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ABSTRACT. Seven horses were used to investipate the possibility of delaying
fatigue by infusing monosodium glutamate (MSG) prior to near maximal exercise.
Each horse was exercised to fatigue on a high speed treadmill once per week for up to
6 weeks at 13.3 m s~'. Muscle biopsies were taken prior to and immediately after
exercise for amino acid analyses. Blood pH was determined and the plasma ana-
lyzed for amino acid, ammonia and lactate at rest, fatigue and 5 min recovery.
Resting plasma and muscle glutamate concentrations were increased after MSG
infusion. Piasma ammonia concentrations were Jower and plasma lactate tended to
be lower at fatigue in infused horses than in controis, This could be due to a
combination of possible increased urea cycle activity, and increased glutamine,
aspartate and alanine formation The results of this study indicate that MSG
infusion can decrease accumulation of plasma ammonia during intense exercise,

however a delay of fatigue was not detected.
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INTRODUCTION

Ammonia has been shown to accumulate in
the plasma after intense exercise in hu-
mans'? and horses.>'** The major source of
ammotia in the muscle during intense exer-
cise is from the deamination of AMP to
IMP.'"® An accumulation of ammonia in
muscle may affect performance in several
ways. Ammonia inhibits isocitrate dehydro-
genase,” pyruvate carboxylation® and may
decrease the flux of alpha-ketoglutarate into
the TCA cycle by enhancing glutamate for-
mation."” Therefore, actions of ammonia on
metabolic reactions in muscles can result in
accumulation of pyruvate which may result
in lactate formation and decreased muscle
pH."* Ammoenia produced in the muscles en-
ters into circulation, crosses the biood brain
barrier and its neurophysioiogical effects
may contribute to the ataxia and cerebral
disorientation observed in long distance run-
ners following a strenuous race.! It appears

that ammeonia is a by-product of metabolism
in the muscle during strenuous exercise with
no apparent immediate local benefit. Its
known adverse effects on metabolic and
physiological systems suggests that it may
contribute to the onset of fatigue. Increasing
the availabitity of glutamate may help in the
detoxification of ammonia and, thereby less-
en its adverse effects, The purpose of this
experiment was to investigate the possibility
of delaying fatigue in horses performing at
near maximal speed, by infusing monosodi-
um glutamate (MSG) prior to an exercise
bout.

EXPERIMENTAL PROCEDURES

Experimental animals

Seven mature Quarter Horse and Thorough-
bred geldings were used in the study. The
horses were maintained in farge outdoor dry
lots throughout the trial. Each horse was al-
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lowed to recover fully from having the left
carotid artery surgically elevated to a subcu-
taneous position prior to receiving intense
conditioning 5 days per week for 12 weeks
on a high speed treadmill (Sato, Uppsala,
Sweden).

Instriimentation

One 16 gauge x 8 cm intravenous catheter
(Angiocath, Deseret Medical Inc) was
placed in the carotid artery. Two 7F catheter
introducers (USCI Cardiology and Radiolo-
gy Division, C. R Bard Inc.) were inserted
into the right jugular vein and sutured in
place under local anesthesia (2% lidocaine
HCI1) Thiough one introducer a 7F Swan-
Ganz balloon-tip catheter was passed into
the pulmonary artery. The catheter’s distal
thermistor was connecied to a cardiac out-
put computer (Columbus Instruments). A
microbore tubing was inserted through the
second jugular vein introducer for sampling
of mixed venous blood The position of both
catheters was verified by monitoring pres-
sure changes using a chart recorder (Beck-
man [nstruments, model R 611). The mixed
venous blood samples were drawn anaerobi-
cally into 5 ml heparinized plastic syringes
and stored on ice for up to 3 h before deter-
mination of pH on a pH/blood gas analyzer
{(Instrumentation Laboratories, model 813).
The pH values were corrected to the pulmo-
nary arterial temperature recorded when the
samples were drawn,

Exercise test

Experiments were conducted in an air condi-
tioned laboratory  at
18+2°C During exercise, air was moved
over the horses by two large box fans.

Each horse was exercise tested once per
week for up to 6 weeks, Two horses devel-
oped lameness problems and did not com-
plete the protocol. The exercise test consist-
ed of a warm-up period followed by a run on
the treadmill at 135 m s~} to exhaustion.
Preliminary trials indicated that this speed
was the fastest that ali horses could run. Asa

warm-up each horse was walked 2 m s~! for

temperatures  of

200 m, trotted 4 m s~ for 300 m, then
gatloped 10 m s~' for 500 m. Timing was
started when the horses reached test speed
(13.5 m s~} Carotid and pulmonary arterial
blood samples were collected in heparinized
syringes at rest, at time 0 of the exercise test
and at the fatigued time “Fatigued” was
referred to as the time when a horse, despite
wrping, no longer maintained position near
the front of the treadmill. Signs interpreted
as evidence of fatigue (e.g. stumbling) were
often observed then. Blood samples were
coliected, the fime of the run recorded and
the treadmill stopped The horse remained
stopped for 5 min, until recovery blood sam-
ples were taken Carotid blood samples tak-
en for {actate determination were placed in
tubes containing potassium oxalate and so-
dium fluoride and immediately centrifuged.
Within 3 h of collection plasma lactates were
determined on a YSI 23L lactate analyzer
{Yellow Springs Instrument Co.) Immedi-
ately after withdrawal, a portion of carotid
blood sampie was centrifuged, the plasma
harvested and frozen in Hguid nitrogen.
Samples were stored at —70°C until ana-
lyzed for total protein, ammonia and amino
acid concentrations. A muscle biopsy was
taken from the gluteus medius prior to and
immediately after each exercise test. The
muscle biopsies were frozen in liguid nitro-
gen and stored at - 70°C until analyzed for
amino acid concentraiion.

To examine the effects of MSG on fatigue
time, 383 g of MSG was dissolved in 101 of
sterile distilled water and autoclaved, Prior
to insertion of the 7F Swan-Ganz catheter,
the MSG solution was infused through a 7F
catheter introducer, Infusion took approxi-
maiely &5 h, and the time from post-infu-
sion to the exercise test varied from 0.75 to
1.5 h The exercise test followed the same
protocol as described above Each horse
served as its own control, with the treatment
and conirol runs conducted on alternate
weeks. Hematocrit measurement during pre-
liminary studies indicated that by the time
the exercise test began, the horses had cor-
rected the change in plasma volume and



Table |. Number of runs, average time (o
fatigue and resting total plasma protein for
each horse

C = control, T = MSG treatment

Total
No of Time to plasma
Horse runs 1 fatigue’ protein®
1 2 C 3:1340:10 64
2 T 3:18+0:39 6402
2 3 C 1:2040:1% 73201
3 T 1:1§+0:46 71+0.7
3 3 C 3:25+1:27 6.2x0.1
3 T 2:38+1:11 60x02
4 3 C 4.1+l 66201
3 T 3:00+1:36 6301
5 3 C  4:50x0:58 6401
3 T S:17+1:13 62403
6 3 C 3:0241:08 67x04
3 T 3:0541:06 6.1x0.2
7 [ C 7:06 65
i T 5:33 6.4
Meszn C 3:55+1:44 66x04
T 3:30+1:31 64204

* Mean min: s + SD
" Means = SEM expressed ingi~'.

therefore control horses were not given a
piacebo. Microscopic examination did not
reveal any abnormal changes in moiphology
of erythrocytes immediately post MSG infu-
sion.

Biochemical analyses
Since not all horses ran the same number of
exercise test runs, to prevent biases plasma
samples of individual horses were pooled for
amino acid and ammonia concentration de-
termination. Plasma lactate, total protein
and blood pH were measured for every run
and the values averaged for each horse. Mus-
cle amino acid concentrations were deter-
mined from only the longest fatigue times of
the control and the infused test runs for each
horse.

Total plasma protein was determined on a
random access analyzer (Olympus Demand,
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Olympus). Plasma ammonia concentrations
were determined by spectrophotometric
methods (Sigma Chemical Co.). Plasma for
amino acid analyses was deproteinized by
addition of 0.25 m! plasma to 0.75 ml 5%
sulfosalicylic acid (pH 1.9) containing 133
nmol ml™" thienylalanine as internal stand-
ard. After the proteins were precipitated, the
sample was centrifuged in a refrigerated cen-
trifuge at 3400 G for 15 min and the super-
natant was filtered and analyzed on a Beck-
man [21-MB Automated Amino Acid Ana-
lyzer Muscle biopsies were homogenized us-
ing 3 times their weight in 5% sulfosalicylic
acid (pH 1.9) containing 133 nmol ml™'
thienylalanine as internal standard.

Sratistical analyses

Variable responses were analyzed using a
commercial software (Proc GLM, SAS Insti-
tute Inc., 1985) according to a factorial ar-
rangement of control and treatment and ihe
sampling periods employing a completely
randomized experimential design. Means
were separated using Tukey’s procedure fol-
lowing significant level of effect from the
Analysis of Variance.

RESULTS

The number of runs, time to fatigue and
resting total plasma protein for each horse
are presented in Table 1. The time to fatigue
and total plasma protein for all infused runs
were not different (p>0035) from that of
control runs.

The changes in measured muscle amino
acid concentrations from rest to fatigue did
not differ (7>0.05) between the control and
treatment runs (Table 2). There were no dif-
ferences {(p>0.05) in the runs with the long-
est times to fatigue for each horse between
control and infused runs (mean min: s+ SD;
4:22+1:48 vs 4:09+1: 106, respectively).

Selected plasma amino acids, ammonia,
lactate and blood pH are presented in Table
3. The very high concentrations of plasma
glutamate from the infused runs resulted in
HPL.C peaks so large that amino acid peaks
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Table 2. Muscle amino acid concentrations in
horses at rest and fatigue in control and in-
fused test runs

Values presented are means *SEM expressed in
pmol g~" wet wt. C = control, T = MSG treat-
ment

tet Rest Fatigue
Glutamate C 2.64:H0.2200% | 254() )50
T 54240344 464096
Glutamine C 190+020 1860167
T 189023 1320147
Alanine C 1360214  249+033
T 13740107 2524010
Aspartate  C 093+007  1.04+006"
T 096+004" (095+005

4 ¥ values with different superscript within a row
differ (p<0.03)
**  values are different {(p<0 01) from T values.

recorded immediately following glutamate
were obscured and could not be quantitated.
Thus, there were no data for glutamine from
the treatment runs. The changes in plasma
ammonia and lactate concentration from
rest to the 5 min recovery sampling tended
to be different (p<0.10) between infused
and control runs. The change in biood pH
from rest to the 3 min recovery sampling was
different (p<0.05) between infused and con-
trol runs,

DISCUSSION

The decrease in muscle glutamate concentra-
tions observed at fatigue in the control runs
appeared to be balanced by a similar in-
crease in alanine {(Table 2). This is desirable
in heavily exercising muscle as there is a
large increase in pyruvate during contrac-
tion® which transaminates with glutamate to
form alanine and alpha-ketoglutarate. The
alpha-ketoglutarate can enter the TCA cycle
for increased aerobic metabolism and tend
to decrease metabolic acidosis which would
occur if ail the pyruvate not entering the
TCA cycle were converted to lactate.'® The

alanine enters the circulation, as evidenced
by increase plasma alanine concentration
{Table 3). The alanine response in this study
is similar to that reported by Harris et al 8
who found a doubling of muscle alanine con-
centration in Thoroughbreds after an 800
and 2000 m maximal gallop. The changes in
muscle glutamate, glutamine and alanine in
the control runs were consistent with
changes observed in human muscle follow-
ing dynamic® and isometric exercise to fa-
tigue.?

Muscle aspartate was measured due to its
roles in {ransamination reactions, and in re-
amination of IMP in the purine nucleotide
cycle. However, the accumulation of IMP at
fatigue in human®?'? and horse muscle®!’
suggests that reamination of IMP to AMP is
negligible during intense exercise. Musele as-
partate concentrations in both conirol and
treatment test runs did not change from rest
to fatigue (Table 2) suggesting that aspartate
consumption in the purine nucleotide cycle
was minimal,

The large amount of glutamate in the mus-
cle (Table 2) possibly could have tied up
more ammonia by formation of glutamine
and/or transamination forming alpha-keto-
glutarate and alanine. However, the increase
in alanine at fatigue was not different
{(p>0.05) between infused and control runs.
Glutamate tended to be lower at fatigue
compared to resting levels in the infused
runs. The high concentration of glutamate
prior to exercise in the infused runs may
have masked the decrease in glutamate re-
sponsible for the increase in alanine Never-
theless, the lack of differences in muscle and
plasma alanine concentrations at fatigue be-
tween infused and control runs suggests that
glutamate-pyruvate transamination during
exercise in infused runs was not greater than
in control runs. The reason for this is uncer-
tain.

Since the muscle amino acid concentra-
tions were determined on a wet weight basis,
the increase in muscle ghuamate following
infusion could, in part, be attributed to high
plasma {Table 3) and high intesstitial fluid
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Table 3. Plasma amino acid, anmonia and lactate concentrations and blood pH in horses af
rest, fatigue and 5 min recovery in control and infused test runs

Values presented are means & SE expressed in pmol 1™, except lactate (mmol 17%) and pH. C = control,

T = MSG treatment

trt Rest Fatigue Recovery
Glutamate C 23k Qo 33 & Jabex 40+ Gk

T 1073341 3557 10 6631 1387 9101 =1 050°
Aspartate C 7+ (. 4uke L] & 2k R

T 192+ 42" 237+ 11° 2224 140
Glutamine C 307+ 167 400+ 24° 3474224

1
Alanine C 151+ 147 415+ 20k 416k 210

T 280+ 33 504 + 86" 61057
Ammonia C 46+ 390 -+ 540+ 294+ 65°

T 63 4 24¢ 219 146" 139 + 364
Lactate C 1.0+01¢ 373+ 6" 339+1.5"

T 1.0+0.1" 31.9+220 306416
pH C 7.44001° 6 88 £0.02" 6971003+

T 7.4+001¢ 6.94£0.03 7.060.02¢

# b ¢ yalues with different superseript within a row differ (p<0 03).
* C values are different (p<0 05) from T values ** C values are dilferent {(p<0.01) from T values

levels. However, the large concentration gra-
dient of glutamate between plasma and mus-
cle following infusion probably resulted in
glutamate diffusion into the muscie. Further
indication of the entry of glutamate into the
muscle is that while the resting plasma aspar-
tate concentrations post-infusion were in-
creased 27-fold above control values (Table
3}, muscle aspartate concentrations were not
increased {p>0.05).

The increased plasma glutamine at fatigue
in the control runs may have been due, in
part, to increased release from muscle, al-
though there was no significant change in
muscle glutamine. Similarly, during dynam-
ic exercise in man, a change in muscle gluta-
mine was not observed, although there was
an increase in the rate of glutamine release
from the muscles.®

Plasma ammonia levels attained at fatigue
in this study (Table 3} far exceed concentra-
tions previously reported for horses.>*!? The
faster treadmill speed attained in the present
study may account for the very high ammo-
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nia levels. The higher exercise intensity
would result in the reeruitment of propor-
tionally more FT fibers which have a higher
amount of AMP deaminase activity than §T
fibers.!! Furthermore, AMP deaminase ac-
tivity is stimulated when estimated cellular
pH is approximately 6.6 and below ? In this
study, mixed venous pH of 6.9 were ob-
served at fatigue (Table 3). Considering that
the muscle pH was probably lower than the
venous pH, AMP deaminase activity should
have been greatly enhanced. In addition to
intensity, duration of exercise may further
clevate plasma ammonia levels. In Thor-
oughbred horses, plasma ammonia concen-
trations of 89 and 120 pmol 17! immediately
after maximal gallops of 800 {calculated 16.7
ms~") and 2000 m (15.7 m s™"), respective-
ly are reported.® Although these horses ran
faster, they did not run as long as those in the
present study. Therefore, the high plasma
ammonia concentration at fatigue seen here
may be attributed to high intensity and long
duration of exercise.
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Several studies have shown a significant
linear relationship between the blood con-
centrations of ammonia and lactate during
exercise' 331 and, likewise, studies demon-
strating high concentrations of plasma lac-
tate at muscular fatigue are not uncommon
Although many factors have been identified,
a great deal of controversy still remains con-
cerning the physiological causes of fatigue.
Hence, there is difficulty in identifying a
single factor which could be accurately meas-
ured to determine fatipue, The large within-
horse variation in fatigue times for some
horses in this study was unexpected and sug-
gests that run time may be a poor repeatable
measure of fatigue.

The lower concentrations of plasma am-
monia observed in the infused runs is prob-
ably attributable to a combination of in-
creased urea cycle activity, and increased
glutamine, aspartate and alanine produc-
tion, The results of this study support the
hypothesis thal MSG infusion can decrease
the accumulation of ammonia during exer-
cise, therchy possibly alleviating its negative
effects on cnergy production. A delay of fa-
tigue for | second couid ecasily change the
results of a race, however a delay this small
could not have been detected in this study.
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