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A B S T R A C T

Episodic memory and related forms of learning depend critically on the hippocampus, whose activity is regulated 
by brainstem inputs that remain incompletely understood. The midbrain median raphe region (MRR) is a key 
regulator of forebrain circuits and, while classically recognised as serotonergic, many of its neurons also release 
glutamate. Notably, a subset of MRR neurons projecting to the hippocampus expresses the vesicular glutamate 
transporter type 3 (VGLUT3), suggesting a glutamatergic contribution. Moreover, electrophysiological data 
indicate that these MRR-VGLUT3 + neurons influence hippocampal oscillations and therefore, hippocampus- 
dependent learning and memory. Our goal was to investigate the role of MRR-VGLUT3 + neurons in 
hippocampus-dependent learning and memory. Using VGLUT3-Cre mice of both sexes, we employed adeno- 
associated viral vectors to selectively activate MRR-VGLUT3 + neurons during the water maze task, a known 
hippocampus-dependent behavioural paradigm. Neuronal excitation was achieved by chemogenetics (DREADDs) 
or, to probe temporally restricted effects, by optogenetics (Channelrhodopsin2) during the spatial reference 
memory phase. Given the involvement of MRR and VGLUT3 + neurons in locomotion and anxiety-like behav
iours, open field and elevated plus maze assays were also performed but yield inconclusive results. We found that 
chronic chemogenetic excitation did not alter learning but enhanced long-term memory performance, a finding 
replicated in an independent cohort. In contrast, acute optogenetic excitation had no effect, suggesting that MRR- 
VGLUT3 + neurons may contribute to memory related processes in a temporally specific manner.

1. Introduction

Learning and memory are complex physiological process supported 
by interactions across multiple brain regions. Among these, the hippo
campus is a central structure, essential for episodic (Danieli et al., 2023) 
and spatial memory (Vann and Albasser, 2011). In addition, to cortical 
inputs, brainstem structures also influence hippocampal function, 
though their regulatory mechanisms remain less well understood.

The median raphe region (MRR) is one of the midbrain raphe nuclei 
that provides serotonergic projections to the forebrain. It heavily in
nervates the hippocampus (Kohler and Steinbusch, 1982; Freund, 1992; 

McKenna and Vertes, 2001) and regulates hippocampal ripples and 
theta oscillations (Wang et al., 2015a; Bland et al., 2016), thereby 
potentially influencing learning and memory (Almada et al., 2009; 
Wang et al., 2015a; He et al., 2022). A key role of the MRR is hippo
campal desynchronization (Maru et al., 1979; Jackson et al., 2008; 
Crooks et al., 2012), achieved in part through the excitation of local 
inhibitory interneurons (Freund et al., 1990; Varga et al., 2009). Despite 
this well-established physiological role, the behavioural effects of MRR 
activity on learning and memory are often controversial or context 
specific. For instance, optogenetic stimulation of the MRR after 
contextual fear memory training impaired memory consolidation (Wang 
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et al., 2015a), whereas our previous work demonstrated that opto
genetic stimulation enhanced remote contextual fear memory, while 
inhibition impaired it (Balazsfi et al., 2017). The relevance of MRR 
function to memory processes is further supported by evidence linking 
the serotonergic system to Alzheimer’s disease (AD), one of the most 
common dementias (Geldenhuys and Van der Schyf, 2011; Eremin et al., 
2023). In animal studies, MRR lesions caused long-term memory (LTM) 
deficits (Melik et al., 2000; Silva et al., 2002), but spared acquisition or 
short-term memory (STM) in contextual fear paradigms (Melik et al., 
2000).

Overall, these findings support a regulatory role of the MRR in 
learning and memory, which may be mediated via parallel serotonergic 
and non-serotonergic systems (Crooks et al., 2012). A substantial pro
portion of MRR neurons are glutamatergic, characterised by the 
expression of vesicular glutamate transporters (VGLUT) (Gras et al., 
2002; Jackson et al., 2009; Sos et al., 2017; Szonyi et al., 2019). Among 
these, VGLUT3 (Fremeau et al., 2002; Schafer et al., 2002) is frequently 
co-expressed with other primary neurotransmitters (Gras et al., 2008; 
Zander et al., 2010). Within the MRR, a significant proportion of neu
rons are non-serotonergic-VGLUT3 + , alongside 
serotonergic-VGLUT3 + neurons (Sos et al., 2017). 
MRR-VGLUT3 + terminals densely innervate the hippocampus and, in 
the CA1 region, form functional NMDA receptor-containing synapses on 
local interneurons (Szonyi et al., 2016; Fortin-Houde et al., 2023). It has 
been proposed that non-serotonergic MRR neuronal populations 
coupled to hippocampal theta and ripple oscillations are glutamatergic 
(Viana Di Prisco et al., 2002; Wang et al., 2015a). Consistently, the 
inhibitory influence of MRR on hippocampal ripple events proved to be 
only partially serotonergic (and indirectly GABAergic), suggesting that 
glutamatergic neurons mediate the profound inhibition of ripple activity 
(Wang et al., 2015a). Supporting this, serotonergic MRR neurons exhibit 
little coupling to hippocampal theta oscillations, whereas 
VGLUT3 + neurons show strong coupling (Huang et al., 2022). 
Together, these anatomical and electrophysiological findings point to a 
critical role of the MRR glutamatergic neurons in regulating hippo
campal network activity. However, their specific contribution to 
hippocampus-dependent behaviours remains unknown.

We aimed to investigate how MRR-VGLUT3 + neuronal activity in
fluences hippocampus-dependent learning and memory in the Water
maze (WM) behavioural paradigm. Because both MRR and 
VGLUT3 + neurons have been implicated in locomotion and anxiety-like 
behaviours (Amilhon et al., 2010; Bland et al., 2016; Abela et al., 2020; 
Kljakic et al., 2022), animals were also screened in the open field (OF) 
and elevated plus maze (EPM) tests to control for possible confounding 
factors. To achieve cell-specific excitation, we used VGLUT3-Cre mice 
and Cre-dependent viral vectors encoding either excitatory designer 
receptors (chemogenetics) or Channelrhodopsin2 (optogenetics).

Reproducibility was explicitly addressed through an independent 
replication cohort of chemogenetic experiments conducted in another 
lab, thereby strengthening the reliability of our findings (Munafo et al., 
2017). Concerns have been raised about behavioural variability in 
neuroscience research, particularly due to extensive inbreeding of 
mouse strains, which can produce divergent phenotypes not only across 
strains but potentially across laboratories, sometimes yielding contra
dictory results (Montkowski et al., 1997; Van Dam et al., 2006; Matsuo 
et al., 2010; Sultana et al., 2019). This issue has been highlighted as part 
of the so-called reproducibility crisis in science (Munafo et al., 2017). To 
address this, chemogenetic experiments were conducted in two differ
ently bred VGLUT3-Cre mouse lines (one locally engineered and one 
commercially acquired) across two independent laboratories located in 
France and Hungary. Chemogenetics was performed at Sorbonne Uni
versité (Paris, France), while both chemogenetics and optogenetics were 
conducted at the Institute of Experimental Medicine (Budapest, 
Hungary). Experimental protocols, handling procedures, and environ
mental conditions were standardized across sites unless otherwise 
specified.

2. Materials and methods

2.1. Animals

All VGLUT3-Cre male and female mice were obtained from local 
colonies. In France, animals on a C57BL/6 N background were bred 
locally from heterozygous breeding pairs and genotyped by PCR, while 
in Hungary, the colony was established from an original breeding pair 
obtained from Jackson Laboratories (strain # 018147), originating from 
homozygous breeding pairs. Mice were housed in groups of 2–5 in 
Macrolon cages (40× 25× 26 cm) under a standard 12-hour light–dark 
cycle (lights on at 7 a.m., 21 ± 1◦C, 50–60% humidity), with food 
(standard mice chow, Charles River) and tap-water available ad libitum. 
All animals were accustomed to handling for 3–4 days before the start of 
the experiments.

All animal procedures were approved by the relevant animal care 
committees: Sorbonne Université (Ministère de l′Agriculture et de la 
Forêt, Service Vétérinaire de la Santé et de la Protection Animale, 
authorization #01482.01, ethics committee Darwin #5) and the Insti
tute of Experimental Medicine (Workplace Animal Welfare Committee 
of Institute of Experimental Medicine and National Scientific Ethical 
Committee on Animal Experimentation of Hungary; PEI/001/33–4/ 
2013, PE/EA/254–7/2019). Experiments were conducted in accordance 
with the European Communities Council Directive recommendations for 
the care and use of laboratory animals (2010/63/EU). The study com
plied with the ARRIVE guidelines.

2.2. Surgery

VGLUT3-Cre mice underwent stereotaxic surgery (David Kopf In
struments) as described previously (Balazsfi et al., 2017, 2018; Fazekas 
et al., 2021; Chaves et al., 2022). Surgeries were performed under 
anaesthesia with a mixture of ketamine (100 mg/kg) and xylazine 
(10 mg/kg). Cre-dependent adeno-associated viral vectors (AAVs from 
Addgene, details bellow) were injected into the MRR (AP: − 4.1 mm; L: 
0 mm; DV: 4.6 mm from Bregma) (Fig. 1a).

For chemogenetic experiments (France: main dataset; Hungary: 
extended dataset), the injected AAV (serotype 8, 40 nL) encoded either 
excitatory designer receptors exclusively activated by designer drugs 
(DREADDs) with red fluorescent protein (RFP) as reporter (Addgene 
#44361; n = 6♀6♂) or RFP only (Addgene #50459; n = 6♀7♂). Animals 
were allowed 14 days recovery and viral expression period before 
behavioural testing. The replication study conducted in Hungary strictly 
followed the same procedures. Additional details and necessary differ
ences are provided in Supplementary Data. In a preliminary experiment 
an additional group was included, which expressed inhibitory DREADDs 
(Addgene #44362; n = 4♀3♂) and RFP. However, due to experimental 
animal availability and lack of effect on the behavioural outcome in the 
WM task, this group was omitted from further experimental designs. The 
preliminary results of this experiment can be seen in Supplementary 
Figure 2, which shows the results from Fig. 2a-d for the control and 
excitatory groups, alongside the inhibitory group (black). The statistical 
tests do not contain the dataset of the inhibitory group.

For optogenetic experiments (Hungary), AAVs (serotype 5, 40 nL, 
Addgene #26973) encoded Channelrhodopsin2 (ChR2) with enhanced 
yellow fluorescent protein (EYFP) as a reporter protein in the excitatory 
group (n = 6♀7♂) (Balazsfi et al., 2017, 2018). Control animals 
(Addgene #27056, n = 4♀8♂) received viral injections encoding only 
EYFP. Two weeks post-surgery, custom-made optic fibres (multimode 
optical fibres, flat tip, 0.22 NA, low-OH Ø105 µm core, FG105LCA, 
Thorlabs Corp.; flanged zirconia ferrule [LC MM C35 Chamfer Ferrule 
127 µm with Flange, Senko]) were implanted above the MRR (AP: 
− 4.8 mm; L:0 mm; DV: − 4.1 mm; 10◦ inclination to posterior) and 
secured to the skull with screws and acrylic resin (Duracryl Plus; Spo
faDental). Following surgery, animals were housed individually and 
allowed a further 2-week recovery period. During the last five days of 

C.L. Fazekas et al.                                                                                                                                                                                                                              Progress in Neurobiology 260 (2026) 102904 

2 



Fig. 1. Preparation and timeline of the experiments. (a) Schematic illustration of the basis of chemogenetic and optogenetic stimulations. AAVs were injected into 
the MRR (AP: − 4.1 mm; L: 0 mm; DV: 4.6 mm from Bregma). In order to specifically target VGLUT3 + neurons, Cre-dependent AAVs (including lox2722 and loxP 
cleaving sites) encoded our target genes and a reporter protein in an opposite reading order, and VGLUT3-Cre mouse strains were used (males and females). In 
chemogenetics, we utilised DREADDs which were activated by intraperitoneal injection of CNO (1 mg/mL/kg), and expressed RFP as a reporter. With optogenetics, 
ChR2 was expressed, which is activated by blue laser (473 nm, 5 ms square pulse + 45 ms break, 20 Hz), and EYFP was used as a reporter. In both cases control 
animals received viral injections, but only the reporter protein was expressed. The brain slice shows a representation of a proper viral expression in a VGLUT3-Cre 
mouse, stained for anti-EYFP with Ni-DAB. (b) Timeline of the experiments. After the stereotaxic viral injections (indicated by schematic syringes and AAV vectors), 
incubation time for proper viral expression was at least 2 weeks. In the case of optogenetics, an additional 2-week recuperation and habituation was added after optic 
fiber implantation (indicated by schematic optic fiber). In order to ensure that the task for SRM is well learnt and the effect on spatial learning can be studied, the 
three days of cue task of the WM was executed (no CNO injection, or optogenetic excitation). Mobility and anxiety-like behaviour, major confounding factors for the 
outcome of WM, were measured by 10 min in the OF test and on the EPM. After 5 days of SRM task, a STM probe (at 10 mins) and a LTM probe (at 72 h) was 
conducted. Under the pictograms of OF, EPM and WM SRM task, the different excitation methods are represented. Chemogenetic excitation (CNO injection 30 mins 
before the start of OF, EPM and WM SRM task) is indicated by a pictogram showing a mouse being injected. Optogenetic excitation (at 20 Hz) during experiment 
(periphery in OF, center of EPM, 10 s while on the platform during WM SRM learning days) at 20 Hz. At the end of the experiments the animals were sacrificed and 
their brains were collected for viral expression validation. Abbreviations: AAVs: Adeno-associated viral vectors; AP: anterior-posterior; ChR2: Channelrhodopsin2; 
CNO: clozapine-N-oxide; DREADDs: designer receptors exclusively activated by designer drugs; DV: dorso-ventral; EPM: elevated plus maze; EYFP: enhanced yellow 
fluorescent protein; Gq: DREADD receptor inducing Gq excitatory pathway; L: lateral; LTM: long-term memory probe; MRR: median raphe region; Ni-DAB: nickel-3.3′- 
diaminobenzidine; OF: open field; RFP: red fluorescent protein; SRM: spatial reference memory task; STM: short-term memory probe; VGLUT3: vesicular glutamate 
transporter type 3; WM: Watermaze test.
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recovery, mice were habituated to the patch cords by daily 10-minute 
training sessions to adapt to their weight and handling.

2.3. Behavioural testing

Watermaze (WM) experiments were conducted between 12 a.m. and 
5 p.m., while open field (OF) and elevated plus-maze (EPM) tests took 
place between 9 a.m. and 2 p.m. The experiments were recorded by a 
ceiling-mounted camera (Samsung SNB 7000) and automatically ana
lysed by ANY-maze (WM, France,) or Noldus Ethovision XT 15 (OF, EPM 
in France and Hungary, WM in Hungary). The experiments were per
formed as presented on the schematic timeline of Fig. 1b.

2.3.1. Open field (OF) test
Animals were put into an empty white plastic arena (France: 50×

50× 40 cm, Hungary: 40× 36× 15 cm) for 10 min with a lightning of 
~25 lux in the centre (75% of the floor surface). Distance moved, fre
quency and time spent in periphery and centre were analysed 
automatically.

2.3.2. Elevated plus maze (EPM) test
Animals were placed onto the central zone of the EPM apparatus 

(67× 7× 30 cm, 50 cm above the floor). The mice could freely explore 
the apparatus for 5 min. The test was conducted with lightning of ~25 
lux in the open arms.

The number of open arm entries, closed arm entries (anxiety-inde
pendent indicator of activity), total distance moved, and time spent in 
each compartment were measured automatically. Percentage of open 
arm entries, representing locomotor-independent anxiety (Pellow et al., 
1985; Lister, 1987), were calculated based on the total amount of entries 
in open and closed arms as followed:

% of open arm entries = (number of open arm entries / sum of all 
arm entries)× 100

2.3.3. Watermaze (WM) tasks
The WM study consisted of three phases: cue task (CT), spatial 

reference memory (SRM) task and the test phases (probes) (Daumas 
et al., 2017). The tanks (France: 1.6 m, Hungary: 1.8 m in diameter) 
were filled up with 21 ± 1◦C water and made opaque with aquasol or 
white tempera (respectively in the two countries). The animals were 

Fig. 2. Results of chronic chemogenetic excitation of MRR-VGLUT3 þ neurons. (a) In the Cue task of the WM, all animals could learn the exercise, without 
differences between the groups (no manipulations). (b) Chemogenetic activation of the MRR VGLUT3 + neurons did not affect the learning curve during SRM task 
(c) With chemogenetics, there was long-term effect after the repeated excitation of the MRR VGLUT3 + neurons: animals found the (missing) platform and its 
approximate area (×2) (d) faster even 72 h later compared to the control mice, who showed natural decline in their performance. During STM, there was no dif
ference between the groups. (e) Quadrant preference during STM probe (10 mins) exceeded the random chance (25%) for both the control and the excitatory groups. 
(f) During LTM probe, both group had higher than random chance (25%) preference for target quadrant. Insert: schematic representation of the WM paradigm. Mice 
had to learn the place of a platform (1 cm under the surface of the water) within time limit. Extramaze cues were provided. During STM and LTM probes, the platform 
was removed, and the latency to reach its exact placement (PF zone), or its approximate placement (×2 the original size; extended platform zone) within 60 s. 
Quadrants were labelled in relation to the target quadrant (that originally contained the platform): AR, AL and O. Data are expressed as mean±SEM. The detailed 
results and statistical tests of the replication cohort can be found on Supplementary Table 1. Abbreviations: AL: adjacent left; AR: adjacent right; CT: cue task; LTM: 
long-term memory; MRR: median raphe region; O: opposite; PF: platform; SRM: spatial reference memory; STM: short-term memory; T: target quadrant; VGLUT3: 
vesicular glutamate transporter type 3. (c) and (d): # p < 0.05 vs STM probe; ** p < 0.01 vs control; (e) and (f): *** p < 0.0001, ** p < 0.0002, * p < 0.05 vs 
random chance 25%.
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randomly divided into two equal batches, each of them having their 
separate random order of target quadrant and starting points. All mice 
were single caged 30 mins before the start of the experiment for che
mogenetics studies, and at the time of the optic fibre implantation for the 
optogenetics study. Training consisted of 4 daily trials, each lasting a 
maximum of 90 s or until the animal found the platform (platform 
diameter: 9 cm in France, 10 cm in Hungary). Animals that failed to find 
the platform within the allotted time, were guided to it. Once on the 
platform, mice were allowed to rest for 10 s before removal and being 
placed under a heating lamp or on a heating pad.

Training started with the CT protocol which lasted 3 days with an 
intertrial interval (ITI) of 20 min. The tank was surrounded by curtains 
(~80 lux inside) to block external spatial cues. The platform, placed 
1 cm below the water surface, was cued with a colourful 20 mL Falcon 
tube. Across trials, the platform was positioned to the centre of a 
different quadrant (northwest, southwest, northeast, southeast), and 
animals started from different points (north, south, west, east), always 
facing the wall. Learning was considered successful when animals could 
reach the cued platform within 15 s. No treatment was administrated 
during this phase.

The SRM task was used to assess spatial learning and memory. 
During this phase, the curtains were removed, and distal spatial cues in 
the room were continuously visible (~80 lux in the middle of the tank). 
For each cohort, one quadrant (northwest or southeast, hereafter 
referred to as the target quadrant) contained a hidden platform sub
merged 1 cm below the water surface. Training lasted 5 days with an ITI 
of 10 min.

Short-term (STM) and long-term memory (LTM) were assessed by 
running two 60 s probe trials in which the platform was removed. STM 
was tested 10 min after the final SRM training trial. To prevent memory 
extinction, an additional training trial was given immediately after
wards, but was not evaluated. LTM was assessed 72 h after the first 
probe trial.

2.3.4. Chemogenetic excitation during experiments
Half an hour before of 1) the OF session, 2) the EPM session, and 3) 

the daily WM SRM training, animals received an intraperitoneal (ip.) 
injection of clozapine-N-oxide (CNO; Tocris Bioscience, CAT No.: 4936/ 
10; 1 mg/10 mL/kg dissolved in dimethyl sulfoxide [DMSO; 0.25% of 
the final solution] and saline). Details of the replication chemogenetic 
experiment performed in Hungary are provided in the Supplementary 
Data, Supplementary Table 2 and 3.

2.3.5. Optogenetic excitation during experiments
Before behavioural testing, fibre-optic patch cords (custom made, 

multimode optical fibre, 0.22 NA, low-OH Ø105 µm Core, FG105LCA, 
FT900KY tubing, End A: LC/PC, End B: LC/PC, and multimode optical 
fibre, 0.22 NA, low-OH Ø105 µm Core, FG105LCA, FT030 tubing, End 1: 
FC/APC, End:2 LC/PC, Thorlabs Corp.) were connected to the implanted 
ferrules. The patch cords collimated and guided the laser beams from the 
source (473 mm, low noise diode-pumped solid-state laser, Ikecool 
Corp.). Laser output was measured with a power meter (Coherent, Laser 
Check) and adjusted to 20 ± 0.5 mW net energy at continuous light 
emission. Stimulation was controlled automatically by Noldus Ethovi
sion XT 15 and delivered at 20 Hz (5 ms square pulse + 45 ms break).

In the OF, the animals received stimulation whenever they entered 
and stayed in the periphery of the arena, to test whether activation 
elicited an anxiolytic effect as reported previously (Amilhon et al., 
2010). Because of the test duration and the limitations of continuous 
optogenetic stimulation (e.g. tissue overheating, neuronal inhibition 
induced by overstimulation), stimulation was applied in altering 30 s 
ON and 30 s OFF periods whenever the animals were in the targeted 
compartment.

For the EPM task, stimulation was triggered when animals entered 
the central part of the maze, just before choosing between the open or 
closed arms.

During the WM SRM task, stimulation was applied during the 10 s 
period (only ON period) in which animals remained on the platform, 
whether they had found it by themselves or been guided to it. This time 
point was chosen based on previous studies suggesting a role of the MRR 
in consolidation (Sarihi et al., 1999; Wang et al., 2015a). No stimulation 
was delivered during the cue task, the STM or the LTM probes.

2.3.6. Tissue collection
At the end of behavioural testing, animals were sacrificed and brains 

were collected for virus expression validation. For chemogenetic ex
periments, mice were euthanized (France: 0.5 mg/kg Euthasol; Ceva 
Santé Animale; for replication in Hungary, see Supplementary Data). 
Brains were fixed by transcardial perfusion with 4% paraformaldehyde 
(PFA) in phosphate-buffered saline (PBS) and post-fixed in PFA for 
1 day. They were then transferred to PBS, sectioned at 30 µm thickness 
using a vibratome (Leica VT 1000S), and stored in 0.01% azide-PBS until 
further processing.

For optogenetic experiments, animals were decapitated, and their 
brains were fixed by immersion in 4% PFA for one day, then stored at 
4◦C in azide-PBS until further processing. Before sectioning, brains were 
incubated in10% glucose azide-PBS for at least 24 h. Sections (30 μm) 
were cut with a sliding microtome (Reichert) and stored in cryopro
tectant at − 20◦C.

2.4. Immunohistochemistry and microscopy

Viral infection and expression were validated by immunohisto
chemistry using the same protocol in both laboratories. To verify the 
exact area of infection, nickel-3.3′-diaminobenzidine (Ni-DAB) staining 
was performed (detailed protocols in (Biro et al., 2017; Fazekas et al., 
2021; Chaves et al., 2022)). Sections were incubated for 48 h at 4◦C in 
primary antibody solution against RFP (rabbit anti-RFP, 1:4000, Rock
land, #600–401–379) prepared in PBS containing 2% bovine serum 
albumin [BSA; Sigma-Aldrich] and 0.1% Triton X-100 [Sigma-Aldrich]. 
After rinsing, slices were incubated for 1 h in a biotinylated secondary 
antibody solution (donkey anti-rabbit solution,1:1000, Jackson, 
#711–065–152) diluted in PBS with 2% BSA. Signal amplification was 
performed using an avidin-biotin complex (ABC, 1:1000; Vector Labo
ratories). Immunoreactivity was visualized with DAB (10 mg/mL, 
Sigma-Aldrich) in presence of 1% NiNH4SO4 (Sigma-Aldrich) and 
0.003% H2O2 (Sigma-Aldrich). Sections were mounted on slides using 
either TRIS (Sigma-Aldrich) or gelatin (G9391, Sigma-Aldrich), dehy
drated through an ascending ethanol series or xylene, and cover slipped 
with Eukitt (Sigma-Aldrich) or Depex (Sigma-Aldrich).

Ni-DAB-stained sections were evaluated by light microscopy (France: 
Axioskop 2 plus, Zeiss; Hungary: Panoramic Midi II, 3DHistech). Viral 
expression was examined between − 4.04 and − 4.96 mm from Bregma 
(see Fig. 1a in (Fazekas et al., 2021) for an example of an accepted hit). 
Animals were excluded if staining was absent, unilateral, or extended 
into other brain regions (e.g., dorsal raphe). For chemogenetics, 25 out 
of 47 mice in the first cohort (France) and 27 out of 39 mice in the 
replication cohort (Hungary) met our strict inclusion criteria. For 
optogenetics, 25 out of 46 animals were included in the statistical 
analysis.

2.5. Statistical analysis

Statistical analyses were performed using GraphPad Prism version 
8.0.0 for Windows, (GraphPad Software, San Diego, California USA, 
www.graphpad.com) and StatSoft10 (ANCOVA, StatSoft,Inc., Tulsa, 
OK).

Group differences (control vs. excitation) and sex effects (male vs. 
female) were analysed with two-way ANOVA for distance moved, fre
quency of arm entries and percentage of open arm entries. Time spent in 
different compartments (zone effect: periphery vs. centre in OF, closed 
arm vs. open arm in EPM) and latency to locate the platforms (probe 
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effect) were analysed with three-way repeated measures ANOVA (3way 
ANOVA). Time spent in the target quadrant during probe tests was 
compared to chance level (25%) using single-sample t-tests. For OF and 
EPM data, where the amount of optogenetic excitation was place- 
dependent and not fixed in duration, ANCOVA was used with the time 
(s) of laser activation (measured by Ethovision) as a covariate. 
Normality was assessed with the Shapiro-Wilks test, and homogeneity of 
variances with Spearman’s test for heteroscedasticity. For repeated 
measures ANOVA, Geisser-Greenhouse corrections were applied when 
appropriate. Sidak’s test was used for post hoc comparisons. Data are 
expressed as mean±SEM. Statistical significance was set at p < 0.05 
with 0.05 <p < 0.1 considered a marginal difference. Full details of the 
statistical results (effects, F-test/t-test results, degrees of freedom, p- 
values) are provided in the Supplementary Tables.

3. Results

3.1. Chronic chemogenetic excitation facilitates long-term memory 
formation

To rule out confounding factors, we first assessed the effects of MRR- 
VGLUT3 + stimulation on locomotor activity and anxiety-like behav
iour. In both the EPM and OF tests, no statistically significant excitation 
effects were observed for the main parameters analysed (Table 1, Sup
plementary Table 1). Excitation only marginally decreased distance 
moved in the OF (2way ANOVA, excitation effect: F(1,21) = 3.387, 
p = 0.079). Moreover, only control males displayed differential explo
ration times between centre and periphery, an effect absent in the 
excitatory group (3way ANOVA, zone effect: F(1,21)= 4.920, p = 0.038; 
zone× sex interaction: F(1,21)= 6.106, p = 0.022 - Sidak’s multiple 
comparison: control males, periphery vs. centre p = 0.018; excitatory 
males, periphery vs centre p = 0.986). Importantly, there was no sta
tistical difference between excitatory groups in the time spent in the 
centre, indicating no major effects of stimulation on locomotion and 
anxiety-like behaviour.

In the WM, animals were first trained in the Cue task (CT), without 
manipulation (that is, no CNO injection before trials). All mice suc
cessfully completed CT within 3 days (3way ANOVA, time effect: 

F(1.335,28.04)= 79.300, p < 0.001 - Sidak’s multiple comparison: 
p < 0.05 for all D1–3 comparisons), with no group or sex differences 
(Fig. 2a, Supplementary Table 1).

Subsequently, mice were trained in the SRM task. The injection of 
CNO happened from D1-D5, 30 min before the first trial. Both control 
and excitatory groups acquired the SRM task within 5 days (3way 
ANOVA, time effect: F(3.594,75.48)= 8.681, p < 0.001 - Sidak’s multiple 
comparison 0.001 <p < 0.1 for D1 vs D2–5; Fig. 2b, Supplementary 
Table 1). Daily excitation of the MRR-VGLUT3 + neurons did not alter 
the learning curve, and by the final training day (D5), all animals reli
ably found the platform regardless of treatment.

STM was assess immediately after training. Both control and excit
atory groups showed a significant preference for the target quadrant 
compared to chance level (25%) (single sample t-test: control group 
t = 6.718, df=12, p < 0.0001; excitatory group t = 5.487, df=11, 
p < 0.0002; Fig. 2e, Supplementary Table 1), with no difference be
tween groups. Similarly, during LTM assessment, both grouped showed 
a significant preference for the target quadrant (single sample t-test: 
control group t = 2.355, df=12, p = 0.036; excitatory group t = 2.704, 
df=11, p = 0.020; Fig. 2f, Supplementary Table 1), again without a 
group effect. There were also no differences in the distance moved 
during either probe tests (Table 2, Supplementary Table 1). When la
tency to reach the platform location was analysed (Fig. 2c, Supple
mentary Table 1), female control mice displayed significantly higher 
latencies compared to all other groups (data not shown; 3way ANOVA, 
sex× excitation: F(1,21)= 8.908, p = 0.007 – Sidak’s multiple compari
son 0.01 <p < 0.05 female control vs all other groups). The 3way 
ANOVA also revealed a main effect of excitation (F(1,21)= 7.546, 
p = 0.012), and a probe× excitation interaction (F(1,21)= 10.63, 
p = 0.004). Post-hoc comparisons showed no group differences during 
STM probe (p = 0.988). However, while excitatory mice maintained low 
latencies across both STM and LTM probes (p = 0.313), control mice 
showed a significant increase in latency from STM to LTM (p = 0.011). 
Additionally, the values of the control group were significantly higher 
than the excitatory group during LTM probe (p = 0.002). This was 
confirmed by a significant difference in latency slopes between groups 
across probes (control=22.285±5.718; excitatory= − 9.325±6.955, 
t = 3.530, df=23, p = 0.002). Latency to the extended (x2) platform 
zone showed a similar pattern (Fig. 2d, Supplementary Table 1). Control 
females again had the highest latencies (data not shown). While control 
mice displayed a natural extinction effect from STM to LTM probes 
(p < 0.001), excitatory mice showed no change between probes 
(p = 0.657). During the LTM probe, latencies were significantly higher 
in controls than in excitatory mice (p = 0.002). Swimming speed to the 
platform differed only during LTM (2way ANOVA, group effect: 
F(1,21)= 5.103, p = 0.035; group× sex interaction: F(1,21)= 6.764; 
p = 0.017). Post-hoc analysis indicated that female controls swam 
slower than the other three groups (0.01<p≤0.05), but otherwise no 
differences were observed between excitatory and control groups 
(Table 2).

Together, these results suggest that chronic excitation of MRR- 
VGLUT3 + neurons facilitates long-term, but not short-term, memory 
performance, and may mitigate natural extinction processes.

3.2. Chemogenetic results are reproducible

The robustness and reproducibility of these findings were tested by 
repeating the experiments in a second laboratory using the commercial 
VGLUT3-Cre mouse strain (see Supplementary Data for details). As in 
the initial cohort, both CT and SRM learning phases were successfully 
completed without group differences (Supplementary Figure 1a and b). 
During probe tests, a significant probes× excitation interaction was 
observed for latency to the platform (3way ANOVA, F(1,23)= 12.160, 
p = 0.002). Sidak’s multiple comparison revealed that control mice 
showed an increase in latency between STM and LTM probes 
(p = 0.027), whereas excitatory mice showed only a marginal decrease 

Table 1 
Effects of MRR-VGLUT3 + excitation on locomotion and anxiety-like behaviour 
in the chemogenetics experiments.

Group Control Excitatory

Sex female 
(n ¼ 6)

male 
(n ¼ 7)

female 
(n ¼ 6)

male 
(n ¼ 6)

OF Total distance 
moved 
(cm)

3983.145 
±

224.231

3861.139 
±

279.499

3308.678 
±

366.293

3460.167 
±

279.228
Time in centre 
(%)

48.401 ±

2.420
34.173 ±

3.762
48.350 ±

4.572
43.585 ±

3.613
EPM Total distance 

moved 
(cm)

2031.527 
±

203.351

2133.564 
±

215.358

1874.165 
±

242.029

2083.360 
±

206.010
Closed arms 
(frequency)

26.500 ±

2.837
33.000 ±

4.152
26.667 ±

4.744
29.833 ±

3.478
Open arm 
entries 
(%)

24.997 
±1.963

21.910 ±

4.961
28.396 
±1.565

26.766 
±4.597

Time in closed 
arms 
(%)

80.179 ±

1.642
80.784 ±

3.041
81.885 ±

3.712
78.189 ±

3.056

Time in open 
arms 
(%)

5.309 ±

1.341
6.699 ±

2.508
5.899 ±

2.100
9.123 ±

2.505

Excitation of the median raphe region (MRR) vesicular glutamate transporter 3 
(VGLUT3) neurons did not affect behaviour in the open field (OF) or elevated 
plus maze (EPM) tests. Data are expressed as mean±SEM. See also Supple
mentary Table 1 for statistics.
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(p = 0.092). Latencies during the LTM probe were significantly different 
between groups (p = 0.007), a finding supported by slope analysis 
(control=18.663±5.308; excitatory= − 15.215±8.832; t = 3.34, df=25 
p = 0.003) (Supplementary Figure 1c). Latency to the extended (x2) 
platform zone showed only a marginal probe× excitation interaction 
(3way ANOVA, F(1,23)= 3.311, p = 0.082), although the trend resem
bled that of the first experiment (Supplementary Figure 1d).

Together, the replication experiment produced results consistent 
with the original cohort, supporting the reliability and robustness of the 
observed behavioural effects. Detailed results and statistics for OF, EPM 
WM-CT and SRM tasks are provided in Supplementary Data, Supple
mentary Table 2 and 3.

3.3. Optogenetic excitation during acquisition does not affect memory 
performance

Because chronic chemogenetic stimulation of MRR- 
VGLUT3 + neurons during the SRM training improved memory perfor
mance, we next asked whether restricting stimulation to the acquisition 
phase could account for this effect. To test this, we used an optogenetic 
approach (opto) to stimulate MRR-VGLUT3 + neurons specifically when 
animals reached the PF during training.

As in the chemogenetic study, we first assessed locomotor activity 
and anxiety-like behaviour (Table 3). In the OF, after adjusting for laser 
activity as covariate (2way ANCOVA, covariate: F(1,19)= 12.586, 
p = 0.002), females moved significantly more than males (sex effect: 
F(1,19)= 14.563, p = 0.001), with no excitation effect (Supplementary 
Table 4). For the anxiety-like behaviour, adjusting for laser activity as 
covariate revealed no significant main effects or interactions for time 
spent in centre. In the EPM, ontogenetic excitation of MRR-VGLUT3 cells 
in the central zone increased the time spent in the open arm (3way 
ANCOVA, F(1,20)= 4.796, p = 0.041), but not the locomotion- 
independent parameter of open/total arm entries, where only a mar
ginal sex effect was detected (3way ANCOVA, F(1,20)= 3.421, 
p = 0.079), with higher values in females. Similarly, increased loco
motion in the excitatory group was reflected by a frequency of closed 
arm entries (3way ANCOVA, F(1,20)= 8.898, p = 0.007), but not by 
distance moved, where only marginal effects were observed (3way 
ANCOVA, F(1,20)= 3.278, p = 0.085; Table 3, Supplementary Table 4). 
Thus, optogenetic excitation of MRR-VGLUT3 + neurons had only 

minor hyperlocomotory and anxiolytic effects.
In the WM task, as in the chemogenetic experiments, all animals 

completed the CT (no manipulation) within 3 days (3way ANOVA, time 
effect: F(1.508,30.16)= 108.500, p < 0.001; Sidak’s multiple comparison: 
p < 0.001 for all D1 vs D2 vs D3; Fig. 3a). Female mice generally showed 
higher latencies than males (data not shown; 3way ANOVA, sex effect: 
F(1,20)= 5.638, p = 0.028, Supplementary Table 4).

During the SRM task, females again displayed higher latencies (3way 
ANOVA, sex effect: F(1,20)= 10.860, p = 0.004). A significant time×
excitation interaction was also detected (F(4,80)= 3.794, p = 0.007), 
although Sidak’s multiple comparisons revealed no group or sex 

Table 2 
Total distance moved and speed to reach platform on the probe days in Watermaze experiments.

Group Control Excitatory

Sex female 
(n ¼ 6/n ¼ 4)

male 
(n ¼ 7/n ¼ 8)

female 
(n ¼ 6/n ¼ 6)

male 
(n ¼ 6/n ¼ 7)

Chemogenetics STM Total distance moved (cm) 1572.483 ±

95.7878
1751.200 ±

48.873
1698.267 ±

68.661
1640.333 ±

58.6078
Speed to PF 
(cm/s)

32.892 ±

2.773
46.240 ±

5.958
50.257 ±

8.347
42.478 ±

10.692
LTM Total distance moved (cm) 1680.883 ±

71.089
1836.743 ±

53.066
1803.233 ±

76.106
1720.117 ±

67.630
Speed to PF 
(cm/s)

28.015 ±

1.185
41.117 ±

4.136*
42.967 ±

2.116*
40.066 ±

3.377(*)
Optogenetics STM Total distance moved (cm) 1386.7424 ±

148.723
1685.708 ±

68.791
1427.630 ±

118.664
1784.081 ±

89.918
Speed 
(cm/s)

23.573 ±

5.379
29.535 ±

5.825
23.517 ±

2.512
32.353 ±

3.359
LTM Total distance moved (cm) 1472.682 ±

129.560
1737.478 ±

69.822
1468.192 ±

101.818
1801.431 ±

77.014
Speed 
(cm/s)

21.955 ±

2.896
28.487 ±

1.426
23.247 ±

3.662
44.974 ±

14.402

During chemogenetic long-term memory [LTM] probes, both the excitation and the group× sex interaction were significant, whereas group differences were observed 
during short-term memory [STM]. In the optogenetic experiments, significant sex differences were found (p < 0.01 for both and long-term memory [LTM] probes), 
with females swimming less than males. Data are expressed as mean±SEM. Numbers in parentheses refer to sample sizes for chemogenetic (France) and optogenetic 
(Hungary) experiments, respectively. See also Supplementary Table 1. and 3. for statistics. (*) p = 0.057, *p < 0.05 vs control female.

Table 3 
Mobility and anxiety-like behaviour in the optogenetics experiments.

Group Control Excitatory

Sex female 
(n ¼ 4)

male 
(n ¼ 8)

female 
(n ¼ 6)

male 
(n ¼ 7)

OF Total distance 
moved 
(cm)

5335.845 
±

768.531

3614.159 
±

136.816

8922.244 
±

980.814

4183.507 
±

530.292
Time in centre 
(%)

40.163 ±

3.511
32.720 ±

3.622
24.385 ±

5.167
23.846 ±

2.884
EPM Total distance 

moved 
(cm)

2388.182 
±

335.136

2296.032 
±

220.525

3166.213 
±

310.243

2792.891 
±

291.501
Closed arm 
(frequency)

19.400 ±

1.691
26.286 ±

3.828
42.667 ±

6.711
35.714 ±

6.585
Open arm 
entries 
(%)

24.556 ±

2.711
19.632 ±

3.610
28.479 ±

1.273
21.822 ±

1.453

Time in closed 
arms 
(%)

85.096 ±

3.417
79.883 ±

4.116
61.716 ±

6.379
71.989 ±

4.281

Time in open 
arms 
(%)

3.394 ±

1.405
5.062 ±

2.289
10.648 ±

2.017
7.634 ±

1.581

In the open field (OF), after adjusting for laser activity as covariate, females 
moved more than males, with no differences in anxiety-related parameters. In 
the elevated plus maze (EPM), excitation significantly affected closed arm entry 
frequency and the percentage of time spent in the open arms, indicating a 
modest anxiolytic effect. Data are expressed as mean±SEM. Statistical details are 
provided in Supplementary Table 4.
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differences (Fig. 3b, Supplementary Table 4). Learning was indicated by 
a general decrease in latency across training days (time effect: 
F(3.126,62.52)= 10.810, p < 0.001).

In the STM probe, both groups showed significant preference for the 
target quadrant compared to chance (25%; single sample t-test: control, 
t = 5.273, df=10 p < 0.001; excitatory: t = 3.786, df=12, p = 0.003; 
Fig. 3e). In contrast, during LTM probe, only the control group showed 
significant preference (single sample t-test, t = 3.101, df=10, p = 0.011, 
Fig. 3f). However, no differences were observed between the groups in 
quadrant time or distance moved. Females generally exhibited lower 
values (2way ANOVA, sex effect: F(1,20)= 9.437, p = 0.006, Table 2, 
Supplementary Table 4). Similarly, swimming speed to the platform 
place was lower in females (Table 2), though not significant. Latency 
analysis showed no differences between and excitatory groups. Both 
groups exhibited an overall increase in latency during LTM compared to 
STM, an effect absent when analysing the extended platform zone 
(Fig. 3c, Supplementary Table 4).

Thus, brief optogenetic excitation of MRR-VGLUT3 + neurons dur
ing PF acquisition did not facilitate memory, indicating that the 
behavioural effects observed with chemogenetics require prolonged 
stimulation and have a strict temporal prerequisite.

4. Discussion

Glutamatergic transmission plays a key role in learning and memory 
processes, but the specific role of VGLUT3 + projections from the MRR 
nucleus remains poorly understood. To address this, we used chemo
genetic and optogenetic approaches to stimulate MRR- 
VGLUT3 + neurons during spatial reference memory acquisition and 
retrieval in the WM. While neither approach influenced spatial learning 
or STM (10 min), repeated chemogenetic stimulation improved LTM 
(72 h). This is consistent with the prolonged action of chemogenetics, as 
DREADD activation can be detected for hours after CNO administration 
(Alexander et al., 2009; Thompson et al., 2018), potentially covering 
both acquisition and consolidation phase. In contrast, optogenetic 
stimulation restricted to the platform acquisition phase was ineffective, 
highlighting a strict temporal dependency of MRR-VGLUT3 + involve
ment. Notably, with our chemogenetic protocol (i.e. STM ~1 h post CNO 
injection), possible confounding effects of direct stimulation during STM 
retrieval cannot be excluded. To check the robustness of our results, a 
replication cohort at a different laboratory was done, for which exper
imental conditions were matched as much as possible (i.e., same 
experimenter, timeline, AAVs, protocols, lighting conditions). The dif
ferences (e.g., ~10 s variation in latencies) are possibly due to the 

Fig. 3. Results of acute optogenetic excitation of MRR-VGLUT3 þ neurons. (a) Similarly as before, all animals, without differences between the groups were 
able to learn the Cue task of WM (no manipulations). (b) Despite a significant interaction of time× excitation (3way ANOVA F(4,80)= 3.794, p = 0.007), Sidak’s 
multiple comparison did not reveal differences between the groups during SRM task for acute optogenetic activation of the MRR VGLUT3 + neurons. (c) Latency to 
find PF zone or its extended (×2) area (d) did not show differences between control and opto stimulated animals, just an overall increase between STM and LTM. (e) 
Quadrant preference during STM probe (10 mins) exceeded the random chance (25%) for both the control and the excitatory groups. (f) During LTM probe, only 
control animals had higher than random chance (25%) preference for target quadrant. Insert: schematic representation of the WM paradigm. Data are expressed as 
mean±SEM. The detailed statistical tests can be found in Supplementary Table 4. Abbreviations: AL: adjacent left; AR: adjacent right; CT: cue task; LTM: long-term 
memory; MRR: median raphe region; O: opposite; PF: platform; SRM: spatial reference memory; STM: short-term memory; T: target quadrant; VGLUT3: vesicular 
glutamate transporter type 3. * p < 0.05, vs random chance 25%.
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separate colonies and strains established at the two locations. It has been 
shown in the literature that different strains (e.g., C57BL/6 N vs J) can 
show significantly different behavioural phenotypes (Simon et al., 2013; 
Ahlgren and Voikar, 2019), and we can see similar tendencies in our 
data. For example, in the OF, the replication cohort (C57BL6/J strain) 
had higher distance moved compared to the C57BL6/N mice in the 
chemogenetic experiments, or generally higher latencies in WM task, 
phenomenon also observed in literature (Simon et al., 2013; Ahlgren and 
Voikar, 2019). Unfortunately, due to high variability in the replication 
cohort, some parameters (e.g.: time spent in quadrant) did not match. 
Despite that, the latency to platform during WM probes showed the same 
statistical differences, strengthening our conclusions.

Regarding locomotor and anxiety-like behaviours, no consistent ef
fects of MRR-VGLUT3 + excitation were detected. Studies in the liter
ature examined the contribution of MRR or VGLUT3 + neurons to 
mobility and anxiety-like behaviour separately, indicating that both 
might affect these behaviours (Amilhon et al., 2010; Bland et al., 2016; 
Abela et al., 2020; Kljakic et al., 2022). Indeed, in our recently published 
work (Fazekas et al., 2024), we found that the chemogenetic inhibition 
of the MRR-VGLUT3 + neurons decreased the distance moved in open 
field, while excitation had no effect (only male, C57BL6/J mice), simi
larly to what we found in our current, separate study, confirming it both 
on females and another mouse strain (C57BL6/N). However, the pre
viously observed anxiolytic effect of MRR-VGLUT3 + neuronal excita
tion on the EPM (Fazekas et al., 2024) was not replicated. Some studies 
have shown that anxiety-like behaviour might depend exhibited on the 
EPM might depend bot on the sex and circadian phase (light vs dark) 
(Verma et al., 2010; Nakano et al., 2016). Indeed, in our previous study 
(Fazekas et al., 2024) we conducted our experiment only in the dark 
phase, on male mice. It might be possible, that the anxiolytic effect of 
MRR-VGLUT3 + neuronal activity observed there was masked by the 
light phase and the mixture of female and male mice.

Sex differences were prominent, especially in the optogenetic ex
periments. Females (24.500 ± 0.629 g) were lighter than males 
(29.447 ± 0.694 g), which may explain higher locomotion in the OF but 
increased fatigue and platform latencies in the WM. Indeed, females 
generally show greater ambulation in OF tests (Tucker et al., 2016), 
although findings in WM are inconsistent: while a meta-analysis sug
gested female advantages (Jonasson, 2005), task conditions such as 
water vs. dry mazes yield opposite patterns. Interestingly, the first 
chemogenetic experimental group showed a strong difference in the 
swimming speed of female control animals (Table 2), which was not 
detected in any other experiment. This was probably an unspecific litter 
effect, as in this cohort all female controls showed it, regardless whether 
their viral expression was appropriate, off-target or non-detectable (data 
not shown). Literature indicates that there is no difference between the 
sexes regarding their performance in the WM task (Baldan Ramsey et al., 
2010) , but might be a mouse strain effect (Ashworth et al., 2015) . As no 
other experiment, replication cohort, or alternative locomotion param
eter showed such discrepancy, it is unlikely that our findings regarding 
memory are confounded by exploratory or anxiety factors.

Our study was motivated by the dense VGLUT3 + projections from 
the MRR to the hippocampus (Jackson et al., 2009; Szonyi et al., 2016; 
He et al., 2022; Fortin-Houde et al., 2023). MRR-VGLUT3 neurons 
represents around 26% of the MRR population (Sos et al., 2017) and 
form excitatory synapses in the hippocampus (Szonyi et al., 2016), 
where they influence oscillatory activity, thereby affecting memory 
consolidation (Ognjanovski et al., 2017; Xia et al., 2017). 
Non-serotonergic MRR activity decreases during hippocampal ripples, 
and stimulation supresses ripple events (Wang et al., 2015a). In contrast, 
long projecting GABAergic neurons positively correlate with theta and 
ripple oscillations, while VGLUT3 + neurons showed negative correla
tions, suggesting opposing roles for different MRR neuronal populations 
(Wang et al., 2015a; Jelitai et al., 2021). Moreover, GABAergic and 
VGLUT3 + , but not serotonergic, MRR neurons are phase-locked to 
theta activity (Huang et al., 2022), supporting the importance of 

investigating this subpopulation.
Recent work showed that chemogenetic inhibition (but not excita

tion) of MRR-VGLUT3 + neurons projecting to parvalbumin positive 
interneurons in the dentate gyrus impaired spatial memory acquisition 
without affecting locomotion or anxiety (He et al., 2022). Based on this, 
we expected enhanced learning with excitation. Instead, our results 
suggest a role in more downstream memory processes, reflected in 
preserved low PF latency during LTM probe in the excitatory 
MRR-VGLUT3-Cre mice. However, we must note that the projection 
described by He et al. (2022) is contradictory to multiple previous 
studies. According to those, in the hippocampus MRR afferents, espe
cially that of VGLUT3 + , mainly innervate all other type of interneurons 
(e.g., 5-HT3aR+/cholecystokinin positive, calbindin positive), but rarely 
(Aznar et al., 2004) or never parvalbumin positive ones (Freund et al., 
1990; Halasy et al., 1992; Varga et al., 2009; Senft et al., 2021; Stinson 
and Ninan, 2024). Unfortunately, it was out of the scope of our study to 
address this contradiction. Nevertheless, it is well established, that 
MRR-VGLUT3 + neurons innervate and functionally regulate interneu
ronal activity in the hippocampus (Stinson and Ninan, 2024).

Hippocampal interneurons seem to have a role in the organisation of 
oscillations (Klausberger et al., 2003, 2005). Theta and ripple oscilla
tions are central to memory consolidation (Kudrimoti et al., 1999; 
Buzsaki, 2015; Colgin, 2016), especially in spatial learning tasks 
(Ego-Stengel and Wilson, 2010; Aleman-Zapata et al., 2022). Hippo
campal theta activity changes throughout the different phases of the 
Morris watermaze task (Olvera-Cortes et al., 2004; Hernandez-Perez 
et al., 2016). However, our temporally restricted optogenetic excita
tion did not alter learning or memory, suggesting that 
MRR-VGLUT3 + neurons may not directly regulate oscillations during 
acquisition. Instead, effects may emerge during sleep, when oscillations 
support consolidation (Buzsaki et al., 1983; Buzsaki, 1986; Louie and 
Wilson, 2001). During REM sleep, when theta oscillations are dominant 
in the hippocampus, MRR-VGLUT3 + neurons are silent, whereas their 
activity coincides with suppressed oscillations (Huang et al., 2022). 
Moreover, whole MRR stimulation after fear conditioning impaired 
consolidation (Wang et al., 2015a). Stinson and Ninan (2024) showed 
that MRR-VGLUT3 + neurons, that project onto 5-HT3aR/cholecystoki
nin expressing neurons in the hippocampus, have an NMDA-mediated 
excitatory effect, and that indirectly causes the inhibition of CA1 pyra
midal neurons. Interestingly, these 5-HT3aR expressing interneurons 
seem to impair hippocampal gamma rhythm (Huang et al., 2016), an 
oscillation that has been implicated in the support of episodic memory 
encoding and retrieval (Griffiths and Jensen, 2023).

A limitation of our study is that we did not distinguish between 
purely VGLUT3 + and serotonin (5-HT)-VGLUT3 co-expressing neurons 
(Jackson et al., 2009; Senft et al., 2021). Up to 13% of the 
MRR-VGLUT3 + neurons co-express serotonin (Sos et al., 2017). These 
different MRR-VGLUT3 + subpopulations show distinct activity pattern 
and electrophysiological profiles, with VGLUT3 + /5-HT+ neurons 
displaying intermediate activity pattern between VGLUT3 + /5-HT- and 
VGLUT3-/5-HT+ neurons (Domonkos et al., 2016). How they affect 
spatial learning and memory formation is currently unknown, but such 
heterogeneity may contribute to contradictory findings on serotonergic 
involvement in hippocampus-dependent learning and memory processes 
(Coray and Quednow, 2022; Kazmierska-Grebowska et al., 2024). 
Indeed, inhibition of MRR serotonergic neurons (e.g.: via neurochemical 
lesion or 5-HTR1A activation) prevented the expression of contextual 
fear conditioning (Avanzi and Brandao, 2001; Avanzi et al., 2003; 
Almada et al., 2009). Additionally, prevention of serotoninergic trans
mission (e.g.: 5-HTR1A or 5-HTR7 knockout, pharmacological blockade 
or optogenetic inhibition of terminals) in the dorsal hippocampus 
impaired spatial learning and memory (Sarnyai et al., 2000; Schmidt 
et al., 2017; Teixeira et al., 2018; Rodriguez et al., 2026). Recent evi
dence shows that MRR-VGLUT3 + neurons excite 5-HTR3A expressing 
GABAergic hippocampal neurons (Stinson and Ninan, 2024), high
lighting complex glutamate-serotonin interactions. This further 
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demonstrates the need of cell-type specific investigations, and possibly 
in the future even the separate manipulations of VGLUT3 + /5-HT- and 
VGLUT3 + /5-HT+ neuronal populations.

It should be noted that our manipulation was not restricted to the 
MRR-hippocampus pathway (Fortin-Houde et al., 2023). The 
MRR-VGLUT3 + neurons also project to the prefrontal cortex and 
medial septum, both directly and through VGLUT3 + and/or GABAergic 
collaterals (Aznar et al., 2004; Jackson et al., 2009; Crooks et al., 2012; 
Szonyi et al., 2016). Both regions strongly influence hippocampal os
cillations, and thus memory formation (Freund and Antal, 1988; Dragoi 
et al., 1999; Wang et al., 2015b; Jin et al., 2020; Gonzalez et al., 2022; 
Szabo et al., 2022). For example, in an Alzheimer’s disease (AD) mouse 
model, Tau accumulation in the medial septum disrupts cholinergic 
hippocampal inputs and impairs spatial memory (Wu et al., 2021). 
Notably, lesions of the midbrain raphe nuclei has been reported in AD 
patients (Ebinger et al., 1987; Halliday et al., 1992). On the other hand, 
the MRR-VGLUT3 + cells projecting to the hippocampus also send col
laterals to the medial prefrontal cortex (Szonyi et al., 2016), which may 
support prefrontal-hippocampal interactions critical for spatial 
decision-making (Tavares and Tort, 2022). Considering the anatomical 
connections of MRR and its VGLUT3 + neuronal population, it is a 
plausible theory that they modulate the activity of inhibitory neurons 
which shape hippocampal oscillations, thus, affecting memory related 
processes. Based on this, we hypothesise that in our case, behavioural 
effects likely reflected chemogenetic activation during rest phases, 
whereas optogenetic stimulation during task engagement was ineffec
tive. This latter might also be due to inadequate choice of excitation 
frequency (20 Hz), that might not have been close enough to physio
logical firing pattern of MRR-VGLUT3 + neurons during this specific 
learning and memory task.

In conclusion, our findings demonstrate that chronic chemogenetic 
excitation of MRR-VGLUT3 + neurons enhanced long-term spatial 
reference memory precision in mice in a hippocampus-dependent task. 
Importantly, we replicated these effects in an independent laboratory 
using a different VGLUT3-Cre mouse strain, confirming their robustness. 
However, the effects were strictly time-dependent, since only the long 
lasting chemogenetic activation was effective, whereas temporally 
restricted optogenetic stimulation was not. Future studies should 
examine whether stimulation (both chemogenetic and optogenetic) 
during immobility or sleep can reproduce these chemogenetic effects, 
and disentangle the roles of VGLUT3 + /5-HT- and VGLUT3 + /5- 
HT+ subpopulations. Specifically identifying the populations that affect 
memory-promoting oscillations (gamma, theta, ripple, etc.) and inves
tigating their projections in the hippocampus (and potentially in the 
prefrontal cortex and medial septum) will be a key step to understand 
how they shape behaviour. The discrepancies across studies and ap
proaches underscore the complex, temporally precise, and cell-type- 
specific contribution of MRR circuits to hippocampus-dependent 
memory.
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