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SUMMARY

Steady-state lactic acid production and O, consumption rates have been
measured simultaneously in a preparation of bovine mesenteric vein, under controlled
mechanical conditions. When these metabolic fluxes are expressed in terms of com-
puted ATP synthesis rates, the contribution of aerobic glycolysis to total metabolic
energy production is found to be 30 9. Each flux is shown to depend linearly on the
developed isometric tension under conditions of varying degree of pharmacological
stimulation. Furthermore, the two metabolic fluxes decrease in parallel to near basal
levels at the minimum contracted length, where no isometric tension is developed upon
maximal stimulation. The relative contribution of aerobic glycolysis is found to be
independent of the mechanical state of the muscle.

INTRODUCTION

It has been previously reported [1] that a linear relation is found between the
rate of O, consumption and the graded isometric tension developed at fixed length
in bovine mesenteric vein. This relation was shown to be independent of the specific
pharmacological stimulant used [2]. This observation was taken to represent a linear
dependence of the steady-state rate of metabolic energy utilization on the maintained,
graded isometric force. The validity of using O, consumption rate alone to measure
total metabolic energy flux depends on the relative contribution of other energy
yielding reactions, principally the production of lactic acid. Studies on arterial
smooth muscles [3-6] indicate that, in the presence of O,, the contribution to me-
tabolic energy production by aerobic glycolysis is rather variable, typically between
10 and 40 %,. However, the studies are difficult to interpret due to the lack of a well-
defined mechanical state.

Preliminary measurements for bovine mesenteric vein indicated a rather sub-
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stantial rate of lactic acid production [2]. The more detailed experiments below were
undertaken therefore, to determine accurately the contribution of aerobic glycolysis
to total steady-state metabolic energy production; and to determine the dependence
of this contribution, if any, on the mechanical state of the muscle.

METHODS

Unbranched segments of the superior mesenteric vein were excised from
calves generally 6-8 weeks old immediately following death by exsanguination.
The veins were stripped of adventitia and immersed in iced physiological saline
solution within 0.5 h of death. The saline used is a bicarbonate buffer (pH 7.4) at
37 °C when gassed with air-CO, (95 : 5, v/v), and contained: 118 mM NaCl, 5.32 mM
KCl, 1.54 mM NaH,PO,, 1.19 mM MgSO,, 24.9 mM NaHCO;, 2.53 mM CaCl,,
0.0l mM EDTA, 100 mg/l penicillin-G, and 300 mg/I streptomycin sulfate. Glucose
was maintained at 10 mM in all experiments.

Vein segments (approx. 200 mg wet wt) were cut open axially (I cm x4 cm,
0.50 mm thick) and sewn into longitudinal loops, since histological studies indicated
that the predominant orientation of smooth muscle cells was longitudinal. After
overnight cold storage at 4 °C in glucose-free saline [7] the tissues were allowed to
equilibrate for several hours at room temperature before mounting in the all glass
and stainless steel muscle chamber at 37 °C, which was well stirred by a glass-en-
capsulated magnetic stirring rod. The loop was placed between a fixed post (lower)
and a moveable post (upper), by which length was controlled and force measured.
The upper post exited the chamber through a 5 cm long hole in the stainless steel top
(clearance 0.1 mm), and was connected to a force transducer mounted on a move-
able platform. A second hole gave access to the bathing solution, permitting the
introduction of glucose (10 mM) and the addition or dilution of pharmacological
stimulants, The chamber was flushed periodically with fresh aerated saline, such that
the O, tension was maintained between air and 60 9 of air. The long diffusion path
through these small bore holes effectively prevented the leakage of O, into or out
of the chamber. O, consumption rate was determined polarographically with a Clark-
type electrode. This essentially closed system allowed therefore, the simultaneous
determination of O, consumption rate (Jo,) and active isometric tension (4P,),
the difference between total stimulated tension and passive tension at any length.
The details of the muscle chamber and other apparatus are reported elsewhere [2].
The tissue was then allowed to further equilibrate for 2 h at 37 °C, during which time
basal O, consumption rate and passive tension came to stable values. No spontaneous
or myogenic tone was noted. The length at which passive tension was stable at 1 g wt
(980 dynes) was designated the rest length, L.

The following procedures were used for chemical sampling from the chamber.
A 26-gauge hypodermic needle was connected by a Teflon line to a Hamilton 3-way
valve fitted with a 2-ml tuberculin syringe, and remained inserted in the muscle
chamber throughout these experiments. This allowed the periodic withdrawal of
samples (1.5 ml) of the total bathing solution (19.7 ml). These samples were imme-
diately frozen (—30 °C) until assayed for lactic acid by the enzymatic method describ-
ed by Hohorst [8], as modified by Lundholm et al. [9]. The volume withdrawn in
sampling was simultaneously replaced by flooding the top of the chamber with saline
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and allowing the solution to enter the chamber passively as the sample was with-
drawn. This procedure results in a dilution effect (about 8 %) with each sample taken,
and was accounted for in all calculations. The volume of the sampling system was
determined to be 75 pl, and all assays were corrected for this dead volume, i.e. mixing
between the previous sample retained in the line and the sample currently being taken.
The adequacy of these two correction procedures was checked by introducing a
calibrated solution of lactic acid into the chamber (control without tissue) and sampling
3 times successively. Agreement between the assay values when corrected as above,
and the values calculated from the standard solution was better than 42 9/, which is
at the level of resolution of the biochemical assay procedure. The frozen lactate
solutions were found to be stable indefinitely. Calibrations of the biochemical assay
for lactic acid were linear and reproducible to -£3 %, which can be taken as the
minimum resolvability of samples.

The contribution of bacterial contamination to both J, and lactic acid
production rate (Ji,) were minimized using bacteriostats and Millipore sterilizing
filters (0.22-um pore) on all solutions entering the chamber. Control measurements
indicated that background Jo, and J;, from all sources was less than 2 % of tissue
rates.

To compute the total metabolic energy production (assuming Jo, and Ji,
account for the principal sources of ATP production), both fluxes are converted to
equivalent ATP synthesis rates (Jy1p) using the commonly accepted biochemical
description of glycolysis and oxidative phosphorylation [10]. Measurements of the
respiratory quotient in vascular smooth muscle indicate that the predominant sub-
strate is carbohydrate [4, 11]. The literature suggests that, in the presence of glucose,
comparable quantities of lactic acid may come from both endogenous glycogen and
external glucose [5]. While extensive glycogenolytic capacity has bzen demonstrated
in bovine carotid artery [12], substrate depletion experiments indicate a dependence on
external glucose in bovine mesenteric vein [2]. The numerical conversion of Jy, and
Jia to Jarp accounts for this possible dependence on carbohydrate source by as-
suming a 1 : 1 ratio of glycogen and glucose utilization, as shown in Table 1. The
uncertainties shown express the possible variation in the conversion factors due to

TABLE I

CONVERSION FACTORS FOR COMPUTING J1p FROM OBSERVED Jg, AND Jp 5

The quantity of ATP produced by the complete oxidation of glucose depends on the P/O ratio (dis-
cussed in text) and the mechanism for the re-oxidation of extramitochondrial NADH produced by
glyceraldehyde-3-phosphate dehydrogenase. For an FAD-linked mschanism, oxidation of extra-
mitochondrial NADH yields only 2 ATP. For the purposes of setting an upper bound, an NAD-
linked mechanism has been assumed, yielding 3 ATP per cytoplasmic NADH; hence, 38 moles ATP
per mole glucose oxidized. The 4 notation expresses the maximum range of the conversion factors.
J1La, lactic acid production rate.

Carbohydrate source Conversion factor for
equal utilization
Glucose Glycogen
Jo, :JaTp 38 ATP/6 O, 39 ATP/6 O, 6.424-0.08 ATP/O,

Jia:Jatp 2 ATP/2 lactic acid 3 ATP/2 lactic acid 1.25--0.25 ATP/lactic acid
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changes in carbohydrate source, and introduce an uncertainty of less than 40.04
in the absolute value of the relative contribution of Jy, to Jarp.

Because in vivo P/O ratios have not been measured in vascular smooth muscle,
the ideal ratio of 3.0 has been used. This probably represents an overestimate. The
in vitro measurement of P/O == 2.3 in isolated smooth muscle mitochondria [13]
suggests that the absolute value of the fraction of J,p due to lactic acid production,
using the above conversion factors, may be underestimated by as much as 0.05.
Comparisons of the relative contribution of aerobic glycolysis between different
tissues or between different mechanical states of the same tissue remain valid to
within 4-0.06; as long as any variations in the P/O ratio do not exceed the above
range (2.3-3.0).

RESULTS

Lundholm and Mohme-Lundholm [5, 14] found that there appeared to be a
threshold limit for the internal lactate concentration in bovine mesenteric artery.
Beyond this limit, all further lactate production appears in the external bathing so-
lution, while the internal lactate concentration remains constant; that is, a chemical
steady state is attained. If such a threshold value exists in bovine mesenteric vein,
it is reached rather quickly. The constancy of the rate of appearance of lactic acid in
the muscle chamber with time is shown in Fig. 1 for two typical unstimulated vein
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Fig. 1. Zero time on the plot indicates times during the experiment at which the chamber was thor-
oughly flushed with 5-6 vol. of fresh saline, such that the concentration of lactic acid in the bathing
solution was essentially zero. The constancy of the rate of production of lactic acid (£5 %) over a
subsequent 1-h measurement period is illustrated by the squares, which represent the total lactate
appearing in the muscle chamber determined by 4 sequential samples. Triangles represent the produc-
tion rate in another vein, measured during the hour immediately following the initial 2-h equilibra-
tion period. Following a stimulation (45 min), the tissue was returned to the basal condition by a
thorough flushing out of the stimulant. Basal lactic acid production rate during the subsequent hour
is shown by the circles, and was not affected by the intervention of a period of increased lactic acid
production (not shown) or residual effects of pharmacological stimulation.
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TABLE I1
BASAL Jg,, /o AND J,rp IN BOVINE MESENTERIC VEIN

JralJo, and % Jarp from Ji 4 are the means of the values of these quantities determined in each vein
preparation, +S.E. These numbers are of greater significance statistically than the quotients of mean
values. Jy 4, lactic acid production rate.

pmole/min per g wet vein Number of determinations
Jo, 0.069+0.005 10
Jra 0.166+0.013 12
JaTp 0.637+0.033 10
Molar ratio:
Jrallo, 2.27+0.34 11
%JATP from JLA 308:‘;26% 11

segments. Following an induced change in the lactic acid production rate, the rate of
appearance of lactic acid externally is constant in less than 10 min.

The production of lactic acid in the unstimulated (basal) tissue was determined
simultaneously with O, consumption rates. The appearance of lactic acid in the bathing
solution was linear with time and, on a molar ratio basis, averaged 2.3 times the ob-
served value of basal J,,. Measurements were made on samples from seven veins.
The results, including computed Jurp, are summarized in Table II.

Aerobic glycolysis was found to account for some 30 9, of the total observed
metabolic energy production in the basal state. Several Pasteur effect experiments
were performed to investigate the adequacy of applying idealized biochemical models
to this preparation. In two vein samples, J; , was measured under both aerobic and
anaerobic conditions. The increase in J , under anaerobic conditions appears suffi-
cient to replace the metabolic energy production of aerobic metabolism. The observed
ratio of anaerobic and aerobic lactic acid production was approx. 2.8, which agrees
with similar measurements in arterial smooth muscle [15].

A series of experiments were performed measuring Jp, and Jp, under the
same mechanical conditions that were used in the previous O, consumption studies.
Following a determination of basal Jo, and Ji ,, the vein segment was stimulated to
varying sub-maximal levels of isometric tension with epinephrine (5 pg/ml for a
maximal response of typically 50 g wt). Upon changes in epinephrine dosage by ad-
dition or dilution, isometric tension adjusts rapidly to new stable values, generally
attained within 2-3 min. Fig. 2 shows a sequence of lactate samples (expressed as total
content of the muscle chamber versus time) with sequential increasing doses of epine-
phrine, each giving stable graded isometric tensions at varying degrees of activation.
Analogous to the rate of oxygen consumption, J; , was found to increase linearly with
active isometric tension.

Fig. 3 shows a series of lactate samples for a passive, then maximally stimulated
tissue. At 100 min, the tissue was allowed to freely contract against a small load to
its minimum contracted length. Analogous to Jo,, Jp4 Clearly decreases toward the
basal lactic acid production rate. Fig. 4A illustrates the results of similar experiments
on another vein. The simultaneous measurements of J,, and Ji, (expressed in pmo-
les/min/g wet vein) are plotted against active isometric tension for varying degrees of
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Fig. 2. Total lactic acid in the bathing solution is shown as a function of time for a series of graded
isometric tensions. Arrows indicate additions of epinephrine and corresponding increases in isometric
tension. Lines connecting the samples represent therefore, the lactate production rates during the
four intervals of stimulation, which is seen to increase in parallel with isometric tension.

stimulation at rest length (open symbols), and for the minimum contracted length with
maximal stimulation (closed symbols). The two curves are summed in terms of the
computed ATP production rates in Fig. 4B. Aside from a simple multiplicative factor
in converting to Jurp, the major features of the plot of J,, or J; 4 alone are retained
identically. The experimental range typically observed in the contribution of aerobic
glycolysis to total ATP production rate is shown for a series of such mechanical
states in a single tissue in Table III.
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Fig. 3. Immediately following a determination of the basal lactate production raie, this vein segment
was stimulated to maximum isometric tension (about 50 g wt) with epinephrine (EPI). The two sam-
ples following the stimulation illustrate that Jy 5 increases abruptly to a new and constant rate. IR
(“release from isometric’’) indicates the initiation of a lightly-loaded contraction, which attains the
minimum contracted length (L) in about 5 min. The broken line represents the extrapolated lactic
acid production between the samples taken before and after the active contraction.
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Fig. 4. (A) A plot of the data obtained from the procedures illustrated in Figs 2 and 3 for a single
vein segment. Jp o (A) and Jo, (O) depend linearly on the graded active isometric tension maintained
at rest length. At the minimum contracted length (closed symbols), where the developed isometric
tension with maximal stimulation is small, both Jy 5 and Jo, are found to be about 20 J{ greater than
their respective basal values. (B) Ji,5 and Jo, are each converted to Jo1p and summed. A linear depen-
dence on isometric force and an elevation of Jo1p at Lmia are evident. Note that the plot has been
expanded in that the ordinate does not begin at zero.

TABLE III
PERCENT J1p FROM Jp o FOR DIFFERENT MECHANICAL STATES IN A SINGLE TISSUE

It should be noted that, due to the small ATP production associated with aerobic glycolysis, the frac-
tional contribution of Jp 5 (lactic acid production rate) to metabolic energy production is rather insen-
sitive to small variations in the molar ratic Jy/Jo,.

AP, (g wt) (L.25xJ8)/ aTe Jrallo,
)
Basal 0 28.9 2.09
Stimulated 59 22.8 1.52
49 24.6 1.67
24 24.7 1.61
Liyin 5 24.4 1.66
Mean £ S.E.: 251423 1.714+0.22

For the three primary mechanical states studied, the fractional contribution of
aerobic glycolysis to total energy production is constant. The average results for all
such experiments with these mechanical conditions are presented in Table IV.

For bovine mesenteric vein, O, consumption rates reflect identically the
total steady state energy production rates. This is shown statistically in Table V,
which compares the primary observations based on all preceding J,,, experiments with
the results obtained in terms of total energy production rates determined in the
currently described set of experiments.

With only two determinations, a slight difference in the fractional contri-
bution of J 4 to total Jyp Was seen with histamine as stimulant. Histamine averaged
0.05 lower aerobic glycolysis relative to J,rp than stimulation with epinephrine at the
same isometric force. Many more experiments would be required to determine with
statistical certainty, this slight reduction in Jy,/Jsrp under histamine stimulation.
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TABLE 1V
CONTRIBUTION OF J; , TO COMPUTED J,1p FOR DIFFERENT MECHANICAL STATES

For the 3 mechanical states, the mean percent contributions of Jy 5 (lactic acid production rate) to
Jatp are not different at the 80 ;) confidence level. Paired comparisons are the mean values of differ-
ences observed between the given mechanical states in the same vein; that is, the mean of differences
rather than the difference of means. With this more restrictive statistical test, the contributions of
Jpa to JaTp are not different at the 30 97 confidence level.

Basal Linin Full and partial
stimulation

Mean 30.842.6 302424 30.7L1.1

(n=11) n=17) (n=32)
Paired comparisons

% basal —% Lyia 2042.1% (n=17)

% basal —9, stimulated 2.6+2.5% (n =11)

TABLE V

COMPARISON OF Jg, AND Js1p EXPERIMENTS

In each case, the probability that the observed differences arose through random sampling error are
greater than 30 9.

Jo, Jatp Difference

Increase on stimulation (multiple of basal) 1.76 +0.04 1.86+0.06 0.104+0.07

(n=47) (n = 10)
Elevation at Ly;, above basal (5 of basal) 27.8+4.4 26.742.0 1.145.3
(n=12) (n=17)

DISCUSSION

The computation of steady state J,rp from the observed values of J,, and
Jia. using the standard (but idealized) biochemical pathways for glycolytic and
oxidative metabolism, is justified primarily by the identification of a large number of
glycolytic and tricarboxylic acid cycle enzymes in smooth muscle [16], and the oc-
currence, though few in number, of otherwise normal mitochondria [13]. Further con-
firmation of this approach is found in the ability of bovine mesenteric vein to sup-
port mechanical activity on a variety of substrates (glucose, pyruvate, lactate, and
succinate were investigated).

Measurements of the high-energy phosphate compounds in bovine mesenteric
vein indicate that both ATP and creatine are present at less than 1 umole/g wet wt,
in agreement with other vascular smooth muscles [5, 12]. The computed steady
state Jorp (1.2 pmoles/min/g when fully stimulated) suggests therefore that metabolic
stationary states must be rapidly attained in order to provide a continuous supply of
energy to support contractile activity. Our observation that stable, elevated values of
Jo, and Ji 4 are quickly reached upon stimulation of the intact tissue is consistent with
the observation in poisoned arterial tissue that steady state utilization of ATP+
creatine phosphate prevails in less than 1 min [17].
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The basal levels of J,, (0.07 umole/min/g) and Jy, (0.17 pumole/min/g)
reported here for bovine mesenteric vein lie well within the values found in the
literature. For determinations in arterial tissues, Jo, ranges from 0.04 to 0.16 [3, 4]
and J; , from 0.04 to 0.25 pmole/min/g [4, 6, 14, 15]. The observed contribution of
aerobic glycolysis to total metabolic energy production (30 %) is lower than that found
in human aorta [4], but higher than that reported for bovine aorta [6]. This suggests
that O,-diffusion limitations, which should be more important in the thicker aortae
[3], cannot be the sole determinant of this fraction. On the contrary, we have ob-
served that aerobic glycolysis proceeds in constant proportion to the rate of energy
utilization, even when the oxidative capacity of the tissue is not saturated (as in sub-
maximal stimulations). This strongly suggests that the high level of aerobic glycolysis
observed is not imposed by external constraints or O, availability, but rather reflects
an inherent metabolic regulation.

We have shown that our previous observations based on O, consumption
rates alone are applicable to considerations of total metabolic energy fluxes in bovine
mesenteric vein. The argument for linearity between the rate of energy utilization
and active isometric tension, which was established in depth on the basis of Jo,
alone, can now be extended to total aerobic energy metabolism. Furthermore, measu-
rements of Jo, and Ji 4 at the minimum contracted length provide a convincing ar-
gument that approx. 20 9, of the increase in energy expenditure during maximum
isometric contraction is associated solely with activation energetics, and not the
generation of force [2].

To convert from Jo, to Jyrp however, requires that an additional factor be
included to account for aerobic glycolysis:

Jare — (6.424-0.08) x (1.4340.10) X Jo,,

where the first factor is the assumed biochemical ratio (discussed above) and the
second takes lactate metabolism into account.

There is statistical evidence indicating that variations in Ji , and J,, occur in
an inverse fashion which tends to maintain the value of J,rp constant for a given
mechanical state. Such behaviour can be seen in Fig. 4. Further, if 4Jp,, 4J,1p and
AJo, (where A means suprabasal) are expressed relative to the isometric tension de-
veloped per unit area upon maximal stimulation, the computed value for Jupp is
found to be significantly less variable than the other force-normalized quantities.

TABLE VI

ANALYSIS OF VARIANCE IN FORCE-NORMALIZED METABOLIC FLUXES

Snedecor’s F distribution gives the probability that the observed reduction in variance occurs by
random sampling error; which, in the above, is less than 5 %. The reduction in variance is statistically
significant.

Ao, Aia Alate

APg/area APg/area APy/area
Mean 0.137 (n = 18) 0.408 (n = 19) 1.248 (n = 18)
S.E. (%) +5.6 +11.4 +3.9

F value 2.1 9.0 Relative to Jao1p
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This is shown in Table VI. This evidence of an inverse variation reinforces the ar-
gument for a strictly linear relation between total energy utilization rates and active
isometric tension by suggesting that, were total energy utilization measurements
consistently made, the data would show even less variability than indicated by Jo,
or J., alone.

While steady-state aerobic glycolysis reduces substantially the efficiency of
carbohydrate utilization, extensive glycolytic capacity may be retained in order to
meet large transient energy demands. There is some indication that lactate production
rate increases by a factor of 2-3 times during rapid contraction (cf. Fig. 3 immedi-
ately following the release from isometric). However, as such contraction times are
short compared to the temporal resolution of the chemical sampling techniques
employed, this hypothesis remains speculative.
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