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1. Introduction

High resolution natural abundance '*C NMR
spectra of intact muscle was reported in [1,2]. The
observed resonances could be assigned to carbons
located in phospholipids, in proteins and in soluble
organic compounds of the muscle.

Out of the major resonances one set at 21, 69 and
183 ppm results from the methyl, hydroxyl and car-
boxyl carbons of lactic acid, respectively. The
hydroxyl resonance at 69 ppm is uncontaminated by
other muscle carbon resonances and can be used to
directly measure the lactic acid content of muscle.
This resonance at the pH of muscle appears ~1 ppm
downfield from that of a pD 3.8 lactate placed in a
capillary and inserted into the muscle sample. From
the known quantity of lactate in the capillary and
from the ratio of the integral of the lactate standard
signal to that of the muscle lactate signal the lactate
content of the muscle can be calculated. With this
procedure we followed lactic acid production as a
function of time and temperature in caffeine-con-
tracted and resting frog gastrocnemius muscles by
natural abundance >C NMR.

2. Experimental

2.1. Preparation of muscle and standard lactate

The gastrocnemius muscle of frog was excised
uninjured by cutting the tendon at both ends. Two or
three muscles from 2.5—3.5 in frogs or up to as many
as 6 muscles from smaller frogs were used. Muscles
were soaked in Ringer’s solution or in Ringer’s solu-
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tion containing 10 mM caffeine for 10 min at room
temperature, blotted and gently packed closely into
the bottom of 12 mm sample tubes. A few drops of
Ringer’s solution was added to the muscle for recording
the spectrum to aid in conduction of heat built-up in
the muscle by decoupling pulses.

Standard lactate solutions (pD 3.8 and 7.0) were
prepared by titrating crystalline lactic acid (Sigma)
dissolved in D, 0 with NaOH dissolved in D,0. Lac-
tate solutions at all stages were made <40% to avoid
formation of lactic anhydride.

Standard lactate and muscle sample volumes were
determined by weighing a column of water in the
capillary used and an annulus of water in the NMR
tube used, both of equal height. The density of frog
gastrocnemius muscle was taken to be 1.06 [3].

2.2. NMR measurements

13C NMR spectra of muscle were recorded at
90.546 MHz under spectrometer conditions as in [1].
For quantitation of muscle lactate the capillary
inserted in the NMR tube contained 1.68 M lactate
(pD 3.8) and 4.4% dioxane in D, 0. Samples were
pulsed at 30—50° (7—10 us) with sufficient delay
(1.2—6.4 s5) between pulses so that at each experi-
mental temperature all carbons of interest were fully
relaxed. The muscle lactate content was calculated
from the ratio of the integral of the pD 3.8 lactate
standard in the capillary resonating at 68.3 ppm to
the integral of the muscle lactate signal at 69.3 ppm.
Integrals were measured from the expanded spectral
region 66.5-70.5 ppm. Alternatively, in a few cases
(fig.2) lactate (pD 7.0) was used as a standard. Since
this signal coresonates with that of muscle lactate, the
pD 7.0 standard was included in the dioxane-con-
taining capillary, inserted in the muscle sample, and
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recorded at 10°C before or after the muscle lactate

itself was recorded with dioxane alone in the capillary.

Spin-lattice relaxation times (T';) were determined
by using a 180°—7—90° pulse sequence [4]. A total
of 1400 scans were collected at each of 10 7 values
from 0.1—8.0 s, using caffeine-treated muscles during
a 15 h expt. In order to take account of systematic
variations in signal strength over the long time of the
measurement, 20 scans were collected at each 7 value
through the cycle of 7 values, for 70 cycles. The T,
values were calculated by the 3 parameter method
[5]. Nuclear Overhauser enhancement (NOE) values
were determined as in [6].

3. Results

The characteristic resonances of muscle lactate
appear at 20.9 ppm (methyl carbon), 69.3 ppm (alco-
holic carbon) and 183.2 ppm (carboxylic carbon). If
the carboxyl group of lactate is only half dissociated,
i.e., pD 3.8, as in the capillary, its characteristic reso-
nances appear slightly upfield from those of muscle
lactate. The greatest shift is seen for the carboxylic
carbon, 1.7 ppm, the least for the methyl carbon,

0.1 ppm, whereas the alcoholic carbon shifts by
1.0 ppm from 69.3—68.3 ppm.

3.1. Requirements for quantitation of muscle lactate

Quantitation of muscle lactate using lactate stan-
dards requires knowledge of 3 sets of values: (1) T’y
values; (2) NOE-values of the standard and muscle
lactates as a function of temperature [7]; and (3) the
strength of a signal emanating from the capillary
relative to that of a similar signal emanating from the
surrounding volume of the tube. Attenuation of the
signal from the capillary by the sample surrounding it
could diminish its relative intensity.

The T';-values for the alcoholic carbon of lactate
species considered, pD 3.8 lactate, pH 7.0 lactate, and
muscle lactate, increased with increasing temperature.
The T, values for the pD 3.8 standard ranged from
0.95sat 10°C—1.88s at 19°C—2.4 s at 29°C. The
T'y-values for the muscle lactate were slightly longer
but within 20% of the pD 3.8 standard. The T;-values
for the pH 7.0 standard were significantly longer,
reaching 3.6 s at 29°C. Because of these variations in
T',-values between muscle lactate and reference stan-
dards, pulse length and recycling times were chosen
so that full relaxation of the carbons occurred. This
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Fig.1. '*C Natural abundance NMR spectra of caffeine-treated
frog gastrocnemius muscles recorded at 90.5 MHz. The mus-
cles were treated with 10 mM caffeine in frog Ringer’s solu-
tion for 10 min, then blotted, and transferred into NMR
tubes. The time course of lactate production was measured at
1.33 h intervals (4000 scans) for 9 h at 31°C. The lower,
middie and upper spectra were obtained in the first, third,
and fifth interval, respectively. A coaxial capillary containing
4.4% dioxane and 1.68 M lactate (pD 3.8) was inserted into
the NMR tube to give reference signals at 67.4 and 68.3 ppm,
respectively. For other peak assignments see the text and [1].
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was checked by measuring the lactate content of
resting muscles as a function of time at 28°C (fig.3);
pulsing at 35° (7 us) with 1.2 s recycling time gave
values which were colinear with those pulsing at 45°
(9 us) with 6.4 s recycling time.

The NOE value for the alcoholic carbon of the
pD 3.8 lactate standard was 2.99 at 18°C, giving the
theoretical nuclear Overhauser enhancement factor
(NOEF) of 1.988 [7]. At 29°C, the NOEF value was
1.8 for the pD 3.8 lactate. The NOEF values for mus-
cle lactate and the pH 7.0 lactate standard were ~90%
of the pD 3.8 lactate standard in ali cases. For pur-
poses of quantitation, integrals of muscle lactate were
divided by 0.9 when the pD 3.8 standard was used in
calibration.

With the pD 3.8 standard in the capillary and the
pH 7.0 standard in Ringer’s in the surrounding tube,
and using the NOE correction with fully relaxed spec-
tra, the amount of lactate at pH 7.0 in the tube could
be predicted to <5% from the integrals of the 2 spe-
cies. Therefore, we made no correction for any pos-
sible attenuation of the capillary lactate standard
signal when quantitating muscle lactate.

3.2. The lactate content of caffeine-contracted and
resting muscles as a function of time and
temperature

Upon caffeine-treatment frog gastrocnemius muscle
contracts and produces a large amount of lactate

(fig.1). Quantitation of lactate content of the caffeine-

69.3 ppm
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~ treated muscle as a function of time (fig.1) revealed a

slight decrease. Thus, 67, 63 and 59 umol lactate/g
muscle were found after 1, 3.5 and 6 h caffeine-treat-
ment, respectively. Apparently, caffeine-treatment
induced maximal lactate production in muscle and
the lactate formed was oxidized slowly with aid of
the O, trapped into the muscle and diffused from the
air into the muscle.

Fig.2 depicts lactate formation by a resting frog
gastrocnemius as a function of time at 24°C. After
1 h incubation, no 21 or 69 ppm resonance is visible
and it takes ~7 h to detect these peaks. However, after
1113 h the 21.0 and 69.3 ppm peaks are increased
demonstrating the accumulation of lactate in the
resting muscle.

The lactate concentration of muscle is plotted as a
function of time in fig.3 for resting muscle at 22, 24
28 and 43°C and caffeine-treated muscle at 24,31
and 32.5°C. The high temperature dependence of lac-
tate production in frog muscle is apparent. Thus, the
experimental points delineating lactate production at
24°C are clearly above the points at 22°. The rate of
lactate production is 2.0 umol . h™!. g muscle ! at

«<21.0 ppm
~N

13 hrs.

N

ﬂ

l'lj'l‘j"ll1]ll'1j1]]7|

180 160 140 120 100

Fig.2. 1*C Natural abundance NMR spectra demonstrating the accumulation of lactate in frog resting gastrocnemius at 24°C
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Muscles were excised and loaded into an NMR tube on ice and equilibrated in the instrument for 10 min to the running tempera-
ture. Spectra of 6000 scans each (2 h) were collected. The peaks at 21.0 and 69.3 ppm are due to lactate methyl and hydroxyl
carbons. The large peak at 67.4 ppm is from the dioxane external standard.
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Fig.3. The build-up of lactate in resting and caffeine-treated
frog gastrocnemius muscle as a function of time: resting mus-

cle ai 22°C (X), 24°C (o), 28°C {2) and 43°C (o); caffeine-

treated muscle at 24°C (o), 31°C (a) and 32.5°C (m). The
temperature of the muscles was controlled as in [1] and it
was measured by a hand thermometer after the scanning was
completed.

24°Cand 6.5 umol . h™. g™ at 28°C. The lactate
content is i‘l‘l&XlI‘nd.l, ~82 umOl/g, at ‘l'.) Cin TESLulg
muscle at the earliest time of determination. The lac-
tate content of caffeine-treated muscle is significantly
greater than that of the corresponding resting muscle
at room temperature. At a given temperature, the lac-
tate content of caffeine-treated muscle appears to be
maximal at the first time interval measured and it

decreases after 5 h.

4. Discussion

Quantitation of lactic acid by *C NMR agrees
with its chemical determination, reported in the liter-
ature. Thus, the lactate content of caffeine-contracted
muscles at 31-33°C, 72—82 umol/g, as determined
by BC NMR, is in agreement with the chemically
determined value of 79 umol/g in frog muscles treated
with 2 .4-dinitrofluorobenzene for 24 h [8]. In frog
muscles stimulated for 15 min lactate accumulation
amounted to 43 umol/g [9]. The low lactate concen-
tration in resting frog muscle estimated by '*C NMR
agrees with the chemical determinations in [10],

1.4 umol lactate/g unstimulated frog muscle. Further-
more, 1.2 umol lactate was found/g unstimulated rat
muscle [11]. In [12] the change in chemical shift of
P;, due to the protons generated from lactic acid in
fatigued muscle, was used for estimation of lactic acid
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by *'P NMR. They measured ~30 umol lactate in frog
muscles stimulated at various frequencies for a pro-
longed time.

Direct determination of lactic acid by the non-
destructive natural abundance '*C NMR technique
has the potential to measure the extent of glycolysis,
under physiological conditions, in functionaily differ-
ent skeletal, heart and smooth muscles. It seems likely
that this technique can also be applied to quantitate

glycolysis in other intact tissues, e.g., liver or brain.
We monitored the lactate content of human mus-
cles obtained as residual samples from orthopedic
surgery. The lactate concentration of diseased mus-
cles varied greatly, apparently reflecting a difference
in glycogen breakdown. Thus, high resolution natural
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turbance of carbohydrate metabolism in muscle.
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