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Abstract—Dopamine (DA), synthesized in the mediobasal hypothalamus by dopaminergic neurons containing two enzymes
of DA synthesis — tyrosine hydroxylase and decarboxylase of aromatic L-amino acids, or by monoenzymatic non-dopamin-
ergic neurons containing one DA synthesis enzyme in cooperation, is known to have an inhibitory effect on prolactin secre-
tion. Deterioration of this inhibitory control leads to an increase in prolactin concentration in the blood and to the devel-
opment of hyperprolactinemia syndrome. In a rat model of hyperprolactinemia induced by administration of a neurotoxin
causing degeneration of dopaminergic and noradrenergic neurons, the level of DA first decreases, leading to an increase in
prolactin level (decompensation stage), while later both levels are restored to normal (compensation stage). However, the
mechanism of such compensation is still not clear. The aim of the present study was to analyze whether the increase in coop-
erative synthesis of DA by monoenzymatic neurons during hyperprolactinemia is a manifestation of a compensatory mech-
anism representing a particular case of neuroplasticity. The level of cooperative synthesis in the hyperprolactinemia model
and in the control was estimated as the level of synthesis of DA and L-dihydroxyphenylalanine (L-DOPA) — an intermedi-
ate product of DA synthesis, when L-DOPA transfer from neurons containing tyrosine hydroxylase into neurons contain-
ing aromatic L-amino acid decarboxylase is inhibited. The level of DA synthesis during the decompensation stage was not
changed, while during the compensation stage it was lower than the control. Along with a reduction in DA level, during the
compensation stage an increase in the extracellular L-DOPA level in the medium was detected. Thus, the compensation of
DA deficiency after degeneration of dopaminergic neurons in the mediobasal hypothalamus is due to the increase in coop-
erative synthesis of DA by monoenzymatic neurons containing one of the complementary enzymes of the DA synthesis
pathway.
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Dopamine (DA), synthesized in neurons of the
mediobasal hypothalamus (MBH) and released in the
median eminence to the pituitary portal system, has an
inhibitory effect on prolactin secretion by pituitary lac-
totrophs [1]. Degeneration of dopaminergic (DA-ergic)
neurons of the MBH is accompanied by hyperprolactine-
mia syndrome, characterized by an increase in prolactin
level in blood, leading to the impairment of the reproduc-
tive function of the organism. DA-ergic neurons possess
two enzymes in the DA synthesis pathway — tyrosine

Abbreviations: AADC, aromatic L-amino acid decarboxylase;
DA, dopamine; DA-ergic, dopaminergic; 6-OHDA, 6-hydroxy-
dopamine; L-DOPA, L-dihydroxyphenylalanine; MBH,
mediobasal hypothalamus; TH, tyrosine hydroxylase.

* To whom correspondence should be addressed.

hydroxylase (TH), catalyzing the transformation of L-
tyrosine into L-dihydroxyphenylalanine (L-DOPA), and
aromatic L-amino acid decarboxylase (AADC), catalyz-
ing the transformation of L-DOPA into DA [2-4].
Earlier, we obtained direct evidence that DA is synthe-
sized not only by DA-ergic neurons, but also by monoen-
zymatic neurons containing only one of the two DA syn-
thesis enzymes — TH or AADC. The intermediate prod-
uct of DA synthesis — L-DOPA — is secreted into the
intercellular space by TH-expressing neurons and is
delivered by the neutral amino acid transporter into
AADC-expressing neurons, where DA is finally synthe-
sized [5, 6].

To study cellular and molecular mechanisms of the
development of hyperprolactinemia, experimental mod-
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els based on intraventricular injection of a neurotoxin —
6-hydroxydopamine (6-OHDA) that causes the degener-
ation of catecholaminergic (DA-ergic and noradrenergic)
neurons is used [7, 8]. Using this model, we showed ear-
lier that on the 14th day after injection of 6-OHDA, a
decrease in DA level in MBH and an increase in prolactin
level in blood are observed, i.e. decompensation is taking
place. However, on the 45th day both parameters are
restored to the normal level [9], i.e. compensation is
observed. We propose a hypothesis that such compensa-
tion is assured by mechanisms of neuroplasticity, in par-
ticular by an increase in cooperative DA synthesis by
monoenzymatic neurons.

Thus, the aim of the present work was to test whether
the increase in cooperative synthesis of dopamine by
monoenzymatic neurons during hyperprolactinemia in
rats is a result of a compensatory mechanism, being a par-
ticular case of neuroplasticity. To achieve this goal, we
checked: (i) L-DOPA synthesis in TH-expressing neu-
rons, and (ii) contribution of monoenzymatic neurons to
DA synthesis on the 14th day (decompensation stage) and
on the 45th day (compensation stage) after injection of 6-
OHDA (with corresponding controls) when the uptake of
L-DOPA by AADC-expressing neurons is inhibited.

MATERIALS AND METHODS

Animals. Experiments were done with 40 male Wistar
rats weighing 220-250 g. To animals of the experimental
group, 250 pg of 6-OHDA (Sigma, USA) dissolved in
15 ul of 0.9% NaCl (Sigma) with 0.1% ascorbic acid
(Sigma) was injected into the lateral ventricle stereotaxi-
cally (coordinates from bregma: caudally — 0.8 mm, lat-
erally — 1.5 mm, 3.2 mm from the brain surface) [10]; to
animals of the control group, 0.9% NaCl with 0.1%
ascorbic acid were injected, with a rate of 3 pl/min in
both cases. The rats were kept under standard vivarium
conditions with free access to food and water and 12-h
day/night cycle. All manipulations with animals were car-
ried out according to the national and international ethics
guidelines and were approved by the Bioethics Commiss-
ion of the Koltzov Institute of Developmental Biology,
Russian Academy of Sciences.

Perfusion of MBH slices. On the 14th or 45th day
after injection of the neurotoxin or 0.9% NaCl (n = 10 for
each group), the rats were decapitated under anesthetic
(chloral hydrate 400 mg/kg; Sigma) and the brain was
removed. Five 250-um thick brain slices with coordinates
from 1.92 to 3.36 mm caudally from the bregma were cut
using a Vibratome 1000 plus (Sectioning System,
Germany) in Krebs—Ringer solution (120 mM NacCl,
4.8 mM KCI, 2 mM CaCl,, 1.3 mM MgSO,, 25 mM
NaHCO;, 10 mM D-glucose, 20 mM HEPES, 0.1 mM
ascorbic acid, pH 7.4) (Sigma) at 4°C. The MBH was dis-
sected out of these vibratome slices using a binocular
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magnifier, divided in two symmetrical halves — left and
right (Fig. 1) — and placed into a 400-ul thermostat
chamber (37°C) and perfused with Krebs—Ringer solu-
tion. Constant 100 ul/min flow rate was provided by a
peristaltic pump (Ismatec, Germany). During stabiliza-
tion of the system for the first 40 min, samples were not
collected; then, slices from the right half of the MBH
were incubated in Krebs—Ringer solution, while slices
from the left half — in Krebs—Ringer solution supple-
mented with 0.5 mM L-leucine (Sigma). Three consecu-
tive 20-min fractions of the incubation medium flowing
from the chambers were collected. L-leucine was used to
inhibit the uptake of L-DOPA by monoenzymatic
AADC-expressing neurons, since it competes with L-
DOPA for binding with the neutral amino acid trans-
porter. Collected fractions and slices after incubation
were frozen in liquid nitrogen and stored at —70°C until
concentrations of DA and L-DOPA were analyzed.
High-performance liquid chromatography with elec-
trochemical detection (HPLC-EC). Concentrations of
DA and L-DOPA in collected fractions of incubation
medium and in MBH slices were measured using HPLC-
EC. The tissue was homogenized with an ultrasonic
homogenizer (Labsonic M; Sartorius, France) in 110 pl
of 0.1 M HCIO, (Sigma) containing 1 ng of 3,4-dihy-
droxybenzylamine as an internal standard. The
homogenates were centrifuged for 10 min at 15,000g
at 4°C, and the supernatant was collected. Then 10 mg of
aluminum oxide (Sigma) was added to each fraction of
the incubation media (1 ml), the samples were incubated
for 15 min at 4°C with shaking, and then they were cen-
trifuged for 10 min at 1200g at 4°C. The pellets were sup-

AN AN
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Fig. 1. Scheme of the isolated area of mediobasal hypothalamus
from vibratome brain slices (2.3 mm from bregma). AN, arcuate
nucleus; ME, median eminence; 3v, third ventricle.
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plemented with 100 ul of 0.2 M HCIO,, the samples were
again centrifuged for 10 min at 1200g, and the super-
natant was collected. Monoamines were separated using a
10-cm reverse-phase column with 3-mm internal diame-
ter filled with Reprosil-Pur C18.5 um (Elsico, Russia) at
voltage 850 mV. The mobile phase consisted of 0.1 M cit-
rate-phosphate buffer containing 0.3 mM sodium
octanesulfonate, 0.1 mM EDTA, and 12% acetonitrile
(pH 3.0) (Sigma). A flow rate 800 pl/min was provided by
a peristaltic pump (Gilson, France). The DA and L-
DOPA peaks on the chromatogram were identified in
accordance with their elution times in the standard solu-
tion. The chromatograms were registered and analyzed
using MultiChrom v.1.5 software (Ampersand Ltd.,
USA). DA and L-DOPA concentrations were estimated
using the internal standard technique, analyzing the ratio
of the peak areas of the internal standard and sample
using the MultiChrom software (Russia).

Statistics. Normal distribution within each group
was analyzed using the Shapiro—Wilk and Kolmogorov—
Smirnov criteria with integrated programs GraphPad
Prism v.6.0 for Windows (GraphPad Software, USA).
Student’s ¢-test was used for statistical analysis of collect-
ed data. Standard error of mean was calculated at the level
of probability 95% (p < 0.05).

RESULTS

Fourteenth day after stereotactic injection of 6-
OHDA to experimental animals or 0.9% NaCl to control
animals. Concentrations of DA and L-DOPA in MBH slices
after incubation. On the 14th day after injection of 6-
OHDA (experimental group), the concentration of DA in
MBH slices after incubation in Krebs—Ringer solution
containing L-leucine decreased by 48% compared to that
after incubation in Krebs—Ringer solution without addi-
tion of L-leucine. After injection of 0.9% of NaCl (con-
trol group), the concentration of DA in MBH slices after
incubation in Krebs—Ringer solution containing L-
leucine was 47% lower compared to that after incubation
in Krebs—Ringer solution without L-leucine (Fig. 2a).

On the 14th day after injection of 6-OHDA, the con-
centration of L-DOPA in MBH slices incubated in
Krebs—Ringer solution with addition of L-leucine did not
change compared to L-DOPA concentration in MBH
slices incubated in Krebs—Ringer solution without L-
leucine. The concentration of L-DOPA in MBH slices of
the control group incubated in Krebs—Ringer solution
with addition of L-leucine also did not change compared
to the concentration of L-DOPA after incubation without
L-leucine (Fig. 2b).

Concentrations of DA and L-DOPA in the perfusion
medium. On the 14th day after injection of 6-OHDA, the
concentration of DA in the perfusion medium fractions
decreased by 33% after incubation in Krebs—Ringer solu-
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tion with addition of L-leucine compared to DA concen-
tration after incubation in Krebs—Ringer solution with-
out L-leucine. Addition of L-leucine to the perfusion
medium of the control group led to 37% decrease in DA
concentration in the perfusion medium fractions com-
pared to DA concentration after incubation in
Krebs—Ringer solution without L-leucine (Fig. 3a).

Incubation of MBH slices with L-leucine had no
effect on L-DOPA concentration in the perfusion medi-
um fractions compared to slices incubated without L-
leucine in the experimental and in the control groups
(Fig. 3b).

Total concentrations of DA and L-DOPA in MBH slices
and in the perfusion medium. After perfusion of MBH
slices in Krebs—Ringer solution with addition of L-
leucine, total DA concentration decreased by 37% in the
experimental group and by 41% in the control group
compared to samples incubated in Krebs—Ringer solu-
tion without addition of L-leucine (Fig. 4a).

On the 14th day after stereotactic injection, both in
the experimental and in the control groups total the con-
centration of L-DOPA in slices and in the perfusion
medium after incubation in Krebs—Ringer solution with
addition of L-leucine was not significantly changed com-
pared to the total concentration of L-DOPA after incuba-
tions in Krebs—Ringer solution without L-leucine
(Fig. 4b).

Forty-fifth day after stereotactic injection of 6-OHDA
to experimental animals or 0.9% NaCl to control animals.
Concentrations of DA and L-DOPA in MBH slices after
incubation. On the 45th day after injection of 6-OHDA,
the concentration of DA in MBH slices after incubation
in Krebs—Ringer solution containing L-leucine
decreased by 72% compared to the DA concentration in
slices incubated in Krebs—Ringer solution without addi-
tion of L-leucine. The concentration of DA in MBH
slices of the control group after incubation in
Krebs—Ringer solution with addition of L-leucine
decreased by 34% compared to DA concentration after
incubation without L-leucine (Fig. 2a).

In the experimental and the control groups, the con-
centration of L-DOPA in MBH slices after incubation in
Krebs—Ringer solution with addition of L-leucine did not
change compared to the incubation in Krebs—Ringer
solution without addition of L-leucine (Fig. 2b).

Concentrations of DA and L-DOPA in the perfusion
medium. After perfusion of MBH slices in Krebs—Ringer
solution with addition of L-leucine, the DA concentration
in fractions of the perfusion medium decreased by 30% for
the experimental group and by 29% for the control group
compared to samples incubated in Krebs—Ringer solution
without addition of L-leucine (Fig. 3a).

On the 45th day after injection of 6-OHDA, the con-
centration of L-DOPA in fractions of the perfusion medi-
um increased by 93% after incubation in Krebs—Ringer
solution with addition of L-leucine, compared to L-
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Fig. 2. Concentration of (a) DA and (b) L-DOPA in slices of mediobasal hypothalamus after incubation in Krebs—Ringer solution with addi-
tion of L-leucine (Leut) or without (Leu—) on the 14th and 45th day after stereotactic injection of 0.9% NaCl in the control group and 6-
OHDA in the experimental group (» = 10 for each group); * p < 0.05 (Leu+ compared to Leu—).
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Fig. 3. Concentration of (a) DA and (b) L-DOPA in the medium after incubation of mediobasal hypothalamus slices in Krebs—Ringer solu-
tion with addition of L-leucine (Leu+) or without (Leu—) on the 14th and 45th day after stereotactic injection of 0.9% NaCl in the control
and 6-OHDA in the experiment (» = 10 for each group); * p < 0.05 (Leu+ compared to Leu—).
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Fig. 4. Total concentration of (a) DA and (b) L-DOPA in mediobasal hypothalamus slices and in the medium after incubation in
Krebs—Ringer solution with addition of L-leucine (Leu+) or without (Leu—) on the 14th and 45th day after stereotactic injection of 0.9%
NacCl in the control group and 6-OHDA in the experimental group (# = 10 for each group); * p < 0.05 (Leu+ compared to Leu—).
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DOPA concentration after incubation in Krebs—Ringer
solution without addition of L-leucine. The concentra-
tion of L-DOPA in fractions of the perfusion medium of
the control group after incubation in Krebs—Ringer solu-
tion with addition of L-leucine was not changed com-
pared to the concentration of L-DOPA in fractions of the
perfusion medium after incubation in Krebs—Ringer
solution without addition of L-leucine (Fig. 3b).

Total concentrations of DA and L-DOPA in MBH slices
and in the perfusion medium. After perfusion of MBH
slices in Krebs—Ringer solution with addition of L-
leucine, the total concentration of DA in slices and in the
perfusion medium decreased by 55% in the experimental
group and by 36% in the control group compared with
total concentration after incubation in Krebs—Ringer
solution without addition of L-leucine (Fig. 4a).

In the experimental group, total L-DOPA concen-
tration in MBH slices and in the perfusion medium after
incubation in Krebs—Ringer solution with addition of L-
leucine increased by 65% compared to the total L-DOPA
concentration after incubation in Krebs—Ringer solution
without addition of L-leucine. In the control group, incu-
bation in Krebs—Ringer solution containing L-leucine
did not change the total L-DOPA concentration com-
pared to that after incubation without L-leucine
(Fig. 4b).

DISCUSSION

It was shown earlier that medialization of hyperpro-
lactinemia by administration of 6-OHDA starts with DA
deficit in the MBH and the increase of prolactin level in
blood, but later both parameters return to normal levels
[7, 9]. Taking this into account, in the present study we
analyzed samples on the 14th day after toxin administra-
tion, i.e. at the decompensation stage, when the degener-
ation of neurons induced by the toxin should be accom-
plished, and on the 45th day, i.e. at the compensation
stage, when compensatory processes — brain plasticity
mechanisms — have occurred. Degeneration of DA-ergic
neurons and the consequent DA deficiency can trigger
several compensatory processes, such as: (i) enhancement
of DA synthesis by the remaining DA-ergic neurons; (ii)
activation of expression of genes coding for DA synthesis
enzymes in non-DA-ergic neurons and initiation of
cooperative synthesis of DA by TH-expressing and
AADC-expressing neurons; (iii) projection of axons of
DA-ergic neurons from brain areas not damaged by the
toxin [5, 11].

The aim of this work was to test the hypothesis that
the increase in cooperative synthesis of DA by monoen-
zymatic neurons in MBH is the mechanism of hyperpro-
lactinemia compensation in rats.

Cooperative synthesis was analyzed according to our
original methodology described earlier [6], when MBH
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slices were incubated in Krebs—Ringers solution con-
taining competitive inhibitor of L-DOPA uptake by
AADC-containing neurons, thus preventing cooperative
synthesis of DA by monoenzymatic neurons. Incubation
of MBH vibratome slices allows measuring the release of
DA and L-DOPA into the medium and their accumula-
tion in the tissue during several hours in vitro. Unlike the
original methodology, in this work only perfusion was
used, which, contrary to static incubation, excludes the
influence of synthesis and degradation products accu-
mulated in the incubation medium on the metabolism
of catecholamines due to the rapid removal of the
released mediator with the flow of the perfusion medium
[12].

L-DOPA uptake from the intercellular space to the
AADC-containing neurons is performed by a relatively
specific membrane transporter, which also transfers large
neutral amino acids such as L-leucine, L-tyrosine, etc.
Because all these amino acids compete for the same
membrane carrier [13-15], they can be used as competi-
tive inhibitors of L-DOPA uptake by monoenzymatic
AADC-containing neurons. Using MBH slices of normal
animals, we showed earlier that L-leucine inhibits L-
DOPA uptake from the intercellular space by monoenzy-
matic AADC-expressing neurons, thus blocking the
cooperative synthesis of DA by monoenzymatic neurons
[5, 6]. In the present study, L-leucine was used also
because it is not a precursor of L-DOPA and, therefore it
has no effect on DA metabolism.

The effect of L-leucine as an inhibitor of L-DOPA
uptake by AADC-containing neurons on synthesis of DA
and L-DOPA was estimated by comparison of DA and L-
DOPA concentration in the perfusion medium and in
MBH slices after incubation in Krebs—Ringer solution
with or without addition of L-leucine. As an index of DA
synthesis level, the total concentration of DA or L-DOPA
was estimated as the sum of their concentrations in slices
after incubation and in the perfusion medium. A decrease
in DA concentration in MBH slices and in the perfusion
medium in the presence of L-leucine blocking the uptake
of L-DOPA by monoenzymatic neurons should be con-
sidered as a quantitative index of DA synthesis by
monoenzymatic TH-containing neurons in cooperation
with AADC-expressing neurons [5].

Using this methodology, we have shown here that
during the decompensation stage on the 14th day after
injection of 6-OHDA the level of DA synthesis in the
presence of L-leucine did not change compared to the
control group. In other words, addition of L-leucine to
the perfusion medium led to similar decrease in DA con-
centration in slices after incubation and in the perfusion
medium in the control and experimental groups com-
pared to samples incubated without L-leucine. During
the compensation stage on the 45th day in a similar
experiment, the level of DA synthesis in the presence of
L-leucine decreased significantly compared to the con-
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trol group and compared to the experimental group on
the 14th day, which indicates the increase in cooperative
synthesis of DA by monoenzymatic neurons. DA concen-
tration in slices is the result of dopamine synthesis and
accumulation, while DA concentration in the perfusion
medium is the result of a spontaneous release of
dopamine [16]. Considerable decrease in DA concentra-
tion on the 45th day after injection of 6-OHDA was
observed only in MBH slices after incubation with L-
leucine, which indicates the decrease in DA synthesis
after blocking of its cooperative synthesis by monoenzy-
matic neurons. Enhancement of cooperative synthesis of
DA on the 45th day after injection of 6-OHDA agrees
with our previous results concerning the restoration of the
DA level [9].

In addition to DA concentration, the concentration
of L-DOPA in slices after incubation and in the perfusion
medium was measured. The level of L-DOPA in slices
after incubation did not change. This is probably because
L-DOPA is synthesized in the cytoplasm and does not
accumulate in the tissue. This hypothesis is based on the
fact that in the bienzymatic dopaminergic neurons the
next step of dopamine synthesis from L-DOPA catalyzed
by the second enzyme of dopamine synthesis — AADC —
also takes place in the cytoplasm [17]. Moreover, the level
of L-DOPA synthesis in the incubation media in the pres-
ence of L-leucine increased considerably during the com-
pensation stage on the 45th day after injection of 6-
OHDA, which shows the activation of L-DOPA synthesis
in TH-expressing neurons compared to the decompensa-
tion stage.

In MBH, TH-expressing neurons [18, 19] and
AADC-expressing neurons [18, 20] were identified using
the immunohistochemical method. Our data agrees with
previous results showing that in MBH of rats, injection of
6-OHDA causes degeneration of about half of the DA-
ergic neurons, while the number of monoenzymatic neu-
rons increases [5]. In mammals, monoenzymatic neurons
containing TH or AADC have been found in many other
brain areas in adults. For example, in the striatum of
rodents monoenzymatic neurons are revealed only in the
case of neurodegeneration [21, 22], and in primates
under normal conditions many TH-containing neurons
are revealed [23-25], while in case of neurodegeneration
their number increases dramatically [23, 24]. This shows
a possible role of cooperative synthesis of DA by these
neurons as a plasticity mechanism that is activated in case
of functional insufficiency of DA-ergic neurons not only
in MBH, but also in other brain regions.

In conclusion, we have shown that an increase in DA
level in MBH observed in rats on the 45th day after
administration of a neurotoxin is caused by enhancement
of cooperative synthesis of dopamine by non-DA-ergic
monoenzymatic neurons and is a manifestation of a com-
pensatory mechanism as a particular case of neuroplastic-
ity.
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