associated with elevated glu-
cose levels in both cases (Tableé XV, XVII)e' Furthermore, the observed

decline in insulin release at 10 minutes following epinephrine may

represent the contimuing controlling influence of epinephrine. Glu=

cggon stimulates insulin release by dizlectly stimilating the g recep=
tors in the pancreatic islet cells (36, 63, 293)., In addition,
glucagon stimulates release of endogenoﬁ/s catecholamines (63, 71)
which might account for the small decline in insulin release seen at
10 minutes after glucagon injection.

Cerasi et al (47) have shown that p—adrenergic blockade
inhibits the rise in insulin during an ini‘ubion of glucose, Others
(64 162) have indicated that dibutyryl cyclic AMP infusion will in-
crease insulin release., Still others (293) have indicated that .
increases in ’plasma cyclic AMP may directly stimulate insulin release

which in itself may partially overcome the inhibitory influence of
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epinephrine, Zawalich et al (362) have shown t‘hat there is a negative
feedback relationship be'tweer/l plasma cyclic AMP and insulin. -When
ah increased pla(sma cyclic AMP produces a increase in insulin release,
the ele;rated levels of :Lnsu.l:m tend to "feed back" upon the second o
messquer‘system to reduce cyclic AMP produ\ction. Furthermore, a
highly significant (pl< +0005) correlation between serum insulin and
plasma cyclic AMP levels has been reported for };gmorrhagic sllock in
pigs (261,,)' and in acute myocardial infarction in humans (346)e HoW=
ever, alterations in renal function were not examined in t}alese studies
and might contribute to such a close correlation. A positive correla-
tion between'serum insulin and plasma cyclic AMP levels was not seen
in this study. The insulin responses were far r.nore variable than the
plasmé cyclic AMP responses. In addition, Chiu et_al (unpublished
data) have also found no correlation between serum insulin levels
and plasma cyclic AMP levels in patients undergoing minor or major -
'(cardiopulmonary bypass) cardiac surgery. .

Issekutz et _al (162) have shown that despite thex-adren-
ergic natyre of norepinephrine, insulin levels show a‘ marked but tran—

sient increase uponlnorepinephrine infusion. The rapid rise in free

fatty acids was thought to be the stimulus. Similarily, in thig study,

"insulin levels showed a short-lived increase following norepinephrine

injection (Table XIX)e Since there was little change in blood glucose
or plasma cyclic AMP levels, it may be that an increase in free fatty

acids stimulated insulin releases

’

1
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Blood glucose and insulin levelg in shock are subject to tre~
mendous variation. Differences in measured values depend onA species,
type of shock and sampling times However, there is géneral agreement )
that hemorrhagic shock is like diabetes in that it is characterized
by an insulin resistance and glucose intolerance (50, 290). _Grouped.
data (N = 15; Table XIII) in this study indicate a 125% increase in
portal levels of insulin in shockahicf; is associated with an insigni-
ficant 7% decrease in blood glucose levels, both measured at L hours
following hypovolenriae Following epinephﬁne injection, the blunted
plasma cyglic AMP and insulin responses were aésociated with afx.aboli-
tion of the hyper’glycenti.cl response. The insulin response following
glucagon injection in shock is greater than the control response. This
is associated with a slightly reduced hyperglycemic response and pro-
bably is an indication of the insulin resistance,

Insulin has been reported tosinteract with the second messen~
ger system resulting in a decrease in net cyclic AMP production
(83, 258)s The mechanism by which insulin affects the decrease is not
‘certagin. v!herl endogenous insulin levels are d-ecreased during starva-
tion (86) or insulin deficiency (1608), hepatic cyclic AMP levels are
elevated, Robison et ai (283) report that hepatic .cyclic AMP levels
arekdec(:reased in the presence of insulin. Ray et al (271) and oth’ers
(157, 16k, 184) state that ingulin supresses tissue adenyl cyclase
activity. Still others (260, 341) have not been able to show any

change in adenyl cyclase activity (basal, epinephrine or glucagon



TABLE XIII
Baseline Hepatic and Portal Serum Insulin Levels
’ Following Glucocorticoid Administration

HEPATIC BLOOD : PORTAL BLOOD

r o+ '
Control : 30414 + 10420 2179 + 5464
Control -~ Steroid : 87.80 + 36.00* 66433 #* 25.1;9*
. _ Shock : 28,17 + 549 16435 + 28495
R Shock - Sterold — 3 52,87 + 11.85 - 87.88 + 36410

* A1l values represent p.bunits/ml + S.E.M.

Significantly (p = or <.05) elevated from control (Student~T-Test)

-
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 stimilated) in the preseqce‘of insulin. On the otherhand, ineulin
) hasnbeen shown to increase low Km l{epatic pl;osphodiegterase activity
in vivo (317) and in w;itro (207, 213, 366)s However, this could not )
be confirmed by Miller-Oerlinghausen et al (247) or Menshan et al
) (2Bh)e- . « ‘
! Thus, it is possible that excessively high circulating 1evejl_.s
of insulin may feed back upon the hepatic and intestinal second
\messengerp system to produce a decrease in plasma cyclic- AMP appear-
ances This may be what has occurred in the steroid treated group
following glucagoh injection. The circulating insulin levels are in-
appropriately high (probabiy due to steroid action upon gluconeogenic
) mechantsms and perhaps a' direct effect upon insulin secretory rates, -
“ coupled with the insulin resistance of the shock state)e Although AC ~
response to the hormone is restored to normal, absolute levels and

e

appearances of the cyclic AMP inﬁo the plasman is still reduced. There

-

’ may, in i‘ac”q, be a complicated feedback relationship between plasma
. -cyclic AMP, glucose and insulin,
Hemorrhagic shock complicates this relationship with an
" added 'fmsulin resistance and further hormonal intervention with in-
creased circ\ulatiné lervels of endogenous epinephrine, norepinephrine,

% glucagon and cortisol. Jefferson et al (168) state that in shock, the

insulin control onhcyclicA AMP production is abolisheds In additiony

iy

the reverse is also true: it appears that cyclic AMP control upon
ed

insulin"release is also aboli in shocke 1In the shock - epinephrine

/

//’\
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group (Figures 40, 41), the plasma cyclic AMP response is only
slightly reduced, however both &he hyperglycemic and insulin responses
are abolihed. QII: contrast, .the insulin response in the shock - gluca-
gon groyp (Tables XIV, XV); is greater in shock'than in control and

is associated with a slightly regﬁced hyperglycemic and plasma cyclic
AMP response. Both insulin. and cyclic AMP responses are elevated in
shock following norepinephrine (Table X,;[X, Figures 42, 43)e o

| Bauer and associa’:,es (17) report that dogs subjected to

“hemorrhagic shock develop a significapt hyperglycemia accompanined by

a corresponding increase in.insulin levelss Other species guch as
sheepl, Rhesus monkey and baboon, do not exhibit a significant insulin

response to hemorrhagic shock despite a marked hyperglycemic response

-

(136, 141, 240).
Several clinical studies have reported (46, 48, 97) low

insulin levels in various types of shock. The baseline portal in-

-~

sulin levelé in this_étqdy, (grouped data, Table XIII) agree with Bauer

]

et al (17) in that there is a significant 112% increase in canine shock

-

compared to control. .

Steroid treatment in.normal and shock amimals provides
further Stimulus for insulin release. Along with epinephrine and §
| glucagon, methylprednisolone is.a powerful gluconeogenic agent. This -
*is evident by the 200% increase in baseline portal& insulin levels,-

" over the untreated controls, in the steroid treated control animals

 (Teble XIII, XV). Similarily, glucocorticoid therapy has been

.
-7
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shown to increase portal insulin levels in normal rabbits (45), by as
mach as 244% (156). Furthermore, insulin release following glucagon ‘
injectlon in the steroid-treated controls, although variable, is gre;t—
er than that seen in the cantrol, shock or steroid—treated shock
groups. Baseline portal insulin levels were increas;& by 300%

in the shock-sterold trested anigals (Table XIII), and the response
following either glucagon or epinephrine (Tables XV, XVII), was gréa’;.er
than the norr;lal response, but only greater than the shock response

in the epinephrine group. The insulin release following epinephrine .
in the shock steroid-treated group appears to have overcome ’c:he ine-
hibitory influenc‘;_of/epinephrine as it is grester than in the control
animals and is associated with a.normal hyperglycémic response. }I{ow-
ever, the ":'Lnsulin responses in the shock steroid-treated group
following glucagon injection appears to be inappropriately high for a
subnormal hyperglycemic response..

?[t appears that in addition to providing extra endogenous
glucose, the steroids sensci.tize the insulin responding system resulting
in a grester outpouring of insulin in respcnse to smaller changes
in plasma eyclic AMP. Furthermore, the X-blockede (7a) characteris-
ties of MPSS may c1rcum;{ent the epinephrine induced inhibition to a
certain extent and allow for an increased sensitivity to P~adrenergic
Epinephrine and norepinephrine are potent vasopressérs which

in the dog, and not in man, contract down the splenic capsule (216

°
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k. Chapt.e 21;) to decrease the size of the spleen with a resultant in-

L crease in red blood cell release into the peripheral circula‘oion.
Thus, providing a physiologic mechanism for an increased amount of
’ circulating hemoglobin during acute hypoxia, hemorrhage and other
stresses that may increase catecholamine relesse. Furthermore, t:he
catecholamines decrease circulating blood volume by increasing the
loss of protein-free fluid into the tissues prébab’ly as a¥esult of
post capillary vasocl:onstriction. The resultant hemoconcentration is
a rapid and significant response in this study (Tables-XV, XVI).
becomes evident by one minute ¥ollowing either epinephrine or nor-
épinephrine lnjectim in normal animals. However, in shock, with or
without steroid therapy, the baseline hematocrit is elevated from
. normal levels, t}ut shows no furbﬁer increase following catecholamine
injection (Table XV)o This is most-likely due to a depletion in the
splenic supply of red blood cells which accompaniés th;e hemorrh'ag"e -
induced disturbances in plasma vc;lume. A |
Normally, a lower hemstocrit is associated with a better
survival rate in hemorrhagic shock. However, Manohar and Tyagl (215)
0 " have.shown that in hydrocqrtisone pre-treated grﬁ.ﬁals, that were sub-
Jected to superior:mesenteric artery occliusion shock, the hematocrit
- was markedly elevated, but there were excellent survival rates (to
100%) « , Furthermore, Marks et _al (216), have shown thz;t adrenalectomy

decreases plasma volume and “is generally associated with poorer sur—

vival rates following shock than when the steroids are replaced.
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They have indicated that increased cortisol levels are part of the
physiologi¢ requirement for restitution of blood volume following
hemofrhage (216). Gann and Pirkle guz) ‘have shown that the increas-
ed hematocri/{;, plasma‘protein‘ concentration ‘and osmolality associ-

sted with high cortisql and steroid levels is not due to elevated
glucose levels albne; but due to an influx of fluid and electrolytes.
Cortisol and it's synthetic analogues have been shown (338) to increase ’
plasma volume secondary to an active transport of sodium out of the

cellse The steroids appear to reverse the effect of/sh'o‘ck' upon the

* iniracellular accumilation of excess sodium and water (242, 323).

N

The endogenous steroids coupled with exogenous administration of
steroids helﬁ the interstitial fluid to protect the plasma volume ;

in shock.



) GENERAL DISCUSSION
-

Homeostasis is affected by the response of the tissue cells
to the hormones. The role of the second messenger, cyclic AMP, in medi-
ating cellular responses to hormones is widely recognized. Evidence is
rapidly accumulating to support the suggestion that defects* in cyclic AMP
metabolism may account for abnormalities in homeostatic .function in vari-
ous clinical situations. Cﬁanges in adenyl cyclase function and tissue:
and plasma cyclic AMR levels that have been measured in hemorrhagic shock
(124, 22L, 288), indicate a fundamental defect in the cellular machinery,
;nadequate response of the second messenger system could result in the
decreased ability of thé tissues to respond to homeostatic and thera—
peutic controls; and therefore may contribute to irre&ersibility in shocke

Steroids havevbeen shown to interact with and potentiate the

P

response of the second messenger system to hormonal stimulation.

The purpose of the present ipvestigation was to study the
normal response of ‘the second messenger system in splanchnic tissues
folloying ho;monal stimilation; and to observe the degree to which the
hormonal response is altered in hemorrhagic shock; and to investigate
whether the "induced alterations could be made to respond to therapeutic
admin;stration of glucocorticoids. . B

‘The results obtained by the few invesfigators that have done
any work in this field have beeg_confirmed in this study. However, the

defect in the second messenger response has Been defined more specifically,
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and a means of pt!fi*l',:lally1 reversing the alteration has been ac:complished.
Glucagon is a more potent.‘ hepatic glycogenolytic and gluconeo-
genic hormone than is epinephrine., The maximum hepatic blood giucosge
levels reached in this study following in vivo glucagon injection in
normal animals was:= 33 percent greater than those reached following epi-
nephrine injection (Figures 2, 4). Therefore, since cyclic AMP is said
to mediate the effects of 1these hormones upon hepatic glucose output, it
miéht be expected that glucagon produces greater ingreases in hepatic
adenyl cyglase activity than does epinephrines 1Indeed, this is what was
seen. The maximal incpease in adenyl cyclase activity following glucagon
injection was almost 50 percent greater than that seen following epine-
phrine injection in normal animals (Figures 8, 10). Furthermc;re, the
ability of the hepatic adenjfl— cyclase enzyme to respond to hormonal

stimulation was decreased following glucagon and abolished following

A epinephrine injection (Figures 8, 10) in shock animals. Thus, the

reduction and abolition of the hyperglycemic responses to gluca/gon and _
epinephrine respectively, are also accompaniegl by parallel changes in
the“adenyl cyclase response to these /hormones. |

The reports by others (88, 161, 165) indicating'that small
doses of noxzepinephrine have virtually no effect upon hepatic carbohy-
drate metabol;Lsm 1n normal dogs was confirmed in this study. Norepi~ -

nephrine injection into normal animals was associated with no changes

in tissue adenyl cyclase activity or hepatic blood glucose levels.

i
$

Furthermore, no significant ch&anges were noted when norepineﬁhrine was

o e it 8 ¢ W a7 18 A R P8
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injected into shock animals (Figures 12, 13).
Basai adenyl cyclase actiw;ity ;:as excluded as 8 reliable pre-

dicti?n of a tissue's abilitl.y to respond to hormonal stimulation in '

shocke The adenyl cyclase response to in vivo epinephrine injection

was abolished in shock and was associated with a "normal—looking" basal

ACA in both the liver and intestine (Figures 10, 11). Hepatic adenyl

cyclase reSpons;a to in vivo g/lucagon injection was only slightly reduced

'and was also associated with a normal basal enzyme activity (Figure 8).
The circulation to and within the splanchnic organs is severely

compromised in shocke. The question.arises as to whether the_ defects

observed are a direc’o' result of a decreased delivery of hormone to the

cells of the ’aarget tissues, or perhaps due to severe ischemic damage

to the cellular membrane~bound enzyme,

. The decreased perfusion in shock tissues may contribute to a-

depressed hormonal response by limiting the accessibility of 'the target
tissue hormone receptors to the circulating\homone. In vitro addition
of hormone to tiss‘ue> homogenates obtained before and /after in vivo hormone
injection assures contact between the hormone and tissue reéept;)rs in
question, These studies indicated that even if the hormones are able to
reach the target tissue receptors in a normal fashion, the abil.’thy of the
adenyl cyclase system in these shock tissues to respond is reduced by

4O percent foJ/.lowing in vitro epinephrine addition (Figure 15) and 30
percent following in vitro glucagon introduction (Figure 14). Therefore,

the reductions in both in vivo and in vitro responses to the hormones in

-
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_is dependent upon the structural integrity of the membrane for optimal
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question are not totally a ;esult of“ 4 r:eduction in the amount of hormone
delivered to the talrget tissues in shocke.

Sodium fluoride stimlates adenyl cyclase activity maximally
and represents the intrinsic or catalytic capabilities of ?he adehyl
cyclase enzyne - free from receptor subunit influence, Significant‘
decreases in NaF - stimilated AGA were noted only in shock liver and
intestine following in vivo epinephrine injection where the adenyl cyclase
reéponse was totally abolished; and in the shock live;' and intestine in..
the norepinephrine group where basal aden;vl cyclnase activity was signi-
ficantly reduceds Thus, slight decreases in AC response appears to be
related to a receptor subunit defect, while catalytic subunit function
rqmains relatively intact. Howéver, when responsegto in vivo-hormone
injection is totally abolished, catalytic function of adenyl cyclase is
glso altered. It ;:ould appear that only when adenyl cyclase function is

severely disrupted, is the intrinsic or catalytic activity of the enzyme

disturbed.
The \altered hormonal respongses may reflect damage incurred iay
the cellular membrane-structure induced by the ischemia of shock. Damage
to structure ;and function of cell membranes is well docufmented in shock

Ve »

(31, 68). Since adenyl cyclase is a membrane-bound enzyme and therefore .

enzyme function, then architectural changes in the membrane structure
induced by ischemia, swelling and altered permegbility could, therefore,

induce abnormalities in adenyl cyclase function. Since absolute

-
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‘ NeF = stimilated adenyl cyclase activity reI;resents the total smount of °
functional adenyl, cyclaée present, then the observed decreases in the
NaF - stimilated adenyl cyclase sctivity in shock (Figares 17 to 19),
probably represent a los ‘ f functional adenyl cyclase enzyme, .
- ATP is the substrate for the adenyl cyclase reaction. It is
- poséible that/ the_well documented decreases in tigsue ATP levels in-shock

might account for the observed redu’ctior'ls in adenyﬁ. cyclase responses

However; the ATP levels in this study showed only minimal changes in shock
g ’ (Tables IIT to VIII) and, in addition, the particular in vitro assay for
| ! ‘ adenyl cyclase employed in this study has been shown (21) to maintain the

incubation mixture ATP concentration at a sufficient level to result in

no compromise of maximal adenyl cy?lasg activity. o ’ o
. . Glucocorticoids have been reported to Gpotent;iafte the eff’ects ) " ‘
) of exogenous glucagon and gpinephrine on carbohydrate metabolism (160,
161, 162, 163); and to effect several hemodynsmic improvements :m shock
(74); in addition to their membrane stabilizing effects (121, 122),

Furthermorey glucoccgiij:oids haye been reported to interact with both

the adenyl cyclase (206) and phosphodiesterase (211) enzymes.
Pharﬁnacologica_} doses "of Methylprednisolone 4 hours prior to
hormone injection in normal animais was associated with a significant
.increase in baseline hepatic adényl cyclase activity (Figure 22;). A
similar effect ;,tpcm basal hdenyi cyclase activity of leukocytes incubated
in cortisol was observed by Logsdon et al (206). However, the increase

in basal adenyl cyclgse activity in this §t,udy was not accompanied by a




gluconeogenic enzymes (350) and the increased hepatic glycogen stores

'tion of the adenyl cyclase and glucose responses.

produced consistent and significant 20 to L5 percent decreases in both

siézdficant# potentiatizon of' adenyl cyclase response or blood gl:ucose-
output (Figures 20, 24) following glucagon injection when compared

to the respective untreated control animals. Tt was concluded that

the short-term administration of Methylpredmsolone d?:es not allow suf-

ficient time for’the glucocort1001d-1nduced "de novo"™ synthesis of several
e

which in turn allows for a grealter potentiation of the normal hepatic

blood glucése output in response to exogenous glucagon. Furthermore,

th;a excessively high insulin levels observed\ 4n the control steroid-

treated animals (Table XIV), which have been shown t% inhibiﬂt heépatie

giucose release (2'35), may in part b‘e responsible for the lack of potentia=-
»

Steroid therapy in shock was associated with a restored and
furthermore supranormal- adenyl cyclase response following in vivo epi-
nephrine injection in both the liver and intestine (Figure 27)‘. This
was reflected by the return of a normal blood glucose response curve
fofl.lowi;ug epinephrine injection.

Despite the supranormal’ adenyl cyclase response following
epinephrine in the steroid-trested shock animals, the absolute values
for basal and Sodium fluoride stimulated adenyl cyclase did not exceed
those values seen in the control animalse .

No consistent effect of Qhock and ischemia upon tis_sug \I)ho's}-/'/ @

~ g
P

phodiesterase activity was observed, However, steroid administration
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hepatic and intestinal phosphodiesterase activities. This effect

of steroids upon ti'ssue phosphodiesterase may have contributed to the
ux;estored and i)otentiated adenyf cyclase responses seen following epi-
nephrirme injection in steroid-treated shock by ja‘:l.lowing for a greater
intracellular accumulation of cyclic AMP,. 'I"hus, déspite a lower basal
adenyl cyclase actiirity, a respoxée may be poten’ciz'ated or chome supra-—
normal when there is a decreased rate of intracellular degradatic;n.—

The initial release of cyclic AMP into the plasma following
in‘ vivo hormone injection was greater in shock than in control or steroidT-
treated shock (Figures 38 to 41). This is probably ind:.Lcative of an
alteration in cellular permeability and a rough reflection of the extent
of ischemic damage to the tissues.. ’

- - The damage tb the epinephz:ine - responsive adem;l cyclase /
system was far more extensive than that to the glucagonﬂ sensitive adenyl '
cyclase system in shock, The discrepancy may be‘relat.ed to the phenomenon ;'
of desensitization. Several investigators (22, 69, 150, 274, 340) have
reported that exposure to high levels of a A-adrenergic drug renders a
tissue less responsivé to the same stimuilator when introduced several
hours laters Mhernfore, reductions in heﬁatic cyclic AMP production
(259, 363) and hormone-sensitive adenyi cyclase activity (69, 236) have
also been reported following repeated and’ subsequent challenge with the
appropriate hormone, Reporb§ indicate up to 70 percent reductions in ‘
epinephrir;e responsgive adenyl' cyclase activity (236) and 30 to hO\ percent

reductions in glucagon responsive adenyl cyclase activity (69).

3
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. Throughout the ixypovolemic period and then again in lat'e re-
fractqry shock whegx the blood pressure is again falling, the tis?ue epie-
nephrine receptors are bombarded with up to 100 fold increases in the
ci%%}ulatiné levels 6f epinephrine, Glucagon receptors,.f hﬂowever“, are
not ;;axpoged to such excessive amounts of glucagon. Since epinephrine

]

and glucagon ha,ve distinct rece}')tors in the ﬁver, and only epinepilri%’e

receptors in the intestine, it is conceivable that greater reductions

in sensitivity to furt,her epinephrlne rather than glucagon challenge

might occur in tlssues obta:med from shocfc animalg.
~ -Glucagon is a very powerful mobilizer of hepatlc glucose, The
\Npresent results as well as results obtained by others seem to mdiCate
that the specific glucagon—sen:ntlve adenyl cyclase system'is easily -
saturated and produces far more cyclic AMP than is r?qtured for maximal
hepatic glucose outputs There is great adaptive value to this potential.
Sixty percent of the adeﬁyl cyclase respdnse to glucagon may be lost 1;14

shock, however the physiologic response remains relatively intacte That

~
N

is, the liver is still capable of a normal glucose producing response to

glucagon stimulation in shogk. Glucagon appears to be an ®fficient glu-

cose=supplying hormqne of stresse

v

Absolute levels of intracellular cyclic AMP Were not consis-
tently reduced in shock, whereas in steroid-treated shock they were
"reduced. The reliability of measuring tissue cyclic AMP levels has been

’ queﬁioned. Sinm;taneous measurement of production, release and breake—

down of cyclic AMP can account for most of the tissue and plasma cyclic

L A W
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m changes, hoxfever, certain discrepancies do arise and may Ibe explained
in several ways.

Exton et al (86) and others (12, 36) have shown that glucagon
and ep1nephrine markedly gncresse net hepatic cyclic AMP generation,

however, the increagse was more accurgtely reflected in the increasing

extracellular fluid leVels than in the intracellular accumulation.

N

Similar findings were observed by McArdle et al (224) in the intestine M

o

following in vivo epinephrine injection. )

|Under appropriate conditions, concentrations of the catechola—
mines can]be found which increase fat cell lipolysis (89, 90) or contrac
tile force in cardiac muscle (254), without any detectable changes in
total tissu;e cyclic AMP. Furthermore, resting levels of cyclic AMP
in thevliver, if evenly distributed intracellula}rly, woulﬁi; on the u/asm
of in vitro studies, (284 Chapte 7 pe 271) represent.a concentratiok of
the nucleotide sufficient to stimulate gluconeogenesis and glycogeno—
'iLysis maximally. Since this is not the case, it has been postulated
(10, 42, 100) that any tot/al tissue pool of cyclic AMP is compartmental-
.ized within the cclalls, and the speciﬁ;: pool of cyclic AMP affecting a
particular function may represent only a small fraction of the total
tissue cyclic AMP, Therefore, an agent could double the size-of it's

specific "target" pool of cyelic AMP without its resulting in any measur—

able increase in the overall basal levels. On the otherhand, heterogenous

t
tissues, such as the intestinal mucosa, may contain numerous large pools

of cyclic AMP including lymphocytes which could contribute to the cyclic

O

.
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AMP content of tl_zis tissue., Mimute increases or decreases of only a few
o, PiCOMOles per milligram of tissue may be associated with maximal altere-
tions in function, while remaining undetectable when they occur in one

? \ .

compartment surrounded by other compartments with high basal cyclic AMP

levels,

] Steroid administration in normsl and shock animals was associ-

o ated vgitl:xéreater increases in serum insulin levels following in vivo g

‘ ) hormone injection than were seen in animals not given steroids. Since’ i
steroids enhance and potentiate p responses to hormonal stimmlation ‘

i

and are associated with elevations in blood glucose levels, it is not

T

unlikely that the greater increases in insulin aré in part a result of

v

TekienmT

the direct steroid effects upon the liver, ‘,/\/ y

o Mo

T

The restoration of hepatic and intestinal response jo epine-

s
“

-

phrine in shock sugéests that the action of glucocorticoids is not g

SN e
N\,

{
5
i
:

restricted to de r;ovo synthesis of gl'ucor_leogenic enzym\eé. The faf:’o that
_this action of the steroids occurs within 4 hours in animals in shock -
also sugéests a“direct effect upon cyclic AMP metabolisme Thls may |
involve a re—~integration or stabilizat.i.o;x of the damaged eellular membra;ne ,
which in turn ;'estores receptor and/or catalytic subunit function of the
ahenyl cyclase enzyme. . The effects of Methylprednisolone in shock

’

appears to be aimed at pr‘eservation of adexwl cyclase responge irrese

Eective of baseline function. In addition, the results indzcate the

/ adenyl cyclase response is augmented by a supression of phosphodiesterase

, actn.vipy .
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Steroid administration jn shock enhances the ability of the

tissues to respond to hormonal stimilation by restoring the adenyl

cyclase response at a time when the tissue is devoid of A adrenergic

sensitivity. Furthermore, the restoration of adenyl cyclase response

is augmented by reductions in tissue phosphodiestersse activity.

.
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CONTRIBUTIONS TO ORIGINAL RESEARCH .

" ) The following factors, which have not been clarified in the

-
-
L

° existing literature, have been found to influence the canine hepatic-
and intestinal secorid messenger system. ]
l. Control basal adenyl cyclase activity was increased by
68 percent in liver obtained from normal snimals 4 hours following
in vivo administration of 3Q mg/ kk\Methylprednisolone Sodium Succinate
(control-steroid treated animals).
2. The hepatic adenyl cyclase re.;;ponse folloﬁng in vivo
'?glucagon injection in the control-—steroid treated animals was not sig-

!
7

/ ,
Y nificantly different from that seen in the untreated control liver,

3« The normal increase in hepatic adenyl cyclase activity
seen following-in vivo epinephrine injection was abolished P dogs
: subjected to hemorrhagic shock. ) L
Le The :Lntestinal adenyl cyclase response following in vivo
% epinephrine injection in control arrlms,ls was also abollshed in shock.
i 5. Basal adenyl cyclase activi‘é% in li/ver obtained from shock
‘\animgls treated with Meth}lpredhisolone Sodium Succinate was significant-
- 1y redu:ced by 40 percr:ent from the /‘relspective contro£ yalue; however was
associated with a supranormal response following in vivo epinephrine
injection.
F; ' ' 6. Ba:seline intestinal adenyl cyclase activity was decreased

by 50 percent in the shock-steroid treated animals when compared to the
) B \
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respective control value, however the adenyl cyclase res;')onse following

epinephrine pulse was restored to normal. ; .

7. The absolute levels of -adenyl cyclase activity following

glucagon injection into the shock-steroid treated animals were decreased

from res;pective control values by 4O percent. However, this adenyl
cyclase responserwas associated \with a normal hepatic blood glucose
response curves

8« In vitro addition-of 5 nanomoles of glucagon into heﬁgc
homogenates obtained from control animals pretreated with glucocorticoids
resulted in a final adenyl cyclase activity which was 55 percent greater
than that obtained following in vitrr: addition of 5 nanomoles glucagon ’
into hepatic tissue obtained from normal animals. |

9« The final adenyl cyclase act:ivity obtained after in vitro
addition of 5 nanomoles oi‘" glucagon :'mt% "intéstinal homogenat es ?btained
from steroid-treated control animals was 85 percent greater than that

seen in intestinal tissue obtained from normal animals.

10« The final adenyl cyclase activity obtained following"

in vitro addition of § nanomoles of glucagon into hepatic tissue obtained

from steroid—treated shock animals was increased by 22 percent over the

©

respective value seén in liver obtained from shock animals.

-

1l. Thle final adenyl cyclase activity obtained following

in vitro a&dition of 5 nanomoles of epinephrine to hepatic tissue of

steroid-treated shock dogs was 35 percent greater than the respective

value in the shock liver, -
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12, The intestinal adenyl cyclase response to in vitro
addition.of 5 nanomolgs of epinephrine was restored to normal in the
shock snimsls treated with glucocorticoids.

13, Addition of 10 mM Sodium fluoride into hepatic or intestinal
tissue homogenates obtained from control animals treated wiéh,glucocorti—
coids was associated with no significant change in the final adergl
cyclase activity frém that observed in the untreated|coptgols.

14. Baseline intestinal mucosal cyclic AMP levels in the
steroid-treated control animals were deéreased by 46 percent from the

respective value in the normal intestine.

s
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