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MCGRATH, J ] The effects of carbon monoxide on the heart An in vitro study. PHARMACOL BIOCHEM BEHAYV 21:
Suppl 1, 99-102, 1984.—Expenments were conducted to assess the effects of increasing concentrations of carbon
monoxide (CO) on the 1solated spontaneously beating rat heart. Hearts removed from male Sprague Dawley rats were
perfused via the aorta with Krebs-Henseleit solution Coronary flow was timed and collected in a calibrated vessel. Heart
rate and pulse pressure were measured by a catheter inserted i the left ventricle and attached to a pressure transducer.
After 30 mun, the hearts were challenged for 10 min with perfusate contaiming increasing concentrations of CO and
decreasing concentrations of 0,. Coronary flow increased in response to CO concentrations below 50% After 8 min,
coronary flow increased by 40% in response to 10% CO challenge Heart rate and pulse pressure were generally depressed
by CO Heart rate was depressed at the end of 8 min by 5, 10, 38, and 64%, respectively, by solutions equilibrated against
10, 25, 50, and 95% CO. Pulse pressure decreased with concentrations of 50% CO and above These results indicate that
coronary flow appears to be the most sensitive indicator of CO toxicity in the 1solated heart.
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THE mechamism by which carbon monoxide (CO) exerts its
toxic effects was described first by Haldane in [9] 1895 and
has been venfied since by numerous other workers [17,18]
Briefly, CO reduces oxygen transport by binding with blood
hemoglobin to form carboxyhemoglobin (COHb). The result-
ing decrease mn the amount of hemoglobin available for oxy-
gen transport and the leftward shift of the oxyhemoglobin
dissociation curve produce a generalized tissue hypoxia.
There are, also, several reports in the literature suggesting
that CO may have other effects on 1solated tissue [4, 6, 12] as
well as intact animal preparations (8, 10, 23, 24].

The purpose of these experiments was to determine the
effects of increasing doses of CO on the performance of the
1solated rat heart perfused with hemoglobin-free Krebs-
Henseleit solution.

METHOD

Expernimental amimals were male Sprague Dawley rats
(King Amimal Laboratones, Oregan, WI) weighing 225 to 250
g. Each rat was heparinized (2.5 mg IP) and guillotined; its
chest was opened, and the heart excised rapidly and washed
in 1ce cold saline. The isolated heart was perfused by a mod-
tfication of the method described by Neely et al. [14]. The
aorta was cannulated, and the heart was mounted on a mod-
ified Langendorf apparatus and perfused with oxygenated
(95% 0,—5% CO,) Krebs-Henseleit solution. The perfusion
medium contained (in mM): glucose, 5.2; NaHCO,, 23.9;
NaCl, 114, KCIl, 4.6; CaCl,-H,0, 2.9, MgSO,:7H,0, 1.1;
kH,PO,, 1.2; and EDTA (disodium salt), 0.5. The fluid re-

servoirs were elevated to maintain a hydrostatic pressure of
80 mm Hg throughout the experiment. The perfusion media
were gassed with 10, 25, or 95% CO-5% CO,—balance 0,.

A 17-cm, saline-filled catheter (PE-90) was implanted in
the left ventricle and attached to a pressure transducer to
record pressure changes [16]. Signals from the transducer
were fed nto a data logger (Buxco) and displayed on a pen
recorder (Physiograph). The frequency response of the sys-
tem was 22 cps. Changes in heart rate and left ventricular
pressure were determined from this record. Perfusate flow
was measured by collecting the effluent from the heart in a
graduated cylinder.

After a 10-min washout period, the hearts were perfused
with oxygenated perfusate for a 30-muin control period. The
hearts were switched to a parallel perfusion system and chal-
lenged with a CO test solution. After 10 min of CO challenge,
the hearts were switched back to the oxygenated medium for
another 10 min. The perfusion was stopped, and the hearts
removed from the perfusion apparatus, weighed, and dried
overnmight at 100°C to determine dry weight.

Student’s paired ¢-test was used to test the significance of
differences between corresponding control and CO values
[20]. A p value less than 0.05 was considered the minimal
level of significance

RESULTS

Coronary flow increased 1n response to CO levels of less
than 50% (Table 1). The response was abrupt and sustained
throughout the CO challenge (Fig. 1) and was greatest with 5
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TABLE 1

CORONARY FLOW (ml min~! g DRY TISSUE) BEFORE AND AFTER
8 MIN CARBON MONOXIDE-INDUCED HYPOXIA

McGRATH

TABLE 2

HEART RATE (BEAT MIN-!) BEFORE AND 8 MIN AFTER CARBON
MONOXIDE-INDUCED HYPOXIA

Treatment N Control 8 Min p Treatment N Control 8 Min 14
5% CO (11) 493+ 49 690+ 67 <0 001 10% CO %) 2977+ 71 2837+ 82 <0 05
10% CO (12) 448+24 631+ 30 <0 001 25% CO (@) 2939+ 160 2634+ 140 <0 001
25% CO @ 494 x52 596+ 29 <002 50% CO (6) 2953+ 426 1810262 <001
50% CO (5) 495+62 484 + 84 NS 95% CO (6) 2862 + 12 4 1005 + 14 6 <001

95% CO (6) 504 +78 450+ 102 NS

Values are Means = SEM Student’s paired #-test used to test
significance
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FIG 1 Changes n coronary flow 1n response to CO challenge
+SEM marked off at 8 min

and 10% CO. At the end of 8 min, flow increased by 40 and
41%, respectively, 1n hearts challenged with 5 and 10% CO
With 10% CO, flow increased at the end of 8 min by 40%
(from 44 8 to 63.1 ml min~! g dry tissue). The increase in
flow with 25% CO was significantly greater than during the
control period but somewhat less than that seen at the lower
CO levels. It was also sudden and endured throughout the
CO exposure. At 50% CO, the response was biphasic with a
shight 1mitial increase followed by a decrease to control val-
ues after 8 min

Heart rate decreased significantly in response to CO
levels of 10% and above (Fig. 2, Table 2). With 10% CO,
heart rate decreased at the end of 8 min by 5% (from 297.7 to
283.7 beats min™*), The decrease 1n heart rate occurred n a
dose-response manner, with heart rate decreasing by 38 and
64%, respectively, 1n hearts challenged with 50 and 95% CO
In all cases, the decrease was sudden and sustained through-
out the CO challenge

Pulse pressure decreased with levels of CO of more than
50% (Fig. 3, Table 3) The decrease occurred in a dose-
response manner with pulse pressure decreasing by 24 and
52%, respectively, n hearts challenged with 50 and 95% CO
In all cases, the decrease was more gradual than that occur-
ring with heart rate, but it was sustained throughout the chal-
lenge period

DISCUSSION
These results indicate that the heart responds to CO chal-

Values are Means + SEM Student’s paired f-test used to test
significance
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FIG 2 Changes 1n heart rate in response to CO challenge +=SEM
marked off at 8 min

lenge 1n vitro 1n a dose-response manner (Fig 4) Coronary
flow increases at levels of CO below 50%, despite the de-
crease i heart rate and pulse pressure

The increased coronary flow rate 1s consistent with ob-
servations that coronary flow increases with CO exposure 1n
vivo Thus, Adams er al [1] reported increased coronary
flow and decreased myocardial oxygen consumption in
anesthetized dogs breathing 1,500 ppm CO for 30 min
Young and Stone [25] reported an increase in coronary flow
with no change in myocardial oxygen consumption i awake
dogs with COHb levels of 30% Einziget al [7] reported that
although myocardial blood flow increased in dogs inhaling
CO, there was a decrease in subendocardial-subepicardial
blood flow ratios, indicating a relative underperfusion of the
subendocardial layer of the left ventricle It was also appar-
ent from our studies that at CO levels greater than 25%, there
was a tendency for coronary flow to remain unchanged or
decrease from control levels, suggesting the possibility of
more sustained damage.

Berne and Rubio [2] have reviewed n detail the factors
affecting myocardial blood flow and concluded that a re-
duced PO, releases adenosine, which vasodilates the coro-
nary circulation. Thus, 1n our studtes, the hypoxia caused by
increasing concentrations of CO may have caused the re-
lease of adenosine or other vasodilating metabolites that di-
lated the coronary circulation and increased coronary flow

That hypoxia was not the only factor eliciting the -
creased flow response at CO concentrations of 10% or less 1s



CARBON MONOXIDE HEART STUDY

TABLE 3

PULSE PRESSURE (mm Hg) BEFORE AND 8 MIN AFTER CARBON
MONOXIDE-INDUCED HYPOXIA

Treatment N Control 8 Min 14

10% CO (@) 63909 62709 NS
25% CO (5) 70429 678+20 NS
50% CO (6) 662+58 502+50 NS
95% CO 6) 648 =48 31063 <0.02

Values are Means + SEM Student’s paired ¢-test used to test
significance

suggested by our earlier observations that 10% CO elicited a
greater flow response than 10% NO, [13].

These studies do not rule out the possibility that CO may
release a vasodilator or may dilate vascular smooth muscle.
The latter possibility 1s supported by the studies of Duke and
Killick [6), who reported that pulmonary arterial pressure
decreased in 1solated lungs ventilated with a CO-air mixture
but increased in 1solated lungs ventilated with a nitrogen-air
mixture. Because the response could not be blocked by
nerve blocking agents the authors concluded that CO may
act by dilating some part of the vascular bed directly.
Further evidence comes from the work of Coburn [4], who
demonstrated a decrease 1n 1Isometric tension 1n the 1solated
aorta challenged with CO at a constant organ-bath PO,

CO depressed heart rate at all levels tested. Depression
was sudden, and the levels reached at 8 min were commen-
surate with those seen earlier {11]. It 1s possible that 1n addi-
tion to 1ts hypoxic effects, CO may also have a direct effect
on the excitation-conduction system. This possibility 1s con-
sistent with the observations that 95% CO-5% CO, depressed
heart rate more rapidly than 95% N,-5% CO, in unstimulated
but not in stimulated preparations [3,11] and 1s supported by
the observations of Dergal et al [5] that cardiac pacing dur-
g CO poisoning increased the chances of survival in dogs.

Heart rate changes with CO nhalation 1n vivo are less
clear cut. Thus, heart rate has been reported to remain un-
changed 1n humans [19,21] and rats [22], however, Patajan et
al. [15] reported a decrease 1n heart rate in rats after a tran-
sient increase, and Lass et al [10] described episodes of
bradycardia due to heart block in awake rats exposed to CO.

Pulse pressures were relatively unaffected by CO chal-
lenges of 50% or less. At 95% CO, pulse pressure decreased
significantly to levels commensurate with those seen in ear-
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FIG 3. Changes in pulse pressure in response to CO challenge.
+SEM marked off at 8 min
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FIG 4 Changes n flow, heart rate, and pulse pressure at 8 min 1n
response to varymng CO doses

Lier studies [11]; however, the change was not so abrupt as
the changes in coronary flow or heart rate. This suggests that
the decrease 1n pulse pressure could be attributed to a global
hypoxia rather than a direct effect of CO.
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