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Neurons using glutamate as a neurotransmitter can be characterised by vesicular glutamate transporters
(VGLUTs). Among the three subtypes, VGLUT3 is often co-localise with other “classical” neurotransmitters and can
modulate their release. Its contribution to sensory processes (including seeing, hearing, and mechanosensation) is
well characterised. However, its involvement in learning and memory can only be assumed based on its prominent
hippocampal presence. Beside local VGLUT3 positive network hippocampus gets innervation from the median
raphe. This hippocampal glutamatergic network plays a pivotal role in several important processes (e.g., learning

and memory, emotions, epilepsy, cardiovascular regulation).

vesicular glutamate transporter hippocampus Sensory processes learning and memory

emotions

| 1. Introduction

In the central nervous system (CNS), neurons are classified based on the neurotransmitters they express. While
Dale’s principle originally stated that one neuron utilises one neurotransmitter, researchers now know that a cell
can express multiple different molecules to communicate . However, even today, it is still regarded such that
neurons have one main “classical” neurotransmitter type (e.g., excitatory glutamate (Glu) or inhibitory gamma
aminobutyric acid (GABA)) and express numerous other secondary ones, mainly peptides. As these “classical’
neurotransmitters are small molecules, they are often intermediates of the metabolism and thus detectable in all
cells. Therefore, neuron classification is based mainly on the transporter proteins that pack the neurotransmitters
into vesicles, from which the molecules are later released into the synaptic cleft [2. One of the most abundant types
of neurons in the CNS is the glutamatergic cells, which exert excitation in most cases via the release of Glu. Two
distinct protein families transport Glu through membranes: the excitatory amino acid transporters (EAATSs) and the
vesicular glutamate transporters (VGLUTS). EAATSs, being responsible for the termination of the synaptic signal, can
be found in the plasma membrane of pre- and postsynaptic neurons, as well as in glial cells, and thus cannot be

used to characterise glutamatergic neurons [,

On the contrary, VGLUTs are expressed on neuronal synaptic vesicles’ membrane and thought to be characteristic
to neurons only. They belong to the solute carrier family 17, which is a sodium-dependent phosphate transporter
family. To maintain balance of charge, pH, and ions, glutamatergic synaptic vesicle membranes contain V-ATPases

(proton pumps) as well, which establish acidic pH inside the vesicles. VGLUTs themselves carry not only Glu in its
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anionic form but also require CI~ and a cation (preferably H* or K*) to work MEI8! According to Preobraschenski’s
model, in the first conformation state, VGLUTs bind a Glu™ and a K™ molecule from the lumen, while a CI” ion is
constantly bound due to the high affinity [4!. After changing conformation, in the second state, the transporter lets
go of the Glu™ and K" inside and instead gains high affinity to CI~ and H*, which are transported to the cytosol to

restart the cycle.

| 2. Characterisation of VGLUT3
2.1. Anatomical Distribution of VGLUT3 in the Central Nervous System

The DNA sequence of VGLUTS3 is over 70% identical to the other isoforms, and it utilises the same molecular
mechanism to load vesicles with Glu BIBIEIE  Moreover, its presence is enough to induce the glutamatergic
phenotype, as Glu release was detected in GABAergic striatal primary cultures infected with VGLUT3-expressing
lentivirus. After 14 days, Glu release-induced EPSCs were detected in the infected cells, whereas no activation

was observed in the control GABAergic cells .

However, VGLUTS3 also shows numerous distinctive characteristics. Firstly, its anatomical distribution is unique:
while VGLUT1 and 2 show complementary localisation, VGLUT3 appears intermingled with other transporters,
appearing mainly, but not exclusively in subcortical structures. On the mRNA level, it has been shown in neurons of
the cortex (layers Il, 1ll, and VI), caude putamen, amygdala, hippocampus, hypothalamus, nucleus accumbens,
habenula, bed nucleus of stria terminalis (BNST), striatum, ventral tegmental area (VTA), substantia nigra pars
compacta, and midbrain raphe nuclei RIEILOILLIEI1213N14]I5][16] \ith controversial results in the cerebellum (in the

granular layer, molecular layer, Purkinje cells reported in 1, but not found by others [L9&l),

Immunohistochemistry on protein level strengthened the mRNA findings: cortical neurons indeed express VGLUT3
alongside the mRNA 141, Inhibitory interneurons and pyramidal cells expressing VGLUT3 proteins are also present
in layers 1l and IIl of the cortex as well as boutons, representing VGLUT3+ synapses in layers II, Ill, V, and VI 17,
In the hippocampus, pyramidal cell bodies and their dendrites are innervated by VGLUT3+ synapses, while the
stratum radiatum somas were also VGLUT3-positive BIEIL0IE] - Similar results were shown in the neurons of
olfactory bulb, caudoputamen, nucleus accumbens, striatum, hypothalamus, VTA, substantia nigra pars compacta,
and raphe nuclei BIEILLEIL8IIL2021]  Moreover, VGLUT3 is not exclusively expressed in the nerve terminals or
cell bodies but can also be found in dendrites 21, |nterestingly, astrocytes 222 and ependymal cell 118! were

also VGLUTS3 positive; however, in situ hybridization did not confirm this on the mRNA level [EI[131[23],

VGLUT3 is also detectable in the spinal cord. Numerous VGLUT3+ axon terminals can be found in its
intermediolateral cell column, where they form both excitatory (asymmetric) and inhibitory (symmetric) synapses,
putatively having a role in thermoregulation (181241251 The retrotrapezoid nucleus, responsible for chemoreception,
is also innervated by VGLUT3+ projections [28]. However, VGLUT3 mRNA-positive somas were not detected in the
spinal cord 23, Interestingly, in rat, pulpal blood flow was regulated by VGLUT3+ nerve terminals 24, suggesting

the possibility of an even more peripheral projection. Moreover, VGLUT3 immunoreactivity was detected in the
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heart, liver, and kidney but not in intestinal or lung tissue [2&. However, a specific VGLUT3 isoform is characteristic
to the CNS.

2.2. Glutamate as a Secondary Neurotransmitter in VGLUT3+ Neurons

Another interesting characteristic of the VGLUT3 is the fact it is co-expressed with other molecules that are
considered as traditional main neurotransmitters. Controversially, less is known about VGLUT3 co-expression with

non-classical, peptide neurotransmitters.

VGLUT3 is often found in symmetric, thus, inhibitory nerve terminals, especially in the hippocampus and the cortex
BIEIL4IIISI29] - A small portion of cortical GABAergic interneurons that are projecting locally are VGLUT3 positive,
and they also co-express neurokinin B and cholecystokinin (CCK) markers. These neurons form basket-like
arborisations around other, putatively neurokinin B positive interneurons 4l In the hippocampus, glutamate

decarboxylase positive (GAD+), GABAergic neurons also express VGLUT3, indicating that inhibitory interneurons
also release Glu 229][39][31]

Around =7% of the GABAergic neurons in the BNST are positive for VGLUT3 mRNA, and part of them project to
the VTA 332 |n the basal nucleus of the amygdala, a subset of CCK+ GABAergic interneurons also express
VGLUT3, along with cannabinoid receptor type 1 (CB;R) in their axon terminals 233, |nterestingly, these neurons
show little electrophysiological and no morphological differences compared to their calbindin positive counterparts

(211 put they form an interesting invagination type of synapse into the cell bodies of pyramidal neurons 22!,

In the striatum, virtually all cholinergic cells co-express the vesicular acetylcholine transporter (VAChT) and
VGLUT3 BIBIEI |n the basal forebrain (horizontal diagonal band of Broca), cholinergic neurons also co-express
VGLUT3, however, in a more restricted way 122234185] Some of these cells project to the internal plexiform layer
of the main olfactory bulb, although electrophysiological measurements showed that postsynaptic currents are
derived from nicotinic and GABAergic activation rather than glutamatergic 24!, Other cells from the basal forebrain
project to the basolateral amygdala and express both choline acetyltransferase (ChAT) and VGLUT3 [,
Interestingly, in the amygdala, some CCK and CB;R-positive interneurons also express VGLUT3 1. |n the
striatum, VGLUT3 plays a crucial role in the vesicular loading of ACh [B8IE7l and excites local fast-spiking
interneurons via both a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-D-aspartate
(NMDA) (both are ionotropic glutamatergic) receptors. It is thought that this co-release of Glu and ACh plays a role
in the regulation of locomotor activity 28!, Similar results were found in basal forebrain nuclei such as the medial
septum, diagonal bands, and nucleus basalis 12,

Midbrain raphe nuclei are mostly known for their 5-HT content, which is marked by serotonin transporters (SERT).
Interestingly, in these cell groups, SERT+ and VGLUT3+ markers are often co-expressed, but they can also be
found separately BIEBIL114][391[40][411[42][43][44] ' Terminals originating from serotonergic neurons often co-express
VGLUT3 in the cortex, especially in layers 1I/lll 241, The source of these terminals is mainly in the dorsal raphe

(DR) [131[41][43][44][45][46] \yhich also projects to the striatum 3, Interestingly, these axons form varicosities that are
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morphologically larger than others 43, Other projections in the VTA and nucleus accumbens play a role in reward
signalling (281471481 | VVTA, both 5-HT and Glu originating from VGLUT3+ axon terminals are released, contributing
to social stress susceptibility: their inhibition facilitated social avoidance after subthreshold social defeat stress 47,
However, it is unknown whether the VGLUT3+ subpopulation plays a role in this. In another study, it was shown
that the VGLUT3+/5-HT+ DR projections to VTA dopaminergic neurons were excitatory and induced DA release in
the nucleus accumbens, positively driving conditioned place preference 48, Similarly, 5-HT and VGLUT3 co-
localisation was detected in the DR-basal amygdala projections, possibly contributing to fear memory 22, In the
basal amygdala, the axon terminals either release 5-HT or Glu based on the frequency of firing Y. Other than
these areas, DR VGLUT3+ neurons also project to the substantia nigra pars compacta, different thalamic and
hypothalamic nuclei, where they do not necessarily co-express 5-HT, and their somatas are mainly located in the
shell region of the DR 12l Additionally, there is a subset of VGLUT3+ cells in the superior colliculus that also
project to substantia nigra pars compacta and form asymmetric and thus excitatory synapses on local

dopaminergic neurons B4,

In another known serotonergic nucleus, the median raphe (MR), Glu released from VGLUT3+ vesicles can be the
main neurotransmitter, but it can also be found in serotonergic as well as—in small percentage—in GABAergic
neurons 8IL752] |nterestingly, primary raphe cell cultures from VGLUT3 KO mice show vulnerability and are less
likely to survive in vitro compared to cells isolated from wild-type animals 2. However, there seems to be
topological heterogeneity in the neurochemical characteristics of differently projecting serotonergic and VGLUT3+
axon varicosities. For example, in the cortex, hippocampus, nucleus accumbens, and striatum, most varicosities
expressed both SERT and VGLUT3 markers 4353 On the other hand, Voisin et al. ¥9 showed the opposite
results: in the septum, striatum, and hippocampus, these two markers were barely co-expressed in the same
varicosities. Similarly, in the hippocampus, second rhombomere (R2)-derived, Petl+ (transcription factor known to
represent serotonergic cells B4]) boutons were mostly VGLUT3+ but not 5-HT+ B3, However, serotonergic neurons
originating from other rhombomeres co-expressed VGLUT3+ and 5-HT in their terminals. As of now, it is unknown
whether this is a technical difference (antibody, different animal strains) or physiologically important observation
related to functionality. It is important to note that while this segregation (i.e., 5-HT+, GLUT3+, or co-expressed) in
MR-hippocampus projections was confirmed B8 it was also highlighted that VGLUT3 may be co-expressed in
vesicular monoamine transporter 2 positive (VMAT2+) and 5-HT+ terminals even if they were negative for the
SERT marker. As of now, it is believed that this co-expression facilitates the vesicular filling of the main
neurotransmitter (so-called vesicular synergy) B8IB8IE7 However, in the case of GABAergic co-expression, both
pro 58 and contra BUBY arguments have been published, leaving the question open. A most probable explanation
is that the same projection may have different subtypes based upon their co-expression profile, and different
authors found different populations in their samples by chance. The co-expression of “classical” neurotransmitters

may be further coloured by an array of peptide co-transmitters [61162],

Similar to the midbrain raphe nuclei, VGLUT3 can be found alone or co-expressed in a subset of putatively
GABAergic and/or aminergic cells in the medullary raphe nuclei, such as the raphe pallidus, raphe magnus, raphe

obscurus, and parapyramidal area. They send projections to the spinal cord (see earlier) 18241 |t has also been
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suggested that VGLUT3 is also co-expressed with VGLUT1 and 2, but this seems to be brain area [ and species

specific (might be different even between rats and mice) [2163],

Interestingly, VGLUT3 has the ability to signal retrogradely 264l Crepel et al. showed that cerebellar principle cells
utilise Glu released from VGLUT3 containing vesicles to retrogradely signal and regulate incoming signals. In the
cortex, VGLUT3 is also present in the dendrites of layer Il principal cells and may negatively control the input from

local interneurons [18,

2.3. Electrophysiological Characteristics of VGLUT3

Lentiviruses containing the sequences of the three VGLUT isoforms were used in primary autopathic cultures from
VGLUT1 KO hippocampal and VGLUT2 KO thalamic tissue for direct comparison. All three types of VGLUT
expression rescued the deficit in EPSC peaks and charges and showed no significant differences from
hippocampal VGLUT1 wild-type (WT) neurons or from each other. Thus, it was concluded that all 3 isoforms
perform the basic function in a similar manner. However, compared to WT VGLUT1+ and lentiviral-rescued
VGLUTL1 cells, VGLUT2 and VGLUT3-expressing neurons showed significantly greater release probability

indicated by increased paired-pulse depression .

Table 1 shows some representative VGLUT3+ neuron populations in comparison to general GABAergic
interneurons and their electrophysiological characteristics. Even though they are located anatomically differently,

their major characteristics do not vary in great length.

Table 1. Electrophysiological characteristics of different VGLUT3 containing and non-containing interneurons in the

central nervous system.

GABAergic GABAergic VGLUT3+ VGLUT3+
Interneurons in Interneurons in the Interneurons in Interneurons in
the Cortex Hippocampus the Amygdala the Hippocampus
Resting mer_nbrane -57.48—49.40 NA NA 59 00--56.90 mV
potential mV
Input resistance 219'7&_319'61 107.89 MQ 168.10 MQ 149.70-158.50 MQ
Action potential T32.67-2r 82 ~42.81 mV ~38.80 mV ~41.90--39.86 mV
threshold mV
Action potential - 7; 35 86,11 mv 74.27 mV 71.60 mV 55.70-57.40 mV
amplitude
Firing frequenc 19.34-52.48 Hz 15.00 Hz 31.50 Hz 31.30-34.90 Hz
g frequency (2x) (steady trace) (2x) (2x)
Amplitude of after- g 5 17 63 my 12.68 mv 14.70 mV ~11.80—-10.30 mV
hyperpolarisation (new method)
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GABAergic GABAergic VGLUT3+ VGLUT3+
Interneurons in Interneurons in the Interneurons in Interneurons in
the Cortex Hippocampus the Amygdala the Hippocampus
Co-transmitters CCK CCK CCK, GABA CCK, GABA
(65] 59]
Reference ) gll subtypes [66] 21] , b(_)th subtypes
displayed displayed 6 1
239-248.

The expression of VGLUT3 does not change the main properties of the interneurons. For detailed information and

2. Takamori, S.; Rhee, J.S.; Rosenmund, C.; Jahn, R. Identification of a vesicular glutamate _
results, please refer to each original research article. CCK: cholecystokinin; NA: not availabl&; VGLUT3: vesicular

transgorter that defines a glutamatergic phenotype in neurons. Nature 2000, 407, 189-194.
glutamate transporter type 3.

3. Robinson, M.B. Acute regulation of sodium-dependent glutamate transporters: A focus on

| 3°THPIFcAtioh S Ot VEIUTS i PRySTology 1o 2517275

4. Preobraschenski, J.; Zander, J.F.; Suzuki, T.; Ahnert-Hilger, G.; Jahn, R. Vesicular glutamate
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pat%aﬁmg;fﬂhéﬁé%eeded for auditory coding, as without properly functioning proteins, the stereocilary bundle
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fibres also utilise VGLUT3 to signal pleasant touch information 6376177 However, unpleasant sensory information

dr WY &R Moz DEIRNG &R 1Rt IOy 2l ra R SPPATY RSk i ERlay between VGLUT isoforms

and endophilin A1 regulates neurotransmitter release and short-term plasticity. Neuron 2011, 69,
Théb&ﬁ'rc%ﬁ@n of VGLUTS3 in endocrine regulation was confirmed by several studies. Firstly, glutamate may
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of @SrBYBHFH@@ECn@Q%gf 3]‘ N@ﬁ%&'.‘%ﬁé??z?’éﬁ A@X@&rﬁgmic—pituitary adrenocortical axis, HPA), the

corticotropin-releasing hormone (CRH) was increased in VGLUT3 KO mice and the stressor-induced
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somagcriawelt, 39. IrERfigesstikiduwgs) Svaigwibeardinntsfds egitl @nglatalementyaNopeRvers an tieakghstressors

dedneafesRhentUNearcdnNge L2085, Bewgns in the DR, where inputs from the central amygdala might play a

significant role 82, ,
11. Herzog, E.; Gilchrist, J.; Gras, C.; Muzerelle, A.; Ravassard, P.; Giros, B.; Gaspar, P.; El
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indicaigpansae 3fiv®asabforebraivyssmie stsspypues Fécificiretridrads, sighatinglbyeadetinergiges in the
expnezsionsf BAGLUTHNbaveswe 2003 ris), ihO%y Beb®B82hemia model. Ischemia is one of the leading causes of

e alcamEar 1RAB, P STRGRRE R ) W EREARS LIS 0ROl ¢ cerebra

iscfwmia an e effecli of VGLUTSs for._excitoto icit)éfollowingsan ischemia—{eﬁerfusion chaIIFn%e has long been
aneko esicular glu amate transpor er'o-expressing nonserotonergic projection neuron

ised (80lI87I[88] "(atg il this topic. In contrast 1o the transient | in VGIU tei
recBhStilte a subragdAh Hhe TRE S dBHAI rasie SR 3 duMp. [EERL 515618, \has  bhgroten
levels during the first 3 days of reperfusion, VGLUT2 and 3 was reported to be downregulated in the cerebral
14 rtdiokhdtdaadfiyaimen for Aigkamura, K.; Wu, S.X.; Matsuda, W.; Kaneko, T. Chemically specific

circuit composed of vesicular glutamate transporter 3- and preprotachykinin B-producing
| 4 CRATaCtErSHES o the VL UTI KO Mige”™
15. Kudo, T.; Uchigashima, M.; Miyazaki, T.; Konno, K.; Yamasaki, M.; Yanagawa, Y.; Minami, M.;
AmppatEisbEeaNuThiPEs. tyiabY bF ARtiFostRiTriR AR projestisP AreHn! dfeliirit! 3ilicReiadab Mg StAKO mice die
aropgghieaND g0 Whde Kt tgmBrralciaah hitth BHETREEYa. Neurosci. 2012, 32, 18035-18046.

1\§G ‘I_sttﬂ{f ﬁ%rﬁﬂalé I%%'(L.npr@glneéé\i/'g‘ H%Qj?éod 'rcgd 1%8&}%0 f?lcﬂ:lc}iﬁ gV bﬂ AY Hésgl én\élﬁr%mm%ﬁ‘oh %Hy &Wﬁﬁg
its Fofg- ffoRXAreshiPRiy et ickii PN aEe KansRe GER A G TR RRRLY e RidE BlRishable.
HoWRRE LR S Al medulankianhe arddntermadinifsr aboe el ihshiSSoARn Nesiely 2/PRila-

typé"%i’cé??n_%UTl KO animals during the following 2 weeks, a sharp decrease in residual activity was
19etessphoayt 0. MRS ABD RBANYS, hprelialry ERMeiiemyasesFeNialy simisingdansiog o death.
Watanabe, M.; Somogyi, P. GABAergic basket cells expressing cholecystokinin contain vesicular
VORI QLS P SHB I &8 A 0RP S iR RIS AL PR B RRTATS M AV B ARIBLE S5aa@sedhete
pre(ﬁcﬂﬂpgg{ cgmplﬁg,ﬁ’ée]u%@gﬁréﬁ(ygLbe’Jsgg,_gggheterozygous VGLUTZ2 +/- mice are not obviously different

from their WT littermates, despite expressing 50% less VGLUT2 protein 3. However, various behavioural tests

Leblarka el a0 G BB 16431 Wbt R eiiniCartn AR Firtamie MBI S onty: SRRSEMys,

cothBrfech]etragJ?é‘iﬁv@éié?@”@d@fén%%‘%a%im'E)Lﬁgli"ﬁb %@9%@99&?Qkﬁﬁi@%%’?%ﬂ&f&%f%mﬁg and

meGRIRg At HOBIRIRI SHIAPRASHIMAYR POt IRAReLe kY RIE DAL OliMER IFYIBROMIAMAURY 5006

redHABRPAHES gmﬁlit'ﬁ'(?éjW%Eior%QrQébL%A?ef]é%Zg_ef}gﬁé'in VGLUT1 null hippocampal and VGLUT2 null thalamic

1lgideres: Sbituron, N.; Sterlin, A.; Vigneault, E.; Morel, L.; Matrot, B.; Ramanantsoa, N.: Amilhon,
B.; Poirel, O.; Lepicard, E.; et al. The vesicular glutamate transporter VGLUT3 contributes to

CoRFBRe LR S YAt R BHRASH BB KRGS PRJ NGB U off>'5{ B3 K6 glce are viable and reach

adulthood without any need for intervention 2. It is logical to assume that the elevation of VGLUT1 and 2
nlpiHisRe Roaukatalhy Ve GESIVRR% @ meealoReler EANAESR- bha BoeHE?s (bSAHBIRE iR
and”BRILAIRN, QT ool HURIPHRIRIeaeRRES EPNHYSHEVERYTETRENAHAN HRRNSIBILIRE of other
biogﬂQM%‘an'm% b%QBtéﬂa&oC%mHFbi@O&épénﬁZ%%, GABAergic, or neuropeptidergic (substance P,

2aNRBIARIFSgEISHAN Werp &yl 2 heikGr, A.; Mate, Z.; Szabo, G.; Hajos, N. Morphological and
physiological properties of CCK/CB1R-expressing interneurons in the basal amygdala. Brain

VGgltJr'[j?tt!(Euw&em nglrg}gﬁs{n%%%c_opic anatomical discrepancies in the brain compared to their WT

littermates 191, Although in vitro raphe primary cell cultures that lack VGLUT3 are less likely to survive #9 in vivo

VGLUT3 KO mice do not show reduced serotonergic cell number in their midbrain raphe nuclei. However, in the
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