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Is Responsible for Protein Synthesis Rhythm
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Abstract—Primary cultures of rat hepatocytes were studied in serum-free media. Ultradian protein synthesis rhythm was
used as a marker of cell synchronization in the population. Addition of glutamic acid (0.2 mg/ml) to the medium of non-
synchronous sparse cultures resulted in detection of a common protein synthesis rhythm, hence in synchronization of the
cells. The antagonist of glutamic acid metabotropic receptors MCPG (0.01 mg/ml) added together with glutamic acid abol-
ished the synchronization effect; in sparse cultures, no rhythm was detected. Feeding rats with glutamic acid (30 mg with
food) resulted in protein synthesis rhythm in sparse cultures obtained from the rats. After feeding without glutamic acid, lin-
ear kinetics of protein synthesis was revealed. Thus, glutamic acid, a component of blood as a non-neural transmitter, can
synchronize the activity of hepatocytes and can form common rhythm of protein synthesis in vitro and in vivo. This effect is
realized via receptors. Mechanisms of cell—cell communication are discussed on analyzing effects of non-neural functions
of neurotransmitters. Glutamic acid is used clinically in humans. Hence, a previously unknown function of this drug is

revealed.
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Glutamic acid is an important component of blood
and of the extracellular space in mammals. Also, glutam-
ic acid is a neurotransmitter and therefore can function
together with other blood-transferred neurotransmitters,
such as serotonin and noradrenalin. The detailed non-
neural role of these neurotransmitters is poorly under-
stood. Their effects on the kinetics of protein synthesis
are unknown. This study began from an appropriate
model of ultradian rhythm in cell cultures [1, 2]. The very
fact of common rhythm in a cell population indicates
direct cell—cell communication and synchronization of
the cells. Linear kinetics unequivocally shows the non-
synchronous cell population. Our work was carried out to
show possible involvement of glutamic acid in protein
kinetics. Unlike serotonin and other neurotransmitters
with non-neural functions, glutamic acid penetrates the
cell membrane. Another difference between glutamic
acid and serotonin and noradrenaline is that glutamic
acid is used as a drug in clinics.

* To whom correspondence should be addressed.

MATERIALS AND METHODS

Isolation and cultivation of hepatocytes. Like our
previous studies (for details, see [3]), hepatocytes were
isolated from the 3-4-month-old Wistar rats (weight 250-
280 g) using perfusion of the liver with calcium-free
Hank’s solution with 0.05% collagenase (Sigma, USA)
and 0.5 mM EGTA. The suspension of hepatocytes con-
tained about 90% of viable cells. Serum-free Medium
199 supplemented with 0.2 mg/ml albumin for cell cul-
tures (Sigma) and 0.5 pg/ml insulin (Sigma) was used for
cell cultivation. The gas phase was 10% carbon dioxide
and 90% air. Suspensions containing either 10° or 10°
hepatocytes/ml were placed in Petri dishes containing
collagen-coated slices. Dense and sparse cultures were
correspondingly obtained from cells of one for a certain
experimental rat. The medium was refreshed after 2 h,
and after 24 h the cultures were ready for use. Before
sampling, one-day cultures were washed and transferred
to fresh medium with or without (control) glutamic acid.
Samples of three cultures each were taken with 10-min
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interval. Five cultures per sample were studied earlier,
and the same peaks and troughs were detected in the 2-h
curve [3].

Protein synthesis kinetics. Each sample was incubat-
ed for 10 min at 37°C in medium with *H-labeled leucine
(25-30 puCi/ml, specific activity 70-100 Ci/mmol; IMG,
Russia). Then the cultures were washed with cold physio-
logic solution containing an excess of unlabeled leucine
and treated with 5% perchloric acid for 60 min. The cul-
tures were then washed with ethyl alcohol, and cell pro-
tein was dissolved in benzethonium hydroxide (Sigma).
Incorporation of *H-labeled leucine into proteins and
free intracellular leucine radioactivity in the same indi-
vidual culture were measured using a Perkin Elmer
2810TR scintillation counter.

Relative leucine incorporation collected for pool size
(acid-soluble fraction) was calculated for each culture:
Lo = I; x P./P; (cpm, %), where I; is the measured incor-
poration, and P; = I; + p; is the total radioactivity, where
p; is the corresponding radioactivity of free *H-labeled
leucine in the same culture, and P, is the mean total
radioactivity over the entire experiment, i.e. at all the
time-points under the curve. These relative values cor-
rected the pool along with various numbers of cells in dif-
ferent cultures [3]. The values in percent were calculated
when the mean I, values of a certain variant of the
experiment were taken as 100%. The total protein
radioactivity was estimated. Preliminary studies of albu-
min fraction alone led to the same conclusions.
Sensitivity of the total analysis is higher than that of par-
tial analysis. In addition, the main point, our criterion of
cell—cell communication and cell synchrony is a rhythm
per se, and not the protein analysis.

Experimental influences. A drugstore table of glutam-
ic acid was reduced to powder, transferred to warm phys-
iologic solution, and centrifuged. The supernatant was
used in physiologic solution with glutamic acid dose of
0.2 mg/ml (1.4 mM) and 0.6 mg/ml. The dose of glutam-
ic acid was chosen according to doses used in human clin-
ics, taking in account the weight of the rat and its blood
volume. The dose of 0.6 mg/ml was also tested in early
experiments with the same effect. In some experiments,
0.01 mg/ml (50 uM) of the antagonist of metabotropic
glutamine receptors MCPG (o-methyl-4-carboxy-
phenylglycine) (Sigma) was added to the medium of the
hepatocyte culture. For study of the mechanism of pro-
tein synthesis rhythm, the protein kinase inhibitor H7 (1-
(5-isoquinolinylsulfonyl)-2-methylpiperazine dihydro-
chloride) (Sigma) was used at the concentration of
14.56 pg/ml (40 uM).

RESULTS

To begin with, the effect of glutamic acid on dense
and sparse hepatocyte cultures was compared. During 20
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years of our studies, we have shown [2] that protein syn-
thesis rhythm can be revealed in dense cultures in a few
minutes after washing and refreshing the medium.
Sparse cultures do not have rhythm under similar condi-
tions. The neurotransmitter changed protein synthesis
kinetics only in the sparse cultures, organizing protein
synthesis rhythm. Further, we studied only these cul-
tures. The dose of glutamic acid was selected close to
that used in human clinics (see “Materials and
Methods™).

Figure 1 shows the action of glutamic acid in sparse
(nonsynchronous) cultures. In control sparse cultures,
the protein synthesis kinetics was linear (Fig. 1a). Eleven
samples out of 12 did not differ significant from each
other and comprised the range of the mean * standard
error of the mean for the whole experiment (36 cultures).
Samples were taken one by one with 10-min intervals for
the entire 2-h study. Protein synthesis rhythm was detect-
ed in similar cultures from the same pool of isolated hepa-
tocytes after 1-h incubation of the cultures with
0.2 mg/ml glutamic acid (Fig. 1b). Clear peaks and
troughs were detected. Thus, glutamic acid synchronized
individual oscillations forming the common rhythm of
the cell population.

Unlike noradrenalin and serotonin, glutamic acid
penetrates cell membranes. Does glutamic acid affect
protein synthesis kinetics either via cytoplasm processes
or via its specific receptors on the cell membrane? The
nonselective metabotropic antagonist of glutamic acid
MCPG [4] was used to test this. The protein synthesis
kinetics was not rhythmic in control sparse cultures
(Fig. 2a). Glutamic acid added to the culture medium
initiated rhythm; peaks and troughs were detected
(Fig. 2b). The receptor antagonist MCPG per se did not
affect the cultures; protein synthesis kinetics was linear
like the control (Fig. 2c). Glutamic acid together with
MCPG displayed the control kinetics (Fig. 2d). Thus,
glutamic acid synchronized protein synthesis oscillations
via its membrane receptors, like other neurotransmitters
such as noradrenalin and serotonin.

In earlier studies, we revealed the chain of reactions
in cytoplasm that induces protein synthesis rhythm: from
efflux of calcium ions and action on adenylate cyclase to
activation of protein kinases [5], which is a key process.
The activity of protein kinase inhibitors H7 and HS8 abol-
ished protein synthesis rhythm in dense cultures, and the
protein kinase activator phorbol ester PMA (phorbol-12-
myristate-13-acetate) induced rhythm in sparse cultures.
Like other signal factors, the effect of glutamic acid is
realized through protein kinases. Glutamic acid with pro-
tein kinase inhibitor H7 does not induce rhythm in sparse
cultures (Fig. 3).

In next experiments, glutamic acid was adminis-
tered to rats. The slightly hungry rats consumed 30 mg of
glutamic acid inside a small lump of bread moistened
with oil. The feeding was repeated in a day, then hepato-
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Fig. 1. Protein synthesis kinetics in 1-day sparse cultures of rat hepatocytes; effect of glutamic acid. a) Control nonsynchronous cultures after
washing and transfer to fresh medium for 60 min, and then samples of the cultures were studied. b) Similar cultures from the same cell sus-
pension after washing were transferred to medium with 0.2 mg/ml glutamic acid for 60 min and then were studied. Here and in subsequent fig-
ures: abscissa is time (min), ordinate is relative incorporation of *H-labeled leucine corrected for intracellular pool of free leucine and total
radioactivity (see “Materials and Methods”); every sample consisted of three cultures; incorporation and pool were estimated for each culture
separately; each point is for 10 min mean * standard error for three cultures; the total mean for all points is shown with solid line, and ranges
of standard error for the curve mean are shown as dotted line above and below the mean line. Each experiment (Figs. 1 and 2 or others) was

carried out on hepatocyte cultures from the same rat.

cytes were isolated, and sparse cultures were obtained,
while for another day protein synthesis was studied.
Protein synthesis rhythm was detected in the sparse cul-
tures taken from rat fed with glutamic acid several days
earlier. Clear protein synthesis rhythm was detected
(Fig. 4).

Earlier, in experiments with melatonin that was
administered to rats, NaCl physiologic solution was used
as control [6]. This control is not sufficient for the pres-
ent study. Some active factors may be present in plant oil
that saturated the bread to attract the rats. As control to
the experiments like in Fig. 4, the rats were fed with bread
moistened with oil, but without glutamic acid. In cultures
similar to those in Fig. 4, protein synthesis rhythm was
not detected (Fig. 5a). Thus, the oil does not affect the
protein synthesis kinetics, and the changes demonstrated
in Fig. 4 result from glutamic acid. The cultures in the
experiment depicted in Fig. 5 were able to respond to glu-
tamic acid; after addition of 0.2 mg/ml glutamic acid to
the medium, rhythm was detected (Fig. 5b).

DISCUSSION

Glutamic acid is one of the common amino acids
and a usual component of mammalian blood. Addition of
this acid to medium with cell cultures seems only to
enhance the pool of protein precursors. However, apart
from this case, glutamic acid functions as a non-neural
transmitter. For other non-neural transmitters, a chain of
processes was revealed from receptor signal to cytoplasm
calcium and protein kinases, and these have common
rhythm of the cell population. A similar mechanism of
cell synchronization can be assumed for the neurotrans-
mitter glutamic acid. Along with other non-neural func-
tions of neurotransmitters, glutamic acid functions in
vitro and in vivo as a trigger. After its single administra-
tion, the chain of synchronizing processes was preserved
for a long time. The effect in vivo can be detected 2-3 days
after administration to a rat.

G. A. Buznikov [7, 8] was the first to note the
occurrence of neurotransmitters in animals that do not

BIOCHEMISTRY (Moscow) Vol. 81 No. 8 2016



GLUTAMIC ACID — A SYNCHRONIZER OF PROTEIN SYNTHESIS RHYTHM

have a nervous system and even in Protozoa. Changes in
some neurotransmitters at early stages of embryogenesis
of different animals are a long-term topic of his labora-
tory [9]. High effects of non-neural neurotransmitters
(“pre-neural” by Buznikov’s term) on embryonic devel-
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opment and particularly on development of the nervous
system have been subjects of many interesting studies
(for instance [10-13]). In our studies, significance of the
non-neural neurotransmitters spreads to postnatal cell
functions (see reviews [2, 14]). Serotonin, noradrenalin,
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Fig. 2. Effect of glutamic acid together with the antagonist of these neurotransmitter receptors MCPG on protein synthesis kinetics in sparse
cultures of hepatocytes. Before the protein synthesis was studied: a) control washed sparse cultures were incubated in fresh medium for 4 h;
b) similar cultures were incubated in fresh medium for 3 h, and then 0.2 mg/ml glutamic acid was added to the medium for 1 h; c) the cul-
tures were incubated in medium with 0.1 mg/ml of glutamine acid antagonist MCPG for 4 h; d) the cultures were incubated in medium with
MCPG for 3 h, and then glutamic acid (0.2 mg/ml) was added to this medium for 1 h.
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Fig. 3. Effect of glutamic acid with protein kinase inhibitor H7 on protein synthesis kinetics in sparse cultures of hepatocytes. Before estima-
tion: a) control: cultures were washed and then incubated in fresh medium for 90 min; b) similar cultures were incubated in fresh medium for
30 min, then 0.2 pg/ml of glutamic acid was added to the medium for 60 min; c¢) cultures were incubated in medium with 40 uM H7 for 30 min,
then glutamic acid was added to the medium for 60 min.

and their derivatives, such as melatonin and phenyl-
i‘,’/;” ephrine, promote cell—cell communication resulting in
formation of synchronization of cell populations,
whereas dopamine abrogates the rhythm. Here, glutam-
ic acid supplements the list. Unlike many signal factors,
neurotransmitters are ubiquitous, including in Bacteria,
and can synchronize a microbial population [15-17].
Thus, synchronization of cell populations is a primary
function of transmitters. This is proved by data on the
influence of non-neural transmitters on differentiated
mammalian cells. A useful hypothesis relates to earlier
embryological and neurophysiological studies [7, 18].
The appearance of signal factors of cell population syn-
chronization could be one of the factors for the forma-
tion of Metazoa and one of mechanisms of homeostasis
in Metazoa [19].

The neurotransmitter glutamic acid is a constant
component of blood in mammals. Glutamic acid binds
and detoxifies ammonium, is involved in protein catabo-
lism, enhances stability in hypoxia, facilitates ATP syn-
70 , . , . thesis, and activates metabolism (for instance, [20, 21]).

0 60 120 Like some signal factors, glutamic acid is used in human
clinics. As a drug, glutamic acid is used in neurologic
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Time, min . . . . . . .. -
clinics: in epilepsy, in schizophrenia, in some depressive
states, as well as in pediatric patients with Down’s syn-

Fig. 4. Kinetics of protein synthesis in sparse hepatocyte cultures drome, in cerebral paralysis, etc. In our experiments on
obtained from rat who consumed glutamic acid in food. One day cell cultures as well as on rats in vivo, we deliberately used
before isolation of hepatocytes, the rat consumed 30 mg of glu- the standard drug of glutamic acid purchased in usual
tamic acid in a small lump of bread moistened with oil. The feed- . .

ing was repeated once more 1 h just before isolation of hepato- drugstores. As noted above, doses .Of glutamic ,a(fld were
cytes. Sparse hepatocyte cultures were studied by the schedule of selected to be close to those used in human clinics. The
Fig. 1. weight of man and rat, as well as the corresponding vol-
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Fig. 5. Control of experiment in Fig. 4. Another rat consumed bread moistened with oil as in the previous experiment, but without glutamic
acid. a) Control sparse cultures obtained from this rat; b) 0.2 mg/ml glutamic acid was added to the medium of similar cultures of this rat.

umes of blood, were taken into account. An unknown
peculiarity of this drug, such as its involvement in regula-
tion of protein synthesis kinetics, was thus found.
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