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Summary

The arteriovenous difference (A-V) method was utilized to as
sess the permeability of the blood-brain barrier to lactic acid in
paralyzed and artificially ventilated newborn dogs. A femoral
artery and the sagittal sinus were cannulated to sample arterial
and cerebral venous blood simultaneously for measurements of
glucose and lactate during normoglycemia, normoglycemia and
hyperlactatemia, insulin-induced hypoglycemia, or hypoglycemia
and hyperlactatemia. During normoglycemia, arterial lactate con
centrations remained less than 2 mmoles/liter for up to 2 h; mean
A-Vlactate was essentially zero. Arterial lactate increased up to 8
mmoles/liter during intravenous infusion of neutralized 10 mM
L-lactic acid. During hyperlactatemia, the A-Vlactate was directly
proportional to the arterial concentration of the metabolite, a
finding which is consistent with transport into brain either by
simple diffusion or via a carrier with saturability greater than 8
mmoles/liter. During hypoglycemia (mean arterial glucose = 27
mg/dl), A-Vglucose was reduced by 71% with a significant increase
in A-Vlactate at an arterial lactate level of 1.3 mmoles/liter.
Hyperlactatemia combined with hypoglycemia resulted in A
Vlactate which was 2-3 fold greater than during normoglycemia at
similar arterial lactate concentrations. Brain/blood lactate ratios
declined by 83% during hypoglycemia compared with normogly
cemic ratios, indicating that, once in brain, lactic acid was actively
consumed for oxidative processes. These experimental observa
tions may have clinical relevance in newborn human infants when
concentrations of lactate in blood often approach or even exceed
those of glucose.

Speculation

Lactic acid, which is elevated in blood immediately following
birth, may enter the perinatal brain to supplement glucose as a
metabolic fuel.

For normal cerebral development to occur, an adequate supply
of metabolizable substrate must be supplied to the brain during
the perinatal period. It has long been known that glucose is the
primary energy substrate for the adult brain, and recent investi
gations have indicated that glucose is also the predominant cere
bral fuel in fetal and newborn animals under physiologic condi
tions (12, 16, 17, 20, 22). During starvation or suckling, the
alternate substrates ,B-hydroxybutyrate and acetoacetate can sup
plement glucose to maintain normal cerebral metabolism (14, 28,
35, 36). Other organic substances including amino acids, free fatty
acids, lactate and pyruvate, have been shown to enter the imma
ture brain (5, 33,41). The extent to which these metabolites serve
as energy substrates has not been thoroughly investigated.

The rate of entry into brain of an organic compound is influ
enced not only by transport mechanisms operative at the blood

brain barrier (29) but also by the extent to which the metabolite
is delivered to the brain by the blood (14, 41). It follows that the
concentration of a substrate in blood will determine, at least in
part, its ability to substitute for glucose as a cerebral fuel. In the
immediate newborn period, lactic acid is often available to the
brain in an amount which exceeds that of all other metabolites,
including glucose (II, 31, 37). Thus, the present investigation
addresses the question of whether or not lactic acid is capable of
entering the perinatal brain and the extent to which the metabolite,
once in brain, can be consumed for oxidative processes. We
studied cerebral uptake and metabolism of lactate during both
normoglycemia and hypoglycemia inasmuch as the latter situation
provides an ideal circumstance whereby organic compounds can
be tested for their ability to replace glucose for cerebral energy
production.

MATERIALS AND METHODS

Newborn mongrel dogs, 2-5 days postnatal age, remained with
their bitches until time of study. Each dog was rapidly tracheos
tomized under halothane anesthesia (1-1.5%), paralyzed with
pancuronium bromide (pavulon) and artificially ventilated with a
gas mixture containing 70% nitrous oxide and 30% oxygen. Venti
latory rate and tidal volume were adjusted to maintain arterial
normoxia and normocapnia (pa02 > 65 mmHg, paC02 = 34-42
mmHg, pHa = 7.34-7.45) (15). A femoral artery and vein were
catheterized under local anesthesia (procaine HCI 1%). The arte
rial catheter was connected via a Statham transducer attached to
a. dynographic recorder for continuous monitoring of systemic
blood pressure and heart rate. A side arm of the femoral artery
catheter allowed for intermittent sampling of blood for measure
ments ofpa02, paC02, pHa, glucose and lactate. Body temperature
was maintained at 37 ± 0.2°C with a heating lamp attached to a
rectal thermocouple.

Following these procedures, the animal's head was firmly af
fixed to a stereotaxic frame. The scalp was incised longitudinally
and resected laterally to expose the sagittal suture. A 1 mm burr
hole was drilled through the calvarium into the sagittal sinus,
following which a metal cannula was lowered into the sinus and
sealed tightly in place with Silastic tubing.

To induce hyperlactatemia without acidosis, several newborn
dogs received an intravenous infusion of 10 mM L-lactic acid, the
pH of which had been adjusted to 7.3 with 10 N NaOH. Lactic
acid was infused for up to 140 min at a rate of 0.5 ml/kg body
weight/min. Other newborn dogs were rendered hypoglycemic
with regular insulin U.S.P. (0.2 units/gram body weight) injected
as an intravenous bolus. Some puppies rendered hypoglycemic
(blood glucose <40 mg/dl) also received an infusion oflactic acid.
Control animals received equi-osmolar solutions of NaCl.

Blood samples from the femoral artery and the sagittal sinus
were collected simultaneously throughout the control or experi
mental period. Exact aliquots of blood (0.03 ml) were diluted 1: 10
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with ice cold 0.5 M perchloric acid. At the conclusion of each
experiment, the brain was frozen with liquid nitrogen by an in situ
technique (32). Samples of precuneal gray matter were dissected
at - 20°C and brain extracts prepared as previously described (39).
Blood and brain extracts were stored at -80°C until time of
analysis. Glucose and lactate were determined enzymatically on
the blood and brain extracts using standard fluorometric tech
niques (21, 39).

Cerebral arteriovenous differences for glucose and lactate were
calculated from the measured concentrations of the metabolites in
femoral arterial and sagittal sinus venous blood. A positive value
denoted net uptake from blood into brain, and a negative value
denoted net efflux from brain into blood.

RESULTS
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NORMOGLYCEMIA AND NORMOLACTATEMIA

Three newborn dogs were studied under control conditions for
up to 120 min. Arterial oxygen and acid-base status were main
tained within narrow ranges i.e., pa02 = 111-118 mmHg, paC02
= 34-38 mmHg and pHa = 7.37-7.45. Arterial lactate concentra
tions were either stable or increased slowly over 2 h but always
remained below 2 mrnoles/liter. Arteriovenous differences for
lactate (A-Vbetat.), initially slightly negative (-0.1), became posi
tive (+0.03 and +0.10) in the 2 dogs with increased arterial lactate
concentrations. The initial glucose concentration of the three
animals averaged 172 mg/dl, was unchanged for up to 2 h in 2
puppies and decreased to 76 mg/dl in the third animal. The
arteriovenous difference for glucose (A-Vglueose) was independent
of the arterial level within this concentration range and averaged
20 mg/dl.

NORMOGLYCEMIA AND HYPERLACTATEMIA

Four puppies received infusions of 10 mM L-Iactic acid for up
to 140 min. As in the controls, pa02, paC02 or pHa did not change
during the course of the lactate infusion. Arterial lactate concen
trations increased steadily to levels which approximated 8
mmoles/liter. Arterial glucose concentrations decreased slightly
but never fell below 70 mg/dl. A-Vlaetate values were compared
with arterial lactate concentrations by linear regression analysis
and showed a strong positive correlation (Fig. 1). Assuming
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Fig. I. Relationship between arterial lactate concentrations and cere

bral arteriovenous differences for lactate during normoglycemia in new
born dogs. Four puppies received an intravenous infusion of neutralized
L-lactic acid at a rate of 0.05 ml/kg/min. Lactate concentrations were
measured in arterial and sagittal sinus blood at 20 min intervals for up to
140 min. The line was drawn from a linear regression analysis with r =

0.70; P < 0.01.
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Fig. 2. Relationship between arterial glucose concentrations and cere
bral arteriovenous differences for glucose during hypoglycemia in newborn
dogs. Hypoglycemia was induced in five puppies by the intravenous
administration of regular insulin (0.2 units/gm body wt). Glucose concen
trations were measured in arterial and sagittal sinus blood at 20 min
intervals for up to 120 min. The line was drawn from a linear regression
analysis with r = 0.73; P < 0.01.

unchanged cerebral blood flow (CBF) during hyperlactatemia (see
Discussion), the statistically significant correlation coefficient in
dicates that net lactate flux was directly dependent on the arterial
concentration of the metabolite.

HYPOGLYCEMIA AND NORMOLACTATEMIA

Five puppies were rendered hypoglycemic to blood glucose
concentrations of less than 40 mg/dl within 90 min of insulin
injection. Mean arterial glucose fell by 84% of the normoglycemic
value at 2 h with a near proportionate decline in A-Vglucose (Fig.
2). Arterial lactate did not change during hypoglycemia, but A
Vlaetate actually increased. Assuming that no organic substrate
other than glucose and lactate serve as cerebral energy fuels to
newborn dog brain (16), the relative contributions of glucose and
lactate to total energy supply can be calculated according to the
formula:

Substrate/energy equivalent
(A - Vsubst<ate X number of atoms) 00

= xl
(A - Vglueose X 6) + (A - Vlaelate X 3)

where 6 and 3 are the number of carbon atoms in glucose and
lactate, respectively. During normoglycemia, glucose accounted
for 99% of energy supply (Table 1). During hypoglycemia, the
glucose equivalent decreased to 84%, while the lactate equivalent
increased to 16% of energy supply despite the low arterial concen
tration of this metabolite.

HYPOGLYCEMIA AND HYPERLACTATEMIA

Eight puppies were rendered hypoglycemic, following which
they received an intravenous infusion of 10 mM L-Iactic acid at
the same rate as that infused into the normoglycemic animals.
Arterial lactate concentrations increased in all animals but peaked
at levels less than one-half those of the normoglycemic puppies.
As during normoglycemia, A-Vlactate demonstrated a positive cor
relation with the arterial concentration of the metabolite (Fig. 3).
However, the slope of the regression line obtained during hypo
glycemia and hyperlactatemia was significantly greater than the
slope obtained during normoglycemia and hyperlactatemia (Fig.
4). The change in slope indicates that net uptake of lactic acid
into brain from blood during hyperlactatemia combined with
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Table 1. Arterial concentrations, arteriovenous differences and
substrate/energy equivalents for glucose and lactate in

normoglycemic and hypoglycemic newborn dogs!

Glucose (mg/dl) Lactate (mmole/liter)

Substrate/ Substrate/
Energy Energy

Arterial A_V' equivalent Arterial A-V equivalent

Normogly- 174 19.8 98.8 1.2 0.01 3.5
cemia (3) ±10 ±3.8 ±2.4 ±O.I ±0.03 ±2.3

Hypoglyce- 273 5.73 83.92 1.3 0.122 16.1 2

mia (6) ±2 ±0.6 ±5.1 ±0.2 ±0.04 ±5.1

control puppies was 99% that of blood (Table 2). The brain/blood
lactate ratio fell slightly but not significantly (P > 0.05) during
normoglycemia and hyperlactatemia. During hypoglycemia, the
ratio declined to 17% of control (P < 0.001), owing to a dispro
portionate reduction in brain lactate relative to that in blood. The
ratio remained low during hypoglycemia combined with hyper
lactatemia although higher than during hypoglycemia alone.
These data together with the arteriovenous difference measure
ments (see above) suggest not only that lactate flux into brain was
enhanced during hypoglycemia, but that once in brain the metab
olite was actively utilized for oxidative processes.

DISCUSSION

The present investigation was designed to ascertain the extent
to which lactic acid enters the brain of the newborn dog. Cerebral
arteriovenous differences for lactate were determined during hy
perlactatemia combined with either normoglycemia or hypogly-

I The hypoglycemic puppies received an intravenous bolus injection of
regular insulin (0.2 units/kg body wt.) Arteriovenous differences were
measured at 120 min of normoglycemia or hypoglycemia. The substrate/
energy equivalent was calculated according to the formula described in
the text. Values represent means ± S.E. for the number of animals in
parentheses.

2 Different from normoglycemia with P < 0.05.
3 Different from normoglycemia with P < 0.001.
• A-V, arteriovenous difference.
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Table 2. Blood and brain lactate concentrations during
normoglycemia, normoglycemia and hyperlactatemia,

hypoglycemia, and hypoglycemia and hyperlactatemia in newborn
dogs!
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Fig. 4. Comparison of cerebral arteriovenous differences for lactate
during hyperlactatemia in normoglycemic and hypoglycemic newborn
dogs. The lines were drawn from linear regression analyses as shown in
Fig. I and 3. The slopes of the lines are significantly different from each
other with P < 0.01.

Normoglycemia; normo- 1.51 1.42 0.99
lactatemia (3) ±0.42 ±0.31 ±O.II

Normoglycemia; hyperlac- 7.622 6.00 0.73
tatemia (4) ±1.72 ±2.39 ±0.17

Hypoglycemia; normolac- 1.12 0.193 0.173

tatemia (5) ±0.24 ±0.04 ±0.03
Hypoglycemia; hyperlac- 3.26 1.46 0.482

tatemia (8) ±0.67 ±0.38 ±0.09

I The hypoglycemic puppies received an intravenous bolus injection of
regular insulin (0.2 units/kg body wt). The hyperlactatemic puppies re
ceived a continuous intravenous infusion of neutralized L-Iactic acid at a
rate of 0.05 ml/kg min for up to 120 min. Brains were then frozen by an
in situ technique (31). Values represent means ± S.E. for the number of
animals in parentheses.

2 Different from normoglycemia, normolactatemia with P < 0.05.
3 Different from normoglycemia, normolactatemia with P < 0.001.
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Fig. 3. Relationship between arterial lactate concentrations and cere

bral arteriovenous differences for lactate in hypoglycemic newborn dogs.
Eight puppies were rendered hypoglycemic with insulin, following which
they received an intravenous infusion of L-Iactic acid at a rate of 0.05 ml/
kg/min. Lactate concentrations were measured in arterial and sagittal
sinus blood at 20 min intervals for up to 120 min. The line was drawn
from a linear regression analysis with r = 0.89; P < 0.001.

CEREBRAL LACTATE CONCENTRATIONS

The brains of most puppies were frozen by an in situ technique
(32) at the conclusion of the experiment. Lactate concentrations
in cerebral cortex were determined and compared with their
respective concentrations in blood obtained immediately prior to
brain freezing. The mean cerebral lactate concentration in three

hypoglycemia was increased 2-3-fold over net uptake during
hyperlactatemia alone. A decrease in efflux of lactate from brain
into blood resulting from reduced synthesis of brain lactate from
glucose may have contributed to the observed change in net flux.

Arterial glucose concentrations were below 40 mg/dl in all
puppies at the initiation of lactic acid infusion. In most instances,
blood glucose continued to decline during the lactate infusion,
suggesting that little or no glucose was formed from lactate or that
glucose uptake into tissue exceeded glucose production from
lactate via hepatic gluconeogenesis.
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cemia. Progressive rather than steady state hyperlactatemia was
produced, since we were interested in the capabili.ty .of
lactic acid to penetrate the blood bram barner rather than 10 Its
metabolic fate.

The arteriovenous difference (A-V) is the algebraic sum of entry
into (+) and exit from (-) the brain for any measured organic
metabolite. When the arteriovenous difference for a metabolite is
multiplied by cerebral blood flow (CBF), the product is equal to
the rate of net flux:

Metabolic flux = CBF (A-Vmetabolite)

If CBF is unchanged during nonsteady state conditions, then A-V
is directly proportional to the rate of net flux:

Metabolic flux - A-Vmetabolite

In the present study, neither hyperlactatemia alone nor hyper
lactatemia combined with hypoglycemia led to significant disturb
ances in arterial blood pressure, PaOz, PaCOz, pHa or body
temperature; changes in these physiological variables are known
to influence CBF (3, 15, 16). Hernandez et al. (16) have shown
that hypoglycemia per se does not alter CBF in newborn dogs,
despite endogenous arterial lactate concentrations as high as 6.9
mmoles/liter. Bucciarelli and Eitzman (2) recently have shown a
direct linear relationship between lactacidosis and CBF in peri
natal goats. However, the unneutralized lactic acid infusion led to
a systemic acidosis with pHa of 7.22 d.uring the inducti?n of
hyperlactatemia. The lack of any change m pHa or PaCOz m the
present study allows us to assume relative constancy of CBF;
therefore, lactate flux was directly proportional to A-Vlaetate.

The present data demonstrate that lactic acid enters the brain
of the newborn dog and that the rate of uptake is dependent upon
the arterial concentration of the metabolite. The methodology
does not allow for a defmitive conclusion regarding the mode of
cerebral uptake, i.e., simple diffusion versus
since A-V measurements reflect net rather than umdlrectlOnal flux
(see above). However, when there is a steep concentration gradient
for lactate between blood and brain as occurs during hypoglycemia
(Table 2), it can be assumed that net flux is equivalent to unidi
rectional flux. Analysis of the relationship between arterial lactate
concentrations and A-Vlaetate during hypoglycemia demonstrated
no statistically significant difference between a straight line de
rived by linear regression analysis and a combined hyperbola/
straight line derived by Marquardt's least squares analysis .(9).
This lack of statistical significance suggests that lactate flux mto
brain was mediated either by simple diffusion or by a carrier
mediated transport system with high saturability. In this regard,
Cremer et al. (4,5) have demonstrated the existence of a transport
carrier for monocarboxylic acids, including lactate, across the
blood-brain barrier of 14-19-day-old rats, the Kmof which is 10
fold greater than that demonstrated for adult rats. The transport
capability for lactic acid actually exceeds that of glucose at these
postnatal ages. Unfortunately, similar kinetic studies for lactic
acid have not been performed in newborn dogs.

Support for the concept that lactic acid enters the immature
brain is provided by the studies of Levitsky et al. (20) in newborn
baboons and by Gardiner (8) in newborn calves. In baboons
during the first 50 h of postnatal life, the cerebral uptake of lactate
as measured by the arteriovenous difference technique was directly
proportional to the arterial plasma concentration, a relationship
which was not evident in animals studied at 6 and 12 wk of age
(20). Net cerebral uptake of lactic acid also occurred in. hyp?gly
cemic calves less than 24 h of postnatal age; the lactic aCid m
brain, ifcompletely oxidized, was equivalent to 21% of the cerebral
oxygen consumption (8). As in the present study of newborn dogs,
no net uptake of lactate was seen in normoglycemic newborn
calves.

Previously, the permeability of the blood brain barrier to lactic
acid was thought to be severely restricted in adult animals and
man. This premise was based primarily on short-term acute
studies in animals, in which blood infusions of either L- or DL-

lactic acid over 20-40 min failed to increase either brain or CSF
lactate concentrations (I, 18, 40). More recent investigations in
adult dogs during both normoglycemia and hypoglycemia have
demonstrated that prolonged hyperlactatemia (up to 6 h) leads
ultimately to concentrations of lactate in CSF which approach
those in blood (24, 42). Presumably, the slow rate of lactate entry
into CSF (and brain) of adults relates to its predominantly ionized
form at physiological pH and to the presence of a stereo-specific,
easily saturable transport mechanism (6, 10, 25-27).

Although not the primary objective of this study, the experi
ments do provide information regarding the extent to which the
brain of the newborn dog consumes lactic acid once it has entered
the cerebral metabolic pool. Enhanced cerebral lactate transport
combined with low brain lactate concentrations during hypogly
cemia indicate that the metabolite was consumed for oxidative
processes; without active consumption by brain, an increased A
Vlactate would have produced concentrations in brain far exceeding
those in blood. Based on the arteriovenous difference measure
ments, lactic acid contributed 16% of the total energy supply at an
arterial concentration of 1 mmole/liter; 38% at an arterial concen
tration of 2 mmoles/liter; and 50% at an arterial concentration of
3 mmoles/liter. These calculated contributions of lactic acid to
total energy supply for newborn dog brain contrast with the
finding of Nemoto (24) in hypoglycemic adult dogs where arterial
lactate concentrations as high as 8 mmoles/liter were required to
achieve a rate of cerebral lactate utilization equivalent to 28% of
energy consumption.

The capacity of the immature blood-brain barrier to transport
glucose from blood to brain is limited compared with adults (4, 7,
23). This restricted capacity for glucose transport potentially poses
a serious threat to the perinatal animal, especially under conditions
of reduced glucose delivery to brain (hypoglycemia) or of in
creased demands for glucose by brain (hypoxia, seizures, hyper
thermia). Therefore, it might be anticipated that hypoglycemia is
more deleterious to the brain of newborn human infants than to
that of adults. In reality, such is probably not the case, since
hypoglycemic newborn infants often are asymptomatic despite
blood glucose concentrations below 30 mg/dl; this is especially
true of offspring of diabetic mothers (13, 19, 30). Presumably,
alternate organic fuels spare the newborn brain from the harmful
effects of hypoglycemia. Since insulin retards lipid mobilization
and hence ketone body formation, it is unlikely that ,B-hydroxy
butyrate and acetoacetate would be available in quantities ade
quate to support the energy requirements of the
ketone bodies in blood are present in low concentratLOns even m
normoglycemic newborn infants (30, 34). Thus, lactic acid, which
is elevated in blood for variable periods following birth (11, 37,
38), may become a prominent substitute fuel to maintain cerebral
metabolic homeostasis during perinatal hypoglycemia.
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