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INTRODUCTION

The field of respiratory physiology is slowly yielding its secrets, ad-

vancements being made in the study of the effect of pK, Pqu , and P02 inter-

action on respiration, in the study of peripheral chemoreceptor functions,

and in the study of the mechanical properties of the lung are making possible

a clearer understanding of respiratory function.

Of the peripheral chemoreceptors which have been isolated, the carotid

body has been studied in the most detail (Joels and Neil, 1963; Comroe, 1964).

Whether or not the peripheral chemoreceptors all function in the same way and

whether or not there is interaction of responses to pH, PcDo' an<i ^°2 wi-tkin

a given peripheral chemoreceptor, or possibly even between the various

peripheral chemoreceptors, has yet to be determined.

In studying the respiratory response to the stimulation of a single, iso-

lated chemoreceptor it is necessary to control the blood gas tensions reaching

all other chemoreceptors. In general, arterial blood gas tensions are very

nearly the same as alveolar gas tensions. Thus, by controlling the gas

tensions at the exchange surfaces of the lung, it is possible to produce

desired tensions of these gases in the blood.

Although respiratory and circulatory responses to variations in oxygen

and carbon dioxide levels have been studied in man, only isolated observa-

tions have been made for the chicken. This paper presents a method by which

arterial FCQ and Pq can be predicted, within a given range, for the chicken

when the gas mixture being given through the unidirectional respirator is

known. In conjunction with the determination of arterial blood gas tensions

and pH, a study of the respiratory and circulatory responses to variations in

respiratory gas tensions in the chicken has also been made.



LITERATURE REVIEW

In studies of peripheral cheraoreceptors, some attention has been given

to the control of arterial blood gas levels. MacLeod and Scott (1964) simply

estimated arterial oxygen tension from alveolar oxygen tension in the study of

the carotid body. Duke et al. (1963) bubbled 5 percent C02 in oxygen through

the blood of the "restricted" systemic circulation in order to keep it con-

stant in their study of the effects of stimulation of the pulmonary body.

Daly et al. (1965) used mechanical oxygenation of the blood while studying

the aortic body.

The study of respiratory physiology in the chicken and the experimental

control of blood gas levels has been aided by the development of a unidirec-

tional respirator (Burger and Lorenz, 1960). Using this respirator a gas

mixture can be introduced through a tracheal cannula, forced through the lungs

and into the air sacs, and allowed to exit via an opening produced surgically

through the midventral abdominal wall and the abdominal air sacs. The uni-

directional respirator was modified (Fedde and Burger, 1962) to allow the gas

to be heated and humidified, thus preventing lowering of the body temperature

and dehydration of the pulmonary tissue. Use of this respirator allows open

thoracic surgery in the chicken under conditions which provide a responsive

experimental subject for many hours.

Arterial Blood Gas Tensions

Control of arterial blood gas tensions should be possible using the

unidirectional respirator. Arterial gas tensions have been found to be

quite close to alveolar gas tensions. In man (normal) an alveolar POg of

97.4 am Hg corresponds to an arterial P of 97.1 mm Hg, according to the
m



results of Conroe and Dripps (1947). During normal respiration the amount of

oxygen in the inspired air is diluted by the COg and water vapor in the lungs,

so that the alveolar air has a lower oxygen tension than inspired air. Viith

the use of the unidirectional respirator, the dilution process should be vir-

tually eliminated and the arterial gas levels should be under more exact exper-

imental control j thus, a certain mixture of gases introduced through the

respirator should correspond to certain arterial gas tensions, which can be

determined and controlled.

The oxygen dissociation curves, which have 'asen determined for the chick-

en, provide information which helps in the interpretation of blood gas ten-"

sions (Christensen and Dill, 1935). Morgan and Chichester (1935), in their

determination of oxygen dissociation curves for the chicken, found that blood

take:, from a resting chicken had an arterial ?Q of 90 mm Kg and PCq2
of 34

mm Kg at a temperature of 40.0° G. In general, these dissociation curves

shew that chicken blood has less affinity for oxygen than the blood of man.

Respiratory and Circulatory Effects

Studies of respiratory and circulatory responses to variations in oxygen

and carbon dioxide tensions in respired gases have provided soma interesting

results from mammals, especially man. In a review, of the circulatory effects

of hypoxia, Korner (1959) points out that there is an increased heart rate

and cardiac output and that peripheral vasoconstriction occurs. Some inves-

tigators have not found an increase in cardiac output during hypoxia (Click

et al. 1964). Thilenius et al. (1964), in support of active vasoconstriction

of the pulmonary vessels during hypoxia, found that 6-15/» O2 produced an in-

crease in pulmonary artery pressure and cardiac output and a decrease in left

atrial pressure. From these values the pulmonary vascular resistance was



calculated and found to increase.

In a study of effects of increasing the CO2 in inspired gas, Schneider

and Truesdel (1922) found that increases in blood pressure, heart rate, and

respiratory minute volume occurred in man. In a review article on the control

of respiration, Kellogg (1964) states that Pfluger, in 1868, did the first

experimental work to show that hypercapnia and hypoxia stimulate breathing.

Kellogg shows that for man, increasing CO2 increases respiratory minute volume,

tidal volume, and rate, and decreasing O2 increases ventilation (liter/min.).

He points out that the ventilatory responses to O2 and CO2 do not appear to

be simply additive. Increasing the CO2 increases the response to hypoxia, and

decreasing the O2 increases the response to hypercapnia. According to Kellogg,

the response for an increase in H
+

appears to be additive to the response for

an increase in carbon dioxide, as Gray (1950) originally proposed. However,

Hamilton (1964) (using a high constant PO2) found that CO2 and H
+
interact

negatively with an increase in one producing a decrease in response to the

other.

Little is known concerning the effects of such gaseous changes for the

chicken. Hiestand and Randall (1942) have shown that 10 per cent CO2 in an

unanesthetized chicken will increase the respiratory amplitude. Van katre

(1957) ventilated chickens by introducing respiratory gases through a needle

inserted into the posterior thoracic air sac. He found that a rather large

flow of gas would inhibit respiration, but that increasing the amount of Kg

or CO2 would overcome the inhibition. Increasing the CO2 increased the depth

of respiration, although the' rate of respiration did not appear to change.
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The experiment was divided into two studies. Ten adult Single Comb

.Vhite Leghorn males were used in the first study, while fourteen Hy-Line1

males were used in the second study. Each study was further divided into two

parts. In Study I, Part A, the oxygen in the dry gas mixture of the "inspired"

gas was held constant at 18$, while the carbon dioxide was varied from

20-0-20$. In Part B, the carbon dioxide was held constant at 5$, while the

oxygen was varied from 4-94$. In Study II, Part A, the oxygen was held con-

stant at 20$ of the dry gas mixture, while carbon dioxide was v. ied from

12-2-12)*,} in Part B, carbon dioxide was held constant at 5$, while the oxygen

varied from 50-6$ in two trials (1 and 2).

There were a few differences in experimental design between Study I and

Study II. In Study I, Part A, carbon dioxide levels in the respiratory gas

ranged from very low (0$) to rather high (20;,). The higher carbon dioxide

levels (above 12$) and the low carbon dioxide levels (below 2$) were not used

in Study II, mainly because of possible deleterious effects on the bird of

higher levels of CC2 and because the pC02 electrode responds logarithmically

and, hence, cannot accurately be used to measure these low levels. The 50$ to

mixtures of oxygen were not used in Study II, Part 3, because little change

in any parameter .v.easured (except arterial P
02 ) occurred at. these levels. In

Study II, the bird first received 50$ 2 j then the 2 was gradually reduced

to the lower levels. In Study I, Part B, the oxygen mixtures were initially

dropped to 4$ 2 and gradually raised in steps to 94$ 2 .

Coombes and Sons Hatchery, Sedgewick, Kansas.



An Offner Type S Dynograph2 was used for the simultaneous recording of

arterial blood pH, arterial blood P
, arterial blood ?qq2 , arterial blood

pressure, tracheal pressure, and sternal movements. Body temperature was

monitored throughout the experiment using a read-out thermometer^ with a

rectal thermistor4 , which was inserted four inches into the rectum.

Experimental Materials and Arrangement

The unidirectional respirator. The unidirectional respirator and other

parts of the experimental arrangement are presented diagrammatic ally in Fig. 1.

The unidirectional artificial respirator, as described by Burger and Lorenz

(1960) and Fedde and Burger (1962), is divided into the flowmeter section and

the heater-humidifier section. Four floating-ball flowmeters 5 were used for

regulating and measuring the flow of air, oxygen, nitrogen, and carbon dioxide.

Although calibration curves were provided by the manufacturers of the flow-

meters, determination of these curves was repeated for the specific gases used

over the required range of flowmeter settings. This was done in the following

manner. At each flowmeter setting, a soap bubble was introduced into the flow

of gas passing from the flowmeters into a graduated glass tube. The gas flow

carried the bubble through the graduated glass tube (10 ml.), and the movement

of the bubble was timed to obtain the flow (ml./min.). A larger tube (200 ml.)

was used for the faster flows at higher settings of the flowmeters, since the

rapid flow in the small tube was too fast for accurate timing. The tube was

2
Offner Division of Beckman Instruments, Inc., 3900 River Road,

Schiller Park, Illinois.

"Yellow Springs Instrument Co., Yellow Springs, Ohio (Model 43).
4Yellow Springs Instrument Co., Yellow Springs, Ohio (Model 401).
5
Precision Laboratory Instruments, Cole-Parmer Instrument and Equipment

Co., 7330 North Clark Street, Chicago 26, Illinois.
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rinsed with water periodically to prevent drying and breaking of soap bubbles.

The new calibration curves showed some slight differences in gas flow over the

range used when compared with the original calibration curves (Fig. 2).

The gas heater-humidifier section (Fig. 1) of the unidirectional respir-

ator consisted of a large, stoppered, glass tube which contained a fine spray

of warm water. The water was obtained from a constant temperature water bath

(+ 0.5 °C.) and was continuously recirculated. Air, or oxygen-nitrogen mix-

ture, from the flowmeters was introduced into the heater-humidifier through a

tube which reached almost down to the water level. The gases then passed up

through the spray of water to the outlet tube, which passed down and out of the

heater-humidifier. Since carbon dioxide is very soluble in water, it was added

to the gas mixture as the mixture passed from the heater-humidifier before

reaching the tracheal cannula. The temperature of the gas mixture, as it

passed into the trachea, was held at 42°-44° C. by controlling the temperature

of the water bath. This procedure helped to maintain the body temperature of

the bird at about 40° C. The heater-humidifier thus provided saturation of

the gases with water vapor and reduced loss of moisture and heat from the lungs.

The gases were thus considered to have been warmed and humidified to within

the normal limits for gases in the lungs. Gross examination of the lungs after

an experiment showed them to be normal in color and density.

£££ J29_2> ££02, 2S& 2S electrodes . For measurement of arterial P PcOo»

and pH the Bookman modular cuvette with electrodes 6 was used. This device

provided a continuous extracorporeal blood gas sensing system. The electrodes

were the oxygen macro electrode, the Severinghaus pC02 electrode, the silver-

silver chloride micro blood pH electrode, and the fiber junction reference

Spinco Division, Beckman Instruments, Inc., Stanford Industrial Park, Palo
Alto, California.
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electrode.

Since the values measured with the electrodes vary with the temperature,

it was necessary to control accurately the temperature in the cuvette. A

custom-made water bath incorporating a temperature controller,^ an iraniersible

thermistor, 8 a heater 9 (200 watts), and a vertical immersion recirculating

pumplO was used with the modular cuvette to hold the temperature of the water

circulating through the cuvette at 40.00° + 0.07° C. Severinghaus (1964) has

provided correction factors for the effect on PQ of variation of temperature

and pH in human blood. However, these factors are not applicable for the

chicken, since the blood pH and the oxygen dissociation curves for the chicken

are different from those of man.

The p02 and pG02 electrodes were also used as a means of determining the

accuracy of the oxygen and carbon dioxide tensions in the gas mixture at the

various flowmeter settings which were presented to the birds. The expected

oxygen tensions for the gas mixtures at body temperature and atmospheric

pressure saturated with water vapor (BTPS) were calculated for the various gas

percentages according to the equation: Pq„ = per cent oxygen (barometric

pressure - water vapor pressure at 40° C). For example, at 10 per cent

oxygen, ?Q^
m .10 (727.9mm Hg - 54.9 mm Hg) = 67.3 mm Hg. The expected tensions

were compared with those obtained when the gas mixtures produced by given

settings of the flowmeters were measured with the electrodes. A comparison

7 Yellow Springs Instrument Co., Inc., Yellow Springs, Ohio (Model 71).
o

Yellow Springs Instrument Co., Inc., Yellow Springs, Ohio (Number 403)
9 Aloe Scientific, St. Louis, Missouri.

1° Aloe Scientific, St. Louis, Missouri,
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of the values for PQ is presented in Fig. 3. There was close agreement

between expected and measured values, although measured values were slightly

lower at the upper oxygen tensions. Figure 4 shows the close agreement be-

tween the expected and measured values of Pco2
* In general, the comparisons

indicated that, at a desired flowmeter setting, the bird was receiving close

to the expected gas tension.

Calibration of the oxygen and carbon dioxide electrodes required the use

of calibrating gases. 11 Certified analysis of these gases showed purity to

be 5.031$ C02 and 12.26$ CO2. Nitrogen (99.999$) was used for zero oxygen.

Air was used as a standard for 20.9 per cent oxygen. In initial experiments,

the calibrating gases were passed quite slowly and intermittently through the

cuvette in order to minimize cooling and drying of the electrodes. In later

experiments the calibrating gases were first bubbled through warm water in a

test tube in order to help warm and humidify the gas before it reached the

electrodes. This procedure increased the repeatability of the calibrations.

The pH electrode was calibrated using buffers with values of 6.84, 7.38,

and 7.84 at 40° C.12

Statham pressure transducers13 were used to sense blood pressure and

tracheal pressure. A mercury manometer was used for calibration of the blood

pressure transducer and a water manometer was used for calibration of the

tracheal pressure transducer. Tracheal pressure was not measured in the first

"Air Products of Minnesota, Inc., P.O. Box 176, Shakopee, Minnesota.
Spinco Division, Beckman Instruments, Inc., Stanford Industrial Park,

Palo Alto, California.
13

Statham Laboratories, Inc., Hato Rey Industrial Subdivision, Hato Rey,
Puerto Rico. Blood pressure transducer (Model P23Gb), tracheal pressure
transducer (Model P23AA).
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studyj but it was included in the second to obtain an indication of any

change in the resistance to air flow presented by the lungs. Tracheal pres-

sure was taken a few centimeters from the tracheal cannula (Fig. 1).

Respiratory movements were measured with a strain gauge device, which was

attached near the caudal tip of the sternal carina (Fedde et al. , 1963).

Respiratory amplitude and period (seconds/respiratory cycle) were measured.

Surgical and Experimental Procedure

The birds were restrained in dorsal recumbency and a polyethylene

cannula (RE 90, 10 cm. in length) was placed in the left cutaneous ulnar vein

for the administration of anesthetic and heparin. Pentobarbital sodium

(65 mg./ml.) was infused slowly to effect. Absence of a response to a pinch

on the rostral edge of the comb indicated deep anesthesia (Fedde et al., 1963).

Usually 1.0 to 1.5 ml. of anesthetic were required, additional 0.1 ml. doses

were given as needed throughout the experiment to maintain a light surgical

anesthetic level. Gannulae for blood pressure measurement (RE 160, 27 cm. in

length) and for provision of a flow of arterial blood (PE 160, 20 cm.) to the

extracorporeal blood gas sensing system were placed in the left and right

ischiatic arteries respectively.

Blood was returned to the bird from the extracorporeal blood gas sensing

system by inserting a cannula (RE 120, 32 cm.) into the right cutaneous ulnar

vein. A one-piece, glass bubble trap (Fig. 1) was inserted in the path of the

cannula a few centimeters from the bird. The bubble trap was essentially a

perpendicular extension from a small glass tube (through which the blood

flowed) forming a bulb which had an opening at the top into which was inserted

a small serum bottle stopper. A small air bubble could be injected into the

three-way stopcock between the cuvette and the return cannula in order to
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measure the flow of blood, \ihen the bubble reached the trap, it rose into the

bulb and thus did not enter the vascular system of the bird. The trapped air

could occasionally be removed from the bulb by a syringe and needle inserted

through the rubber serum bottle stopper in the bubble trap. The movement of

the air bubble along the marked length of the cannula was timed in order to

provide an indication of the rate of flow of the blood through the cuvette.

Satisfactory flows were on the order of 0.15 ml ./sec. At this flow rate, it

required less than four seconds for blood to reach the sensing device from

the bird.

'Jifith the cannulae in place, preparation was made for the flow of the

gases through the bird. * skin incision (5 cm. in length) v/as made midven-

trally in the proximal half of the neck. Two layers of connective tissue

were transected and the trachea (on the right side of the neck) was isolated

in preparation for later tracheotomy. A midventral abdominal incision was

made from the caudal tip of the sternal carina to within 1 cm. of the cloacal

orifice, and the abdominal air sacs were ruptured. The tracheotomy was then

completed, and a mixture of air and b% carbon dioxide from the unidirectional

respirator was introduced through the tracheal cannula. The gas mixture

passed through the lungs, into the air sacs, and out to the atmosphere through

the openings in the air sacs and the abdominal wall. The cranial and caudal

thoracic air sacs were then ruptured using an alligator biopsy forceps. The

cervical air sacs had been ruptured during the installation of the tracheal

cannula. Thus, gas could pass over almost all of the respiratory gas exchange

surface. In the interest of economy, a gas mixture of air and 5 per cent
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carbon dioxide was used until the beginning of the experimental series at

which time oxygen and nitrogen were substituted for air. At all times, a

total flow of 4000 ml./min. of gas was given to the bird. Four to six per

cent carbon dioxide had been found to give normal respiratory movements for

the anesthetized chicken under unidirectional, artificial respiration (Fedde

et al
. , 1963). This level of carbon dioxide prevents the drastic changes in

acid-base balance v/hich would occur if only air were used. Heparin sodium^

(initial dose of 200 units) was infused slowly over a 10 minute period with

additional 10 unit doses given during the experiment about every 30 minutes.

The heparin was used in order to prevent clotting in the cannulae and, espec-

ially, to prevent clotting in the modular cuvette.

The flowmeters were then set to give the desired flows of the gases. For

each change in the gas mixture, a time of at least three to five minutes was

allowed for the change in the recorded value of the arterial gas tensions

to stabilize before any readings were taken. For example, with a change from

7% C02 + 20£ 2 + 73% N2 to Q% C02 + 20% 0£ + 72% N2 , readings for recorded

values were taken after the change in the recorded arterial Pqq had leveled

off. A continuous record was taken.

The measured values for each of the parameters (except for sternal move-

ments and heart rate) were transformed from millimeters of recorder pen de-

flection to the appropriate units using the calibration curves which had been

obtained. For every change in respired gas tension, the mean of each parame-

ter (blood pressure, heart rate, arterial PQ0 , etc.) was found over all birds.

In a few cases not all parameters could be recorded. The standard errors of

the means v/ere calculated.

14 Abbott Laboratories, worth Chicago, Illinois (PanheparinR ).
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RESULTS AND DISCUSSION

Tables 1 through 5 oresent the numerical results of Study I and Study II.

The results are graphically summarized in Figs. 5 through 16. The figures for

each part are divided into a graoh correlating changes in respiratory gas

tensions with blood P0
2 , PC0

2 , and pH and a graph correlating changes in

these gas tensions with blood pressure, heart rate, respiratory movements,

and, in Study II, tracheal oressure. The resoiratory gas tensions used are

based upon the average barometric pressure for Study I and the average

barometric pressure for Study II.

Effect of Variation in Resoiratory PC02 with
Constant P0

2
on Arterial PCO2, P02 , and pH

The changes found in arterial PC0
2 , P0

2 , and oH with variation of respir-

atory carbon dioxide tension are shown in Fig. < for Study I and in Fig. 6 for

Study II. The arterial PC0
2
was found to be in close agreement with the PC02

of the resoired gas PC02 , exceot for a slight difference at the low carbon

dioxide tensions. Figure 7 orovides a more direct comparison of the PC02

values. The differences at the low carbon dioxide tensions were from a few

mm. Hg in Study II to about 10 mm. Hfe in Study I. The main differences in

Study I started at about 10# C0
2 (descending) to about 5% C02 (ascending),

with the largest differences at the low carbon dioxide tensions.

There are several possible explanations for this difference. First, the

PC0
2

electrode resoonse is logarithmic and not as rapid at the low tension of

carbon dioxide. Due to the slow resoonse of this electrode (1-2 minutes) a

long time may be required for an accurate reading, esnecially below about 2%.
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Therefore, a lower PGCg reading might have been obtained if a longer time had

been allowed before taking the reading. Second, the bird is producing a cer-

tain amount of CO2 as a result cf metabolic processes. This endogenous carbon

dioxide may account for part of the difference between the ?c&> of the gas

mixture and the arterial Pco„» However, it would also be expected that endo-

genous carbon dioxide would give an increased arterial Pco 2
at higher gas mix-

ture PCq2 levels. But, since the Fqq
2 electrode responds logarithmically and

the pen deflection is much less for a unit Pco 2
at higher levels, the small

difference between gas mixture Pqq
2
and arterial Pcp

2
probably can not be de-

tected.

There is a third possible explanation for the difference between arterial

PC02 and gas mixture PC02 at low levels being greater in Study I than in Study

II. This stems from the fact that the initial carbon dioxide tensions in the

experiment were higher in Study I (20jQ than in Study II (12$. Thus, there

co-old be a greater amount of combined carbon dioxide in the blood due to buf-

fering of the initial high levels, which would be released at the lower carbon

dioxide tensions. That the amount of combined carbon dioxide was higher in

Study I than in Study H can be determined from the experimental PH determina-

tions. The pK is related to the ratic of combined G02 to free C02 in the plasma

by the equation; pH = pIC log SSmbingd.^ Helbacka e al. (1964) haveiree OOo —— *"""

determined the relationship of pit • to pH in the chicken. The pX» increases as

the pH decreases. The ratio of combined to free CQ? for selected percentages

of carbon dioxide is compared for Study I and Study II in Table 6.



Table 6. Ratio of combined C0 2 to free C0 2 with variation in
PCC2 compared for Study I and Study II. Values for

pK' from Kelbacka et al., (1964).

Study I Study 11

Per Gent Diff.1 Average

pH

pK' combined CO2 Per Cent
C02

Diff.l Average

pH

pK

'

corabt SOa
C02 free GO2 free CO2

12

6

2

3.1

10.4
13.8

7.28
7.45

7.68

6.10
6.09

6.08

15.1

20*1
40:1

12

6

2

0.4
4.1
4.8

7.26
7.39
7.58

6.10
6.09

6.08

15:1
18:1
30:1

arterial ?
CQ

— respiratory gas Pqq

From this table it can be seen that the amount of combined GO2 to be

eliminated at low carbon dioxide levels was greater in Study I than in Study

II. Thus, the arterial PGq2
at low carbon dioxide levels seems to have been

influenced by the previous experimental conditions.

The changes which occurred in pH with variation in PCq2 also tend to

show that there may have been more combined CO2 involved in Study I than in

Study II. The pH values were generally higher in Study I when compared v/ith

those in Study II. In general, both studies showed a decrease in values for

pH with increased respiratory Pco2
» The average of pK values obtained at

levels of 5# C0
2 with 18-20^ 2 was 7.46, when combining both studies.

Although the Pq
2

of the gas mixture was held constant during the changes

in PC02 >
the arterial P

02 showed definite variation (Figs. 5 and 6). The

arterial Pq
2
decreased as the arterial ?G0 decreased. The arterial Pc

decreased from about 130 mm. Kg at 20?, CO. (136 mm. Hg. ?
C(y ) to 120 mm. Hg

at 12?; C02 (62 mm. Kg P^) and to 85 mm. Hg at Q% G02 in Study I. In Study

II the range was from about 90 mm. Kg P^ at 12% C0 2 (SI mm. Hg PC02 ) to 77
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mm. Hg at 2% COg (13 mm. Hg ?C02 ). The arterial P^ during variation in ?co

was generally higher in Study I than in Study II. The occurrence of changes

in Pq
2
during variation in Pcc,2

will be discussed in connection with tracheal

pressure changes*

Effect of Variation in Respiratory Pq2 with
Constant ?C02 on Arterial PQ , PCCo., and pK

The effect of variation in oxygen tension of the respiratory gas mixture

on arterial PC02 , P02 , and pH is shown in Figs. 8, 9, and 10. The variabil-

ity of arterial P^ tended to increase with the increase in P02 .

Although arterial P02 increased with the increase in respiratory oxygen

tensions, the divergence between the two is notable. The upper part of Fig.

11 presents a direct comparison of the P02 of the gas mixture and the obtained

arterial P^. The average P^ of the gas mixtures for Study I and Study II

are slightly different due to the different average barometric pressures,

737.1 mm. Hg and 728.5 mm. Hg respectively. The difference between the P^
°2

of the gas mixture and the arterial blood increases as the Pq
2

is increased.

At 5C# 02 the difference was about 100 mm. Hg. At low oxygen tensions the

difference was smaller. In Study II the arterial Pq
2
was lower than expected

at the low oxygen tensions? while in Study I the arterial PQ was higher than

expected. The arterial values for F^ in Study I were comparatively higher

than in Study II, especially at levels below 30% Cfc.

The lower part of Fig. 11 shows directly the differences between P„ in
°2

the gas mixture and the arterial P02 . The differences are expressed as the gas

mixture Fq^ arterial blood P^. Thus, a negative value was obtained for the

arterial P
02 values below 18g in Study I. The theoretical difference curve
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is adapted from Rahn and Fahri (1964). This curve represents the sum of the

effects of the three factors, which have been used by investigators in explain-

ing the differences found between arterial PQ and alveolar ? . They are

(1) the diffusion factor, (2) the ventilation-perfusion factor, and (3) the

venous admixture factor. Differences due to the diffusion and ventilation-

perfusion factor are usually not large except in disease. The venous admixture

fact or i. however , theoretically increases with increasing PQ . The addition of

a small quantity of venous blood from the bronchial circulation and from shuts

within the lung to the oxygenated blood in the pulmonary vein has a greater

effect in reducing P^ at the higher oxygen tensions due to the flat shape of

the oxyhemoglobin dissociation curve at these higher oxygen tensions (Rossier

et al., 1960). The air capillary P^ - arterial Pq
2
differences in Study I

and Study II at the higher oxygen tensions were even greater than might be

expected from this theoretical curve and appear to be only partly explained by

these factors (Fig. 11), assuming that they may be applied to the chicken.

It is possible that the nucleated red blood cells of the chicken utilize

enough oxygen to decrease the arterial oxygen tension somewhat. However, a

more plausible explanation for the difference in oxygen tension, involves the

measurement of the oxygen tension with the ?
Qz

electrode. Very recent work

by Dr. Richard Boster in this laboratory ( unpublished data) shows that the

electrodes do not produce the same magnitude of current change and hence the

same magnitude of recorder pen deflection when calibrated with gases at a

given tension as when calibrated with liquids equilibrated with gases at

this tension. The equilibrated liquid will yield about 20-25>i less electrode

response than the gas at high gas Po2 values (500-550 mm. Kg). If the venous

admixture factor and the electrode calibration factor are taken into account,
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the measured arterial PQ is very comparable to the P~ in the respiratory gas.

The respiratory carbon dioxide tensions were kept constant during varia-

tion in oxygen tensions. In general, there tended to be little change in ar-

terial pH and in arterial PC02 with changes in oxygen tension (Figs. 8,9, and

10^ The arterial Pqq
2
was slightly reduced at the beginning in Study I

(Fig. 8) with the initially low P^. This lowering of P^v/as not noticed in

Study II, where the low Pq
2
levels were approached gradually. The valuos for

pH and Pcc2in Study I v/ere slightly higher than in Study II. Also the PCO2 of

the arterial blood in Study I (Fig. 8) was about 10 mm. Hg higher than in the

gas mixture. Arterial PCC2 was quite close to the Fqq2 of the gas mixture in

Study II (Fig. 9 and 10). A possible explanation for the higher dH and ?rnn^"-2

in Study I may be because the combined carbon dioxide was higher in Study I at

the lower carbon dioxide levels. The study of variation in Pco (Fig. 5) pre-

ceded the study of variation in PQr in the experimental procedure. The higher

pH values obtained in the later oxygen studies indicate that there was still

excess combined C02 . In the presence of normal carbon dioxide tensions in

the lungs, the excess combined G02 would be released and then the arterial

?
C0«-

v/ould b® higher than expected.

Effect of Variation in Carbon Dioxide Tensions
on Blood Pressure, Heart Rate, Respiratory Per-
iod, Respiratory Amplitude, and Tracheal Pressure

Blood Pressur e and Heart Rate . Blood pressure and heart rate decreased

with decreasing carbon dioxide tensions (Figs. 12 and 13). This decrease was

more apparent in Study I (Fig. 12), in which the respired carbon dioxide was

decreased to 0£. The greatest change in blood pressure occurred at about the

same carbon dioxide tensions at which respiratory movements ceased.
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Heart rate was generally higher during changes in Pcc in Study I t)

in Study II (Figs. 12 and 13). This higher heart rate might possibly have

been due to the higher concentration of carbon dioxide, since carbon dioxide

seems to have a stimulating effect on the heart (Dukes, 1955). Heart rate

also tended to be higher after respiratory movements were resumed than before

they ceased.

Variation in oxygen tensions did not produce any appreciable changes in

blood pressure and heart rate except at low oxygen tensions (Figs. 14, 15,

and 16). In Study I (Fig. 14), there was a slight increase in heart rate

during hypoxic conditions j while in Study II (Figs. 15 and 16), the heart

rate showed a definite increase, starting at about 14$ Ogj to around 50

beats/rain at 8% 03. ^Heart rate in the mammal is also generally found to

increase during hypoxic conditions (Korner, 1959).

Blood pressure during hypoxia tended to decrease and show an increased

pulse pressure ^Figs. 14, 15, and 16). Carrier et al. (1964) have shown that

the local effect of hypoxia on isolated vessels is vasodilation, ".hile an

increase in only heart rate or an increase in only cardiac output would tend

to increase blood pressure, a decrease in peripheral resistance would tend to

decrease blood pressure and an increase in viscosity ^which may occur during

low oxygen or high carbon dioxide) will tend to produce dilation of vessels

(Best and Taylor, 1961). It would appear that the decrease in blood pressure

which occurred during hypoxia indicates the presence of peripheral vasodi-

lation.

The average blood pressure of the birds was lower in Study I than in

Study II during the variation in oxygen tension (Figs. 14, 15, and 16). This

may have been due to vasodilation produced by the initial hypoxia in Study I.
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^i££i£S*2£Z PQriod a^d Respiratory .Juplitude. As carbon dioxide tensions

decreased in Study I and Study II, the respiratory period (seconds/respira-

tion) increased and the respiratory amplitude decreased (Figs. 12 and 13).

Respiratory movements usually ceased at around 4$ C02 . A few birds showed

slight respiratory movements at lower percentages of GO2, which accounts for

the fact that these averages are not quite zero. Respiratory amplitude was

measured in terms of mm. of pen deflection with the recorder at & constant

gain setting. Zero drift occurred between experiments so that direct compar-

isons between birds could be made. The magnitude of the pen deflection was a

direct reflection of the magnitude of sternal movements. The data were trans-

formed for presentation in the Figures so that 5 mm. pen deflection is equal

to 1 unit. The respiratory amplitude increased with increasing carbon dioxide

levels (Fig. 12 and 13). It has been shown for mammals that there is an in-

creased ventilatory response to carbon dioxide up to levels of 12/.. Above

these levels, the respiratory response decreases and carbon dioxide tends to

act more and more as an anesthetic (Dripps and Comroe, 1947). A decrease in

respiratory response to carbon dioxide levels above 12$ was not found to occur

in the chicken. Respiratory amplitude tended to level off at about 14% C02 .

Furthermore, changes in tension at the higher levels of carbon dioxide tended

to result in an excitatory motor response in the chicken even though the level

of anesthesia was adequate at the lower C0 2 levels. These data indicate that

these high levels of C0 2 do not produce as much central depression in the

chicken as in mammals. The leveling off of respiratory amplitude at these

high C02 levels may indicate that the bird was simply not physically capable

of breathing any deeper and that maximum respiratory movements were produced

by levels of about 14% respired C02 .
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^s Pqo? v/as increased, there was little change in respiratory period

except at lov; carbon dioxide tensions (Figs. 12 and 13). The respiratory

period v/as greatly lengthened before respiratory movements ceased at low COg

tensions, with the respiratory period (sec ./cycle) approaching infinity. The

respiratory period tended to level off at about 5% C0 2 in Study I and about

7% in Study II. Thus, the higher levels of respired C02 did not act to

decrease respiratory period or conversely to increase respiratory rate.

With decreasing oxygen tensions during Study II, the respiratory ampli-

tude gradually increased and the respiratory period gradually decreased

(Figs. 15 and 16). During oxygen changes in Study I, respiratory amplitude

showed little change, but respiratory period was slightly decreased during

hypoxic conditions (Fig. 14). However, the respiratory amplitude was higher

in Study I than in Study II. Since increases in respired ?q0? act primarily

to increase respiratory amplitude and since the concentration of carbon diox-

ide was higher during the variation of oxygen in Study I than in Study II, the

generally higher amplitude in Study I may have been due to the elevated

amount of carbon dioxide present.

Tracheal Pres sure . Tracheal pressure, measured in Study II, showed an

increase at lov/ carbon dioxide levels (Fig. 13). The greatest change in

tracheal pressure occurred when respired carbon dioxide was below 8%*

Unfortunately a simple measurement of tracheal pressure does not differ-

entiate between the possible causes of changes in this variable. An increase

in tracheal pressure could be due to bronchoconstriction or due to changes in

pulmonary vasculature. Other investigators have found that the increase in

tracheal pressure is produced by changes in the air passageways in the lung.

An increase in airway resistance v/as found in the dog (anesthetized with

pentobarbital) under conditions of decreased carbon dioxide levels in the
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blood (Sevsringhaus et al., 1961). This effect v/as reversed with 6/. C02>

isoproterenol, or 100$ Ng. It has been reported that inhalation of 10-12$

O2 or 5 to 8% CO2, or stimulation of the carotid body with 2-10 jimg. of

nicotine will increase total lung resistance under chloralose-urethane

anesthesia (Kadel and Y.'iddecoinbe, 1961). Forester (1964) has found that an

increase in alveolar ^cOo increases the ease with which carbon monoxide

reaches the red blood cell in the lung. This indicates an increase in dif-

fusion of oxygen from alveoli to red blood cell under the influence of high

?C02.

.although the respiratory movements of the birds could not alter the

quantity of gas which passed through the lungs under these artificial ventil-

ation conditions, an increase in tracheal pressure could indicate a reduction

in flow past the gas exchange surfaces of the lungs. The parabronchi have

an abundance of smooth muscle cells which surround them in a unique network.

A slight contraction of these muscle cells would decrease the gas flow through

the parabronchi and hence over the gas exchange surfaces and would act to

shunt the gas through the direct bronchial pathways to the air sacs. Such a

shunt would have the effect of diminishing the exchange, especially oxygen,

between gases and blood. Such an explanation also seems supported by the

reduced arterial Pq
2
which occurred during increased tracheal pressure at lov;

respired carbon dioxide levels (Figs. 5 and 6).

No significant change in tracheal pressure was found with the variation

of oxygen tension (Figs. 15 and 16). The tracheal pressure means were, how-

ever, more erratic when below 22% 2 . There was little change in tracheal

pressure at higher oxygen tensions. Some birds tended, however, to show

definite gradual decreases in tracheal pressure with hypoxia.
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Control of variation in tracheal pressure probably is necessary in the

control of blood gas levels. It appears that further evaluation of the influ-

ence of gas tensions on airway resistance will require consideration of at

least three factors. First, changes in tracheal pressure do occur with changes

in carbon dioxide and possibly may be influenced by low levels of respired

oxygen. Zach of these gases should be studied over a range of tensions.

According to our results, the 5-8^ C0£ level, which was used by Nadel and

"./iddecombe (1S61), is in a region in which the tracheal pressure is changing.

It may be that there is a threshold in the effect of carbon dioxide on tracheal

pressure. Second, the duration of hypoxia may be a factor influencing tracheal

pressure. Some variation has been noted in experimental responses of tracheal

pressure to hypoxia. In the present experiment the oxygen level in the respired

gas was reduced to 4% (not reported on the graphs) in two birds with a concomi-

tant marked drop in a tracheal pressure occurring. It may be that prolonging

hypoxia produces a drop in tracheal pressure. Third, the type of anesthetic

used may be important. Tracheal pressure responses to hypoxia have been

obtained with chloralose or chloralose-urethan rather than with barbiturates

(Widdecombe, IS 63).



SUMMARY

A method has been studied by which the arterial blood gas tensions in the

chicken can be controlled with the use of the unidirectional artificial respir-

ator. Simultaneous determinations have been made for the arterial ¥Q , arter-

*-a^ ^COg* arterial pll, blood pressure, heart rate, tracheal pressure, respira-

tory period, and respiratory amplitude which correspond to given respiratory

gas mixtures. The respiratory gas mixtures ranged in steps (1) from 20-G-2C

QOz and from 4-94/i O2 in Study I and (2) from 12-2-12;, C02 and from 50-6$ 2

in Study II.

The arterial carbon dioxide tensions tended to coincide with the respira-

tory gas mixture tensions except at low levels of carbon dioxide. This differ-

ence may have been due to a build-up of combined carbon dioxide from the pre-

ceding exposure to high GOg or from metabolically produced carbon dioxide.

)

The difference between the arterial oxygen tension and the respiratory oxygen

tension tended to increase with increasing P . This difference seemed to be

due mainly to the increased effect of venous admixture at high oxygen levels

ana to the use of gases rather than liquids for calibrating the oxygen

electrode.

Leasurements of respiratory movements indicated that the respiratory

response does not decrease at high levels of carbon dioxide in the chicken.

The increase in tracheal pressure, which occurred at low carbon dioxide levels,

may be associated with the decreased arterial oxygen tensions which occur at

low carbon dioxide levels. An increase in heart rate and a decrease in blood

pressure were found to occur at the lower levels of oxygen.

ffith the use of liquids rather than gases for oxygen electrode calibra-

tions and taking possible effects of combined carbon dioxide and venous
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admixture into consideration, unidirectional respiration does make possible

the control of arterial blood gas tensions in the chicken.
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& method for the experimental control of changes in blood gas tensions

in vivo has made possible the study of cheraoreceptor responses over a range

of blood gas tensions and the study of possible interaction of responses of

the different chemoreceptors. The unidirectional respirator can be used in

the chicken to produce desired changes in blood gas tensions. This study has

been made to determine the relationship between arterial blood gas tensions

and respiratory gas tensions when these tensions were widely varied. In

conjunction with the continuous measurement of arterial Poo, PC02> a*1*1 PK >

blood pressure, heart rate, tracheal pressure, respiratory period (inverse

of rate), and respiratory amplitude were also measured on adult male chickens.

Study I included the simultaneous measurement of each of the above para-

meters except tracheal pressure under conditions in which the gas mixtures

(BTPS) used with the unidirectional respirator were varied (1) from 20$ CO2

down to 0$ CO2 and back up to 20$ CO2, while holding oxygen at 18$ and

(2) from 4% 02 up to 94$ 02, while holding carbon dioxide at 5$. Study II

included measurement of the same parameters, with the addition of tracheal

pressure. The gas mixtures in Study II were varied (1) from 12$ C02 down to

2$ C02 and back up to 12$ CO2 and (2) from 50$ O2 down to 6$ 02(two trials

on each bird)

•

The Eeckman modular cuvette, containing electrodes sensitive to P™ .bU2*

P02» and pK, was used to make continuous measurements of these variables.

Analyzed gases containing various percentages of 02 and CO2 were used to

calibrate the P02 and Pq02 electrodes, appropriate transducers were used

for the measurement of the other parameters. An Offner Type S multichannel

pen recorder was used for simultaneous recording of the parameters. Constant



temperature water baths were used with the modular cuvette ilnd for warming

and humidifying the gas mixtures in the unidirectional respirator. Body-

temperature was also monitored.

The results of the experiment showed close agreement between the Pcoo °^

of the respiratory gas mixture and the arterial Pc02» except at low tensions of

respired Pc02* ^ne difference found in carbon dioxide tensions at low

C02 may have been due to a build-up of combined C02, from preceding exposure

of the blood to high PC02 # ^so, since endogenous CQ2 is continuously pro-

duced, a small amount of carbon dioxide tension would be expected even at low

respiratory values of PC02»

The agreement between the Pq^ of the respiratory gas mixture and the

arterial Pq2 was less exact. As the Pq
2
was increased, the difference between

the respired gas tension and arterial Pq
2

increased. This difference could

be explained by several factors, including venous admixture, use of gases rather

than liquids for electrode calibrations, and ventilation-perfusion differences.

Findings from measurement of other parameters include lower blood pressure

and higher tracheal pressure at low respired Pco- > and little variation of

these parameters with changes of respired oxygen except at low O2 tensions

v/here there was an increase in heart rate and decrease in blood pressure,

alteration of respired carbon dioxide seemed to have little effect on respira-

tory period, but respiratory amplitude increased with increasing PoOo* ^e ~

creasing the oxygen tension increased amplitude and decreased period. Respir-

atory movements usually ceased when the respired GQ2 went below 4/..

The unidirectional respirator can be used to control blood gas tensions

if the factors which cause differences between respiratory gas tensions and

arterial blood gas tensions are taken into consideration.


