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Objective. to study the dynamics of the expression of mGIluR2/3 metabotropic receptors in the ventral and
lateral respiratory subnuclei of the solitary tract nucleus (STN) in the early postnatal period in health and after
prenatal serotonin deficiency in rats. Materials and methods. Studies were performed on Wistar laboratory
rats (n = 19). Tryptophan hydroxylase was inhibited using parachlorophenylalanine. The ventral and lateral
respiratory subnuclei of the STN were studied on days 5, 10, and 20. An immunohistochemical method was
used to study the distribution of mGluR2 and mGluR3 metabotropic receptors (mGluR2/3). Results. During
the first postnatal week, both subnuclei showed high levels of mGluR2/3 expression. During the second
week, there was a sharp reduction in mGIluR?2/3 expression, followed by an increase by the end of the third
week. Decreases in serotonin content during the prenatal period affected the intensity of mGluR2/3 expres-
sion in both subnuclei of the STN. During the early postnatal period, there was a significant reduction (more
than two-fold) in the expression of mGluR2/3 expression at all time pints, this being more marked in the
ventral subnucleus. Conclusions. Changes in the level of expression of mGluR2/3 metabotropic glutamate
receptors during the early postnatal period occurred in the ventrolateral part of the STN. Serotonin deficiency
led to a sharp reduction in the expression of mGluR2/3 receptors in the respiratory subnuclei during the early
postnatal period.
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Integration of information arriving in the solitary tract
nucleus (STN) from the visceral organs (respiratory, cardio-
vascular, etc.) is mediated by classical neurotransmitters, the
most important excitatory neurotransmitter being glutamate
[1, 3]. Glutamate release and spike transmission are reg-
ulated by different transmitters and their receptor systems
— glutamate, GABA, and serotonin [10]. Glutamate trans-
mission in the CNS can either increase or decrease depend-
ing on activation of specific receptors, especially particular
subtypes of metabotropic glutamate receptors (mGIluR). In
the STN, these receptors subtypes are present in synapses
and are widely distributed both on presynaptic terminals of
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afferent fibers and on neuron bodies. Metabotropic gluta-
mate receptors are divided into three groups on the basis of
amino acid sequence homology. The mGIluR2 and mGIuR3
(mGluR2/3) subtypes are in group II, which are located
predominantly on presynaptic terminals, are coupled with
adenylate cyclase, and are autoreceptors, inhibiting gluta-
mate release by blocking potential-dependent calcium ion
channels, which significantly decreases the synaptic trans-
mission of glutamate [4, 15, 19].

mGIluR2/3 are believed to function as modulators of
glutamate transmission, regulating transmitter release, and
activation of these receptors, in contrast to their ionotrop-
ic analogs, does not lead to rapid electrophysiological re-
sponses [6]. This mediation and control of excitatory trans-
mitter release in the STN by this receptor network plays an
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Fig. 1. Solitary tract nucleus in rats (lateral subnucleus) at different time points of postnatal development in controls (a, c, €) and in conditions of prenatal
serotonin deficiency (b, d,f). a, b) day 5; c,d) day 10; e, f) day 20. Reaction product distribution density (arrows) in the processes and terminals in the neuropil
was greater in control rats than experimental animals. Immunocytochemical reaction for metabotropic glutamate receptors (mGIluR2/3). Objective x100.

Ocular x10.

important role in the mechanisms balancing excitation and
inhibition of neurons in the respiratory subunits of the STN
(during processing of incoming information), especially in
the early postnatal period of development (i.e., during the

maturation of the respiratory system in mammals and hu-
mans), when pathological changes can arise in the struc-
ture of the respiratory nuclei, leading to the development
of respiratory dysfunction. Despite this, researchers have
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paid virtually no attention to changes in the expression of
mGluR?2/3 metabotropic receptors in the respiratory sub-
units of the STN in the early postnatal period.

Serotonin (5-HT), along with other transmitters, is
involved in glutamate neurotransmission from visceral af-
ferents in the STN [18]. The subnuclei of the STN contain
significant numbers of serotoninergic fibers running from
the medullary raphe nuclei [20]. Constant spontaneous
5-HT release from the terminals of serotoninergic fibers has
been shown to occur in this location, neurotransmission by
this transmitter being regulated by the reuptake system [7].
5-HT receptors, located mainly presynaptically on afferent
terminals, are intensely expressed in the STN — particular-
ly the 5-HT; and 5-HT, 4 subtypes) [11, 12, 17]. Serotonin,
acting via activation of these receptor subtypes, promotes
either glutamate release or the inhibition of its release [10].
Interactions between serotonin and glutamate and their re-
ceptor systems have received little attention in the literature,
and the question of the influence of serotonin deficiency on
the activity of the excitatory glutamatergic system in the
respiratory nuclei in early postnatal development remains
unanswered.

Thus, the aim of the present work was to study the dy-
namics of changes in the expression of mGluR2/3 metabo-
tropic receptors in the ventral and lateral respiratory subnu-
clei of the STN during the early postnatal period in health
and prenatal serotonin deficiency in rats.

Materials and Methods. Experiments were performed
on Wistar laboratory rats (n = 16) from the animal house of
the Institute of Physiology, Russian Academy of Sciences.
Animal keeping and all experimental procedures were car-
ried out in compliance with the “Regulations for Studies
Using Experimental Animals” (USSR Ministry of Health
Decree No. 755 of August 12, 1977). Endogenous serotonin
levels were decreased by inhibition of tryptophan hydroxy-
lase (the enzyme synthesizing serotonin) with p-chlorophe-
nylalanine (PCPA) (Sigma, USA). Female rats received
PCPA (400 mg/kg) i.p. on day 9 of pregnancy (to obtain
prolonged decreases in serotonin of up to 50-80% during
the period in which the STN, solitary tract, and serotoniner-
gic system form in fetuses). The medulla oblongata in de-
veloping rat pups was studied on days 5, 10, and 20. Controls
were animals of the same periods of development obtained
from intact females. Studies were performed using groups
of 5-6 experimental and control rat pups of each develop-
mental period. Specimens were fixed in zinc-ethanol-form-
aldehyde in phosphate-buffered saline pH 7.4 and embed-
ded in paraffin using standard methods; serial transverse
sections of the medulla oblongata of thickness 5 um were
cut at the level of the bregma 11.88-12.00 [16].

Polyclonal rabbit antibodies to glutamate receptors
(mGlIuR2/3) (Abcam, USA) were used to detect the distri-
bution of mGIuR2 and mGluR3 (mGluR2/3) metabotropic
receptors. Secondary reagents for mGIluR2/3 were from an
EnVision+ System-HRP Labelled Polymer Anti-Rabbit kit
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(DakoCytomation, USA). Reaction product was visualized
with the chromogen DAB+ (Fako, Denmark). The cellular
localization of mGluR2/3 is that of an integral membrane
protein. Immunocytochemical reactions in control and ex-
perimental animals were performed simultaneously and
some sections were counterstained with thionine (Serva,
USA, Germany) and embedded in synthetic Permount me-
dium (Termo, USA).

Morphological analysis was performed using digital
images of serial sections obtained using a Leica DME light
microscope (Leica, Germany) and a Leica EC3 digital camera
(Leica, Germany). The density of plexuses of immunopos-
itive terminal processes in the neuropil and the density of
grains and large granules (the latter are presumptively termi-
nal synaptic structures and their groupings) were counted in
standard areas of 0.1 mm? [9]. Reaction product optical den-
sity in the neuropil was assessed using images obtained with a
digital video camera and VideoTest Master Morphology soft-
ware (Video Test, St. Petersburg). Statistical analysis was run
by ANOVA (Statistica 7.0, Statsoft Inc., USA). Arithmetic
means and standard errors were calculated. The critical level
of significance was p < 0.05.

Results. Lateral subnucleus of the STN. On day 5, the
neuropil in control animals showed intense staining of pro-
cesses and terminals forming a dense network containing
many immunopositive granules (Fig. 1, a) (the optical den-
sity of the reaction product was 0.097 + 0.008). On day 10,
the staining intensity of processes and terminals decreased
from that on day 5 (0.050 + 0.006). The density of immu-
nopositive processes decreased and these formed a looser
network (see Fig. 1, ¢). On day 20, the staining intensity of
processes and granules in the neuropil increased again (see
Fig. 1, e), and the distribution density of immunopositive
processes also increased (0.088 + 0.008).

On day 5, immunopositive processes and terminals in
the lateral subnucleus of experimental animals, as opposed
to those in control animals, formed a loose network (see
Fig. 1, b), with lower staining intensity (0.050 = 0.005). On
day 10, both the staining intensity of processes and termi-
nals and the density of the network of processes (0.040 +
0.008) in the neuropil decreased, though many immunopos-
itive granules remained (see Fig. 1, d). On day 20, the stain-
ing intensity of processes and terminals again increased (see
Fig. 1, f) but was less than that in control animals; the den-
sity of processes was also lower (0.043 + 0.004).

Ventral subnucleus of the STN. On day 5, the neuropil
of ventral subnucleus in control animals, like the neuropil of
the lateral subnucleus, showed intense staining of processes
and terminals, forming a dense network (optical density
0.092 £+ 0.005). On day 10, staining intensity decreased and
there were significantly fewer immunopositive processes
and terminals in the neuropil (0.054 + 0.007), forming a
loose network. On day 20, staining intensity again in-
creased, as did the density of the network of immunoposi-
tive processes, terminals, and granules (0.089 + 0.006).
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On day 5, the staining intensity of processes and ter-
minals forming a loose network in the ventral subnucleus
of experimental animals was lower than that in control an-
imals. Optical density was 0.049 + 0.005. On day 10, there
was some decrease in the staining intensity of processes
and terminals, processes formed a loose network, and there
were many small granules. Optical density was 0.039 +
+ 0.003. On day 20, the staining intensity of the network
of processes and terminals again increased, as did optical
density (0.0424 + 0.006).

Discussion. These studies showed that during early
postnatal development, control animals showed changes in
the level of expression of mGIuR2/3 metabotropic gluta-
mate receptors. During the neonatal period, both the ventral
and the lateral subnuclei showed high levels of expression
of mGluR2/3. Increases in postnatal age (during the second
week) were accompanied by a sharp decrease in mGluR2/3
expression, though by juvenile age (the end of week 3) the
expression level again increased in both respiratory sub-
nuclei. Metabotropic glutamate receptors are known to be
members of the G-protein-coupled receptor family and form
three groups including eight subtypes. Group I includes the
mGluR1 and mGIluRS5 subtypes — these receptors promote
release of glutamate and are located on neuron bodies.
Receptors of group II (mGluR2 and mGluR3) and group III
(mGluR4, mGluR6, mGluR7, and mGluR8) are autorecep-
tors, excitation of which suppresses glutamate release, and
are mainly located on presynaptic membranes [4, 15, 19].
Decreases in glutamate release are mediated by the presyn-
aptic receptor element [5, 8, 14, 21]. Confirmation of this
may be provided by data showing that agonists of group II
metabotropic receptors decrease the synaptic transmission
of glutamate in baroreceptor synapses in the STN while,
conversely, blockade of group II receptors increases synap-
tic glutamate transmission [13]. These observations and the
results obtained in our studies suggest strongly that during
the neonatal period, when levels of mGluR2/3 expression
are quite high, glutamate release should be low, though the
sharp decrease in mGluR2/3 expression during the second
postnatal week may promote increases in its release, and
the increase in receptor expression during the juvenile pe-
riod (i.e., by the end of the third week) should again inhib-
it glutamate release. As neurons in the ventral and lateral
subnuclei of the STN are mainly inspiratory [2], the early
postnatal period and juvenile age are probably critical in
relation to the decrease in the level of the excitatory neu-
rotransmitter and the possible increase in inhibitory effects
in the respiratory subnuclei of the STN at this time. The
source of constant serotonin release in the STN subnuclei is
known to consist of a significant number of fibers running
from the medullary raphe nuclei [8, 21]. The STN contains
intense expression of 5-HT receptors (mainly the 5-HT; and
5-HT  subtypes), which are mostly located presynaptical-
ly on afferent terminals [12, 15, 17]. There are two path-
ways for the actions of serotonin - excitatory and inhibitory.
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Operating via activation of these receptor subtypes, sero-
tonin promotes either the release of glutamate (activation of
5-HT3) or its inhibition (activation of 5-HT, 4) [10]. Release
of large quantities of serotonin in the STN from serotonin-
ergic fibers, activating the receptor component, may be in-
volved in glutamate neurotransmission [10].

The results obtained here showed that decreases in se-
rotonin content during the prenatal period affected the in-
tensity of expression of mGluR2/3 in both subunits of the
STN. More than twofold reductions in mGIluR2/3 receptor
expression at all study time points during the early postnatal
period were more marked in the ventral subnucleus. This
change in mGluR2/3 receptor expression would probably
promote increases in glutamate release in the respiratory
subunits and the resulting increase in the excitability of in-
spiratory neurons, leading to impairment in the balance be-
tween excitation and inhibition of STN neurons during the
respiratory cycle. The likely explanation for the decreased
expression of receptors is that serotonin deficiency can lead
to changes in the processes underlying the synthesis of re-
ceptor proteins and the resulting impairment to the forma-
tion of glutamatergic synapses, which during the postnatal
period may be responsible for the insufficient development
of the excitatory glutamatergic receptor network overall.
We cannot exclude the possibility that the prenatal decrease
in the serotonin content may lead to changes in the structure
of the medullary raphe nuclei during their development and
establishment, resulting in not only a decrease in the number
of serotonin fibers running to the STN, but also a second-
ary decrease in the level of serotonin released in the STN.
The suggestion that prenatal serotonin deficiency may be
responsible for impairment to the innervation of the respi-
ratory organs, leading to a decrease in the number of affer-
ent fibers running from them to the STN, seems very likely,
though it does not exclude the possibility of a sharp de-
crease in the number of serotonin receptors located on their
terminals and involved in glutamate neurotransmission.

These studies show that during the first three weeks of
postnatal life, the respiratory subnuclei of the STN show os-
cillations in the level of expression of mGluR2/3 receptors
suppressing glutamate release. Considering the ability of
glutamate to activate different receptor types, this period of
ontogeny probably involves tuning of neurons to transmis-
sion and realization of excitation, i.e., maturation of the glu-
tamatergic system, subsequently supporting the concordant
operation of all its elements. Serotonin-induced structural
impairments of the glutamatergic receptor network may un-
doubtedly be the basis for the development of respiratory
dysfunction during the postnatal period.
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