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ABSTRACT. This study examined the effect of hypercar- 
bia on cerebral agonal glycolytic rates and brain lactate 
accumulation after complete ischemia induced by cardiac 
arrest. Before cardiac arrest, the blood plasma glucose 
concentration in seven newborn (113 d postconception; 
normal gestation, 115 d) and seven I-mo-old (144 d 
postconception) piglets was adjusted to a specific value 
(range, 1 to 64 mM), and then inspired ventilation gases 
were changed to 10:50:40 C02:02:N2 for 20 min. The 
agonal glycolytic rate was measured by monitoring the rate 
of cerebral lactate formation in viro using proton nuclear 
magnetic resonance spectroscopy, and postmortem brain 
lactate concentrations were measured biochemically in tis- 
sue extracts obtained 40 to 45  min after cardiac arrest. 
These data were compared with 21 normocarbic piglets of 
similar age, nine examined a s  part of the present study and 
1 2  examined previously (Corbett RJT, Laptooli AR, Ruley 
J I ,  Garcia D: Pediatr Res 30579-586, 1991). There was 
a nonlinear relationship between the final postmortem 
brain lactate concentration and preischemia blood plasma 
glucose concentration that was most prominent in newborn 
piglets and previously had gone unnoticed. When analyzed 
using a steady-state model for glucose transport, this re- 
lationship revealed that normocarbic newborns had a lower 
preischemia affinity constant for the transport mechanism 
for glucose (2.8 f 1.5 mhl)  and lower cerebral glucose 
utilization rate relative to transport rate (0.12 f 0.04), 
compared with I-mo-olds (4.5 f 1.4 m k l  and 0.30 f 0.03, 
respectively). In the presence of hypercarbia, these differ- 
ences diminish, suggesting that newborn and I-mo-olds 
had nearly identical affinity constants of transport mecha- 
nism for glucose (3.7 5 0.8 and 4.0 f 0.4 mhl ,  respectively) 
and identical cerebral glucose utilization rate relative to 
transport rate (0.21 f 0.03 and 0.23 2 0.01, respectively). 
For I -mo-olds, hypercarbia substantially decreased t he 
maximal rate of agonal glucose utilization (3.93 f 0.55 to 
1.75 5 0.1 1 pmol. g-' . min-') and decreased the concentra- 
tion of plasma glucose (6.86 f 3.00 to 1.27 5 0.41 mhl)  
a t  which the half maximal rate of utilization occurs, 
whereas in newborns the relative decrease produced by 
hypercarbia was not a s  prominent (1.46 f 0.14 to 1.12 f 
0.22 pmol . g-' . min-' and 0.93 2 0.66 to 0.80 f 1.14 mhl ,  
respectively). To  the extent that lactic-acidosis enhances 
irreversible tissue damage, hypercarbia could be beneficial 
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for either age group because hypercarbia reduces both 
agonal glycolytic rate and brain tissue glucose concentra- 
tion in newborns and substantially decreases agonal gly- 
colytic rate in I-mo-olds. (Pediatr Res 34: 370-378, 1993) 

Abbreviations 

AGR, initial agonal glycolytic rate during complete ische- 
mia 

[gl~cose]~,.~., brain tissue glucose concentration 
[gl~cose],~.,,., arterial blood plasma glucose concentration 
HCT, hematocrit 
FIR, heart rate 
'11 NhIR, proton nuclear magnetic resonance 
lilac, first-order rate constant for lactate accumulation 
I<,, blood plasma glucose concentration where glycolytic 

rate is half maximal 
I(,, affinity constant of transport mechanism for glucose 
[la~tate]~..~, final postmortem brain lactate concentration 

preischemia brain lactate concentration 
[la~tate],~.,,., blood plasma lactate concentration 
hlAP, mean arterial blood pressure 
T,.,, maximal cerebral glucose transport rate before ische- 

mia ----.. 

VgI,, cerebral glucose utilization rate before ischemia 
V,.,, maximum initial AGR during complete ischemia 
pl I., arterial blood pI I 
NhlR, nuclear magnetic resonance 
pElinlrsrc~~u~srr intracellular brain pI 1 

Lactic acidosis associated with ischemia or hypoxic-ischemia 
in the presence of hyperglycemia is thought to enhance irrevers- 
ible brain tissue damage (1) .  However, hypcrcarbia also fre- 
quently occurs as a component of hypoxic-ischemic encephalop- 
athy in newborns (2). It has been suggested that elevated tissue 
COz could have a beneficial moderating effect on biochemical 
disturbances associated with hypoxia, ischemia, or seizures (3). 
This hypothesis stems from the observation that hypercapnia 
slows the cerebral metabolic rate for glucose consumption (3). If 
the rate of lactate accumulation during ischemia is also slowed 
by hypercarbia, then intracellular tissue acidosis formed in par- 
allel with lactate production will be reduced, thereby diminishing 
irreversible damage associated with acidosis (I).  However, with 
the exception of one study (4), the observation that hypercapnia 
reduces glucose utilization is based on measurements of the 
uptake and turnover of radioactively labeled glucose or  analogues 
in well-perfused brain under aerobic conditions. During com- 
plete ischemia, brain tissue oxygen tension rapidly drops to  zero 
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and glycolytic rates are accelerated by an order of magnitude (5. 
6). It is unclear whether hypercarbia slows AGR during anaerobic 
conditions to the same extent as observed during aerobic condi- 
tions. A second consideration is that [gl~cose]~,,, is increased by 
hypercarbia (2, 7). Therefore, the presence of hypercarbia and 
hyperglycemia may combine to increase lactic acidosis during 
ischemia. Furthermore, it has been demonstrated that in new- 
born swine (8) and adult rabbit brain (9), AGR is enhanced by 
increased [glucose],~,,,,. It is conceivable that the putative bene- 
ficial effect of hypercarbia on reducing AGR could be offset if 
an elevated [gl~cose]~,,,, also increases AGR or the degree of 
tissue lactic acidosis. The effect of hypercarbia on glycolysis is 
further complicated by the observation that the [glu~ose],~,,,, for 
K, is lower for newborn piglets compared with I-mo-old piglets, 
and therefore the rate of lactate formation in newborns is not as 
strongly accelerated by hyperglycemia in the former compared 
with the latter (8). Overall, these considerations make it difficult 
to predict what effect hypercarbia has on [gl~cose]~,,,, and on 
AGR in the developing brain. 

The objective of the present study was to evaluate the effects 
of hypercarbia on brain glucose transport and AGR in developing 
swine brain over a range of [glu~ose],~,,,,. This investigation was 
performed in newborn and I-mo-old animals because our pre- 
vious study showed that significant increases in cerebral energy 
metabolism occur over this period (8). The specific questions 
addressed are does cerebral glucose transport change with in- 
creased age, does hypercarbia affect glucose transport. and does 
hypercarbia affect glucose-modulated cerebral glycolytic rates 
and are there age-related differences? 

MATERIALS AND METHODS 

Experit?~cntal Protocol. The surgical procedures and experi- 
mental protocol were approved by the University ofTexas South- 
western Medical Center Institutional Review Board for Animal 
Research. A total of 14 miniature swine (Sinclair strain) from 
five different litters were studied during hypercarbia. To evaluate 
the effects of hypercarbia, we have made extensive comparisons 
with normocarbic newborn and I-mo-old piglets who were ex- 
posed to the same protocol as described below, except that COz 
was not included in the inhalation gases. Some results for nor- 
mocarbic newborns (n = 6) and I-mo-old piglets (rr = 6) were 
described previously (8). To further examine the relationship 
between [glu~ose],~,,,,, [glu~ose]~,,,,, and AGR, five additional 
newborn (n = 1 1 )  and four 1-mo-old piglets (11 = 10) were 
studied during normocarbia. 

The piglets studied during hypercarbia were divided into two 
groups at postconceptual ages ranging from 1 13 to 1 14 d (new- 
born) and 14 1 to 148 d (I-mo-old). Normal term gestation for 
this species is 115 d. For all five litters, birth was initiated after 
1 1  1 to 112 d gestation via prostaglandin-induced labor (10) as 
described previously (8). On the day of the study, an animal was 
surgically prepared, wrapped in a blanket warmed with circulat- 
ing water, placed in the magnet, and allowed to attain stable 
blood gas readings and rectal temperature of 38°C during a I-h 
period before collecting control data. Control data to assess 
baseline brain lactate levels and systemic physiologic status con- 
sisted of a 'H NMR spectrum, the drawing of a blood sample to 
measure Po2 and Pcoz tensions, pH, and HCT, plasma glucose 
and lactate concentrations, and the recording of HR and MAP. 
Next, a continuous i.v. infusion of glucose (10 to 50 mg.kg-I. 
min-I), or bolus injection of insulin (2 to 4 IU/kg) was given to 
adjust the [glu~ose],~,,, of individual piglets to a predesignated 
value in the range of 1 to 64 mM. In a previous study (8), we 
determined that 30 to 40 min was sufficient for [glu~ose],~,,,, to 
reach a steady state. In the present study, blood samples to 
monitor blood gases and substrate concentration were drawn 30 
to 40 min after the injection of insulin or infusion of glucose. 
This was followed by 20 min of hypercarbia, achieved by altering 
the ventilation gases to 8-10:50:42-40, CO2:O2:N2. Blood sam- 

ples were obtained at one or two intervals during hypercarbia 
(see Results). Two min after the final blood sample measured 
during hypercarbia, complete cerebral ischemia was induced via 
cardiac arrest by an i.v. injection of 4 mL of 4 M KC1 directly 
to the heart. The rate of lactate accumulation was measured by 
collecting 50 individual 'H NMR spectra every 0.6 min for 30 
min, starting 1 min before cardiac arrest. At 29 min after cardiac 
arrest, NMR data collection was terminated and the animal was 
removed from the magnet. The portion of the cerebral cortex 
immediately below the NMR coil was removed 40 to 45 min 
postmortem, and stored at -70°C for subsequent measurements 
of brain lactate concentration. 

Anitl~al Preparation. Short-acting anesthetics were used in the 
present study so that when experimental data collection began 
the affects of these agents on cerebral energy metabolism would 
be negligible. After premedication with ketamine (I5 to 20 mg/ 
kg, intramuscular) and infiltration of the surgical sites with I % 
xylocaine, the animal was tracheotomized and ventilated with 
70:30 NzO:02 (Harvard small animal respirator). Intravascular 
catheters were placed in the common carotid artery and right 
atrium via an external jugular vein. D-tubcurarine CI (0.10 mg/ 
kg) and nalbuphine (0.15 mg/kg) were administered i.v. for 
muscle relaxation and analgesia, respectively. A second injection 
of nalbuphine was given 15 to 60 min before initiating cardiac 
arrest. The presence of nalbuphine for analgesia during the 
experiment was not expected to affect cerebral metabolism be- 
cause narcotic opiates can relieve pain but have no or only mild 
depressive effects on CNS activity (I I). Skin overlying the skull 
was retracted so the NMR radiofrequency coil rested directly on 
the skull. After surgery, the animal was transported to the magnet 
and ventilated with 70:30 Nz:02 and stabilized for 1 h before 
collecting control in vivo NMR and physiologic readings. 

NhlR Spcctroscop!: Protocols for the collection and processing 
of 'H NMR data remained unaltered from our earlier report (8). 
Briefly, 'H NMR spectroscopy was performed using a General 
Electric Omega operating system and 40-cm-diameter bore 4.7 
Tesla Oxford superconducting magnet. 'H NMR spectra from 
the cerebral cortex were measured using a radiofrequency coil (5 
x 3 cm) tuned to 200 MHz. 'H NMR data were collected using 
a 153i-r-266T-~-~c,  spin-echo-pulse sequence, where " I "  cor- 
responds to the first portion of a binomial pulse equal to I/R of 
the 90" pulse width; the other pulses are multiples of this, and 
the bar indicates 180"-phase inversion. The prepulse delay time 
was 1 s and T, the delay time for echo formation, was 150 ms. 
The accumulated free induction decay (16 transients collected 
every 36 s) was processed by applying direct current offset 
baseline correction, a 10-Hz exponential apodization function. 
Fourier transformation, and zero-order phasing. The phase angle 
applied was determined from the setting that gave the maximal 
positive peak for the final postmortem P-lactate 'H NMR signal. 
The ' H  NMR spectra measured at control were subtracted from 
all subsequent spectra collected during ischemia to yield differ- 
ence spectra corresponding to the change in cerebral lactate 
concentration after cardiac arrest. The relationship between the 
in vivo NMR lactate signal height and brain lactate concentration 
was established by using the postmortem brain lactate NMR 
signal and tissue lactate concentration as a calibration factor (8). 
The validity of this method for measuring changes in brain 
lactate concentration has been previously discussed (8, 9, 12). 
Briefly, the calibration relies on the assumption that the post- 
mortem brain lactate concentration has reached a plateau after 
30 min of ischemia, that the relaxation properties of the lactate- 
'H NMR signal do not change during ischemia, and that there 
are no 'H NMR signals from other compounds that could 
interfere with the quantitation of the signal from lactate. The 
data presented in Figure 1 were used to verify that brain lactate 
concentration had reached a plateau within 30 min using the 
same procedure described previously (8). Throughout this period, 
there were no significant changes in the line width of the lactate 
peak suggesting that the apparent spin-spin relaxation properties 
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Fig. 1. Rates of agonal lactate formation after complete ischemia. 
Plots of the change in lactate concentration versrts time are shown for 
both hypercarbic newborn and I-mo-old piglets. The blood plasma 
glucose concentration for individual piglets immediately before cardiac 
arrest (time = 0) are indicated in the figure insc~t. 

of the P-lactate protons do not change. The spin-lattice relaxation 
properties of the P-lactate protons do not change between control 
and ischemia insofar as that control brain lactate concentration 
derived from the postmortem calibration of the P-lactate 'H 
NMR signal is in good agreement with brain lactate concentra- 
tion measured from perchloric acid extracts made from brain 
tissue frozen under control conditions (13). Interference from 
the 'H NMR signals of other compounds such as lipids and 
proteins was discounted because we used a long delay time (I50 
ms) in the spin-echo-pulse sequence and because no peaks other 
than that from lactate at 1.33 ppm were observed from 1.7 to 
0.9 ppm in 'H NMR difference spectra. 

Physiologic hfoniloring and Biochetnical hfeaslrremenls. MAP 
and HR were measured via the catheter in the carotid artery 
using a Gould (Cleveland, OH) pressure transducer and a Coul- 
bourn (Lehigh Valley, PA) polygraph. The catheter in the carotid 
artery also was used to obtain blood for monitoring pH,, blood 
gases, [la~tate],~ ,,,, [gluc~se],~ ,,,,, and HCT. The catheter in the 
jugular vein was used for the administration of nalbuphine, 
glucose, insulin, and 4 M KCI. The pH,, Pcoz, and Poz were 
measured from a 200-pL sample using an Instrumentation Lab- 
oratory model 1306 pH/blood gas analyzer (Lexington, MA) 
blood gas analyzer. Plasma lactate concentration was measured 
using the lactate dehydrogenase assay after deproteinization of 
200 pL of plasma with 8% perchloric acid and centrifugation for 
1 min at 1500 x g. Plasma glucose was determined by the glucose 
oxidase/peroxidase assay after deproteinization of 50 pL of 
plasma with 2% perchloric acid and centrifugation. 

Frozen postmortem cortical brain samples (5 to I0 g per piglet) 
were ground to a powder and mixed thoroughly to ensure a 
homogeneous sample representative of the entire brain region 
measured by the NMR radio frequency coil. Brain tissue lactate 
concentrations were determined using the lactate dehydrogenase 
enzymatic assay of the neutralized aqueous portion from 0.5 g 
of brain powder, homogenized, and extracted in 5% perchloric 
acid ( 14). 

Dala Analysis. All statistical tests and regression fits were 
performed using SPSS/PC (Version 3.1, Statistical Package for 
the Social Sciences Inc., Chicago, IL), loaded on an AST Pre- 
mium 286 personal computer (AST Research Inc., Iwine, CA), 
and upgraded with a Super SX-386 board (Super Computers 
Inc., Readmond, WA). Tests for differences between multiple 
groups were made by a one-way analysis of variance using 
Duncan's multiple comparison test (15) to identify statistically 
significant differences (p  < 0.05) between specific pairs of means. 

Cerebral glltcose transport. Time-dependent changes in [glu- 

co~e]~,,, can be expressed as the sum of Michaelis-Menten 
equations ( 16): 

The first term on the right-hand side of equation I represents 
glucose movement into the brain, the second term represents 
glucose movement out of the brain, and the third term represents 
glucose utilization by the brain. Brain glucose was evaluated 
indirectly by measuring the final concentration of brain lactate 
achieved after cardiac arrest. Analogous to earlier studies that 
used decapitation to induce complete ischemia (4-6), cardiac 
arrest converts the brain into a closed system in which all glucose 
and other glycosyl units are converted into lactate (see below). 
T,,, equals the maximal rate of glucose transport; Kt equals the 
affinity constant of glucose for the transport mechanism. T,,, 
and Kt represent the averaged transport properties of brain 
endothelial cells located on the luminal and contraluminal mem- 
branes (16). V,,, and Kher are the Michaelis-Menten constants 
for glucose utilization, which are assumed to equal the maximal 
velocity and affinity constant for the hexokinase catalyzed con- 
version of glucose to glucose-6-phosphate, respectively. The af- 
finity constant for glucose to hexokinase is assumed to equal 
approximately 0.05 mM (16), and, therefore, Khex << [glucose] 
hcl,n and the last term in equation 1 is approximately equal to 
V,,, (16). The results presented below for hypercarbic animals 
and our previous study of normocarbic piglets (8) indicate that 
[g luco~e]~~, ,~ ,  was constant for 10 to 20 min before ischemia; 
therefore, a steady state of glucose flux between brain tissue and 
blood plasma is assumed to exist for all animals. If [glu~ose]~~,,,, 
is constant, then d[glucose]h,,, divided by dt equals 0, and 
equation I can be rearranged to give an expression with [glucose] 
bclin on the left-hand side: 

Nonlinear regression analysis using equation 2 was performed 
for sets of [glu~ose]~~,,, vcJr.urs [glucose],l,sma, measured for differ- 
ent groups of piglets to obtain best-fit estimates of K, and the 
ratio V,I,/T,,,. 
To estimate [gl~cose]~,,,,, we have made the following two as- 
sumptions. The postmortem brain lactate concentration minus 
the control brain lactate concentration ([la~tate]~i,,~) equals two 
times the sum of preischemia intracellular concentrations of 
glucose plus endogenous nonglucose (glycogen and sugar phos- 
phates) reserves of glycosyl units ([gly~osyl],,,,,,~). The intercept 
from a plot of postmortem lactate vcrslrs preischemia [glucose] 
,I,,ma equals the sum of endogenous nonglucose glycosyl units 
present in brain tissue (see Results). If these assumptions are 
true, then: 

The numerator in equation 3 is divided by 2 because 2 mol of 
lactate are generated per mol of glucosyl unit consumed. The 
first assumption is justified given that cardiac arrest essentially 
converts the brain into a "closed system," with no exchange 
between blood and brain because blood flow is 0 (17). The 
second assumption implies that [glyc~syl],,,,,,~ is independent of 
acute changes in [gl~cose],~,,,,, and therefore the intercept can 
be subtracted from the [lactatelfinal determined for individual 
animals with different [glucose],~,,,, at the point where complete 
ischemia is initiated (see Discussion). 

~Igonalgl~e!l~ol~?ic rates. The kl,, was determined by the analysis 
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of the change in brain lactate concentrations ([lactate],) measured 
at different times during the first 5 min after cardiac arrest using 
the following equation: 

[lactate], = [lactatelr,,,~ ( 1 - e'-''"' " 1 (4) 

where [lactatelfinal is equal to the postmortem brain lactate con- 
centration minus control brain lactate concentration (1.5 pmol . 
g-') because the lactate signal at control is not represented in the 
'H NMR different spectra we used to measure lactate accumu- 
lation. Nonlinear regression analysis was performed to obtain 
the best estimate and SD of the rate constant for lactate produc- 
tion, kl,,. A discussion of the use of this model, the use of 
nonlinear regression analysis to evaluate k,,,, and an error analy- 
sis have been discussed previously (8). 

The AGR equals the maximum rate of lactate production (1.c. 
[ la~tate]~, ,~ multiplied by kl,,) divided by 2 because two lactate 
molecules are produced per molecule of glucose consumed dur- 
ing glycolysis: 

AGR = -d[glucose].,,,/dt = (d[lactate]/dt)/2 
= ([lactatelfi,,~. k1,,)/2 (5) 

AGR was related to the substrate concentration, [gl~cose],~,,,~, 
via the Michaelis-Menten equation: 

AGR = (V,,, . [~~UCOS~],~,~~,)/([~~UCOS~]~I~~~~ + Km) (6) 

V,,, represents the maximal cerebral glycolytic rate with respect 
to blood glucose concentration, and K, is the apparent Michae- 
lis-Menten constant for glucose corresponding to the [glucose] 
,I,,,, where half maximal reaction velocity is reached. Nonlinear 
regression analysis was performed to obtain best-fit estimates of 
the parameters V,,, and K,. 

RESULTS 

Pli~~siologic rc>adirig.~. The mean physiologic readings for the 
newborn and l -mo-old piglets under control conditions and 18 
'. 2 min after inducing hypercarbia are summarized in Table 1. 
One-mo-old piglets had significantly higher body weight, MAP, 
PO2, and lower [la~tate],~,,,~, compared with newborns. With 
the exception of a slightly higher control [gl~cose],~,,, and lower 
Pco2 for newborns (i.e. 1.3 kPa), the prehypercarbia control 
physiologic readings were not significantly different from the 
control physiologic readings for normocarbic newborn and 1- 
mo-old swine measured previously (8), or the nine additional 
norrnocarbia animals studied as part of the present study (data 
not shown). For both newborn and I-mo-old piglets, changing 
the ventilation gas mixture to include 8 to 10% C 0 2  resulted in 

a significant decrease in pH, and increase in Pcoz compared with 
control values. The magnitude of change in pHa and Pco2 did 
not differ between the two age groups. There also was a decrease 
in HR and an increase in MAP that were of similar magnitude 
for both age groups, and a slight decrease in Po2 for I-mo-old 
piglets. We judged that the slight alterations and differences in 
HR, MAP, and Po2 would have a negligible impact on cerebral 
energy metabolism measured during complete ischemia. 

The measurement of glucose in blood plasma obtained at 
different stages in the protocol suggest that piglets had steady 
state levels of [gl~cose],~~,,, for at least the full 20-mip exposure 
to CO2 in the ventilation gas mixture before ischemia. For a 
subgroup of six animals, [gl~cose],~,,,~ was measured 30 to 40 
min after injecting insulin or infusing glucose and again 18 min 
after exposure to C02; the difference between the two values was 
not significant (paired t test). In a different subgroup of seven 
animals, two sets of physiologic readings were measured 12 and 
18 min after exposure to C02. There were no significant differ- 
ences between any mean physiologic readings with the exception 
of slightly lower pH,. which was 0.02 units lower after 18 min of 
hypercarbia compared with 12 min of hypercarbia (paired t test, 
p = 0.007). For one hypoglycemic I-mo-old animal, we were 
unable to draw an arterial blood sample during hypercarbia, and 
SO we estimated [gl~cose],l,,,~ to equal 1 mM based on a blood 
sample drawn 40 min after injecting insulin and from venous 
blood taken during hypercarbia. 

After the injection of KCI, HR dropped to 0 within one or 
two beats, with a concurrent drop in MAP, resulting in a well- 
defined point at which complete cerebral ischemia was initiated. 

Kinetics of lactatcforr?iatiotz. 1tz viva lactate-'H NMR spectra 
collected in the present study did not differ substantially in 
quality or signal-to-noise compared with spectra presented pre- 
viously (8, 12). 'H NMR difference spectra of hypercarbia minus 
control indicated no peaks detectable above the noise, suggesting 
that hypercarbia did not alter brain lactate concentrations to 
within the limits of detectability of the NMR measurement 
(approximately 1 pmol .g-I). This is consistent with previous in 
vitro determinations of control lactate concentration from piglet 
brain frozen during normocarbia or hypercarbia, which revealed 
no significant differences from each other (I .5 versiis 1.4 ~ m o l .  
g-') (13). Serial difference spectra collected after cardiac arrest 
(i.c. ischemia minus control) revealed a rapid increase in the 
lactate-'H NMR signal at 1.33 ppm corresponding to the B- 
protons of lactate; no other peaks were present in the difference 
spectra. Within 20 to 29 min, the lactate-'H NMR signal reached 
a plateau and NMR data collection was terminated. 

The approximately 40-min postmortem [la~tate]~, ,~ measured 
in cortical brain tissue was used to calculate a calibration factor 

Table 1.  Cor?iparison c!fph~,siologic dara.for nnchorn arid I-1710-old piglets before (pre-COJ and ditring (COJ Ii!percapnia* 

Newborn ( n  = 7) 1-mo-old (11 = 7) 

Pre-COT CO, Pre-CO, CO? 

Age (days) 
Wt (kg) 
[Glucose],~,,,, (mM) 
[LactatelplLma (mM) 
pH= 
Pco2 (kPa) 
Po2 &Pa) 
HCT (~01%) 

HR (beats/min) 
MAP (mm Hg) 

* Values are mean k SD. 
t Significant difference compared with mean measured for newborns before hypercarbia (unpaired t test, p < 0.05). 
$ Ranges are given because [gl~cose],~,,, was adjusted by injecting insulin or infusing glucose before inducing hypercarbia (see Materials and 

Methods). 
g Significant difference compared with prehypercarbia (paired t test. p < 0.05). 
11 Significant difference compared with mean for newborns during hypercarbia (unpaired t test. p < 0.05). 
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to convert lactate-'H NMR signal measured at earlier times after 
cardiac arrest into a brain tissue lactate concentration (Fig. I). 
Nonlinear regression analysis was used to fit equation 4 to the 
first 5 min of lactate versus time data sets to evaluate the kl,,. 
The kl,, values corresponding to the best fit ranged from 0.067 
to 0.22 min-I for hypercarbic newborns and from 0.13 to 0.30 
min-I for hypercarbic I-mo-old piglets. Previously, we had noted 
a negative linear correlation between kl,, and [gl~cose],~,,,, for 
newborn normocarbic piglets but not for I-mo-old piglets (8). 
Plots of kl,, versus [gl~cose],~,,, (data not shown) suggested a 
trend ( p  = 0.1) for a negative linear correlation for both hyper- 
carbic newborns (slope = -0.00167 _+ 0.001 min-'/mM; r = 
-0.61) and I-mo-old (slope = -0.0029 + 0.0012 min-'/mM; r 
= -0.73) piglets. These slopes were not significantly different 
from each other. The slopes of kl,, vcrslts [glu~ose],~,,,, for 
hypercarbic newborn or I -mo-old piglets were significantly lower 
than their normocarbic counterparts (Duncan multiple compar- 
ison test, p < 0.05). The inclusion of data for two additional 
normocarbic animals in both age groups did not substantially 
alter the slopes for newborns (slope = -0.0032 f 0.0006 min-'/ 
mM; r = -0.90) or 1-mo-old piglets (slope = +0.0003 5 0.0023 
min-l/mM; r = 0.05) compared with our previous report (8). 

Cerebral glltcose transport. The increased number of animals 
and higher range of [gl!~cose],~,,, examined in the present study 
revealed a nonlinear relationship between [la~tate]fi,,~ and [glu- 
~ose],~,,, that we previously did not detect (Fig. 2). This was 
most evident in either group of newborns. For [gluc~se],~,,,, 
concentrations less than 20 mM, the formation of [Ia~tate]~,,, 
for a given prearrest [glu~ose],~,,,, was steep, as demonstrated by 
slopes of 0.91 -e 0.15 (n = 9) and 0.87 + 0.14 (n = 5) for 
normocarbic and hypercarbic newborns, respectively. In con- 
trast, slopes calculated using the full set of data were 0.58 f 0.07 
and 0.30 + 0.04, respectively. The nonlinear relationship be- 
tween [lactate]fi,,l and [glu~ose],~,,, was less pronounced for 1 - 
mo-old animals. Linear fits to the subset of data where 
[glu~ose],~,,,, <20 mM gave a significantly higher slope com- 
pared with linear fits calculated using the full set of animals for 

[Lactate] final (pmol /gm) 
I 

0 Newborn 
Newborn + C02 

0 1-Month-Old 

0 ' 0  l b A & & ; o & : o  
[GIucos~I plasma ( mM ) 

Fig. 2. The relationship between maximal brain lactate concentration 
([Laclaleh,,,,) and blood plasma glucose concentration ([Gl~rcosc],~,,,,,) 
for newborn (circles) and I-mo-old piglets (.sq~rarc>s) in the presence 
(closed symbols) and absence (opcn symho1.s) of hypercarbia. The solid 
lines represent the best fit of a second-order polynomial equation (A . 

hypercarbic I-mo-olds (0.59 f 0.08 vcrsrrs 0.40 f 0.04) but not 
for normocarbic I-mo-olds (0.43 + 0.08 vcrslrs 0.39 + 0.06). To 
further test for nonlinearity, we compared fits obtained using a 
first-order (i.c. linear) equation vcrsla a second-order (i.e. non- 
linear) polynomial equation. For both newborn groups, the fit 
obtained using a second-order equation (solid and (1u.sllcd liwc>s, 
Fig. 2) was a significantly better than the fit obtained using a 
first-order equation, as judged by the lower residual sums of 
squares (F test for the significance of added parameters, p < 
0.05). Second-order fits also were significantly better than first- 
order fits for hypercarbic I-mo-olds but not for normocarbic 1-  
mo-olds. 

It is important not to overinterpret the meaning of the solid 
clrn,c7s presented in Figure 2. Our main purpose in using the 
second-order polynomial was to test our contention that the 
relationship between [la~tate]~, ,~ and [gluc~se],~,,,, is nonlinear 
and to provide optimal estimates for the value of the intercept 
for the plots shown in Figure 2, using the entire set of experi- 
mental data (see below). The underlying mechanism respons- 
ible for the nonlinear relationship between [lactate]final and 
[glu~ose],~,,,, is not provided by polynomial equations. To inter- 
pret the nonlinear relationship between [la~tate],~,,~ and [glucose] 

in terms of physiologically meaningful parameters, we 
performed an analysis based on the theory for cerebral glucose 
transport using equation 2. The intercepts from the above men- 
tioned second-order fits (see legend to Fig. 2) were uscd in the 
estimation of [gluco~e]~,,,, using equation 3, and plots of [glucose] 

I,(~~SIIS [ ~ I U C O S ~ ] , ~ . ~ ~ ~  were made for the four different groups 
(Fig. 3). Using nonlinear regression analysis, equation 2 was fit 
to these data (dusllcd and solirl litlcls in Fig. 3) to evaluate K, and 
T,,, relative to V,,,. The results of these fits (Table 2) reveal 
substantially lower K, and VgI,/T,,, ratio for normocarbic new- 
borns compared with I-mo-olds. These differences disappear for 
the hypercarbic newborn and I-mo-old piglets, whose K, and 
V,I,/T,,, ratios were not different from each other. Hypercarbia 
produced changes in K, and V,,,/T,,, compared with normocar- 
bia for either age group, but the changes are in the opposite 
direction. Whereas hypercarbic I-mo-olds had a lower K, and 
V,~,/T,,, ratio (25% a n d  1276, respectively) compared with 
normocarbic I-mo-olds, for newborns K, and the VKI,/T,,, ratio 
appeared to increase by 75% and 30%. respectively. 

The constancy in the brain lactate-'H NMR signal from 20 to 
30 min after cardiac arrest (Fig. 1) indicates that cerebral reserves 
of glucose and glycogen were exhausted within the first 20 min 
of complete cerebral ischemia. Previous experiments have shown 
that the concentrations of glycolytic intermediates after ischemia 
remain less than 0.2 pmol:g-' with the exception of glycerol-P 
that increased in parallel w~th lactate at a ratio of 124, glycerol- 

' " I  (+... , - m - - -  1 

[Glucose] brain (Clmol /gm) 
20 

. . 
[glu~ose]~~~,, ,p '  + B . [gluc~se]~l,,, + C) to each of the four groups. The Fig. 3. The relationship between brain glucose concentration ([Gllr- 
A and B coefficients ranged from -0.0 15 to -0.006 1 and from 1.2 to ~osc]h,~,,) and blood plasma glucose concentration ([Gltrc~.sc~],~,,,,,.) for 
0.59, respectively. The intercept equaled 7.8 + 1.4, 8.8 + 1.3. 6.6 + 1.9, newborn and I-mo-old piglets in the presence and absence of hypercar- 
and 6.8 + 0.6 rmol .g-' for newborn normocarbic, newborn hypercarbic, bia. The .so/icllitir.s represent the best fit by nonlinear regression analysis 
I-mo-old nomocarbic, and I-mo-old hypercarbic groups, respectivcly. using equation 2. The best fit Vd,/T,,, and K, values uscd to generate 
Regression coefficients ranged from 0.87 to 0.99. the soliri litlc~s are summarized in Table 2. 
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Table 2. Cot~lpari.sotl of l$,,,/T,,,,, atld K,/br t~c~\t,hortl ritld 1-t11o-olrl pi,ylclt.s clurit~g rlorttlocarhirr rit~d l~jp~~rccrrl~ia* 

Normocarbia Hypercarbia 

Newborn 
(11 = 1 1 )  

Newborn 
(11 = 7) 

* Values are best-fit value f SD. 
t Significant dillkrence compared with I-mo-old normocarbic piglets (Duncan multiple comparison test. 1) < 0.05). 
$ Significant dilTerence compared with newborn hypercarbic piglets (Duncan multiple comparison test. / I  < 0.05). 
9 Significant difference compared with I-mo-old hypercarbic piglets (Duncan multiple comparison test, p < 0.05). 
11 Significant dilTerence compared with newborn normocarbic piglets (Duncan multiple comparison test. p < 0.05). 

P:lactate (5). These results suggest that errors in the calculation 
of  [gl~cose]~,,,, due to  incomplete hydrolysis of intracellular 
glucose or high postmortem concentrations of glycolytic inter- 
mediates would be negligibly small. However, glucose in whole 
blood undergoes slow glycolysis at a rate of approximately 3% 
per h in adults and approximately 26% per h in newborns (18); 
therefore, we expected some glucose to still be prcscnt in the 
brain tissue at the end of the NMR experiment. Enzymatic assays 
of postmortem brain tissue confirmed that [gl~cose]~,,, ranged 
from 0.2 to 4 pmol.g-l and increased as a function of the 
preischemic [glucose],~,,,,. The conccntration of glucose remain- 
ing was consistent with that expected from glucose present in the 
cerebral vasculature, assuming a cerebral blood volume corre- 
sponding to 3% to 6% of the total brain volume. We considered 
the possibility that glucose converted to  lactate in the cerebral 
vasculature after the initiation ischemia could result in an over- 
estimation of because [gluco~e]~,,,. was calculated 
from [la~tate]~;, ,~ (see equation 3). Because hypercarbla increases 
cerebral blood volume, this overestimation would be higher in 
animals that were made hypcrcarbic before ischemia. T o  estimate 
the maximum effect this could have on the transport constants 
in Table 2, we assumed that, as a worst case, the fraction of brain 
volume corresponding to cerebral blood volume equaled 0.04 
and 0.09 for normocarbic and hypercarbic animals, respectively 
(19), and that all glucose remaining in the blood was converted 
to  lactate within 40 min. We then corrected the calculated 
[gl~co~e]hra,n values by subtracting the preischemia [glu~ose],~,,,, 
by one of these two fractions, and refit equation 2 to the revised 
[ g l u c o ~ e ] ~ ~ . , ~  \'clrsus [gluco~e],~,,,, data sets for the four groups. 
The revised V,,,/T,,, ratios were only slightly increased in all 
four age groups by 0.02 to 0.05 units compared with the values 
reported in Table 2. The revised K, values for normocarbic 
animals also were slightly decreased (K, = 2.6 5 1.4 and 3.9 + 
1.3 mM for newborn and I-mo-old piglets, respectively). For 
hypercarbic animals, the revised K, values showed larger reduc- 
tions (K, = 1.9 k 1.2 and 2.6 + 0.2) bccause the correction factor 
for cerebral blood volume was approximately 2.2 times more 
than applied to  the data collected for normocarbic animals. 
However, the use of "corrected" [ g l ~ c o s e ] ~ , ~ , ~  values does not 
alter the major conclusions made in the preceding paragraph; 
normocarbie I-mo-olds have significantly higher K, and V,,,,/ 
T,,, ratios compared with normocarbic newborns, and these 
age-related differences diminish in the presence of hypercarbia. 

.lgunal g/jscolj*tic rates. The AGR calculated using equation 4 
was dependent on  [glu~ose],~,,,, for both newborn and 1-mo-old 
hypercarbic piglets with distinct differences compared with each 
other and compared with normocarbic piglets (Fig. 4). Nonlinear 
regression analysis of AGR versus [glucosc],l,s,, using equation 
5 revealed no significant differences in the V,,, and K, values 
measured for normocarbic and hypercarbic newborns (Table 3). 
In contrast, I-mo-old hypcrcarbic piglets had significantly lower 
V,,, and K, values compared with normocarbic I-mo-old pig- 
lets. The hypercarbic I-mo-old piglets had significantly higher 
V,,, values compared with hypercarbic newborns, whereas K, 
was not different. Normocarbic I-mo-old piglet had significantly 

AGR ( pmol/gm/mln ) 
4.0 1 I 

I 0 Newborn I 
0 1-Month-Old 

Newborn + C 0  2 
m 1 -Month-Old + CO p 
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Fig. 4. Dependence of AGR on  plasma glucose conccntration ([(;Ill- 
c.o.>c,],,,,,,,,,) at the initiation of total ischemia. Different symbols are used 
to represent piglcts of four dilTerent age groups (see Table 1). The .solit1 
litlc,.s represent the best fit by nonlinear regression to the data using 
equation 5: best lit V,,, and K, values arc summarired in Table 3. 

higher V,,, and K, values compared with normocarbic ncw- 
borns in agreement. 

DISCUSSION 

Differences in physiologic readings for newborn and I-mo-old 
piglcts during hypercarbia were small and unlikely to  produce 
differential effects on  cerebral glucose transport measured 
before ischemia or AGR measured during ischemia. We drew 
similar conclusions previously for normocarbic newborns and I -  
mo-old piglets (8). The [glu~ose],~,,,, of  both newborn and I -  
mo-old piglets was constant throughout the 20-min period of 
hypercarbia, and the degree of hypercarbia resulting from the 
inhalation of 8% to 10% CO. (PC-02 approximately 14 kPa) was 
identical and constant for both age groups. Overall, these results 
show that the severity of hypercarbia was well matched for the 
two age groups and that a steady state of elevated Pco? and 
modified [gluc~se],~,,,, was achieved. As discussed previously (8, 
16) 10 to 20 min is considered suflicient time to ensure equili- 
bration of glucose exchange between blood and brain before 
ischemia. 

The additional data collected for normocarbic piglets in the 
prcscnt study lead us to change our  perspective about age-related 
differences in the potential for brain lactate formation during 
complete ischemia. Previously, we concluded that hypergly- 
cemic-normocarbic newborn and I-mo-old piglcts would gener- 
ate similar high concentrations of  lactate during complete ische- 
mia (8). This conclusion was based on the similarity of slopes 
measurcd for different age groups of piglets from plots of the 
postmortem [lactate]fi,,l vcr.w.5 preischcmia [gl~cose],~,,,, made 
for the entire range of [glu~ose],~,,,, studied (8). As mentioned 
in Materials and Methods, the postmortem [lactate]fi,,l can be 
used as direct indicator of preischemia [gluc~sc]~,,,, bccause the 
procedure to  induce complete ischemia (cardiac arrest) converts 
the brain into a closed system. In the present study, the slope of 
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Table 3. Cot)~puri.sot~ of I',,,,, arid /g/~rco.sc.l,,,,,,,,..for K,,,,for t~c\t,horrl NIIL/ I -~ t~o-o / ( /p ig l~~ .s  (111rit1~ t i o r t ~ ~ ( ~ c u r / ~ i ~  atld hjprrcur/)icr* 

Normocarbia Elypcrcarbia 

Newborn I-mo-old Nc\\ born I-mo-old 
(11 = 8) (11 = 8) (11 = 7) (n = 7) 

V,.. (~~mol.g-'.rnin-') 1.46 + 0.14t 3.93 + 0.55$s11 1.12 ? 0.22tll 1.75 k 0.1 Its 
Km (mM) 0.93 + 0.66t 6.86 + 3.00$$ll 0.80k 1.14t 1.27 k 0.4 1 t 

Values are best-fit value a SD. 
t Significant difference compared with I-mo-old normocarbic piglcts (Duncan niultiplc comparison test, p < 0.05). 
$ Significant difference comparcd with newborn normocarbic piglets (Duncan multiple comparison test. p < 0.05). 
9 Significant difference compared with newborn hypcrcarbic piglcts (Duncan multiple comparison test. p < 0.05). 
11 Significant difference compared with I-mo-old hypercarbic piglcts (Duncan multiple comparison test. 17 < 0.05). 

plots of [lactatelr,,,~ rcrs1r.v preischemia [glu~ose],~,,,,, for the 
subset of data where [glucose],~,,,, <20 m M  was significantly 
higher for newborns compared with 1-mo-old piglets, implying 
that higher levels of [gluco~e]~,,, were present in newborns 
compared with I-mo-old piglets. This is further supported by 
recent in rilro :iss:~ys of glucose in brain tissue l i~nncl-fro~cn 
under control conditions fbr normoglyccmic piglcts of dilkrcnt 
ages. Whereas the [gl~cosc]~,,.,,,,/[gI~~cosc],,~.,,,,,;, conccntn~tion ratio 
equaled 0.36 + 0.03 l i ~ r  I-nio-oltl normoglyccmic piglcts. this 
ratio equaled 0.74 + 0. I0 for newborns (20). Overall. thcsc results 
s11p.gcs1 lli:11 stc:~dy st:~tr [p,l~~cosc]~,,,,,, Icvc.ls arc liiglicr in nor- 
111oc;11,1)ic- 11~\vl)or11\ ~ O I I I ~ ; I I L * ~ !  \ v i t l ~  I -111o-oltl pi~:Ic~~\, c~s~>i~c~i;~Ily 
li)r [~:l~~c~o\rj,,~,,,,,. i l l  t l ~ c  I . ; I I I R ~  01' I to 20 111hl (I$>. 3).  '1'11~. 1rl-11~1 
li)r rel;~~ivi*ly SIII:IIIL~I. i~~c.~.(';l\c-s i l l  ( ~ ; I L . I : I I ~ ~ ] ~ , , , . ~  \ \ I IL*I I  [ p , l ~ ~ i ~ o \ ~ ] ~ , ~ . , , , , , ,  
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of Kt in the present study for normocarbic newborns was lower 
than I-mo-olds, suggesting that the affinity of the glucose trans- 
porter may increasc slightly over this interval. It is conceivable 
that this could reflect ontogenetic changes in the brain glucose 
transporter (25). Howevcr, the relatively low values for Kt in 
both newborn and I-mo-oltls during either liypcrcarhia or nor- 
moc;trhi:~ suggests that under normoglyccmic or liypcrglyccmic 
conditions, the glucose transporter will Ilc n c ~ r l y  s;ituratcd ant1 
operating :it its rn:~xim:~l rate. 'I',,,.,,. 

The prescnt study docs not provirlc direct inlbrmation o n  agc- 
rrl;~trtl ch;~nj~,cs in citlicr .I.,,,,, or V,,,, hcc.;~~rsc only the ratio VGI,,/ 
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nounced during hyperglycemia. This is illustrated in Figures 2 
and 3: when [gluco~e],~,,,, exceeds 10 mM,  the difference be- 
tween [ la~ ta te ]~ , ,~  or [gl~cose]~,,,, in hypercarbic rcrsirs normo- 
carbic animals was most prominent. In newborns, hypercarbia 
lowered [ ~ ~ U C O S C ] ~ ~ , ! "  and hence lowered [la~tate]~-,,,~ in animals 
subsequently exposed to ischemia. This could translate into a 
greater beneficial effect for hypercarbic newborns compared with 
normocarbic newborns because lactic acidosis would be de- 
creased in the former compared with the latter. For example, 
a [lactate]final equal to  20 ctmol.g-l will be reached at  a 
[glu~ose],~,,,, of approximately 18 mM in hypercarbic newborns, 
whereas this same concentration of lactate is reached at  only I I 
mM in normocarbic newborn piglets. In contrast to  newborns. 
hypercarbia moderately raises [~~ucosc]~, , ,  for hyperglycemic 
compared with normocarbic I-mo-old piglets. Higher preis- 
chemia [~~UCOSC]~,,, ,  may be detrimental because this would 
result in higher levels of lactic acidosis during complete ischemia. 
However, the slower formation of detrimental levels of lactic 
acidosis in hypercarbic I-mo-olds compared with normocarbic 
I-mo-olds could provide a more important beneficial effect for 
acute ischemic episodes (see below). 

Relatively few studies have been performed to measure glucose 
utilization during complete ischemia. This reflects the technical 
difficulties and the cost associated with accurately measuring the 
time course of lactate formation using bi vitro sampling tech- 
niques that supply one time point per animal (5, 9, 20). We are 
aware of only one previous study (4) that measured AGR in 
adult rat brain after complete ischemia induced via decapitation 
during steady states of normocapnia (5.2 kPa) ulr.sirs mild hy- 
percapnia (8.1 kPa). AGR was 6.24 + 0.82 and 4.80 + .96 jtniol. 
g-I. min-' in normocarbic and hypercarbic groups. respectively, 
corresponding to a 33% reduction. Given the milder dcgrce of 
hypercapnia compared with the present study and noting that 

for the two groups was 10.6 and 12.8 mM. respec- 
tively, the reduction observed in the previously mentioned study 
(4) is similar to  that observed for I-mo-old piglets in the present 
study. 

Glucose utilization during ischemia was measured after a 20- 
min period when [gluc~se],~,,,, was constant: therefore. K, and 
V,,, reflect rate-limiting reactions for agonal glycolysis inside 
the cell. Hexokinase is thought to  be a key enzyme controlling 
the increased glycolytic rate during ischemia (5, 16). The binding 
affinity of glucose for hexokinase (Khex) is approximately 0.05 
mM, and, therefore, the K, values in Table 3 are much higher 
than Khex expected in brain. However, K, was determined from 
plots of AGR rc9r.sirs [gluco~c],~,,,,, not [ ~ ~ u c o s c ] ~ , ~ , " .  Therefore. 
based on  the theoretical relationships presented in Figures 3 and 
4, we calculated a set of 15 AGR vcrslrs [gl~cose]~,,,. data points 
for each of the four groups of piglets and determined V,,, and 
K, using equation 6. The relationship between AGR and [glu- 
COS~]~, , ,  was similar to  the plots shown in Figure 4, with the 
exception that the curves for the four different groups are steeper 
and are shifted to the left. V,,, was not substantially different 
from the values shown in Table 3 (1.34 + 0.04 and 3.59 + 0.29 
ctrnol .g-'. min-' for newborn and I-mo-old normocarbic ani- 
mals. respectively, and 1.03 + 0.02 and 1.48 * 0.06 pmol .g-'. 
min-' for newborn and I-mo-old hypercarbic animals, respec- 
tively), but K, was shifted to lower values for all four groups 
(0.32 + 0.05 and 1.31 + 0.29 m M  for newborn and I-mo-old 
normocarbic animals, respectively, and 0.12 a 0.02 and 0.09 + 
0.03 m M  for newborn and I-mo-old hypercarbic animals, re- 
spectively). The correction for potential overestimation of [glu- 
COS~]~,," due to  the conversion of cerebral blood glucose to  lactate 
(see Results) resulted in slightly lower K, estimates for normo- 
carbic animals (0.29 and 1.27 m M  for newborns and I-mo-olds. 
respectively), and slightly higher estimates for hypercarbic ani- 
mals (0.27 and 0.18 mM for newborns and I-mo-olds, respcc- 
tively). All calculated K, values are higher than literature esti- 
mates of Khclr especially for normocarbic I-mo-olds. Presently. 
it is unclear whether the difference between K, and Khcl is a 

reflection of species differences in the value of Khcr in swine 
compared with rodents, experimental differences in the manner 
in which K, was calculated (in rivo rclrsus it1 ~ i t r o ) ,  or that there 
is a control point for the glucose modulation of AGR other than 
hexokinase. Further experiments to  evaluate the enzymatic prop- 
erties of hexokinase in swine brain could help clarify this issue. 

As illustrated in Figure 4, AGR is strongly influenced by 
[glucose],~,,,, to different degrees depending on both age and the 
absence or  presence of hypercarbia. The additional data collected 
for two hyperglycemic normocarbic newborn and two I-mo-old 
piglets resulted in slightly higher estimates of K, and V,,, 
compared with our  previous study (8). However. as in the pre- 
vious study, both V,,, and K, were significantly higher in 1- 
mo-old normocarbic piglets compared with normocarbic new- 
borns. Whereas hypercarbia decreases V,,, and K, slightly in 
newborns, these quantities showed prominent decreases in I -  
mo-olds. Thus. during ischemia in hyperglycemic animals ([glu- 
c~se],~,,,, >20 mM), hypercarbia reduces the rate of lactate 
accumulation by up  to 55% in I-mo-old piglets but only by 23% 
in newborns. For normoglycemic or hypoglycemic animals ([glu- 
cose],l,,,, <6 mM). hypercarbia will decrease rates of lactate 
accumulation to the about same dcgrce in newborn and I-mo- 
old animals. Several recent in viro "P NMR studies of the 
cerebral metabolic consequences of hypercarbia using adult ani- 
mal models from various species have been reported (26-29). 
These studies all report a decrease in pH,ntncr~~u~.,r that should 
inhibit glycolysis and an increase in inorganic phosphate that 
should stimulate glycolysis (30). Given the observation that 
hypercarbia decreases AGR in adult rats (4). it is possible that 
the metabolic effects of a decrease in ~ H ~ ~ ~ ~ ; , ~ ~ l l ~ l . , ~  predominate 
over the increase in inorganic phosphate to produce a net inhib- 
itory effect. Less certain is the effect of hypercarbia on cerebral 
ADP and AMP concentrations, with one study suggesting an 
increase (26). two suggesting no change (27. 28). and one sug- 
gesting a decrease (29). Decreases in ~ H , ~ ~ ~ ~ ~ ~ l l ~ l ~ ~  and increases in 
inorganic phosphate also have been reported for immature brain 
(31, 32); however, changes in ADP and AMP have not been 
reported. Currently, it is unclear whether age-related difference 
in the magnitude of changes in pH. inorganic phosphate. ADP. 
or AMP induced by hypercarbia could account for the difference 
that hypercarbia had on AGR for newborn \3c1rslrs I-mo-old 
piglets in the present study. Further studies of potential age- 
related differences in the effect that hypercarbia has on 
PH,,~,,,,II,I,, or phosphorylated metabolite concentrations using 
in v i ~ ~ )  "P NMR could help clarify this issue. 

In conclusion. these results demonstrate that both brain mat- 
uration and [gluc~se],~,,,, are critical factors to consider when 
assessing the e f i c t s  of hypercarbia. T o  the extent that it reduced 
the rate of lactate formation and [ la~ ta te ]~ , ,~ ,  hypercarbia could 
prove beneficial because both [~~UCOSC]~, , ,"  and AGR were re- 
duced in newborns and AGR was reduced in I-mo-olds with 
only a marginal increase in [~~ucosc]~, , , .  These effects were most 
prominent in animals who were made hyperglycemic before 
ischemia was initiated. Under these conditions, hypercarbia 
could help reduce brain lactic acidosis to  levels below the critical 
threshold thought to be associated with enhanced irreversible 
tissue damage ( I ) .  However, the putative benefit realized from 
the direct effects of hypercarbia on brain lactate formation must 
be interpreted with caution because in clinical settings acute 
hypercarbia is normally viewed as undesirable (2). Hypercarbia 
often implies serious cardiovascular instability and could be 
detrimental by increasing the incidence of intraventricular hem- 
orrhage or  altering blood flow regulation. 

,~Ic~ktio~t~1~~~~:1~1~~11~. Dr. Corbett thanks the Departments of Pe- 
diatrics and Radiology for their continuing support, which made 
this study possible. 
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