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CHAPTER 1

INTRODUCTION

Perioperative Stress and Physiological Responses

Patients undergoing cardiac surgery or major noncar-
diac surgery are exposed to a variety of preoperative,
intraoperative and postoperative stresses. During general
surgical procedures, the patient is stressed by presurgical
anxiety, induction of anesthesia, intubation, surgical
trauma and a variety of medications administered during the
course of the operation. The cardiac surgery patient, while
being subjected to the usual surgical stresses, is further
stressed during the cardiopulmonary bypass period when his
cardiorespiratory functions are taken over by the heart-lung
bypass machine and abrupt physiological changes such as
hypotension, hypothermia and hemodilution occur. The
response of the body to stress induced by surgical trauma,
antihypertensive drugs or extracorporeal circulation
involves characteristic changes in plasma catecholamines,

cortisol and renin activity.



Catecholamines

Surgical Stress

The effect of surgical stress on plasma catecholamines
has been actively debated in recent years. Hammond et al.
(1956) found no systematic alterations of plasma catechola-
mines in patients undergoing uneventful major surgery. Hine
et al. (1976) reported no significant elevations in plasma
catecholamines following induction of anesthesia, skin inci-
sion or thoracotomy in cardiac surgery patients; however,
elevations in both epinephrine and norepinephrine were seen
late into the cardiopulmonary bypass period. Butler et al.
(1977), like the Hine group, found no significant increases
in plasma catecholamines during the early phases of cardiac
surgery, but elevations in both epinepﬁrine and norepineph-
rine were seen during the bypass period. This group failed
to find any significant changes in plasma catecholamines
following abdominal surgery.

Many studies have shown that plasma catecholamines are
elevated in response to intraoperative stress. Anton et al.
(1964) reported elevated catecholamines in patients during
both thoracotomy and cardiopulmonary bypass procedures.

There were also several reports of elevated catecholamines
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during the cardiopulmonary bypass period in patients under-
going myocardial revascularization (Balasaraswathi et al.,
1978 and 1980; Tan et al., 1978; Hoar et al., 1980a; Kim et
al. 1981).

A variety of plasma catecholamine responses has been
reported in patients undergoing abdominal surgery and other
jower body procedures. Elevated plasma epinephrine and
norepinephrine levels (Halter et al., 1977), elevated epi-
nephrine levels (Madsen et al., 1978) and elevated norepi-
nephrine levels (Pflug and Halter, 1981) have been shown.

Thus, while some reports conclude that surgical stress
does not consistently elevate plasma catecholamines, a sub-
stantial body of evidence indicates that elevations in
plasma catecholamines occur in response to surgical stress.

Several investigators have attempted to clarify the
effects of surgical stress on plasma catecholamines. Bala-
saraswathi et al. (1978) found changes in both epinephrine
and norepinephrine paralleled changes in blood pressure dur-
ing coronary artery bypass surgery. These authors suggested
that the elevated plasma catecholamine levels were most
likely due to a sympathetic response to hypotension. Kim et
al. (1981) also found elevated norepinephrine and epineph-
rine levels during cardiopulmonary bypass; however, they did

not find as marked an increase in epinephrine as norepineph-
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rine. The authors suggested that changes in norepinephrine
rather than epinephrine are responsible for the hemodynamic
changes occurring during cardiopulmonary bypass. But, in a
direct contradiction of Kim's results, Reves et al. (1982)
found that it was epinephrine rather than norepinephrine
that showed the greatest elevation in response to cardiopul-
monary bypass, and these authors suggested that epinephrine
release is the predominant humoral response to cardiopulmon-
ary bypass surgery.

Both norepinephrine and epinephrine have been impli-

cated in hemodynamic changes occurring during surgery; how-

ever, the precise role of each has not been clearly defined.

Anesthesia

Anesthetics do not have a singular effect on plasma
catecholamine levels. Most anesthetics either depress or do
not affect plasma catecholamines when measured shortly after
induction in patients undergoing surgical procedures. Halo-
thane depressed epinephrine and norepinephrine 1levels in
several studies (Perry et al., 1974; Roizen et al., 1974;
Balasaraswathi et al. 1980). Enflurane either depressed
(Kim et al., 1981) or did not affect plasma epinephrine and
norepinephrine levels (Balasaraswathi et al., 1978; Tan et

al., 1978). On the other hand, morphine either elevated
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(Hasbrouck, 1970) or did not affect plasma catecholamine
levels (Balasaraswathi et al., 1978; Tan et al., 1978).
Isoflurane has been reported to depress both epinephrine and
norepinephrine (Perry et al., 1974) or to elevate epineph-
rine and depress norepinephrine levels (Balasaraswathi et
al., 1982). Zsigmond (1974) reported an increase in plasma

norepinephrine levels following ketamine.

Clinical Application

Elevated plasma catecholamines, as well as elevated
cortiscl and renin activity, have been associated with post-
operative hypertension, which may present a serious problem
to cardiac surgery patients. Hypertension in the immediate
postoperative period following myocardial revascularization
has been reported to occur in 33% (Estafanous et al., 1973)
to 58% (Hoar et al., 1976) of these patients. Untreated and
sustained hypertension can have deleterious effects in cer-
tain patients. Some of these dangers include bleeding from
deep and superficial incisions, leakage at suture lines, and
an increase in the susceptibility of patients with general-
ized atherosclerosis to cerebrovascular accidents (Viljoen
et al., 1976).

Van Ackern et al. (1979) advised that patients with

coronary artery disease should be protected against hyper-
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tensive episodes; the risk of myocardial infarction is
increased when an oxygen imbalance exists in the coronary
artery supply-demand relationship. Hypertension, which
increases the oxygen demand by increasing the work load of
the heart, adversely affects myocardial oxygenation and is
potentially harmful to patients with ischemic heart disease.
In the same vein, Hoar et al. (1980a) have suggested that
the fall in blood pressure that often follows anesthesia
induction may be beneficial to patients with ischemic heart
disease.

Hypertension can have adverse effects on patients
undergoing surgical correction of cerebral aneurysms as well
as on patients with impaired heart function. That is, the
rupture of an intracranial aneurysm can result in immediate
or subsequent fatal hemorrhage (Skultety and Nishioka,
1966). Because nitroprusside is frequently used to induce
hypotension for correction of intracranial aneurysms,
rebound hypertension occurring on discontinuation of nitro-
prusside can jeopardize the patient's recovery (Skultety and
Nishioka, 1966).

In cardiac surgery, elevated catecholamine levels may
reflect a reflex response to the hypotension induced during
the initial cardiopulmonary bypass period. This reflex

response is thought to be mediated via the baroreceptors,



since they play a key role in short-term adjustments of
blood pressure. Baroreceptors, which are stretch receptors
jocated in the carotid sinus and aortic arch, are sensitive
to changes in blood pressure (Berne and Levy, 1977). A
reduction in blood pressure results in a reduction in the
pbaroreceptor firing rate. This activates the medullary
vasomotor center, increasing sympathetic activity and cate-
cholamine release, which then leads to an increase in blood
pressure and heart rate.

Elevated plasma catecholamine levels during cardiac
surgery might also be associated with the period of hypoth-
ermia to which the patient is exposed during surgery.
Hypothermia, which slows the heart and depresses the body's
metabolism, causes the hypothalamic temperature-regulating
center to be activated. This leads to increased sympathetic
activity, resulting in vasoconstriction and heat conserva-
tion (Guyton, 1976). Plasma catecholamine 1levels are
increased during normothermic (33-37°C) and moderate hypo-
thermic (27-31°C) cardiopulmonary bypass, but less so with
the latter. With deep hypothermia (<27°C) the epinephrine
increase does not occur. Plasma norepinephrine levels
increase similiar to moderate hypothermia (Replogle et al.,

1962, Anton et al., 1964).
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During noncardiac abdominal surgery Halter et al.
(1977) reported that changes in epinephrine and norepineph-
rine correlated well with changes in mean arterial pressure.
These authors suggested that during this type of surgery,
hypertension probably reflects an adrenergic response to
pain rather than a reflex reponse to hypotension. In any
event, in both cardiac and noncardiac surgery, elevations in
plasma catecholamines have been associated with hypertensive
episodes.

Elevated catecholamine levels, which may be harmful to
certain patients, may be functionally necessary for others.
Increased sympathetic activity increases both heart rate and
the contractile strength of the heart. Patients who require
increased sympathetic activity for sufficient cardiac out-
put, i.e. valvular disease, could experience reduced cardiac
performance if catecholamine levels weré lowered.

In addition to the effects of catecholamines on blood
pressure, several investigators have attempted to correlate
plasma catecholamines with other physiological conditions.
The results of the Vlachakis et al. (1981) study suggests
that elevated plasma catecholamines may increase platelet
aggregation and consequently promote postoperative thrombo-
embolism. Other investigators, however, have not been suc-

cessful in correlating plasma catecholamine levels with
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physiological conditions. Halter et al. (1977) was unable
to correlate changes in epinephrine and norepinephrine dur-
ing abdominal surgery to hypoxemia or hypothermia. Further-
more, Turton et al. (1977) found no correlation between ele-
vated plasma catecholamine 1levels and mean diastolic
pressure, heart rate or respiration rate.

In conclusion, changes in plasma catecholamines may
reflect the response of the body to many surgical and non-
surgical stresses. The exact role that elevated catechola-
mines play in homeostasis following intraoperative and post-
operative stresses has not been clearly defined. However,
elevations in plasma catecholamines can be either harmful or
beneficial, depending on the interaction between the cardiac
status of the patient and type of surgical stress that he is

scheduled to undergo.

Cortisol

Surgical Stress
Cortisol has consistently been shown to be elevated in
response to surgical stress. With regard to noncardiac sur-

gery, elevated plasma cortisol has been reported during
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abdominal surgery (Lewis, 1963; Plumpton and Besser, 1969;
Bromage et al., 1971; Newsome and Rose, 1971; Cosgrove and
Jenkins, 1974; Kehlet et al., 1974; Madsen et al., 1976 and
1977; Engquist et al., 1977), thoracic surgery (Bromage et
al., 1971), hip surgery (Plumpton and Besser, 1969), tympan-
oplasty (Madsen et al., 1976) and in the undefined category
of general surgery (Reier et al., 1973; Gill et al., 1975;
Oyama et al., 1975). Plumpton and Besser (1969) studied the
long-term response of cortisol to noncardiac surgery by mon-
itoring plasma cortisol levels hourly during major surgery
and then daily for six days postoperatively. These authors
found a rapid rise in plasma cortisol levels during surgery,
a continued rise during the first six hours of the postoper-
ative period, and then a gradual decrease over the next
24-48 hours.

Madsen et al. (1976) reported that the magnitude of
elevated plasma cortisol levels is related to the intensity
of the surgical stress. These authors measured plasma cor-
tisol levels during two different types of surgery and found
that plasma cortisol levels during hysterectomy were signif-
icantly higher than cortisol levels during tympanoplasty.

The cortisol response during cardiac surgery was dem-
onstrated by Taylor et al. (1976). These authors compared

Plasma cortisol levels in patients undergoing cardiac sur-
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gery either with or without the use of heart-lung bypass.
In the nombypass patients, the cortisol response to cardiac
surgery was similar to that previously described for noncar-
diac surgery, with the levels peaking late into the opera-
tive procedure and then gradually decreasing over the next
48 hours. In bypass patients, plasma cortisol levels were
elevated following surgical stress, decreased during the
bypass period, peaked 24 hours after the operation, and
remained elevated 48 hours postoperatively.

Oka et al. (1981) compared plasma cortisol levels in
patients undergoing cardiac surgery for valvular or coronary
artery bypass surgery. In accordance with the results of
the Taylor et al. (1976) study, coronary artery bypass
patients showed increased plasma cortisol levels in response
to surgery and these levels continued to rise postopera-
tively. The response of the valvular sﬁrgery patients, how-
ever, differed from that of the coronary artery bypass
patients in both absolute levels and pattern of response.
That is, valvular surgery patients showed lower plasma cor-
tisol levels than coronary artery bypass patients. Also the
peak cortisol response in valvular surgery patients was seen
at the end of the cardiopulmonary bypass period rather than

late into the postoperative period.
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Plasma cortisol levels do increase in patients under-

going both cardiac and noncardiac surgery. Furthermore, the
pattern of the cortisol response varies with different sur-
gical procedures. Also, steriods have been demonstrated to
interfer with nonneuronal catecholamine reuptake (Iverson
and Salt, 1970), suggesting that plasma catecholamine levels
may be influenced by cortisol. Furthermore, recent evidence
suggests that in the periphery uptake 2 may have a more

important role than uptake 1 (Chan and Kalsner, 1982).

Anesthesia

The effects of general anesthesia on plasma cortisol
levels for both cardiac and noncardiac surgery patients have
been reported by many investigators. These studies have
shown that cortisol levels remained relatively stable fol-
lowing the administration of a variety of anesthetic agents
including enflurane, nitrous oxide-oxygen-d-tubocurare, hal-
othane, isoflurane and nitrous oxide-oxygen-fentanyl (Lewis,
1963; Oyama et al., 1975; Yokota et al., 1977; Oyama et al.,
1979; Oka et al., 1981). The poststress elevations in
plasma cortisol levels are probably related to the stress
itself, rather than to the anesthetic agent administered to

the patient.
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Clinical Application

Oka et al. (1981) have suggested that plasma cortisol
levels following surgery sometimes may be a factor in the
patients' ultimate prognosis. They suggest that the rela-
tively poor postoperative recovery seen in critically ill
valvular surgery patients as compared to that of patients
undergoing coronary artery bypass surgery may be related to
lower plasma cortisol levels in valvular surgery patients.
Also, it is well known that patients with adrenocortical
insufficiency often experience cardiovascular instability
during surgery without prior administration of glucocorti-
coids.

On the other hand, elevated plasma cortisol levels may
not always be beneficial to patients undergoing the stress
of surgery. In patients with hyperadrenocortical function
elevated cortisol 1levels may be harﬁful. Madsen et al.
(1977) have suggested that patients suffering from labile
diabetes have a high surgical morbidity and might benefit
from a reduction in cortisol levels. Furthermore, Turndorf
(1973) has suggested that very high cortisol levels might be
"antihomeostatic" since the highest cortisol levels in the
Reier et al. study (1973) occurred in "nonsurvivors."

Thus, plasma cortisol levels have been shown to

increase in response to both cardiac and noncardiac surgery.
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Although increased cortisol levels may be beneficial to cer-
tain surgical patients, there are instances where such ele-

vations may actually be detrimental to the patients' recov-

ery.

Renin Activity

The renin-angiotensin system plays an important role
in maintaining arterial blood pressure, fluid volume and
electrolyte balance. Although renin itself is not a vasoac-
tive substance, it acts in the general circulation to gener-
ate angiotensin I, which is in turn converted to angiotensin
II, a very potent vasoconstrictor. Because an inexpensive
and reliable assay for angiotensin II has not yet been
developed, plasma renin activity rather than plasma angio-
tensin II levels are frequently taken to reflect renin-angi-

otensin system activity.

Surgical Stress
Both cardiac and noncardiac surgery have been associ-
ated with increased plasma renin activity (Yogo et al.,

1973; Favre et al., 1974; Oyama et al., 1979; Philbin et
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al., 1979; Lappas et a}., 1981). In both cardiac and abdom-
inal surgery, the response of the renin-angiotensin system
to surgical stress tends to be somewhat delayed. Oyama et
al. (1979) found that plasma renin activity was not
increased until 30 minutes after abdominal surgery. A simi-
jar delay was reported by Philbin et al. (1979) in patients
undergoing cardiac surgery. Also Favre et al. (1974)
reported a marked increase in plasma renin activity, but not
until 20 minutes after the onset of cardiopulmonary bypass.

Not all investigators, however, have reported elevated
plasma renin activity following surgical stimulation. Hoar
et al. (1980a) did not find significant elevations in plasma
renin activity either following surgical stimulation or dur-
ing cardiopulmonary bypass. Their patients, however, had
been pretreated with propranolol, which has been shown to
block renin release (Buhler, 1980). ﬂoreover, Yun et al.
(1979) did not observe a rise in plasma renin activity after
laparotomy, but the anesthetic used in this study was pento-
barbital, which the authors point out decreases plasma renin

activity over an extended period of time (Yun et al., 1979).
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Anesthesia
Many anesthetic agents do not significantly affect
plasma renin activity. For example, enflurane, methoxyflu-
rane, ether and morphine neither increase nor decrease
plasma renin activity (Bailey et al., 1975; Miller et al.,
1977; Oyama et al., 1979). Elevations in plasma renin
activity, however, were reported in one study following hal-
othane anesthesia (Oyama et al., 1979). Yun et al. (1979)
reported that pentobarbital had a biphasic effect on plasma
renin activity, increasing during the first hour after

injection and decreasing for the next 4-1/2 hours.

Clinical Application

The results of several studies suggest that elevated
plasma renin activity might be involved in perioperative
hypertension. Taylor et al. (1977) compared plasma angio-
tensin II levels in patients undergoing cardiac surgery with
and without cardiopulmonary bypass. These authors found a
marked rise in plasma angiotensin II levels in the bypass
patients that persisted over two hours postoperatively.
Because hypertension is often seen in the first few hours
after cardiac bypass surgery, they proposed that elevated
angiotensin II levels produce the vasopressor response and

subsequent hypertension.
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Roberts et al. (1977) also presented evidence to sug-
gest that increased renin-angiotensin system activity might
pe a factor in systemic hypertension seen during coronary
artery bypass surgery. In this study, patients who became
hypertensive during surgery had higher plasma renin activity
jevels than patients who did not develop hypertension.
Also, these authors found a positive correlation between
mean arterial pressure and plasma renin activity. The evi-
dence suggests that the renin-angiotensin system may play a
role in perioperative hypertension which can pose a risk to
certain surgical patients.

In addition to the elevated plasma renin activity seen
following the stress of surgery and cardiopulmonary bypass,
plasma renin activity often increases following nitroprus-
side-induced hypotension (Kaneko et al., 1967; Miller et
al., 1977; Abukhres et al., 1979; Khaﬁbatta et al., 1979;
Cottrell et al., 1980; Delaney and Miller, 1980; Stanek et
al., 1981). In some patients, following termination of the
nitroprusside infusion, rebound hypertension occurs.
Plasma renin activity may be an important factor mediating
this rebound hypertension. Cottrell et al., (1980) state
that the half-life of renin activity is approximatley 30
minutes and the half-life of nitroprusside is only 1-2 min-

utes. The authors suggest that the rebound hypertension
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following nitroprusside-induced hypotension probably results
from the slow removal of renin from the circulation as com-
pared with the rapid clearance of nitroprusside. Contrac-
tion of vascular smooth muscle then no longer would be
countered by nitroprusside-induced vasodilation.

Further support for the involvement of the renin-angi-
otensin system in this rebound hypertension comes from
Abukhres et al. (1979). These authors showed that rebound
hypertension did not occur when the primary source of renin
was eliminated by nephrectomy. They also showed that the
rebound hypertension was markedly attenuated when renin
release was blocked by propranolol or when generation of
angiotensin II was blocked with a converting-enzyme inhib-
itor.

Other investigators have supported the position that
renin release rather than sympathetic stimulation causes the
rebound hypertension following a nitroprusside infusion.
Cottrell et al. (1980) concluded that catecholamines are
probably not involved in this rebound hypertension because
tachycardia was not associated with the elevated blood pres-
sure. Moreover, Rawlinson et al., (1978) showed that
although epineprhine and norepinephrine were elevated during
nitroprusside infusion, both approached preinfusion levels

15 minutes after the infusion ended. The Rawlinson evidence
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js not conclusive, however, because these authors did not
report mean arterial pressure following the termination of
the nitroprusside infusion. Rebound hypertension may not
have occurred in their patients. In a later study, Delaney
and Miller (1980) found that while nitroprusside was being
infused at a constant rate, blood pressure fell signifi-
cantly and then progressively increased. However, when the
renin-angiotensin system was blocked with saralasin, an
angiotensin II antagonist, blood pressure remained at a con-
stant depressed level during the nitroprusside infusion and
no rebound hypertension was seen. Because no increase in
blood pressure was seen during renin-angiotensin system
blockade, these authors concluded that "other means of blood
pressure support (e.g., catecholamines) are not operative in
this setting" (p. 155). However, catecholamines were not
measured in this study. Angiotensin Ii is known to facili-
tate sympathetic transmission (Swales, 1979); thus, blockade
of angiotensin II could have also attenuated the catechola-
mine response to nitroprusside.

In summary, plasma renin activity has been shown to be
elevated in response to surgical and hypotensive stresses,
but not in response to most anesthetics. Also, the renin-
angiotensin system probably plays an important role in the

hypertension that often occurs following surgical stimula-
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tion and nitroprusside infusions. Because hypertensive epi-
sodes can be harmful in certain clinical settings, it may be
peneficial to pharmacologically blunt such untoward rises in

plasma renin activity.
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Attenuation of Stress Responses by Benzodiazepines

The ability to manipulate plasma catecholamine, corti-
sol and renin activity levels may be of benefit in the clin-
ical management of some patients. In light of the previ-
ously discussed theoretical association between elevated
blood pressure and elevated plasma catecholamines and renin
activity, surgical patients with ischemic heart disease
might benefit from an attenuation of stress-induced eleva-
tions in catecholamines (Van Ackern et al., 1979; Hoar et
al., 1980a) or renin activity (Taylor et al., 1977; Roberts
et al., 1977). Also, elevated blood pressure can be espe-
cially harmful to patients with intracranial aneurysms
(Skultety and Nishioka, 1966), and in the perioperative
period these patients might benefit from pharmacologically
blunting elevated plasma catecholamines and renin activity.
Moreover, surgical patients with hyperadrenocortical func-
tion or labile diabetics might benefit from a reduction in
stress-induced elevations in plasma cortisol levels (Madsen
et al., 1977). The results of several studies suggest that
the benzodiazepines might effectively antagonize these com-
pensatory hormonal responses which often occur during the

course of surgery.
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Pharmacological Profile of Diazepam, Lorazepam and
Midazolam

Diazepam

Chemistry and Pharmacology

Diazepam, which is probably the most widely used ben-
zodiazepine, has a variety of therapeutic actions. Diazepam
has been used for producing mild sedation and managing anxi-
ety, tension and convulsive states, and more recently it has
been used as a premedicant and as an adjuvant to intravenous
anesthesia.

Pharmacokinetic studies indicate that diazepam has a
rapid onset of action and a prolonged duration of action.
Jones et al. (1979) reported induction of anesthesia within
94-158 seconds of diazepam injections, and Hillestad et al.
(1974) found that within 15 minutes of diazepam injections,
maximum clinical effects reflected in sleepiness, coordina-
tion difficulties, mental clouding and amnesia were
recorded. The prolonged effects of diazepam are probably
due to an elimination half-life of 21 to 37 hours, a very
large volume of distribution (0.95 L/kg) and slow clearance

rate (0.35 ml/min/kg) as well as extensive (96.8%) plasma
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protein binding (Kaplan et al., 1973; Klotz et al., 1976).
Furthermore, certain tissues of the brain, kidney, liver,
myocardium and digestive system have been shown to rapidly
take up diazepam and then slowly release it (Mandelli et
al., 1978).

The biotransformation of diazepam leads to the forma-
tion of two important metabolites, desmethyldiazepam and
oxazepam, both of which are active (Kaplan et al., 1973;
Mandelli et al., 1978). Desmethyldiazepam, the major metab-
olite measured in the bloodstream, is formed by demethyla-
tion of diazepam and has an elimination half-life of 50-99
hours, which is even longer than that of diazepam. Oxaze-
pam, formed primarily from hydroxylation of desmethyldia-
zepam, undergoes glucuronide conjugation and this then
becomes the major urinary metabolite.

A distinct disadvantage of diazepam is that it is not
water soluble. Consequently, injectable diazepam is pre-

pared in an organic solvent such as propylene glycol.
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The strucutral formula of diazepam is:

CH, (o]
! /
N o= C
N\
o,

Cardiovascular and
Respiratory Effects

Numerous studies have indicated that the circulatory
and respiratory effects of diazepam are mild and often clin-
ically insignificant. In an early study, no significant
decreases in réspiration rate, heart rate, systolic and
diastolic blood pressures, or changes in artefial blood
cheﬁistry were found in patients premedicated and induced to
anesthesia with diazepam (McClish, 1966). The only compli-
cations noted in this study were several complaints of pain
on injecfion and a small percentage of cases of venous
thrombosis and thrombophlebitis at the site of injection.
Later studies tended to confirm the lack of deleterious
effects of diazepam on the cafdiovascular and respiratory

systems. When statistically significant decreases in heart
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or lung function were found, as reflected most often in
decreases in blood pressure or heart rate, these effects
were not considered to be clinically significant (Cote et
al., 1974; Markiewicz et al., 1976; McCammon et al., 1980;
Samuelson et al., 1981).

The results of several studies have suggested that
diazepam might actually be beneficial to some cardiac sur-
gery patients. Ikram et al. (1973) measured myocardial
blood flow by the !*3Xe clearance method and showed that
diazepam increased myocardial blood flow in patients with
diseased and normal coronary arteries. On the other hand,
Cote et al. (1974) measured myocardial blood flow by ther-
modilution in a similiar patient population, but they did
not find that diazepam increased coronary blood flow. The
inconsistancy in the results of the Ikram and Cote studies
is probably a function of the differént methods used in
these two studies to measure coronary blood flow.

A decrease in myocardial oxygen consumption was
reported by Cote et al. (1974). Daniell (1975) confirmed
these results, and also found that diazepam treatment was
associated with an increase in coronary blood flow.

In summary, diazepam appears to be devoid of clini-
cally significant wuntoward hemodynamic or respiratory

effects. Furthermore, the reported increase in myocardial
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plood flow and decrease in oxygen consumption suggest that
diazepam would be a good premedicant for certain patients

with compromised heart or lung function.

Lorazepam

Chemistry and Pharmacology

Lorazepam is a benzodiazepine that resembles diazepam
in many of its clinical effects. Like diazepam, lorazepam
has sedative-hypnotic, muscle relaxant, antianxiety and
anticonvulsant properties, and is currently being used as a
premedicant for general anesthesia (Alps et al., 1973; Wil-
son, 1973; Conner et al., 1978; Ameer and Greenblatt, 1981).
The clinical effects of lorazepam are quite similar to those
of diazepam. Lorazepam is four to five times more potent
than diazepam (Dundee et al., 1979), only 88-92% bound to
plasma protein (Greenblatt, 1981), and there are distinct
pharmacological differences between these two benzodiaze-
pines.

Lorazepam has a considerably longer onset and duration
of action than diazepam. Conner et al. (1978) compared the
onset of the sedative and antianxiety effects of equipotent

doses of lorazepam and diazepam and found that the diazepam
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group showed a peak effect in four minutes, but the loraze-
pam peak was not seen for 32 minutes. Conner et al. con-
cluded that while the peak effects of diazepam and lorazepam
did not differ significantly, the time taken to achieve the
peak effect was significantly delayed in the lorazepam
group. These results were confirmed by Dundee et al. (1979)
who further showed that the duration of action of lorazepam
is three to four times longer than that of equivalent doses
of diazepam. Lorazepam's delayed onset of action and pro-
longed duration of action as compared with diazepam are
somewhat perplexing since lorazepam's half-life (13.2 hours)
and volume of distribution (0.84 L/kg (Greenblatt et al.,
1977)) are considerably less than the values reported for
diazepam. Furthermore, unlike diazepam, lorazepam does not
have an active metabolite, since lorazepam is rapidly con-
verted to its major metabolite, lérazepam glucuronide
(Elliott, 1976).

Ameer and Greenblatt (1981) have commented on the
somewhat paradoxical clinical profile of lorazepam and con-
cluded that, "because the lipophilicity of lorazepam is much
less than that of the prototype benzodiazepine, diazepam,
the onset of clinical activity of intravenous lorazepam fol-
lowing a single dose is much slower than that of diazepam.

This effect can be attributed to the slower rate of loraze-
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pam's passage across the blood brain barrier" (p.162).
These authors further suggest that "since the extent of tis-
sue distribution of lorazepam also is 1less than that of
diazepam, single doses of lorazepam would appear to have a
longer duration of action than will single doses of diaze-
pan" (p.162).

Unfortunately, lorazepam, like diazepam, is not water
soluble and is prepared for injection in a propylene glycol
solution. However, although there are reports of thrombosis
and phlebitis after intravenous injection of lorazepanm,
these complications are seen less frequently than following
diazepam injections (Hegarty and Dundee, 1977; Dundee et
al., 1979). The chemical structure of lorazepam, which is

similar to that of diazepam is:

OH
C! N

- Cl
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Cardiovascular and
Respiratory Effects

Only minimal cardiovascular and respiratory effects
have been seen following the administration of lorazepam.
Alps et al. (1973) found that doses of lorazepam that were
three times those used therapeutically produced only slight
changes in heart rate, blood pressure and myocardial con-
tractile force. However, at doses significantly above ther-
apeutic doses, some depression in heart rate and blood pres-
sure were reported. Knapp and Fierro (1974) also evaluated
the cardiopulmonary safety of lorazepam and found no signif-
icant electrocardiographic, hemodynamic or respiratory
changes in noncardiac surgery patients receiving lorazepam.
Furthermore, Gale and Galloon (1976) used lorazepam as a
premedicant in gynecological patients and reported that
pulse rate, blood pressure and respiration were remarkably
stable in all patients.

In summary, lorazepam is a benzodiazepine that has a
prolonged onset and duration of action and clinical effects
that are similar to those of diazepam. Because lorazepam
causes minimal cardiovascular and respiratory depression, it
would appear to be an ideal premedicant in patients with
compromised cardiopulmonary function. It would also appear
to be a good candidate for further investigation to deter-

mine if it might blunt elevations in catecholamines, corti-
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sol and renin activity often seen in response to intraopera-

tive stresses.

Midazolam

Chemistry and Pharmacology

Midazolam is an investigational benzodiazepine that
resembles both diazepam and lorazepam in its clinical
effects. Like these benzodiazepines, midazolam has anxyo-
lytic, anticonvulsant, sleep-inducing, muscle-relaxant and
sedative effects, and is currently being tested for induc-
tion of anesthsia (Gamble et al., 1981; Pieri et al., 1981;
Schwander and Sansano, 1981). Although midazolam resembles
diazepam and lorazepam in its therapeutic actions, midazolam
does have some interesting characteristics that differenti-
ate it from the other benzodiazepines.

Like diazepam, midazolam has a rapid onset of action
with sleep occurring from 1-1/2 to 3 minutes following its
intravenous administration (Reves et al., 1978; Jones et
al., 1979; Gamble et al., 1981). Midazolam is reported to
be twice as potent as diazepam (Dundee, 1980). Unlike both
diazepam and lorazepam, the clinical effects of midazolam

are of short duration, with drowsiness lasting for approxi-
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mately two hours and mental clouding for approximately one
hour (Forster et al., 1980).

The time course of the clinical effects of midazolam
correlates well with its pharmacokinetic profile. Following
an intravenous injection of midazolam, the drug is rapidly
and widely distributed with a volume of distribution of 1.14
L/kg (Smith et al., 1981). In contrast to most benzodiaze-
pines, midazolam shows a relatively short elimination half-
life of 1.77-2.5 hours and is rapidly cleared from plasma at
6.38 ml/min/kg. It is similar to other benzodiazepines in
that it is extensively (94%) bound to plasma proteins (Smith
et al., 1981; Allonen et al., 1982). The short duration of
midazolam's clinical effects may be related not only to the
short elimination half-life and large volume of distribu-
tion, but also to the biological inactivity of midazolam's
metabolites. These metabolites are .rapidly formed from
midazolam by hydroxylation and subsequent conjugation with
glucuronic acid (Heizmann and Ziegler, 1981; Vree et al.,
1981).

The pharmacokinetic profile of midazolam, when con-
trasted with that of diazepam and lorazepam, shows midazolam
to be a unique benzodiazepine. Midazolam resembles diazepam
in having a fast onset of action, but differs from both

diazepam and lorazepam in having a short duration of action.
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The elimination half-life of midazolam is considerably
shorter than that of either diazepam or lorazepam, the
extent of plasma protein binding is intermediate between
‘that reported for diazepam and lorazepam, and the volume of
distribution and rate of clearance are.higher than the val-
ﬁes reported for either diazepam or lorazepam. However,
despite all the pharmacokinetic differences in these three
benzodiazepines, their clinical effects are quite similar.
In addition to the pharmacological differences between
midazolam and the other benzodiazepines used in this study,
midazolam has some unique chemical properties. From the
following chemical structure of midazolam, it can be seen
that midazolam, unlike diazepam and lorazepam, is an imida-

zole benzodiazepine:
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Midazolam exhibits a pH-dependent opening of the benzodiaze-
pine ring. At a pH less than 4.0 the ring opens reversibly
prOducing a water-soluble compound. However, at a more
physiological pH, the ring closes and the compound becomes
lipid rather than water soluble (Dundee, 1979). Midazolam
does not require a propylene glycol vehicle. Consequently,
injections of midazolam rarely result in pain on injection
or venous irritation (Fragen et al., 1978; Dundee et al.,

1980; Gamble et al., 1981).

Cardiovascular and
Respiratory Effects

For the most part, midazolam has been shown to have
only modest cardiopulmonary actions. The most frequently
reported hemodynamic actions of midazélam in human volun-
teers and experimental animals are a slight decrease in mean
arterial pressure and an increase in heart rate (Reves et
al., 1978; Jones et al., 1979; Forster et al., 1980).
Although many investigators have found respiration remains
relatively stable following midazolam injections, brief epi-
sodes of apnea have been reported (Reves et al., 1978; For-

ster et al., 1980).
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Midazolam has been administered to patients undergoing
cardiac surgery (Reves et al., 1979; Samuelson et al., 1981;
Morel et al., 1981). 1In all of these studies, midazolam was
used for induction of anesthesia. The authors reported
slight, but clinically acceptable, cardiovascular and
respiratory depression, and concluded that midazolam was
safe and acceptable for use in patients with cardiac dys-
function.

Midazolam is an imidazole benzodiazepine with a fast
onset of action, relatively short duration of action, lack
of pain on injection and minimal cardiovascular and respira-
tory effects. Midazolam, when finally released for general
use by the Food and Drug Administration, would appear to
have widespread use in anesthesia and surgical patients. A
study of its effects on plasma catechoalmines, cortisol and
renin activity during hypotensive and surgical stresses is

indicated.



35

Effects of Benzodiazepines on Plasma Catecholamines

Over the past decade Zsigmond and his associates have
reported that diazepam is effective in preventing the car-
diovascular stimulation caused by ketamine anesthesia (Zsig-
mond et al., 1974; Kothary et al., 1975; Kumar et al., 1978;
Kumar et al., 1980; Zsigmond et al., 1980). 1In this series
of studies, involving both cardiac and noncardiac surgery
patients, ketamine administered in the absence of diazepam
resulted in tachycardia, hypertension and increased sympa-
thetic activity. However, when diazepam was administered
prior to ketamine, the circulatory side effects of ketamine
were absent and no significant elevations were seen in
either epinephrine or norepinephrine levels.

Further beneficial effects of diazepam were shown by
Melsom et al. (1976). 1In this study,\patients admitted to
the coronary care unit with acute myocardial infarction were
divided into a diazepam group and a control group. Patients
treated with diazepam showed a marked decrease in urinary
catecholamines compared with patients not given diazepam.
These authors also reported that the incidence of severe
cardiac arrhythmias was less frequent in the diazepam group.

Additionally, Hoar et al. (1981) showed that diazepam

hay reverse anesthesia-induced elevations in plasma cate-



36
cholamines. The authqrs showed that significant elevations
in plasma epinephrine and norepinephrine normally seen fol-
lowing morphine anesthesia were reversed following the
administration of diazepam.

The effects of diazepam on catecholamines during sur-
gical stress are difficult to ascertain from the studies
reported in the literature. In the Hoar et al. (1981)
study, diazepam reversed morphine-induced elevations in cat-
echolamines; however, following surgical stimulation the
catecholamines rose to levels well above baseline levels.
Since a diazepam-free control group was not included in this
study, it cannot be determined whether the postsurgical lev-
els would have been even greater in the absence of diazepam.
However, this is probably the case since the postsurgical
catecholamine levels were well below the postmorphine lev-
els, and anesthesia is generally considered to be a milder
stress than surgery.

Other studies have reported significant elevations in
plasma catecholamines following diazepam. Significant ele-
vations in plasma catecholamines during the cardiopulmonary
bypass period were seen in patients premedicated with diaze-
pam followed by enflurane-nitrous oxide anestheisa (Tan et
al., 1978), morphine-nitrous oxide anesthesia (Balasaraswa-

thi et al., 1978) or fentanyl-oxygen anesthesia (Lappas et
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al., 1981). Furthermore, Reves et gl. (1982) found that
diazepam given prior to the onset of cardiopulmonary bypass
failed to attenuate subsequent significant elevations in
catecholamines. However, all of these studies, like the
Hoar study, lacked a diazepam-free control group. Also, a
variety of premedications were given to the patients in
these studies that could have influenced the catecholamines
independent of surgical and bypass stresses. Diazepam can
attenuate anesthesia-induced elevations in catecholamines;
however, the effects of diazepam on surgery-induced eleva-

tions in catecholamines are not well defined.

Effects of Benzodiazepines on Plasma Cortisol Levels

Fewer studies have been conducted on the effects of
benzodiazepines on plasma cortisol and renin activity than
their effects on plasma catecholamines. However, there are
some indications that benzodiazepines can counteract
stress-induced elevations in cortisol. James and Fisher
(1970) premedicated gynecological patients with nitrazepam,
8 benzodiazepine structurally similar to diazepam, and found
plasma cortisol levels significantly reduced in response to

surgical stress. A similar reduction in plasma cortisol
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levels was later found by Wesseling and Edens (1975) in
patients undergoing broncoscopy who had been premedicated
with a relatively high dose of diazepam. Moreover, diaze-
pam, as well as other benzodiazepines not used in clinical
anesthesia such as chlordiazepoxide, clorazepate and clona-
zepam were effective in reducing stress-induced elevations
in plasma corticosteriod levels in rats (Le Fur et al.,
1979). On the other hand, in the previously discussed Mel-
som et al. study (1976) in which diazepam was shown to
reduce urinary catecholamine excretion in patients with
acute myocardial infarction, no effect of diazepam on plasma
cortisol levels was noted. However, in this study, ;ortisol
levels were not elevated in the patients who did not receive
diazepam. Thus, there is evidence to suggest that when
stress-induced elevations in cortisol occur, these rises can

be attenuated by benzodiazepine pretreatment.

Effects of Benzodiazepines on Plasma Renin Activity

The role of diazepam in counteracting stress-induced
elevations with regard to plasma renin activity has not been
widely studied. Lappas et al. (1981) found that cardiac

surgery patients had elevations in plasma renin activity
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following fentanyl-diazepam anesthesia and these elevations
were maintained following surgical stimulation. These
results suggest that diazepam is ineffective in counteract-
ing a stress-induced increase in plasma renin activity.
However, because there was no drug-free control group it is
difficult to interpret these results. Although diazepam
does not appear to attenuate plasma renin activity, the pre-
cise role of diazepam in plasma renin activity has not been

determined.

Summary

Diazepam has been shown to attenuate, but not abolish,
stress-induced elevations in plasma catecholamines and cor-
tisol. There are no reports of a benzodiazepine attenuation
of plasma renin activity. Because a diazepam-free control
group was not used in many studies, the results are diffi-
cult to interpret and additional studies are needed to clar-

ify confusing data.
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The Purpose of This Study

The present animal study will investigate three benzo-

diazepines that are used in clinical anesthesia. Their

effects on plasma catecholamines, cortisol and renin activ-

ity following drug-induced hypotension and surgical trauma

will be determined. More specifically, this study will:

1.

Stress an anesthetized dog by drug-induced hypotension
or surgical trauma and then simultaneously examine
changes in hemodynamic variables (MAP, HR, CI, RAP,
SVRI, Wedge, LVSWI - see Methods for detailed explana-
tion of these hemodynamic variables) and changes in

plasma catecholamines, cortisol and renin activity.

Compare the abilities of diazepam, lorazepam, and the
investigational benzodiazepine midazolam, to attenuate
hypotension-induced elevations in plasma catecholamines,

cortisol, and renin activity.

Investigate the ability of midazolam to attenuate sur-
gery-induced elevations in plasma catecholamines, corti-

sol and renin activity.



41
4. Examine the ability of midazolam to attentuate hypoten-
sjon-induced elevations in plasma catecholamines and
cortisol over a time course similar to that seen in many
clinical situations.
This study will provide the knowledge of how diazepam, lor-
azepam, and midazolam influence hormonal responses in ani-
mals subjected to hypotensive and surgical stresses. It is
anticipated that these results will provide a basis for

future patient studies involving these drugs.



CHAPTER II

METHODS

General Procedures

Subjects

Male mongrel dogs weighing 13-18 kg were used in this
study, which was approved by the Institutional Committee on
Animal Care. The animals were individually housed and cared
for at the Loyola University Animal Research Facility.
Except for Experiment III, each animal was used in two
experiments. After participating in one experiment, the
animals were returned to the animal research facility and
allowed to recuperate before being used a second time. The
dogs were killed while anesthetized with a lethal injection
of potassium chloride upon completion of the second experi-

ment.

42
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Procedures

In order to minimize presurgical stress due to trans-
port, the dogs were brought to the laboratory one hour prior
to surgery. The dogs were not exposed to the laboratory or
surgical team prior to their first experimental session.
Unconsciousness was induced with a 2% solution of sodium
thiopental (Pentothal), 20.0 mg/kg, which was injected into
a Butterfly catheter placed in the cephalic vein. Following
induction, the dogs were intubated using a cuffed endotra-
cheal tube and mechanically ventilated with 100% oxygen.
Anesthesia was maintained at 1.3 MAC (MAC refers to the min-
imum alveolar concentration of an anesthetic necessary to
prevent movement to skin incision in 50% of subjects) using
nitrous oxide-oxygen (1:2) and 2% enflurane (Ethrane).
Depth of anesthesia was estimated by. monitoring standard
clinical signs of anesthesia such as respiratory pattern,
eyelid and conjunctival reflexes, pupil size, blood pressure
and heart rate (Cohen, 1975). Blood anesthesia levels were
periodically measured using gas chromatography. Standard
electrocardiogram (ECG) needle electrodes were positioned on
the dogs so that the Lead II ECG could be continuously moni-

tored on an oscilloscope.
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Percutaneous cannulas were placed in both femoral
arteries. Arterial blood pressure was continuously measured
via one of the cannulas, and arterial blood samples were
drawn from the other cannula. A wurinary catheter was
jnserted so that urine output could be monitored. To main-
tain hydration, lactated Ringer's solution was dripped
through the Butterfly cannula at a rate of 5 drops/minute.
Cardiac and pulmonary hemodynamics were monitored
using a dog Swan-Ganz catheter (Edwards Laboratories No.
93A-095-7F). The frequency of the commercially purchased
arterial, central venous and pulmonary artery pressure lines
was measured in this laboratory, and each was recorded as 25
Hz. The Swan-Ganz catheter was inserted into the right
external jugular vein with the aid of a Cordis introducer.
The balloon-inflated catheter tip was advanced through the
right atrium, and right ventricle and advanced until it
wedged in a branch of the pulmonary artery. Correct place-
ment of the catheter tip was confirmed from pulmonary artery
pressure tracings. A thermistor near the tip of the Swan-
Ganz catheter was used to measure pulmonary artery blood
temperature.
Arterial blood samples were drawn throughout the
experiment to monitor blood gases. Blood gases including

PH, arterial oxygen tension and arterial carbon dioxide were
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measured using a No.165 Corning pH Blood Gas Analyzer, and
hematocrit was measured using micro hematocrit capillary
tubes. Respiration was adjusted to maintain arterial carbon
dioxide at 35-40 mm Hg and pH at approximately 7.4.

After the experimental set-up was completed and the
dog's heart rate, blood pressure and blood carbon dioxide
levels were stable, the dog was maintained on anesthesia for
one hour. Following this one-hour period, the hypotensive

or surgical stress was initiated.

Experimental Design

This study, which was conducted in enflurane-nitrous
oxide anesthetized dogs, consisted of three experiments. The
first experiment was undertaken to investigate changes in
plasma epinephrine, norepinephrine, cortisol and renin
activity resulting from nitroprusside-induced hypotension in
anesthetized dogs. The effectiveness of acute intravenous
injections of diazepam, lorazepam or midazolam in inhibiting
these responses was also investigated in this experiment.

The second experiment investigated the ability of
midazolam to block the hypotension-induced increases in

Plasma epinephrine, norepinephrine and cortisol when midaz-
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olam was administered prior to the administration of anes-
thesia.

The third experiment consisted of two parts. In the
first part, changes in plasma epinephrine, norepinephrine,
cortisol and renin activity which resulted from a thoraco-
tomy and rib spread were determined. In the second part,
the ability of an acute injection of midazolam to blunt
these responses was investigated.

Forty-two dogs were used in this study. Four groups
of six dogs were used in the first experiment, one group of
six was used in the second experiment and two groups of six
were used in the third experiment.

The experimental sessions began at approximately 10:00
a.m. The animals were stablized on anesthesia by 11:00 a.m.
The drug-induced hypotension or thoracotomy procedures were

then initiated at approximately 12:00 p.m.
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Experiment |. Effects of Diazepam, Lorazepam and
Midazolam on Nitroprusside-Induced

Elevations in Plasma Epinephrine,
Norepinephrine, Cortisol and Renin

Activity

Experiment [(a). In Experiment I(a) the effects of
nitroprusside~induced hypotension on plasma catecholamines,
cortisol and renin activity were determined. The results of
this experiment then served as the control with which the
results from Experiments I(b), I(c), I(d) and II could be
compared.

The general procedures outlined above were followed.
After the one hour period of anesthesia, mean arterial blood
pressure was dropped by 30% by infusing 0.01% sodium nitro-
prusside (Nipride) into the cephalic vein. Blood pressure
was stabilized at this lower level (usually within 7 min-
utes), and the hypotension was continued for 20 minutes.
The nitroprusside infusion was then terminated and blood
pressure allowed to return to prestress levels.

In order to measure plasma catecholamines, cortisol
and renin activity, 18-ml blood samples were drawn at the
following intervals: (1) immediately before the hypotensive
Stress (prestress control); (2-4) 2, 10 and 20 minutes after

stable hypotension was achieved; and (5) 20 minutes after
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blood pressure returngd to prestress levels following the
offset of the hypotensive stress. Thus, a total of approxi-
mately 90 mls of blood was drawn during each experimental
session for subsequent assay. Each blood volume removed was
replaced with saline. In all experiments, the blood was
immediately placed in an ice bath and then processed accord-
ing to assay procedures (see p. 53-57) or frozen for later
assay. Hemodynamic measurements including SAP, DAP, MAP,
pPCWP, CO and HR (see pages 58-63 for a complete description)

were also taken at intervals 1-5.

Experiment |/(b). 1In Experiment I(b) the effects of
diazepam on the responses to a hypotensive stress were exam-
ined. The procedure was the same as that described in
Experiment I(a), except that diazepam, 0.4 mg/kg i.v., was
administered following the withdrawal of the prestress con-

trol blood sample.

Experhnenf I(c). In experiment I(c) the effects of
midazolam on the response to a hypotensive stress were exam-
ined. The procedure was the same as that described in
Experiment I(b), except that midazolam, 0.2 mg/kg i.v., was

administered instead of diazepam.

Experiment I(d). 1In experiment I(d) the effects of

lorazepam, a benzodiazepine with a prolonged onset of
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action, on the responses to a hypotensive stress were exam-
ined. The procedure was the same as that described in
Experiment I(b), except that because of the delayed onset of
action of lorazepam, the nitroprusside infusion was started

30 minutes after the lorazepam (.07 mg/kg i.v.) injection.
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Experiment I|. The Effects of Midazolam Given 1-1/2
Hours Prior to the Onset of a Hypo-

tensive Stress on Plasma Concentra-

tions of Epinephrine, Norepinephrine

and Cortisol.

In this experiment, midazolam, 0.2 mg/kg iv., was
slowly administered to awake, unanesthetized animals. This
procedure was done to determine whether the effects of
midazolam on the responses to a hypotensive sress would con-
tinue over a time span similar to that of many clinical pro-
cedures. The protocol outlined in Experiment I(a) was fol-
lowed, except that midazolam was administered 10 minutes
before the induction of anesthesia. Because the results of
Experiment I indicated that midazolam does not block hypo-
tension-induced elevations in plasma .renin activity, the
plasma in this experiment was assayed only for catecholamine
and cortisol levels. The catecholamine and cortisol data
obtained from Experiment I(a) served as a basis for compari-

son.
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Experiment [ll. The Effects of Midazolam on Plasma
Epinephrine, Norepinephrine, Corti-

sol and Renin Activity Following

Surgical Trauma

In Experiment III(a) the effects of surgical stress on
plasma catecholamines, cortisol and renin activity were
investigated. The results from this experiment then served
as the control with which the results from Experiment III(b)

could be compared.

Experiment [ll(a). 1In this experiment the general proce-
dures were the same as previously described. However, the
animals in this experiment were subjected to a surgical
rather than hypotensive stress. After one hour of stable
anesthesia, thoracotomies were performed on the dogs. The
thoracotomies were performed by first making a skin incision
on the right side of the chest to expose the 5th and 6th
ribs. The pleural cavity was then entered between these
ribs and the intrarib distance at peak inspiration measured.
A self-maintaining retractor was placed between the 5th and
6th ribs at a position 90-110 mm from the sternal midline
and spread so that the distance between these ribs was &
times the intrarib distance, ranging 65 to 75 mm. (This

distance was found to be the maximum rib spread that occur-
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red without rib breakage.) Final placement of the retractor
took approximately 5 minutes from skin incision. The
retractor remained in place for 20 minutes and then was
removed.

Blood samples for chemical assays (approximately 18
mls) were drawn from the femoral artery cannula at the fol-
lowing intervals: (1) immediately before skin incision
(prestress control); (2-5), 2, 5, 10 and 20 minutes after
placement of the retractor; and (6) 20 minutes after removal
of the retractor. Hemodynamic measurements were also taken
at sample intervals 1-5, and heart rate and blood pressure
were measured at one minute intervals from the time of skin

incision to placement of the retractor.

Experiment 111(b). In Experiment III(b), the effects
of midazolam on the stimulatory response to surgical trauma
were investigated. The procedure described for Experiment
I1I(a) was followed, except that 2 minutes prior to skin
incision, midazolam, 0.2 mg/kg i.v., was injected into the

cephalic vein.
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Biochemical Determinations

Catecholamine Fluorometric Assay

Plasma epinephrine and norepinephrine concentrations
were determined using a modification of the method of Vend-
salu (1960) and Haggendal (1963). Thirteen milliliters of
the total arterial blood withdrawn at each time period were
collected in heparinized centrifuge tubes for this assay.
The heparinized blood was centrifuged for 10 minutes at
4,000 RPM at a temperature of +4°C. The plasma was then
removed, measured for volume, and approximately 0.1 ml of a
solution containing 10% EDTA and 2% ascorbic acid in 4.0 N
perchloric acid was added to every ml.of plasma to depro-
teinize the plasma and stabilize the catecholamines. The
treated plasma was refrigerated for 30 minutes at +6°C and
then centrifuged for 20 minutes. The acidified supernatant
was collected and the protein pellet re-extracted with 0.4 N
PCA. After centrifugation the two supernatants were com-
bined. The acidified deproteinized plasma containing epi-
nephrine and norepinephrine were then stored at -20°C.

Purification and isolation of epinephrine and norepi-

nephrine were accomplished using ion-exchange column chroma-
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tography as described by Glisson (1971). This technique
involved thawing the acidified deproteinized plasma and then
passing the plasma sample through an ion exchange column
puffered to a pH of 6.5. The resin column was washed with
water followed by 1.5N hydrochloric acid to elute epineph-
rine and norepinephrine from the resin column. The acid
eluate, containing epinephrine and norepinephrine, was col-
lected and stored at -20°C until the samples were thawed for
further processing (<48 hrs.). Epinephrine and norepineph-
rine were quantified upon conversion of the amines to their
respective fluorophores using the trihydroxyindole technique
(Glisson et al., 1972). Developed fluorescence was then
measured at 405/505 and 455/505 nM in and Aminco-Bowman
spectrophotofluorometer equipped with an ellipsoidal mirror
condensing system. Plasma epinephrine and norepinephrine
concentrations were calculated from a standard curve and
expressed as ng/ml (cf., Appendix B). Maximum sensitivity
of this system was determined to be plus or minus .45
ng/ml. Using a minimum 5.0 ml plasma sample provided suffi-
cient concentration to quantify. Approximately 80% recovery
of epinephrine and norepinephrine have been found in this
laboratory. Reported values are uncorrected. The between-

assay coefficient of variation was approximately 10%.
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Renin Activity Radioimmunoassay

Plasma renin activity was assayed in duplicate using
the Becton Dickinson Renin Activity Radioimmunoassay Kit
(}2°1), as modified from the method of Haber et al. (1969).
According to this procedure, 5-ml samples of arterial blood
were collected in prechilled Vacutainer tubes containing
sufficient disodium EDTA to achieve a final concentration of
1.4 mg/ml. The plasma was immediately separated in a
refrigerated centrifuge. One milliliter of the cold plasma
was then transferred to a polystyrene test tube and stored
at -20°C until the radioimmunoassay was performed. The
remainder of the plasma was also stored at -20°C for later
use in the cortisol radioimmunoassay.

To perform the radioimmunoassay, the plasma was thawed
and buffered by Tris Chloride to pH 7..4. Dimercaprol and
8-hydroxyquinoline solution were added to the buffered
plasma to inhibit the transformation of angiotensin I to
angiotensin II and breakdown products. Angiotensin I was
then generated by placing treated plasma in a heated bath
(37°C) for 3 hours. A blank was made by stimultaneously
storing the other half of the treated plasma in an ice bath.

Following Angiotensin I generation, the assay proce-

dure was initiated. The assay involved adding a constant



56
amount of angiotensin *2°I tracer and angiotensin antiserum
in tris acetate buffer to test tubes containing either the
plasma samples or angiotensin I standards. The tubes were
then incubated 20-24 hours at 2-8°C. After incubation, sep-
aration of the bound and free angiotensin was achieved rap-
idly by contact with dextran-coated charcoal. The antibody-
pbound }2°I in the supernatant solution was then decanted
into a numbered tube and counted using a Packard Liquid
Scintillation Spectrometer adjusted for the measurement of
1257, A standard curve was plotted and the concentration of
angiotensin I in the plasma was determined from the standard
curve and expressed as ng/ml/hr of angiotensin I generated
{(cf., Appendix B). The sensitivity of this assay was shown
to be 0.14 ng angiotensin I/ml plasma, and the precision of
the assay was shown by a within-assay coefficient of varia-

tion (C.V.) of 2.9% and between-assay C.V. of 8.5%

Cortisol Radioimmunoassay

Plasma cortisol concentrations were measured in dupli-
cate using the Amerlex Cortisol RIA Kit. The plasma sam-
Ples used in this assay were collected according to the pro-

cedures described for the renin activity radioimmunoassay.
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In this assay, cortisol !2°I and cortisol antiserum

were pipetted into tubes containing 50 mcl aliquots of the
standard, control or experimental serum samples. The tubes
were incubated in a 37°C water bath for one hour and centri-
fuged for 15 minutes. The supernatant was counted in a
Packard Liquid Scintillation Spectrometer. Finally, a staﬁ-
dard curve was constructed, and the concentration of corti-
sol in the plasma was determined from the curve and
expressed as mcg cortisol/100 ml plasma (cf., Appendix B).
The sensitivity of this assay was shown to be 0.1 mcg corti-
s0l1/100 ml plasma, and the precision of the assay was shown
by a within-assay C.V. of 5.7% and between-assay C.V. of

8.9%.
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Hemodynamic Monitoring

Hemodynamic monitoring provides direct measurement of
cardiac performance. From these measurements, derived indi-
ces can be calculated. The raw and derived data then were

used to evaluate cardiovascular function.

Direct Physiological Measurements

Cardiovascular Pressures

The femoral artery catheter was used to measure sys-
tolic arterial pressure (SAP) and diastolic arterial pres-
sure (DAP). From these pressures the mean arterial pressure

(MAP) was calculated as:
MAP = (DAP + 1/3(SAP-DAP))

The mean arterial pressure is the average pressure during a
given cardiac cycle that exists in the aorta and its major
branches (Berne and Levy, 1977). Mean arterial pressure is
the average pressure tending to push blood through the sys-
temic circulatory system (Guyton, 1976). This, as well as

other cardiovascular pressures, are expressed in mm Hg.
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The Swan-Ganz cathether was used to obtain pulmonary
capillary wedge pressure (PCWP or wedge), pulmonary artery
systolic pressure (PASP), pulmonary artery diastolic pres-
sure (PADP) and right atrial pressure (RAP). The wedge
pressure is the most useful of these pressures because it
reflects left ventricular end diastolic pressure (Gilbert
and Hew, 1979; Kaplan, 1979). Consequently, an elevated
wedge pressure usually indicates an acute fluid overload or
a decrease in myocardial performance (Roizen et al., 1981).
Right atrial pressure is used to evaluate right ventricular
function. The pulmonary pressures provide data on pulmonary

vascular resistance.

Cardiac Output

Cardiac output (CO) is the volume of blood pumped by
the left ventricle into the aorta per unit time, typically
per minute. Under normal circumstances, the major factor
determining the cardiac output is venous return, which is
the amount of blood that is pumped into the heart each min-
ute. When the arterial pressure remains normal and the
heart is healthy, cardiac output is controlled by the needs
of local tissues throughout the body (Guyton, 1976). It
should be noted that during anesthesia, control of cardiac

output circulatory dynamics differs from the non-anesthetic
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state, reflecting a balance of depressant actions by anes-
thetic agents and compensating reflexes (Hickey and Eger,
1981, Kaplan, 1981).

Two major determinants of venous return and cardiac
output are arterial pressure and total peripheral resistance
(Guyton, 1976). Arterial pressure is controlled by three
groups of mechanisms that differ in their onset of action.
The first group consists of short term mechanisms including
(1) the hormonal norepinephrine - epinephrine vasoconstric-
tor mechanism, and (2) nervous mechanisms such as the baro-
receptor mechanism, the chemoreceptor mechanism and the CNS
ischemic feedback mechanism.

The baroreceptor mechanism is probably the best known
of the short-term nervous mechanisms for regulating arterial
pressure (Guyton, 1976). Baroreceptors are nerve endings
lying in the walls of arteries and are especially abundant
in the walls of the internal carotid arteries and the walls
of the aortic arch. Baroreceptors are stimulated when
stretched and respond rapidly to changes in arterial pres-
sure. They respond much more to a rising pressure than a
falling pressure. Impulses from the baroreceptors inhibit
the vasoconstrictor center of the medulla and excite the
vagal center. The net effects, which are mediated through

sympathetic and parasympathetic nerves, are vasodilation
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throughout the peripheral circulation and decreased cardiac
output and strength of contraction.

The short-term mechanisms begin to act within seconds
whenever any disturbance attempts to change the arterial
pressure to a value higher or lower than its normal level.
Baroreceptors are probably of no importance in long-term
regulation of arterial pressure since they adapt in one to
two days to whatever pressure level they are exposed.

The intermediate-term pressure control mechanisms are
represented by stress-relaxation of the vasculature, the
renin-angiotensin-vasoconstrictor mechanisms and the capil-
lary fluid shift mechanism. These intermediate pressure
control mechanisms become activated when a disturbance