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Summary characteristic of neonatal red cells, has been proposed as a possible 

Red cell glycolytic intermediates and adenosine triphosphate 
were evaluated in term infants from birth to one year of age and 
compared to values obtained from normal adults and subjects with 
a population of a similar mean cell age. The concentration of 
glycolytic intermediates, with the exception of phosphoenolpyru- 
vate were elevated at birth when compared to normal subjects, 
consistent with a young mean red cell population. The mean levels 
of red cell glucosebphosphate, fructosebpbosphate, and "total 
triose phosphate" were elevated on days 1 and 4 of life when 
compared to both red cells from normal adults and subjects with 
a similar young mean red cell age. Glucosebpbosphate steadily 
increased in concentration, peaked at 3 to 4 wk of age, and then 
progressively decreased in value. Total triose phosphate declined 
to a mildly elevated concentration by 3 to 4 wk of age. The mean 
concentrations of 2Jdiphosphoglycerate and adenosine triphos- 
phate were normal on day 1, increased on day 4, and then declined 
by 3 to 4 wk to normal values, until 5 to 6 months when both 
increased. The mean phosphoenolpyruvate concentration was de- 
creased on day 1 of age when compared to red cells of a similar 
mean age, but this decrease was not significant (P > 0.05). 

The mean concentrations of Iphosphoglycerate and 2-phospho- 
glycerate were normal for mean red cell age on day 1 of life. Tbe 
concentration of 2-phosphoglycerate increased at 3 to 4 wk of age 
and remained elevated for cell age at 11 to 12 months but this 
increase was not statistically significant (P > 0.05). 1Phospho- 
glycerate levels did not change significantly throughout the first 
year of Ufe. At one year of age, all red ceU glycolytic intermediates 
and adenosine triphosphate were elevated when compared to red 
cells from normal adults, but were comparable to those observed 
in subjects with a red cell population of a similar mean cell age, 
consistent with the persistence of a young red cell population 
throughout the first year of life. 

Speculation 

The pattern of glycolytic intermediates in the first year of life is 
suggestive of a relative "block" in glycolysis at the phosphofruc- 
tokinase step. This block appears to result from factors other than 
decreased enzyme activity alone and may be secondary to an 
enzyme with altered kinetic properties and/or the influence of 
extracellular factors on enzyme activity at the in vivo level. 

cause of this metabolic handicap (13). It has aiso been s&ested 
that there is a "fetal" PFK isozyme (3, 4, 20) in cord blood, and 
this isozyme is more inhibited by adenosine triphosphate (ATP) 
(3) and may be less sensitive to pH activation (6) than the enzyme 
from adult red cells. Our laboratory has demonstrated that PFK 
has increased in vivo liability in cord blood (16), suggesting that 
the PFK deficiency in newborn red cells may be secondary to 
normal synthesis of an unstable enzyme. We have also recently 
reported (18) that PFK activity remains decreased at levels similar 
to those observed on days 1 and 4 of life until 8 to 9 wk of age 
when there is a significant increase in activity. This occurs at a 
time when the two most age-dependent enzymes, hexokinase (HK) 
and pyruvate kinase (PK), increase in activity which was felt to be 
consistent with resumption of active erythropoiesis by the infants' 
bone marrow. This interpretation is in agreement with the prior 
finding that "old" red cells in cord blood from term infants had 
a high fetal hemoglobin (3) and demonstrated to a marked degree 
those characteristics attributed to whole blood, namely decreased 
red cell PFK (3, 6) activity and increased activity of red cell 
phosphoglycerate kinase and enolase (6). These "older" red cells 
probably represent cells produced earlier in gestation, and it is 
likely that developmental changes observed in red cell enzymes 
during the first year of life represent the passage from fetal to 
"adult" erythropoiesis. 

It would be expected that the pattern of glycolytic intermediates 
might yield the most useful information regarding metabolic 
events at the in vivo level and the possible significance of the 
decreased enzyme activity and altered kinetic properties of PFK 
because the concentration of glycolytic intermediates at any par- 
ticular time may reflect enzymatic flux in vivo, according to the 
"crossover theorem" of Chance (1). However, the concentration 
of red cell glycolytic intermediates in neonates on day one of life 
has been reported in one study only (13). and reports describing 
developmental changes in glycolytic intermediates during the first 
year of life, except 2,3-diphosphoglycerate (2,3-DPG) (2), appear 
to be totally lacking in the literature. The pattern of glycolytic 
intermediates and ATP was thus evaluated in term infants from 
birth through the first year of life to detect differences other than 
those associated with a young red cell population. 

MATERIALS AND METHODS 

SUBJECTS 

The pattern of glycolytic enzymes and intermediates in newborn Blood from term infants, normal adults, and subjects with 
red cells differs from that observed in subjects with a red cell reticulocytosis was collected in tubes containing dried sodium 
population of a similar mean age (7, 13, 18). Metabolically, these heparin (Vacutainer; Becton-Dickinson and Co., Rutherford, NJ). 
cells appear to consume less glucose than would be predicted for Term Infants. Blood was obtained on days I and 4; wk 3 to 4, 
red cells of such a young mean cell age (14). The relative deficiency 8 to 9, 14 to 16; and months 5 to 6, 8 to 9, and 1 1 to 12 of life. 
of the regulatory enzyme, phosphofructokinase (PFK), that is Blood was obtained from the same infant on days I and 4, and 
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two subjects were followed sequentially from birth to 6 months of 
age. The remainder of the samples were obtained from random 
donors. Ten subiects were studied at each time interval. 

Normal ~ d u l i s  and Subjects with Reticulocytosis. Blood from 
normal adults was obtained from laboratory -personnel; samples 
from subjects with reticulocytosis were obtained from patients 
with hemolytic anemia who were attending hematology clinics. 
Blood from persons with known red cell enzyme deficiencies or 
an acute hemolytic episode was not used. Values cited for normal 
adults in this paper were obtained during the course of this study, 
not at a prior time. 

PK activity was used as an index of red cell age in subjects with 
a young mean red cell population. PK is an "age-dependent" 
enzyme which implies that PK activity declines progressively as 
the red cell ages. Analysis of the rate of decline of this enzymatic 
activity can be performed by isolating discrete fractions of intact 
red cells of increasing density on a discontinuous density gradient 
(12). It has been demonstrated that layers of progressively increas- 
ing density reflect layers of increasing red cell age because "young" 
red cells are lighter and tend to migrate to the upper part of the 
gradient, and old red cells are heavier and concentrate at the 
bottom. There is predictable overlap of cells of varying densities 
(ages) in each layer because absolute separation of cells into 
homogeneous populations is not possible, hence the "mean cell 
age" of each fraction is correlated to its position in the gradient. 
~Ihis  technique has permitted a estimation oithe rate 
of decline of red cell enzymatic activity in vivo. The three most 
age-dependent glycolytic enzymes are HK, PK and aldolase with 
a r M  of 33,29, and 77 days, respectively (I I). These three enzymes 
have been evaluated previously in term infants on the first day of 
life (7, 13, 18) and have demonstrated increased enzyme activity 
that was comparable to that obtained from red cells from subjects 
with reticulocytosis. It has thus been concluded that the elevations 
in enzyme activities of HK, PK, and aldolase observed in red cells 
from term newborns are not unique characteristics, but merely 
reflect a red cell population with a young mean cell age. The two 
most age-dependent enzymes HK and PK would be expected to 
exhibit the greatest changes in enzyme activity with changes in 
the mean age of the red cell population. PK was chosen as an 
index of red cell age in these studies because PK from cord red 
cells had previously been demonstrated (16) to bear the same 
relationship between red cell age and density that had been 
demonstrated in red cells from adults, and cord and adult red cells 
have a similar rate of decline in activity in the discontinuous 
density gradient (16). 

ASSAY CONDITIONS 

Extracts for glycolytic intermediates and ATP were prepared at 
the bedside: 2 ml of heparinked blood were immediately pipetted 
into 4 ml of chilled 2 N ~erchloric acid. reextracted. and neutral- 
ized by methods previo;sly described (13). 2,3-DPG was deter- 
mined spectrophotometrically by the Schroter and Heyden (15) 
modification of the technique of ~ r i m s k ~  (8). ATP was-analyzed 
spectrophotometrically (9) by means of yeast HK (BMC Corp.) 
and glucosed-phosphate dehydrogenase (BMC Corp.). Fructose 
diphosphate, glyceraldehyde-3-phosphate, and dihydroxyacetone 
phosphate were dctcnnined simultaneously as described by Kcitt 
(5) and are referred to as "total triose phosphates" ("TTP). 
Glucose-6-phosphate (G-6-P), fructose-6-phosphate (F-6-P), 3- 
phosphoglycerate (3-PG), 2-phosphoglycerate (2-PG), and phos- 
phoenolpyruvate (PEP) were determined with modifications of 
the assay conditions described by Lowry et al. (10) and previously 
reported (19). G-6-P, F-6-P, TTP, 3-PG, 2-PG, and PEP were 
assayed fluorometrically with the use of an Eppendorf fluorometer 
(Brinkman Instruments) with a primary filter of 313 rt 366 nm 
and a secondary filter of 400 + 3000 nm. Pyruvate kinase activity 
was assayed as previously described (12). Data were analyzed 
statistically by the two-sample (unpaired) t test and one-way 
analysis of variance. 

RESULTS 

SUBJECTS WITH RETICULOCYTOSIS 

Using PK activity as an index of red cell age, subjects with 
reticulocytosis were divided into two groups: group I, with a range 
of PK activity from 333.9 to 479.3 units/100 ml red blood cells, 
representing a "moderately young" red cell population, and group 
I1 that ranged from 518.4 to 820.9 units/100 ml red blood cells, 
which represented a population with a younger mean cell age than 
group I. By dividing subjects in this manner, it was felt that more 
accurate "age-matched" comparisons could be made of glycolytic 
intermediates because the mean PK activity of group I was 392.7 * 51.2 units/100 ml red blood cells, a value comparable to that 
obtained in term infants on day 1 of life (385.6 * 57.6). The mean 
red cell PK activity of group I1 was 665.4 f 112.6 units/100 ml 
red blood cells. The concentration of glycolytic intermediates and 
ATP tended to be higher in groups I and I1 when compared to 
normal subjects, and the mean values obtained in group I1 were 
more elevated than in group I (Table I). Inasmuch as the levels of 
glycolytic intermediates tend to increase when there is a young 
mean red cell population, mean red cell PK activity was also 
determined at each time interval to evaluate the influence of red 
cell age on the pattern of glycolytic intermediates during the first 
year of life. 

G-6-P. F-6-P. AND TTP 

The concentration of red cell G-6-P was significantly increased 
on day I when compared to red cells from normal adults and 
group I ( P  < 0.001). continued to increase on day 4 and peaked 
at wk 3 to 4 of life at a mean concentration of 92.3 mpmoles/ml 
red blood cells, which was 2.5 times greater than the level obtained 
in subjects with a red cell population of a similar mean age (group 
I). Mean G-6-P concentration decreased significantly between 3 
and 4 and 8 and 9 wk of life ( P  < 0.001), and then continued to 
decline. At I year of age, the level of red cell G-6-P was compatible 
with the age of the red cell population. The changes in the 
concentration of red cell F-6-P tended to parallel those of G-6-P, 
but were of a lesser magnitude. 

The concentration of TTP was significantly elevated for mean 
red cell age on day I of life ( P  < 0.01) peaked at day 4 at a level 
1.9 times greater than the mean concentration observed in group 
I and then decreased significantly (P  < 0.001) at wk 3 to 4 of age. 
The mean levels of TTP remained mildly elevated for red cell age 
for the entire first year of life, but this increase was not statistically 
significant by wk 8 to 9 of life ( P  > 0.1). 

2.3-DPG AND ATP 

The concentrations of red cell 2,3-DPG and ATP were normal 
for the age of the red cell population on day I of life. Between 
days 1 and 4, there was a significant transient increase ( P  < 0.01) 
in the level of 2,3-DPG, and the 2,3-DPG concentration on day 
4 was significantly elevated for the age of the red cell population 
( P  < 0.01). Between day 4 and wk 3 to 4 of life, the level of 2,3- 
DPG fell to values similar to those observed on day 1 of age and 
remained at this concentration until months 5 to 6 and 8 to 9 of 
life, when there was an incrcasc in mean red cell 2,3-DPG 
concentration out of proportion to the age of the red cell popula- 
tion (P < 0.05). At I year of life, the levels of 2,3-DPG had 
declined to values compatible with mean red cell age. 

Mean ATP similarly peaked transiently on day 4 and again at 
5 to 6 months of age. 

3-PG AND 2-PG 

The mean red cell concentration of 3-PG and 2-PG were normal 
for red cell age on days 1 and 4 of life. The level of 3-PG remained 
relatively stable throughout the first year of life. The mean 2-PG 
concentration increased at 3 to 4 wk of age and remained elevated 



TRAVIS ET AL. 

at I I to 12 months of life, but this increase was not statistically 
significant ( P  > 0.05). 
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The mean concentration of red cell PEP was decreased for 
mean red cell age on day I ,  but this decrease was not statistically 
signrficant ( P  > 0.05). PEP increased significantly betweeen days 
1 and 4 (P < 0.05) to levels compatible with the age of the red cell 
population, and these values remained stable for the remainder of 
the first year of life. 

DISCUSSION 

Glycolytic intermediates in red cells from newborns have been 
investigated previously on day 1 of life (13). In that study, term 
and premature infants were contrasted with subjects with reticu- 
locytosis. It was concluded that the levels of red cell G-6-P, F-6-P, 
dihydroxyacetone phosphate (triose phosphate), and 2,3-DPG 
were elevated in red cells from subjects with reticulocytosis. Pre- 
mature and term infants had significantly decreased levels of 2,3- 
DPG and PEP when compared to values obtained in red cells 
with a young mean cell age, but significant elevation of G-6-P, F- 
6-P, and triose phosphate was found in premature infants only. It 
was proposed that the decrease in 2,3-DPG and PEP might be 
secondary to a relative block in glycolysis at the PFK step because 
significantly decreased activity of PFK on day I of life was also 
documented. 

Our study has revealed significantly increased concentrations of 
G-6-P, F-6-P, and TTP in term infants on day 1 of life when 
compared to red cells of a similar mean age. PEP was decreased 
but not to a statistically significant degree. 2.3-DPG was normal 
when compared to red cells of a similar age. In the present study, 
subjects with reticulocytosis were divided into two groups, groups 
I and 11, using the age-dependent enzyme PK as an index of red 
cell age. PK was chosen because the activity of this enzyme is 
appropriately elevated for mean cell age in the newborn period 
when compared to red cells from subjects with reticulocytosis (6, 
13, 17). In this manner, it was felt that more age-matched results 
could be obtained because the mean PK activity of group I was 
similar to that obtained on days I and 4 of life in term infants. 
The glycolytic intermediates in general were higher in group 11 
than in group I. The significant elevation of G-6-P, F-6-P, and 
TTP in term infants and lack of a significant decrease in PEP and 
2,3-DPG in our study when compared to the one cited above (13) 
are probably secondary to more closely age-matched comparisons 
in the present investigation. 

The mean concentration of PEP increased by day 4 of life and 
remained relatively stable for the remainder of the first year of 
life. 2,3-DPG increased significantly between days 1 and 4 and 
then decreased by 3 to 4 wk to levels similar to those observed on 
day 1, which is similar to results previously reported (2). At one 
year of age, the levels of glycolytic intermediates were similar to 
those observed in group I as was mean PK activity which is 
consistent with the persistence of a relatively young red cell 
population. 

Analysis of the most significant sequential changes in red cell 
glycolytic intermediates revealed that the concentration of G-6-P 
was elevated on days I and 4 of life when compared to red cells 
of a similar mean age (group I). These levels continued to increase 
and peaked at 3 to 4 wk of life at a mean concentration that was 
2.5 times greater than the value observed in "group I." This 
increase appeared to be independent of red cell age because mean 
PK activity did not increase between day 1 and wk 3 to 4 of life 
(18). and a significant decrease in the concentration of G-6-P 
occurred between wk 3 and 4 and 8 and 9 at a time when mean 
PK activity increased (18). The levels of red cell TTP were also 
increased and peaked on day 4 of life at a concentration 1.9 times 
that observed in group I and then decreased significantly by wk 
3 to 4 of life. Thus, the increase in TTP was transient and had 
decreased significantly by 3 to 4 wk of age, at a time when the 
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mean G-6-P concentration reached its highest level. This pattern 
of glycolytic intermediates is highly suggestive of a relative block 
in glycolysis at the PFK step, and this "metabolic handicap" 
persists beyond the immediate neonatal period. 

We have previously demonstrated that mean PFK activity does 
not increase significantly until wk 8 to 9 of life (18) and remains 
relatively unchanged from day I through wk 3 to 4. During this 
same period HK activity decreases (18), resulting in a decreasing 
HK/PFK ratio. Despite the decrease in the HK/PFK ratio and 
stable PFK activity, the pattern of glycolytic intermediates reveals 
an increasing concentration of G-6-P that peaks at wk 3 to 4 
coupled with a significant decrease in TTP between day 4 and wk 
3 to 4. 

These data suggest that the relative block in glycolysis at the 
PFK step and resulting pattern of glycolytic intermediates in term 
infants are not solely due to decreased PFK levels. It is likely that 
altered kinetic properties of PFK and/or modulation of enzyme 
activity by extracellular factors may also play a significant role at 
the in vivo level. Intracellular pH has been evaluated and was 
normal (17). Thus, the suggestion that a fetal PFK isozyme exists 
(3, 4, 20) which is more inhibited by ATP (3) and may be less 
sensitive to pH activation (6), may have functional significance at 
the in vivo level. 
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