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Abstract

Background/Objectives: The neurotransmitter glycine is involved in several physiological
and pathological conditions in the Central Nervous System. Different biological struc-
tures, including glycine receptors and transporters, are under study as targets for potential
drugs acting against serious neurological and psychiatric disorders. The regulation of
glycine release from nerve terminals is only partially understood. We report here prelim-
inary evidence of the modulation of glycine release through presynaptic metabotropic
glutamate receptors 1 (mGlu1) from glycinergic nerve terminals in mouse hippocampi.
Methods: Purified mouse hippocampal synaptosomes labeled with [3H]glycine were used
to study glycine release under superfusion conditions. Results: The group I metabotropic
glutamate receptor agonist 3,5-DHPG potentiated depolarization-evoked [3H]glycine
release from hippocampal synaptosomes, an effect strongly counteracted by the selec-
tive mGlu1 antagonist LY 367385. 3,5-DHPG failed to increase [3H]glycine release in
Grm1crv4/crv4 mice, a mouse model lacking mGlu1. Although further research is needed to
clarify these mechanisms, data suggest that glycine-releasing hippocampal nerve termi-
nals are endowed with presynaptic mGlu1 receptors whose activation potentiates glycine
release. Conclusions: Considering that in the hippocampus, glycine is relevant as a co-
agonist of glutamate at NMDA receptors and that mGlu1 receptor ligands are under study
as potential drugs, we propose that the possible effects of these agents on the release of
glycine should be considered when studying these compounds.

Keywords: glycine; release; hippocampus; metabotropic glutamate receptors; mGlu1;
synaptosomes

1. Introduction
Glycine (Gly) exerts a dual role in the Central Nervous System (CNS): it is a major

inhibitory neurotransmitter (NT) acting at ionotropic Gly receptors [1], and it also par-
ticipates in excitatory neurotransmission because it is a co-agonist of Glutamate (Glu) at
NMDA receptors (NMDARs) [2], and it interacts with other recently discovered excitatory
receptors [3]. Knowledge of Gly-mediated neurotransmission has accumulated over the last
25 years (see, for instance, [4–9]). Regulation of its release from glycinergic nerve terminals
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also has been studied [10–14] although it is only partially understood. Given its involve-
ment in relevant CNS physiopathological conditions, Gly-mediated neurotransmission
has raised interest, as well as because some related biological structures, including Gly
receptors and transporters, are potential targets for novel drugs [15–20].

Modulation of Gly release can also occur through presynaptic metabotropic glutamate
receptors (mGluRs) [13]. Generally, mGluRs are involved in many physiopathological
conditions in the CNS, including presynaptic modulation of NT release; studies related
to such receptors are abundant, including reviews: see [21–23]. Modulators of group I
mGluRs are receiving attention as potential therapeutic agents against CNS pathologies
like schizophrenia (SCZ) [22,24] and neurodegenerative disorders [23,25,26].

The objective of the present study is to determine whether presynaptic metabotropic
glutamate receptors 1 (mGlu1) modulate Gly release in the hippocampus. Our results
suggest the possible existence of presynaptic mGlu1 on Gly-releasing nerve terminals and
their stimulatory effect on the release of Gly from isolated nerve terminals (synaptosomes)
purified from mouse hippocampi. Considering that ligands of mGlu1 are studied as
potential therapeutic drugs and that dysfunctions related to NT Gly are involved in critical
CNS disorders, we propose that the possible effects of such agents on the release of Gly
should be considered.

2. Materials and Methods
2.1. Animals

Adult “Swiss” mice (weighing 20–25 g; Charles River, Calco, Italy) were used. Mice
were housed in the animal facility of the Department of Pharmacy, Section of Pharmacology
and Toxicology, University of Genoa (authorization for animal utilization n. 484, 8 June
2004). Animals were housed at constant temperature (22 ± 1 ◦C) and relative humidity
(50%) under a regular light–dark schedule (light from 7.00 a.m. to 7.00 p.m.). Food and
water were freely available. Animal care and experimental procedures complied with
European legislation (Directive of 22 September 2010, no. 2010/63/EU), the “ARRIVE”
guidelines, and Italian legislation. All efforts were made to minimize animal suffering and
to use only the number of animals necessary to produce reliable results.

In a set of experiments, mice lacking the mGlu1 receptor, Grm1crv4/crv4 mice [27], were
used. Grm1crv4 mice carry a recessive loss-of-function mutation (crv4) in the Grm1 gene that
codes for the mGlu1 receptor. Crv4 is a spontaneous mutation that occurs in the BALB/c/Pas
inbred strain and consists of a retrotransposon long terminal repeat (LTR) fragment inser-
tion. This insertion disrupts the splicing of Grm1, resulting in the absence of the protein [27].
Affected (Grm1crv4/crv4) and control (Grm1+/+) mice were obtained from the animal facil-
ity of the IRCCS Ospedale Policlinico San Martino (Genoa, Italy), where they were main-
tained with the same genetic background by intercrossing Grm1+/crv4 mice. The genotype
of the Grm1crv4 mice was identified by PCR using specific primers, as already reported [28].
Briefly, DNA was extracted from the mice’s tails and amplified by polymerase chain reaction
(PCR) using 2 pairs of primers. The first one (5′-GAGTGTTCACTAGTTCACCCAAGA-3′

and 5′-TCAGGCAACAATAAGGCAAG-3′) flanked the insertion and amplified a product
of 688 and 498 bp for the crv4 mutant and the wild type alleles, respectively. The second pair of
primers (5′-TGTCAGGGATGAACTGAAAGAA-3′and 5′-GCAGCTCAATTCCCAACAAT-3′)
amplified a genomic fragment of 250 bp specific to the LTR insertion of the mutated mGlu1
receptor gene.

2.2. Preparation of Synaptosomes

Animals were sacrificed by cervical dislocation. The whole hippocampi were removed
from the brain as quickly as possible and transferred into an ice-cold physiological solution
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(standard medium) with the following composition (mM): NaCl, 140; KCl, 3; MgSO4, 1.2;
CaCl2, 1.2; NaH2PO4, 1.2; NaHCO3, 5; glucose, 10; HEPES, 10; pH adjusted to 7.4 with
NaOH. The tissue was then transferred and homogenized in a glass–Teflon tissue grinder
with a clearance of 0.25 mm and containing 10 volumes (100 mg/1 mL) of 0.32 M su-
crose buffered at pH 7.4 with Tris-HCl, maintained at 0–4 ◦C. Tissue was homogenized
by performing 12 up–down strokes at 900 rpm in about 1 min. To obtain purified synap-
tosomes [29,30] the homogenate was first centrifuged (5 min, 1000× g at 4 ◦C) to remove
nuclei and debris, and the supernatant was gently stratified on a discontinuous Percoll®

(Sigma Chemical Co., St. Louis, MO, USA) gradient (2, 6, 10 and 20%, v/v in Tris-buffered
sucrose) obtained as follows. Each gradient was prepared at least 12 h before use by strat-
ifying 3 mL of a 10% (v/v) solution of Percoll® in Tris-buffered sucrose upon 3 mL of a
solution of 20% (v/v) Percoll® in Tris-buffered sucrose, pH = 7.4; subsequently, 3 mL of
a 6% and then 3 mL of a 2% solution of Percoll® in Tris-buffered sucrose were stratified.
Stratification of the solutions was performed with a peristaltic pump (flow rate: 1 mL/min).
After gradient preparation, each gradient tube was maintained at 0–4 ◦C in a steady posi-
tion until use. A maximum of 3 mL of supernatant per gradient was stratified. Gradients
were then centrifuged at 33,500× g for 5 min (0–4 ◦C). Each layer between 10% and 20%
Percoll® (synaptosomal fraction) was collected with a pipette, washed by centrifugation
with ice-cold standard medium, and finally resuspended in room-temperature standard
medium and immediately used (see Section 2.3). For further details, see [5]. Protein was
determined according to Bradford [31] using bovine serum albumin as a standard. All the
reagents were of laboratory grade.

2.3. Neurotransmitter Release Experiments

Synaptosomes were incubated at 37 ◦C for 15 min with [3H]Gly (0.3 µM; Perkin Elmer,
Boston, MA, USA), in the presence of 0.1 µM of the selective Glycine Transporter 1 (GlyT1)
blocker N-[(3R)-3-([1,1′-biphenyl]-4-yloxy)-3-(4-fluorophenyl)propyl]-N-methylglycine hy-
drochloride (NFPS; Tocris Bioscience, Bristol, UK). After incubation, identical portions of
the synaptosomal suspension (about 20 µg protein) were distributed as monolayers on
microporous filters placed at the bottom of superfusion chambers in parallel, maintained
at 37 ◦C (Superfusion System, Ugo Basile, Comerio, Varese, Italy), and superfused with
standard medium at a flow rate of 0.5 mL/min [6,13]. After 36 min of superfusion, to
allow the system to equilibrate, three superfusate fractions were collected (t = 36–39, basal
release; t = 39–45, depolarization-evoked release; t = 45–48, basal release). A 90 s period of
depolarization with a physiological medium containing 15 mM KCl (substituting for an
equimolar concentration of NaCl) was applied at t = 39 min of superfusion. The receptor
agonist (s)-3,5-Dihydroxyphenylglycine (3,5-DHPG) was present in superfusion during de-
polarization. The mGlu1 receptor antagonist (S)-(+)-α-Amino-4-carboxy-2-methylbenzene
acetic acid (LY 367385) was added 9 min before depolarization (t = 30 min of superfu-
sion). Fractions collected and superfused filters were counted for radioactivity by liquid
scintillation counting performed with Packard TRI-CARB 2100 TR Liquid Scintillation
Analyzer (Packard Instrument Company, Meriden, CT, USA). All the reagents used were of
laboratory grade.

2.4. Data Analysis

[3H]Gly released in each fraction collected was expressed as a percentage of the ra-
dioactivity content of synaptosomes at the start of the respective collection period (fractional
rate × 100). The depolarization-evoked NT overflow (per cent overflow) was calculated
by subtracting the transmitter content in the fractions corresponding to basal release from
the transmitter content in the 6 min fraction collected during and after the depolarization
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stimulus. The effects of drugs were evaluated by calculating the ratio of the depolarization-
evoked neurotransmitter overflow in the presence of the drug under study versus the
corresponding value calculated under control conditions.

Statistical analysis of the data was performed through the appropriate compari-
son tests, as indicated in the legends of figures and table. Data were analyzed by the
Tukey–Kramer multiple comparison test, the non-parametric Steel–Dwass test, or, when
two means were compared, with the two-tailed Student’s t test. Differences between means
were considered statistically significant for p < 0.05. No data points were excluded from
analysis, and no outlier test was performed. The free software Kyplot 6.0 (version 6.0.2;
KyensLab Inc., Tokyo, Japan) was used for statistical analysis. Sigma Plot 16.0 software
was used for graph drawing.

3. Results
Glycine Transporter 1 (GlyT1) and Glycine Transporter 2 (GlyT2) are the two major

high-affinity transporters for Gly. While GlyT1 is largely located on glia and on some
populations of glutamatergic nerve terminals [17,32], GlyT2 exhibits quite a selective lo-
calization on glycinergic nerve terminals [17,33,34]. Synaptosomal preparations, although
purified, can still contain a certain degree of glial particles (gliosomes) originating from
astrocytes [5,6] that might be endowed with the “glial” GlyT1. Here, hippocampal synap-
tosomes were first incubated with [3H]Gly in the presence of the selective GlyT1 blocker
NFPS to permit [3H]Gly to enter through GlyT2 and preferentially label glycinergic nerve
terminals ([5,6,11,13]: see Figure 1).

Figure 1. Incubation of hippocampal synaptosomal preparations with [3H]Gly in the presence of the
selective GlyT1 transporter blocker NFPS should prevent uptake of the radioactive tracer in glial
particles (blue) and glutamatergic nerve terminals (red); see Results and references therein for details.
Parts of Figure 1 were drawn by using and modifying pictures from Servier Medical Art (Servier;
https://smart.servier.com/, accessed on 9 July 2025).

After incubation, synaptosomes were exposed in superfusion to 15 mM KCl, a depo-
larizing stimulus that causes NT release, essentially, or largely, by external Ca2+-dependent
exocytosis [5,6,35]; in agreement with several pieces of evidence, tritium release evoked

https://smart.servier.com/
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by the depolarization of superfused synaptosomes prelabelled with a tritiated NT with
12–15 mM KCl is an almost completely exocytotic process which reflects the exocytotic
release of the endogenous NT under study [5,6,36–40].

Figure 2 shows the [3H]Gly release evoked by 15 mM KCl and the effects of the group
I mGluRs agonist 3,5-DHPG (30 and 50 µM) and of the selective mGlu1 antagonist LY
367385 (1 µM): when added to the superfusion medium during depolarization, 3,5-DHPG
significantly increased the depolarization-evoked [3H]Gly overflow at concentrations of
30 and 50 µM. LY 367385 did not exhibit any significant effect on its own, and it markedly
reversed the effect of 3,5-DHPG 30 µM.

Figure 2. Release of [3H]Gly evoked by 15 mM KCl from mouse hippocampal synaptosomes and
effects of 3,5-DHPG and LY 367385. Bar data are expressed as per cent overflow and given as
means ± SEM of at least 3 independent experiments. Each experiment includes multiple replicates,
as indicated by triangles that represent each single data plot. * p < 0.05 vs. the respective control value
(Tukey–Kramer multiple comparison test). The spontaneous release of [3H]Gly in the first fraction
collected (basal release) amounted to 3.83 ± 0.26% of the total synaptosomal tritium content (n = 16).

As shown in Figure 3, the per cent potentiation of the depolarization-evoked [3H]Gly
release by 3,5-DHPG amounted to about 35% and 45% with 30 µM and 50 µM of the
compound, respectively. The effect of 30 µM 3,5-DHPG was reduced by about 65% by
LY 367385.

Based on the characteristics of the superfusion technique here exploited (see Section 4.1
and references therein), these results suggest that, in the hippocampus, presynaptic func-
tional mGlu1 exist on Gly-releasing nerve terminals, where they upregulate Gly release,
although further research is needed to better understand these mechanisms. Finally, as
shown in Table 1, the effect of 3,5-DHPG (50 µM) was tested in synaptosomes obtained
from the hippocampi of control and Grm1crv4/crv4 mice, a mouse model lacking mGlu1 [27].
In this set of experiments, 3,5-DHPG potentiated the 15 mM KCl-evoked [3H]Gly release by
about 43% in control mice, while in Grm1crv4/crv4 mice, the same concentration of 3,5-DHPG
failed to increase the depolarization-evoked [3H]Gly release (see Table 1).
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Figure 3. Potentiation of the depolarization-evoked [3H]Gly overflow by 3,5-DHPG, alone and in the
presence of LY 367385; data are expressed as per cent potentiation of the 15 mM KCl-evoked [3H]Gly
overflow in control conditions. Results are means ± SEM of at least 3 independent experiments.
* p < 0.01 vs. the effect of 3,5-DHPG (30 µM) alone (Steel-Dwass non-parametric test).

Table 1. [3H]Gly release evoked by 15 mM KCl and effect of 3,5-DHPG (50 µM) from hippocampal
synaptosomes obtained from control and Grm1crv4/crv4 mice.

Control Mice Grm1crv4/crv4 Mice

15 mM KCl
15 mM KCl

+ 3,5-DHPG
(50 µM)

%
Potentiation 15 mM KCl

15 mM KCl
+ 3,5-DHPG

(50 µM)

%
Potentiation

2.13 ± 0.033
(3)

3.05 ± 0.13
(3) * +43.41 2.18 ± 0.31

(3)
1.90 ± 0.29

(3) −12.84

Data are expressed as per cent overflow and given as means ± SEM of the number of experiments in parentheses.
* p < 0.05 vs. the respective control value with the two-tailed Student’s t-test, t = −6.756955.

4. Discussion
4.1. Methodological Considerations

Purified synaptosomes were chosen as an experimental model, being a suitable
in vitro model to study presynaptic events, including NT release [41,42]. Recently, our
synaptosomal preparations were characterized at the ultrastructural level by electron
microscopy [43,44].

As introduced in Section 3, synaptosomes were labeled with [3H]Gly in the presence
of the GlyT1 transporter blocker NFPS to perform labeling, mainly through GlyT2, and
reduce the labeling of gliosomes. It has to be pointed out that in a few studies, the neuronal
GlyT2 transporters were also found on glia [45,46]; therefore, labeling of residual glial
particles cannot be completely ruled out. However, we believe that this strategy (labeling
of purified synaptosomes with a GlyT1 transporter blocker) should at least minimize the
labeling of the residual glial particles still present in our synaptosomal preparations.

To study NT release from synaptosomes, we exploited the superfusion technique, a
suitable method to study the mechanisms of NT release from nerve terminals, its presynap-
tic modulation, and the possible interactions among presynaptic receptors controlling NT
release [21,35,47–49].
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4.2. Functional Evidence of Presynaptic mGlu1 Able to Increase Gly Release from Hippocampal
Gly-Releasing Nerve Terminals

We here investigated the effects of mGlu1 activation on Gly release in the hippocampus
because (i) modulators of these receptors are the object of several studies and (ii) Gly and
its release are involved in important pathophysiological conditions.

To determine the possible effect of mGlu1 activation on [3H]Gly release, we tested
the effect of the group I mGluRs agonist 3,5-DHPG, which was added to the superfusion
medium at concentrations of 30–50 µM. As shown in Figure 2, the depolarization-evoked
[3H]Gly release was significantly enhanced by both concentrations of the compound, and
the effect of 3,5-DHPG 30 µM was strongly counteracted by the selective mGlu1 antagonist
LY 367385 (Figures 2 and 3). Considering the characteristics of the superfusion technique
(see Section 4.1 and references therein), we propose that these functional results suggest the
existence of presynaptic mGlu1 on Gly-releasing nerve terminals in mouse hippocampi,
where their activation increases Gly release. This is compatible with previous evidence of
presynaptic, NT release-regulating group I mGluRs behaving as auto- or heteroreceptors
(see [21] for a review). Finally, the lack of effect of 3,5-DHPG in Grm1crv4/crv4 mice, a mouse
model lacking mGlu1 [27] is compatible with this view (see Table 1). The existence of
group I mGluRs able to increase Gly release is also in line with data reported by Saransaari
and Oja [7] regarding the upregulation of Gly release by 3,5-DHPG from slices obtained
from the brainstem, an area in which Gly is a pivotal inhibitory NT. However, in many
CNS areas, including the hippocampus, important roles of Gly also involve its “excitatory”
action as a co-agonist of Glu at NMDARs.

With regard to the strength of the effect of 3,5-DHPG, although we did not perform a
concentration–response curve, we tend to consider that 50 µM 3,5-DHPG is a concentration
able to provide an effect relatively close to the maximal one (see [50]).

4.3. Possible Implications of the Upregulation of Gly Release by mGlu1 in the Hippocampus

Novel Positive Allosteric Modulators (PAMs) of Group I mGluRs are indicated as
potential antipsychotic drugs: although studies dealing with metabotropic glutamate
receptor 5 (mGlu5, the other group I mGluR) seem more advanced, mGlu1 receptors can
also play relevant roles; in particular, deleterious mutations in the GRM1 gene, which
encodes for mGlu1, have been related to SCZ [51] and subsets of SCZ patients affected by
such mutations could benefit from mGlu1 PAMs ([52,53]; reviewed in [22]). mGlu1 PAMs
exhibited antipsychotic-like effects in animal models and might play a role against SCZ
([22,24] and references therein), although further studies are required.

Indeed, modulation of the glutamatergic system in different ways is currently a hall-
mark of research against SCZ, especially with the aim of potentiating families of hypofunc-
tional NMDARs [20,54,55]. Gly is a crucial modulator of the glutamatergic system, since it
is an NMDAR co-agonist. Accordingly, one of the approaches in recent research has been
represented by the pharmacological blockade of GlyT1, an intervention which is expected
to increase Gly availability and therefore enhance hypofunctional NMDARs [15,20]. These
considerations are in line with the potential relevance of increased Gly availability at NM-
DARs in the treatment of certain symptoms of SCZ; in this context, we might speculate that,
if group I mGluRs enhancers (including mGlu1 PAMs) can increase Gly release in certain
hippocampal regions (similarly to the effect observed here with the agonist 3,5-DHPG) this
could be in line with the reported antipsychotic potential of these compounds.

Antagonists/Negative Allosteric Modulators (NAMs) of group I mGluRs can be
neuroprotective [56]; interestingly, recent studies suggest potential effects of mGlu1 an-
tagonists/NAMs against neurodegeneration [25,26,50]. We could speculate that, if similar
compounds also reduce agonist-induced Gly release (as observed here with LY 367385),
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this could be linked with neuroprotective effects. NMDARs have both a synaptic and
extrasynaptic localization. Non-synaptic/extrasynaptic NMDARs, generally containing the
GluN2B subunit, can promote neurotoxicity; Gly is preferentially a co-agonist at extrasy-
naptic NMDARs, while the D-amino acid D-serine, rather than Gly, is generally considered
the main co-agonist at “synaptic” NMDARs [57,58]. As a speculation, we propose that,
in case mGlu1 antagonists/NAMs indeed reduce Gly release in vivo, the “neurotoxicity-
promoting” effects of extrasynaptic NMDARs might be inhibited. With regard to Gly–Glu
reciprocity in ischemic and neurotoxic conditions, this should be partially valid, especially
in relation to extrasynaptic NMDARs.

To the best of our knowledge, the concept of Gly modulation could therefore be poten-
tially relevant; in particular, an increase in Gly could be helpful in conditions like SCZ and
cognitive impairments, including those caused by ketamine anesthesia. A selective reduc-
tion in Gly release onto extrasynaptic NMDARs could perhaps be useful to reduce/prevent
neurodegenerative phenomena, but clearly, the extremely complex scenario occurring
at the synaptic level implies that it is still difficult to draw conclusions, and therefore, a
translational impact is still limited.

5. Limitations of the Study
Limitations of the present study include the still-low translational impact of the current

observations due to several reasons. First, these investigations were performed with a
single in vitro technique, which cannot show direct links between the presynaptic release
of Gly and functional responses/changes at the NMDAR level. Second, it is not possible
here to understand whether the described effects indeed play relevant pathophysiological
roles in vivo, and behavioral evidence is missing. As a consequence, our considerations
regarding SCZ and neuroprotection (see Section 4.3) can only be speculative at this stage.
Further investigation is required to address these important points.

6. Conclusions
To conclude, although with caution (see Section 5), we propose that in the hippocam-

pus, modulators of mGlu1 receptors also regulate Gly release. Confirmation/better un-
derstanding of the mechanisms described here requires further investigation. We suggest,
however, that the possible effects on Gly release and their implications should be taken into
account when studying mGlu1 receptor modulators.
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