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FOREWORD
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Crump.
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ABSTRACT

When anesthetized dogs were made hyvpoxic at constant ventilation, increases in
arterial lactate (AL) compared as well to net O, deficit (NOD) as did excess
lactate {XI.). It was asked whether this weculd hold true if Pco, was varied during
hypoxia Twel/e dogs were made hypoxic for 30 minutes while eucapmic (Pco, =
40 torr) ana again while hypercapn.c (Pco, = 77 torr), with appropriate contro! and
recovery pericds Ancther group of 12 dogs were treated similarly except one hypoxic
period was hypocapnic (Pco, = 18 torr) and the other eucapmic NOD was estimated
from the total dzcrease in é’oz during hypoxia by assum ng that baseline Vo, weuld
have been unchanged if Po, was not limited, and by estimating the change in O, stores
during hypoxia. Net O, repayment (NOR) was estimated siinilarly. In a graph of
AL against NOD three different lines were obtained according to the Pc3, level. "he
sa'ne was true for XL against NOD In 36 of 48 comparisons, NOR was less tnan
NOD. 01 the 12 compar:sons in which NOR was larger, 7 were hypocapnic, 4 vere
eucapnic, and only 1 was hypercapnic. In addition to direct effects of altered iitra-
cellular pH on lactate metabolism, Pco, may also alter baseline energy demand during
hypoxia by 1ts effect on calurigenesis of liberated catecholamines.
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When the increa:ses in arterial lactate and
excess lactate werc compared to the oxygen
deficit incurred dur ng hypoxic exposures of
anesthetized dogs, ihe lactate increase cor-
related better than did the peak excess
lactate (2). Becau:e ventilation was main-
taineu nearly constan. in those experiments,
hypocapnia, wi*ch usually accompanies hy-
poxia, did aot develop. It v suggested that
the superimposed effect of hypocapria, which
increases blood lactate. on that of hypoxia
would have decreased the high correlation of
luctate increase (AL) with oxygen deficit. Ex-
cess lactate (XL) was supposed to be inde-
pendent of the hypocapnic effect (7). That
hypothesis was tested in the experiments re-
ported here. The results establish that the
Pco, level during hypoxia indeed alters the
lactate accumulation for a measured O, deficit
and that excess lactate is not independent of
this effect.

II. METHODS AND PROCEDURES

Two groups of 12 dogs each were used. All
were an-sthetized with sodium pentobarbital
(30 mg./kg.) and were prepared and treated
as described previously (2). Two hours elapsed
after the animal was anesthetized before be-
ginning the experiment. During that time,
catheters were inserted in both femoral arteries

EFFECT OF Pco, ON THE RELATION OF LACTATE AMD EXCESS LACTATE 10 0, SefCTT
L INTRODUCTION The sequence for each animal was the same

(table I) : a 30-minute control pericd breathing
air followed by 80 minutes of hyporia, which
was followed in turn by a 30-minute recnvary
period in air, and the entire cycle was then

TABLE I

Sarmpiing schedule for O, uptake (gas sample},

lactate and pyruvate (vipet sample), and gas

tension, O, conteni, nnd pH of arterial and
mized venous blood (syringe samyles)

Syringe

Period Gas sample {Pipet sumple sample

Minutes
0- 10
Control I 10~ 20 15
20~ 30 80 28

80~ 40
Hypoxia I 40 - 50

EC - 60 60, 61, 62 b8

60~ 70
Recovery I 70~ 80
80- 90 88

90 - 100
100 - 118 105
116 - 120 120 118

Control 1I

120 - 130

and veins and the pulmonary artery, and &  Hypoxia II 130 ~ 140
tracheal cannula was tied in place. After an 140 - 150 1150, 162, 152 148
initial 30 mg. intramuscular injection of suc- )
c1aylcholine chloride, 0.1 mg./min. in saline 150 ~ 160
was infused continuously into the femoral vein. 160 - 170
) The tracheal cannula was connected to a Har-  Pecovery II | 170 -180 178
» vard respirator set so that eud-tidal Pco, was 180 -- 180 190
approximately 40 torr. After a stabilization 190 - 200
period, the experiment was begun. 200 - 210 |
1




repeated. This insared that hypoxic periods
were separated by a full hour during the pro-
cedure. In group I, ome hyporic period was
induced by allowing the dog to breathe 9.3% O.
in N, while the respirator setting was no:
changed (eucspuia). The second hypoxic
period in the same animal wax induced either
by severe hypoventilation achieved by reducing
the respirator cycling vate or by leaving the
setting unaltered and connecting a gas mixture
of 9.5% O, and 7.2% CO, in N, (hypercapnia).
Hypercapnic hypoxia was produced by hypo-
ventilation in £ of the 12 animals in group L.
Anaiyses of results did not reveal any dif-
ferences due to the method of producing hyper-
capnia. The order of presentation of eucapnic
and hypercapnic hypoxia was alternated for
rach expcriment,

The procedures for group II were the same
except eucapnic hypoxia was alternated with
hypocapnic hypoxia during which the respira-
tor rate was increased and the animal breathed
& lower 0: mixture (4-9% to §.1% 02 in Nz).
In both grouns, expired gas was collected con-
tinuously in 10-minute samples and blood
samples were taken according to the schedule
shoam in table I for analyses of lactate,
pyruvate, blood ges tensions and contents, and
pH. The analyticai methods have been de-
scribed (2).

To measure total O, deficit during hypoxia
and the excess O, uptake during the recovery
period, it was assumed that the control or base-
line O, uptake would have prevailed unchanged
during these periods if it had not been altered
by the imposed experimental condition. Thus,
the total O, deficit was the area enclosed by
the extrapolated baseline O, uptake and the
measured uptake. The excess O, uptake during
the “repayment” or recovery period was ob-
tained siiailarly. As reported previously (2),
0, uptake was always decreased during hypoxic
periods and increased during recovery periods
berore returning tc. the baseline level.

The total O, deficit and repayment included
chan tes in O, stores which were depleted from
cont1 ' levels during hypoxia and replenished
durirg recovery. To obtain net 0, deficit

2

(NOD) and net O, repayment (NOR), changes
in O, stores were estimated from the following
reiationships and subtracted from the total
deficit and repayraent.

External dead space O, (ml./kg.) = (200 — Flog)

530 + % S.V. )
w

where S.V. is the stroke volume of the respira-
tor and W is weight of the dog in kilograms.
The volume of external dead space of tubing
and the respirator (530 ml.) and the stroke
volume are at standard conditions.

Lung O, stores (ml./kg.) =
Paog) Cor R — (P »H""]
[( 2oy) Cor B — (Paes X2 (2
Ps -~ PH,0 -

where C ia control, R is recovery, and H is
hypoxia. The functional residual capacity of
dogs was taken to be 24 mi./kg.
Tissve water O, stores {ml/kg.) =
(Pvoy) Cor R — (Pvg,)H
760
where .0214 is the Bunsen solubility <oefficient

for plasma at 38° C. snd 600 ml./kg. represents
body water fraction.

Blood 0, storvs (ml./kg.) =

C CorR — JH
e

— (C¥
2/ (CVoz) C or R (C o.‘) H % 90 (4)
’ 100

where 90 represents milliliters of blood per
kilograms of body weight, and it is .ssumed
that one-third of the total blood volume is
arterial in nature and the rest has the compoasi-
tion of mixed venous biood.

X 600 x .0214 (3)

A discussion of the basis for selection of
these factors and the probable error accruing
from the several assumptiony will be found in
the earlier work (2).

III. RESULTS

Mean values of blood gas tensions, pH, and
saturation, as well as rectal temperature and
the oxygen uptakes used as baselines, are shown
in table II. All the data from control periods
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TABLE II
Summary of blood gas data, pH, rectal temperature, and control Oy uptake

Group 1 Group 11
Period
Eucapnia Hypercapnia Euvcapnia Hypocapnis
Pa,, (mm. Hg)
Control 833 +171* | 821 =+ 1.0 785 =+ 64 7 =+ 85
Hypoxia 190 =15 {2710 = 89 [183 =27 159 = 18
Recovery 7 =85 806 = 69 713 +96 %6 = 88
P¥, (mm. Hg)
Control 458 =34 454 = 35 4658 =30 432 = 35
Hypoxia 11.7 =20 177 = 16 104 =31 86 = 27
Recovery 439 +36 461 = 23 453 =25 438 = O
Pa, (mm. Hg)
Control 406 =29 384 == 27 406 =+56 409 > 45
Hypoxia 394 5.7 765 =+ 85 4293 =55 181 =+ 18
Recovery 389 =*=37 435 =+ 38 421 74 382 =+ 61
pHa
Control 7.349 = .024 7369 ~ .029 1327 + .036 7320 = 045
Hypoxia 7335+ 047 7114x 035 | 7260 = 061 | 7457+ .689
Recovery 7.343 = 029 7301 = .021 7273 = .0C¢ 1292 = 071
Sao, (%)
Control 913 +27 912 =+ 25 919 =32 915 =+ 41
Hypoxia 200 =*=176 236 =+ 153 238 =99 215 = 49
Recovery 899 33 8.5 =+ 3.0 805 =+ 68 8903 == 66
S%, (%)
Control 13 =46 712 = b6 719 + &6 724 = 15
Hypoxia 82 %53 130 =122 139 =86 140 = 188
Recovery 679 =+6.8 662 = b4 681 =+178 €72 2~ 98
T, (°C)
Conitrol 317 = 1 3171 x 6 381 = 7 386 = 6
Hypoxia 376 = .7 376 = T 378 » 8 316 =+ 6
Recovery 319 = 8 379 = 6 380 <+ 9 8O0 > 7
Vo, (ml./kg./min.) ,
Control 645 + .68 L 650 + 64 | 643 = 93 | 651 = 108
*Mean > S.D.

were comparable in that no significant dif-
ferences were found. In general, the animals
were well oxygenated uuring control and re-
covery periods, and initial arterial Pco, values
were about 40 torr, as they were intended to be.
Rectal temperature showed an insignificant
tendency to decrease during hypoxic periods,
but this was largely prevented by use of an
electric neating pad. The average arterial Pco,
during hypercapnic hypoxia was about 77 torr

and 18 torr during hypocapnic hypoxia 3o that
the two conditions were well separated from
the eucapnic hypoxic values of about 40 torr.
The corresponding differences in pH were not
quite as well marked, but differed significantly
from the eucapnic values measured in the same
groups. On the whole, the experimental design
was satisfactory to distinguish three well-
differentiated ranges of Pco, and pH during
hypoxia pericds.
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Three distinct groups of points resulted
when the relationship of the peak lactate in-
crease over the control value (AL) and net O,
deficit (NOD) was examined (fig. 1). The
eucapnic hypoxic dogs of group I did not yield
any different results from those of group Ii
80 the data were treated in common. The

; equation of the linear regression line fitted to

' these data was AL, = 0.66 4 0.088 NCD, and

the coefficient of correlation was .82. For the
hypercapnic data, the equation was AL = 0.C68

NOD — 0.90, and the correlation coefficient was

, 2. Regression analysis indicated that the
slopes of “hese two lines did not differ sigmf-
icantly but that the intercepts did. The line

16.0
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FIGURE ?

Peck lactate increase compared tu net O, deficit
incurred during hypoxia—hypercapni., eucaprie, and
hypoenpnic,

Key: O—Hypercapnic.

@ —Eucopnie.

x —Hypocay aic.

fitted to the hypocapnic data, on the other
hand, had a significantly different slopc, the
equation being Al. = 3.54 4 0.15 NOD, with
a correlation coefficient of .81,

When excess lactate was graphed azainst
NOD (fig. 2), similar resuits were obtained.
Eucapnic and hypercapnic data could be fitted
by lines of the same slope but different inter-
cept, whereas hypocapnic points fitted a line
that differed in both. The separately cal-
culated linear regressicns and correlation
coefficients werz, respectively, for eucapnia,
hypercapnia, and hypecapnia: XL — 0.49 +
0.069 NOD, r = .79; XL = 0.049 NOD — 0.53,
r = .64; and XL == 1.65 4 0.136 NOD, r == .85.
With the exception of the hyrccapnic data,
excess lactate did not ~ericlate as well with
NOD as did the lactate increase. The correla-
tion coefficients for the eucapnic data were al-
most the same as obtained in the first
study (2).

Lactate increase and XL were also related
to the net excess oxygen of recovery (net O:
repayment, NOR). Figures 3 and 4 illustrate

120 - -
100} x
8.0}
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EXCESS LACTATE (MMOL/LITER)

lo JER o ] n L 1 L
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0 20 40 60 80 100
NFT Oy DEFICIT (ML /KG)

FIGURE 2

Peak cxcess lactate compared to net O, deficit in-
curred during hypoxia—-hypercapnic, eucapnic, and
Rypocapnic.
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FIGURE 3

Peak lactate increase accumulated during hyporig—
hypercapnic, cucapnic, and  hypocapnic—graphzd
agamst the net 0, repayment after these periods.

that althongh there was a tendency ‘toward
grouping according to the CO, range, there was
much more overlap between groups. Regres-
sion analysis indicated that the slope of the
best fitting line for the hypocapnic data was
not significantly different from the others but
tnat the intercept was different and the eucap-
nic and hypercapnic points could be fitted as
well by a single line as they couid by separate
lines, Because the Pco, condition of the
hypoxic period was not maintained during the
recovery period, only a partial or residual
effect may have been evident in the rzeovery
data.

A gimilar criticism holds for figure 5 in
which NOR and NOD are compared. Some
interesting differences are evident, however.
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FIGURE 4

Peak excess lactate accumulated during hypoxia—
hypercapnic, eucapnic, and hypocapnic—shown in rela-
tion to the net O, repayment.
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Net O, repayment is shown as a function of the net
0, deficit incurred during hypoxia—hypercapnis,
eucapnic, and hypocepnic. The ime 1c drawn through
equal values for both axes,
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In 'y « ~igons, NOR 'was I« than
NOL- . aparisons in wh-a NOR
was '~ Jocapniec, 4 wer. ulapric,
an . «epniz. The ' ¢payment
6t O uels aificandy mc.e foliowing

hy, <21 » . than it was following
ev. «piic i yp Apric hypixia. Evon be-
tw > thr .aite. yyoups there ppears o be a

ten.on o, ¢ les. ecayment .a the high Pco,
ragge, ~it oo 0 onsieal anslysis did not re-
veal ¢ .. lifereace.
ISCUSSIGN
For s O deficit, #8 weasured in these
<p.ovwe ok o vadid cndet of the energy
W0 oo ay the aypesic limitation of
gavee Y. ar then the data force the
ar T : - 2 complicated measure-
Gl “ . . ¢ ierves no better than
SEAP I % .. & measure of hypoxic
e ¥ .+ < ayvad to be independent of

& reason for this requires

JIyrerveniiter on  alone increaczs lactate
. b, 14) «+ for periods of one hour or
less, causes litcde or no formation of excess
lactate (7, 16). Although lactate increase has
been thought to be solely the result of hypo-
capnia (4), there is ample reason to believe
that intracellular pH is at least as important,
if not the key factor (14). In fuct, Katzman
et al. {8) showed that incubated dog tissues
produced more rather than less lactate with in-
creasing CO. concentration if pH was held at
7.4, and failed to do so only when pH of the
medium was lowered below 7.1. The effect of
hypercapnia alone, on the other hand, is to de-
vress lactate levels in the body (1, 9). This
corresponds %o the results obtained by Katzman
et al. (8) from their in vitro system when
bicarbonate concentration was held nearly con-
stant. Thus, lactate changes in vivo appear to
vary inversely with Pco,.

Lactate increases also with severe hypoxia
even when Pco, does not change much. This
was demonstrated in an earlier study (2) and
again in the present one. Because hyporapnia

8

by itself does not increase

arkedly, the ratio of exce

lactate increase resulting fre- ..

bination with hypocapnia shoi

some order of complementarin- .
nominator. In other word:. -- co..
action of hypoxia and hypocapr’ noula affe
excess lactate less than the Ia. - increae
make the ratio smaller. The quantity {(aL/aL
X 100) for hypocapnic hypoxia was 62.4 =+
18.8; for eucapnic hypoxia, 76.6 = 12.9; and
for hypercapnic hypoxia, 80.4 + 18.7. With
hypocapnic hypoxia, therefore, excess lactate
accounted for less of the total lactate increase,
and this was significant (P < .05) in compari-
son to evcapnic and hypercapnic hypoxia. The
ratio did not differ signifirantly, however, be-
tween the latte: © 7o conditions.

The extrapo:ative reasoning by which excess
lactate was supposed te represent an intra-
cdllular change in the ratio of NAD to
NADH (7) is tenuous enough to allow for an
equally tenuous explanation of the results illus-
trated in figures 1 and 2. Intracellular alka-
losis may interact with intracellular hypoxia tr
produce more lactate, even in excess to an-
increase in pyruvate, for a given level of ox’
gen deficit. Invocation of an interaction, h.«
ever, is more descriptive than explanatorv.
Furthermore, in terms of equilibria betw
pyruvate, lactate, and the electron transr -
chain, decreased hydrogen ion concentrs

might reasonably be expected to depress lactau;

formaticn (15). An alternative propositicn is
that net O, deficit or repayment is not always
a valid measure of the true energy deficit be-
cause the baseline energy demand does not
remain unchanged during and after hypoxia.
This was suggested before (2) and now will be
expounded in more detail.

Reversibility of hemorrharic shock has been
related to the size of O, deficit frrmed by the
consequent stagnant hypoxia (8). Nahas
et al. (11) showed, however, that hemorrhage,
which was not enough to embarrass G, trans-
port capacity, actually caused an increase in O,
uptake of anesthetized dogs. This effect was
attributed to the calorigenesis of increased
catecholamine release and was found to be

-
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inhibited by hypercapnic acidosis. Additioral
work by Poyart and Nahas (13) using infusions
of catecholamines proved that O, uptake was
increased 30% and that it was not increased in
the presence of hypercapnia. In similar experi-
ments in this laboratory, increases of up to
45% in O, uptake have been obtained when
norepinephrine was infused.

The pertinence of this kind of experimenta-
tion appiies to the use o an extrapolated base-
line O, uptake to rreasure an O, deficit. If
hypoxia stimuiates the relesse of cateckol-
amines, then the actual energy deficit that
cannot be met by aerobic metabolism may
be greater than that based oo a control
measurement of O, uptake. Fowler et al. {6)
did find, by bioassay, increased output of
“norepinephrine-iike” substances in the left
adrenal vein of anesthetized dogs made hypoxic.
To expiain adequately the resuits presented
here, it would be necessary to make the addi-
tional hypothesis of a potentiating effect of
alkalosis on the calorigenesis, Nahas and
Poyart (10) measured even greater increases
in O, uptake in hyperventilated dogs infused
with catecholamines than the increases ob-
tained at normal pH. It would not be correct
to call this a potentiating effect, however, be-
cause they found that, even in passively hyper-
ventilated dogs, O, uptake was increased by
hyperventilation alone and that this was addi-
tive to the increase caused by catecholamine
infusion. Nevertheless, in terms of O, uptake,
there is a gradation of effect attributable to pH.

It seems reasonable to suppose, then; that
baseline energy demand rose considerably dur-
ing hypocapnic hypoxia, less during eucapnic
hypoxia, and not at all or even decreased during
hypercapnic hypoxia. This would explain the
marked differentiation into three groups evi-

dent in figures 1 and 2. In figure 1, particu-
larly during hypocapnia, there must have heen
some additionai influence of hypocapnia on
lactate increase. A measure of this is the
greater upward displacement of the hypocapnia
line than was seen in figure 2 for excess lactate
and in the smaller ratio of XL to AL with
hypocapnic hypoxia.

The cignificant tendency for the hypocapnic
dogs to overpay the observed O, deficit also
fits the proposed sequence (fig. 5). A rising
baseline during hypoxia could not be seen, but
its gradual return to control would be included
in recovery measurements. With a relatively
gross underestimate of the deficit, therefore,
it would appear that the deficit was overpaid
by dogs recovering from hypocapnic hypoxia.
The results from the other two groups are not
as clear in the relation of NOR to NOD. If it
is assumed that the least error in estimating
the energy leficit was present in bypercapnic
hypoxia, then it must follow that the energy
deficit incurred during hypoxia is never fully
repaid. This may prove to be true, but the
proof is not to be found in these results.

Because pH affects lactate metabolism and
also affects the calorigenesis associated with
increased release of catecholamines, it becomes
of some interest to separatz these two actions.
Nahas and Poyart (1¢) indicated how this
might be done when they compared the inhibi-
tory action of acidosis to that of g-adrenergic
blocking compounds. It would be of interest to
repeat the experiments reported here using
such compounds. As it now stands, however,
the results of these experimenta offer further
evidence of the difficuities encountered when
an attempt is made to quantitate the severity
of tissue hypoxia.
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13 ABSTRACT

When anesthetized dogs were made hypoxic at constant ventilation, increases in
arterial lactate (A L) compared as well to net 02 deficit (NOD) as did excess
lactate (XL). It was asked whether this would hold true if Pcop was varied during
hypoxia. Twelve dogs were made hypoxic for 30 minutes while eucapnic (Pco, = 40 torr)
snd again while hypercapnic (PCOp = 77 torr), with appropriate control and recovery
periods, Another group of 12 dogs were treated similerly except one hypoxic period
was hypocapnic (Pco, = 18 torr) and the other eucapnic. NOD was estimated from the
total decrease in Voo during hypoxia by assuming that baseline Voo would have been

nypoxia. Net 02 repayment (NOR) was estimeted similarly. In a graph ofH L againsi
NOD, three different lines were obtained according to the Pco, level., The same was
true for XL against NOD. In 36 of 48 comnarisons, NOR was leds than NOD. Of the

12 comparisons in which NOR was larger, 7 were hypocapnic, 4 were eucapnic, and only
1 was hypercapnic. In addition to direct effects of altered intracelluiar pH on
lactate metabolism, Pco, may also alter baseline energy demand during hypoxia Ly its
effect on calorigenesis of liberated catecholamines, ,

unchanged if Pgp was not limited, and by estimating the change in Op stores during ¢ K
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