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Abstract

Cytokines are potent immunomodulators exerting pleiotropic effects in the central nervous
system (CNS). They influence neuronal functions and circuit activities with effects on memory
processes and behaviors. Here, we unravel a neuromodulatory activity of interleukin-15 (IL-
15) in mouse brain. Acute exposure of hippocampal slices to IL-15 enhances gamma-
aminobutyric acid (GABA) release and reduces glutamatergic currents, while chronic
treatment with IL-15 increases the frequency of hippocampal miniature inhibitory synaptic
transmission and impairs memory formation in the novel object recognition (NOR) test.
Moreover, we describe that serotonin is involved in mediating the hippocampal effects of IL-
15, because a selective 5-HT;A receptor antagonist prevents the effects on inhibitory
neurotransmission and ameliorates mice performance in the NOR test. These findings provide
new insights into the modulatory activities of cytokines in the CNS, with implications on
behavior.
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1. Introduction



Cytokines are one superfamily of proteins traditionally seen as belonging to the immune
system, where they regulate the innate and adaptive immune functions in physiological
conditions and upon pathological insults (Vezzani and Viviani, 2015; Van der Meide et al.,
1996; Belardelli, 1995). In addition to this classical view, several pieces of evidence
demonstrated that cytokines are also released by different cells in the brain, including neurons,
astrocytes, endothelial cells and microglia, shaping CNS functions and exerting pivotal roles
in the neuroimmune crosstalk (Bezzi et al., 2001; Beattie et al., 2002; Prinz and Priller, 2017,
Alves de Lima et al., 2020). The interactions between cytokines and the CNS have been mostly
studied in the context of neuroinflammation (Viviani et al., 2003; Czerniawski, 2015; Choi et
al., 2016; Filiano et al., 2016; Habbas et al., 2015; Shin Yim et al., 2017; Di Filippo et al.,
2021). However, emerging studies reveal additional roles in shaping neuronal plasticity and
behavior under non-pathological conditions (Brombacher et al., 2017; Herz et al., 2021;
Matejuk et al., 2021; Wang et al., 2021; Li et al., 2023).

The cytokine interleukin-15 (IL-15) is considered a bridge between the adaptive and the innate
immune system (Pan et al., 2013; Jabri et al., 2015). IL-15 belongs to the interleukin-2 (IL-2)
family cytokines, and interacts with a heterotrimeric receptor that consists of a specific high-
affinity IL-15-binding alpha subunit (IL-15Ra) associated with a  chain (shared with 1L-2)
and a common vy chain (y., shared with IL-2, IL-4, IL-7, IL-9, and IL-21) signaling complex,
leading to the recruitment of Janus kinase (JAK) JAK1 by the B chain and activation of JAK3
constitutively associated with the y chain (Perera et al., 2012; Kennedy et al., 1996). Activated
JAK1 and JAK3 phosphorylate signal transducer and activator of transcription (STAT)
proteins STAT3 and STATS respectively, to mediate IL-15 effects in T lymphocytes. The
differential expression of these cytokines and the alpha chains of their receptors within various
tissues and cell types suggests that IL-2 and IL-15 perform distinct functions. IL-15 can be
trans-presented by IL-15Ra to adjacent cells that express IL-2/IL-15R By complex, with no need
of the heterotrimeric receptor complex (Schluns et al., 2005). IL-15 is also able to bind to the
intermediate affinity IL-2/IL-15Rpy. signaling complex without the requirement for the IL-
15Ra high affinity binding protein, and signal through the recruitment of other non-receptor
tyrosine kinases such as Lck, Fyn, Lyn, Syk and cross talk with signaling proteins of the PI3K
and MAPK pathways (Giri et al., 1994; Dubois et al., 2002; Nandi et al., 2021). IL-15 has
pleiotropic effects and promotes the survival, proliferation, and cytotoxicity of NK cells and
CD8+ T cells (Jarjour et al., 2022; Lodolce et al., 2002; Geginat and Granucci, 2023; Madi et
al., 2023; Ma et al., 2022). In the CNS, IL-15 and its receptors are expressed by both glial cells
and neurons, and show developmental changes and regional differentiation (Hanisch et al.,
1997; Schluns et al., 2005).

In several pathological conditions, IL-15 orchestrates the immune response and neuronal and
glial functions. High levels of IL-15 are reported in the serum and cerebrospinal fluid of
multiple sclerosis patients and in the CNS of experimental autoimmune encephalomyelitis
(EAE) mouse models, where IL-15 contributes to the amplification of T-cell inflammatory
properties (Laurent et al., 2020; Rentzos et al., 2006). In brain tumors, IL-15 has an antitumoral
effect, with particular focus on NK cells as crucial components of innate immunity (Ma et al.,
2022). In a syngeneic glioma mouse model, microglial-derived IL-15 increases the infiltration
of NK cells in the tumor mass and reduces the tumor volume, enhancing the mice survival
(Garofalo et al., 2015, 2017; Mormino et al., 2021). Moreover, IL-15 is a mediator of the
crosstalk between astrocytes and microglia, and astrocyte-derived IL-15 exacerbates brain
injury following intracerebral hemorrhage (Shi et al., 2020), aggravating postischemic brain
damage via the propagation of CD8+ T and NK cell-mediated immunity (Li et al., 2017).



Interestingly, in previous studies, it has been shown that IL-15 or IL-15Ra deletion affects
behaviour and neurotransmitters levels, suggesting a major role for this signaling in
physiological brain functions (Pan et al., 2013; He et al., 2010; Nguyen et al., 2017). In
particular, IL-15Ra KO mice show decreased retention of spatial memory and contextual fear,
and a reduction in the hippocampal GABA concentration. Interestingly, the alterations in
GABA levels are associated with an increase in the number of interneurons in the stratum
oriens, increased expression of GABA-synthesizing enzyme glutamic acid decarboxylase
(GAD-65) in the hippocampus, and increased GABA uptake in synaptosomal preparations,
suggesting effects of IL-15Ra deletion on GABA turnover (He et al., 2010).

Here, we investigated the effects of IL-15 treatment on the synaptic activities of hippocampal
CA1 pyramidal neurons at steady state. We found that acute IL-15 treatment of hippocampal
brain slices enhances the probability of GABA release while miniature glutamatergic current
amplitudes are reduced. The effect on inhibitory transmission is reproduced in vivo in IL-15-
treated mice. Interestingly, the IL-15-induced synaptic alterations are associated with
impairment in episodic memory formation, as assessed by the novel object recognition (NOR)
task. Notably, the antagonist of 5-HT3;A receptors prevents IL-15-dependent inhibition and
restores performance in the NOR test, indicating the involvement of the serotonin
neuromodulatory pathway in mediating IL-15 effects. Overall, these data indicate that
perturbation of IL-15- signaling increases GABAergic neurotransmission with impairment of
memory, unraveling a new role for IL-15 in regulating CNS functions.

2. Methods
2.1 Animals

Procedures using laboratory animals were in accordance with the Italian and European
guidelines and were approved by the Italian Ministry of Health (protocol n. D117C.N.ASY) in
accordance with the guidelines on the ethical use of animals from the European Communities
Council Directive of September 20, 2010 (2010/63/UE). Wild-type mice (C57BL/6J
background) were either bred in-house or were purchased from the Jackson Laboratory (JAX
000664). Mice were maintained in the animal facility for at least one week prior to the start of
any experiment. All procedures were performed at 6-8 weeks of age. Only male mice were
used in all experimental procedures.

All efforts were made to minimize suffering and the number of animals used. Mice were housed
in standard breeding cages at constant temperature (22 + 1°C) and relative humidity (50%),
with a 12:12 h light:dark cycle (light on 07.00-19.00 h). Food and water were available ad
libitum.

2.2 Hippocampal slices preparation

Transverse acute hippocampal slices were obtained from 6-8 weeks old mice. Animals were
decapitated under halothane anesthesia. Whole brains were rapidly removed from the skull and
immersed in an ice-cold artificial cerebrospinal fluid (ACSF) solution containing (in mM): 87
NaCl, 75 Sucrose, 2 KCI, 7 MgCI2, 0.5 CaCl2, 25 NaHCO3, 1.2 NaH2PO4 and 10 glucose,
pH 7.3, 300-305 mOsm. The ACSF was continuously oxygenated with 95% O2 and 5% CO2



to maintain the physiological pH. Transverse 300 um thick slices were cut at 4°C using a
Vibratome (ThermoScientific HM 650 V) and placed in a chamber filled with oxygenated
ACSF containing (in mM): 125 NaCl, 2 KCI, 1.2 MgCl2, 2 CaCl2, 25 NaHCO3, 1.2 NaH2PO4
and 10 glucose, pH 7.3, 300-305 mOms.

2.3 Single-cell Real Time PCR analysis

For single-cell RT-PCR experiments, acute hippocampal slices were prepared as described in
the previous section, except for the use of autoclaved bidistilled water, autoclaved glassware
and glass pipette for patching. Precautions were taken throughout the study to ensure a
‘ribonuclease-free environment’ according to previous reports (Durand et al., 2006; Devienne
etal., 2018).

For cell harvest, the slices were placed in a recording chamber and perfused with standard
ACSF. Cells were visualized using an upright microscope (Leica DM-LFS) equipped with a
water immersion 40x objective (Leica) and a digital DCC camera (C8484, Hamamatsu). Patch
clamp recordings were performed by using a Multiclamp 700B amplifier (Molecular Devices,
USA). Signals were acquired (sampling 10 kHz, low-pass filtered at 2 kHz) with DigiData-
1440A using pPCLAMP-v10 software (Molecular Devices, USA). Patch clamp recordings were
made using an intracellular solution containing (in mM):135 KCIl, 5 NaCl, 5 BAPTA, 2 MgCl2,
10 HEPES, 2 Mg-ATP and 0.3 NaGTP (pH 7.35 adjusted with KOH, osmolarity 290-295
mOsm).

To collect cellular contents, the cell cytoplasm was harvested through the patch pipette after
electrophysiological characterization of passive membrane properties of the cells such as
resting membrane potential, cell capacitance and voltage responses to incremental current
injections. The cytoplasm was extracted from the cell by applying suction to the back of the
recording pipette. Immediately following harvesting, the contents of an individual cell were
expelled from the patch electrode by breaking its tip into a PCR thin-layer tube containing 8.5
ul of reverse transcription mixture. The cDNA was synthesized using the iScript Advanced
cDNA synthesis kit for RT-PCR (Bio-Rad #1725038) according to the manufacturer's
instructions, under the following conditions: incubation at 46°C for 20 min, then the enzyme
was inactivated at 95°C for 1 min. For the amplification of the cDNA products, a nested PCR
amplification was performed, using SsoAdvanced PreAmp Supermix (Bio-Rad #172-5160)
with specific primers. The first preamplification step consisted of 12 cycles of denaturation at
95 °C for 3 min and annealing/extension at 58 °C for 4 min.

The amplification product was diluted 1:5 and the PCR protocol consisted of 40 cycles of
denaturation at 95 °C for 30 s and annealing/extension at 60 °C for 30 s. The Ct values from
each gene were normalized to the Ct value of Gapdh in the same RNA samples. Relative
quantification was performed using the 22PP¢t method and expressed as fold change in arbitrary
values. For negative controls, amplifications were performed using water as PCR template or
omitting the reverse transcriptase step in the first strand synthesis reaction. For single-cell PCR,
reactions were also performed on the content of patch pipettes dipped into the solution bathing
the cells, to rule out contaminations from extracellular material. Of four samples tested, none
was found to be positive.



2.4 Patch clamp recordings of CA1 pyramidal neurons from ex vivo hippocampal brain
slices

After cutting, brain slices were allowed to recover at least for 1 h before recording at room
temperature, then transferred to a recording chamber within 1-6 h after slice preparation. All
recordings were performed at room temperature on slices submerged in ACSF and perfused
with the same solution in the recording chamber at a rate of approximately 2 ml/min by using
a gravity-driven perfusion system.

Spontaneous (sIPSCs, sEPSCs), miniature (mIPSCs, mEPSCs) and evoked inhibitory and
excitatory postsynaptic currents (eIPSCs, eEPSCs) were recorded from CAl pyramidal
neurons using the patch clamp technique in whole-cell configuration, which allowed recording
currents through multiple channels simultaneously, over the membrane of the entire cell. Patch
clamp recordings were performed by using a Multiclamp 700B amplifier (Molecular Devices,
USA). Signals were acquired (sampling 10 kHz, low-pass filtered 2 kHz) with DigiData-1440A
using pPCLAMP-v10 software (Molecular Devices, USA); the analysis was performed off-line
using Clampfit 10 (Molecular Devices) and MiniAnalysis (Mini Analysis, Synaptosoft Fort
Lee, NJ, USA). Series resistance (Rs) was not compensated during voltage clamp experiments
to avoid increased electrical noise in the trace. Rs was constantly monitored over time and
recordings in which it changed more than 20% were discarded.

Glass electrodes (3—5 MQ) were pulled with a vertical puller (PC-10, Narishige). Pipette were
filled with 148 mM Cs Methanesulfonate, 10 mM Hepes, 0.5 mM EGTA, and 2 mM Mg-ATP,
Na3-GTP 0.3 mM, MgCI2 2 mM (295-300 mOsm, pH 7.2).

GABAergic membrane currents were recorded with the neuron clamped at 0 mV. At this
voltage, Cl— mediated inhibitory events are outward currents (estimated ECI = — 80 mV)
whereas excitatory currents are inward but of small amplitude as they would occur close to
their reversal potential. Although it was possible to isolate SIPSCs pharmacologically, by using
20 uM DNQX plus 10 uM AP-5 to block both the AMPA and NMDA receptor components of
sEPSCs, this antagonist mixture sometimes attenuated or occasionally completely blocked
sIPSCs. This presumably reflected impediment of excitatory synaptic drive to the inhibitory
interneurons that were responsible for sIPSC generation. In view of this variable effect of
DNQX/AP-5 on sIPSCs, we elected to use a holding potential of 0 mV rather than
pharmacological methods to separate sIPSCs from sEPSCs. The validity of this approach is
supported by the observation that 100uM picrotoxin (PTX) completely eliminated all
spontaneous outward current activity recorded at 0 mV (data not shown). Miniature
EPSCs/IPSCs were recorded during an initial 10 min baseline period, followed by application
of tetrodotoxin, TTX (0.5uM, Tocris Bioscience, Bristol, United Kingdom) for 10 min. After
stabilization of TTX effect, exogenous IL-15 (10nM, PeproTech EC Ltd., London, UK) was
applied for 10 min. By using the same conditions, excitatory post-synaptic currents (EPSCs)
were recorded clamping the cell at — 70 mV. In a subset of experiments, the glutamatergic
nature of the mEPSC recordings was confirmed at the end of the experiment by total blockade
of mEPSCs by DNQX (20 uM; data not shown).

For evoked post-synaptic currents, paired-pulse protocol and input/output curve, QX314-Br
(2mM) was daily added to block voltage-gated Na* channels. A concentric bipolar stimulating
electrode (SNE-100 x 50 mm long Elektronik-Harvard Apparatus GmbH, Crisel Instruments,
Rome, Italy) was positioned in the stratum radiatum to evoke eIPSCs (holding the cell at 0 mV)
or eEPSCs (Vh: -70 mV) from CA1 pyramidal neurons. For paired pulse experiments pairs of
stimuli (interstimulus intervals, ISI, 25, 50, 100 and 700ms) were applied every 20 sec.
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Stimulus intensity was about 50% of maximal amplitude, delivered through a A320R Isostim
Stimulator/Isolator (WPI). The paired pulse ratio (PPR) of e[PSCs was calculated as the ratio
between the amplitude evoked by the second stimulus (A2) over the first (Al; A2/A1) and the
amplitude of each IPSC was measured relative to a 2 ms long baseline period starting 3 ms
before stimulation. To measure the amplitude of the second peak the baseline was adjusted to
zero. The stimulus intensity was adjusted accordingly to the experiment. For input/output
curves, inhibitory fibers were stimulated by applying a single pulse at increasing intensities
(0.1-10 mA). Each pulse of a given intensity was repeated 3 to 6 times to obtain an average
response.

For current clamp recordings, micropipettes (4—5 MQ) were usually filled with a solution
containing the following composition (in mM): KCI1 135, NaCl 5 BAPTA 5, MgCl12 2, HEPES
10, Mg-ATP 2 and NaGTP 0.3 (pH 7.35 adjusted with KOH, osmolarity 290-295 mOsm).
Resting Membrane Potential (RMP) was measured as the voltage with no injected current.
Membrane capacitance was estimated as the total charge (i.e., the current integral, Qstep)
mobilized in each cell by a 10 mV hyperpolarizing step (Vstep): Qstep/Vstep. The somatic
Rinput was measured from the steady-state current evoked by a 10 mV hyperpolarizing step
injected from the holding potential of -70 mV. Relations between firing frequency and injected
current were examined by measuring the number of action potentials elicited by somatic current
injection steps incremented by 10 pA from RMP.

2.5 Analysis of miniature post-synaptic currents

Miniature excitatory post-synaptic currents (mEPSCs) were isolated by adding Tetrodotoxin
(0.5 mM, TOCRIS) to ACSF in the perfusion line for at least 10 min before starting acquisition.
Signals were acquired (sampling 10 kHz, low-pass filtered 2 kHz) with DigiData-1440A using
pCLAMP-v10 software (Molecular Devices, USA). Analysis of mEPSCs and mIPSCs was
performed offline using MiniAnalysis software (Mini Analysis, Synaptosoft Fort Lee, NJ,
USA) with the threshold for detection set at 3 folds the RMS noise. Only data from the last 2
min of each recording epoch were analyzed to ensure that drugs had fully equilibrated.

Within a single cell, the values for mPSC inter-event-intervals (IEI), amplitudes, 10-90 rise
times and t decay showed a non-Gaussian distribution. Therefore, the respective parameters
were calculated as a median value per cell. However, as the median values for all cells within
one group followed a Gaussian distribution, the population data are presented as mean + SEM.

2.6 Mice treatment

Eight-week-old male C57BL/6J mice were randomly grouped for the treatments. For IL-15
(PeproTech EC Ltd., London, UK) infusion in the hippocampus, mice were anesthetized with
a mixture of tiletamine and zolazepam (1:1, 40 mg/kg) and xylazine (10 mg/kg, Mediser, ITA),
and a guide cannula was placed AP +2.3mm, ML +1.75mm, DV —1.75mm depth from the
bregma, according to the Allen mouse brain atlas, and it was fixed with quick-setting cement.
After 7 days, mice were infused via cannula with vehicle (PBS) or IL-15 (25 ng/ml in 3 pL
PBS), every 2 days. IL-15 doses were selected to mimic those achieved in the ex vivo
experiments. After 8 days behavioral test was performed. To study the involvement of
serotonin receptor, the 5-HT3R inhibitor (Granisetron hydrochloride — Tocris, 0.25ug/0.5ul)



was added to IL-15 solution during the last infusion in the mouse hippocampus, 1h before the
behavioral test.

2.7 Novel object recognition (NOR) test

Experimental groups were blinded and randomly assigned before the start of behavioral
experiments and remained blinded until all data were collected. Sample sizes were chosen on
the basis of a power analysis using estimates from previously published experiments. Before
the experiments, mice were transported to the behavior room and left for at least 30 min to
habituate. This test analyzes the non-spatial working memory function. NOR test was
conducted in an observation chamber (40 cm x 40 cm % 30 cm) with discriminated objects (A,
B and C) identically sized in a dimly (30—40 1x) illuminated soundproof room. Stimulus objects
were made of ceramic or plastic and varied in color, size, and shape. The role (familiar or
novel) and the relative position of the objects was counterbalanced and randomly permuted for
each mouse. All objects have been previously tested to avoid biased preference. The NOR test
consists of two sessions: the training session and the test session (see Fig.5 A). A preceding
10 min of acclimatization to the experimental set-up was carried out to reduce the impact of
anxiety and stress on the outcomes. The two identical objects (object A and B) were
symmetrically fixed to the floor of the box. The training session was carried out by placing
each mouse in the middle of the two objects, and each mouse was allowed to explore the objects
for 10 min. After the training, the animals were immediately returned to their home cages, and
the observation chamber and objects were cleaned with 70% ethanol to avoid innate odorant
cues from previous animal during the training phase. An animal was considered to be exploring
the object when its head was facing the object i.e., the distance between the head and object is
approximately 1 cm or less, or when it was touching or sniffing the object. Test sessions were
carried out 1h and 24 h after the habituation session. In the test session, object B used during
the training session was replaced with a new object (C, novel to the mice). Mice were placed
back in the box and allowed to freely explore objects A and C for 5 min, and the all behavioral
parameters were calculated by software ANY MAZE 7.0.

The discrimination index (D.I.) was calculated as the ratio of the difference between the
exploration time of the unfamiliar (UF) minus the familiar (F) object and the total exploration
time: DI = (UF — F)/Total exploration time x 100 (Garofalo et al., Nat Comm. 2023).

2.8 PLX5622 treatment

Microglial depletion was achieved by administering the Plexxikon CSFIR inhibitor PLX5622
(1200 PPM added to AIN-76A chow, Research Diets) to C57BL/6N mice at least 7 days before
experiments and its administration continued until the end of the experiments. The reduction
of the microglial population, was confirmed by immunofluorescence staining against ionized
calcium-binding adapter molecule 1 (IBA1, specific microglial/macrophages marker. After
anesthesia, mice were intracardially perfused with phosphate buffered saline solution (PBS,
Sigma) and 4% paraformaldehyde (PFA, Santa Cruz Biotechnology). Brains were then isolated
and fixed in 4% formaldehyde and snap frozen. Cryostat sections (20 um) were washed in PBS,
blocked (3% goat serum in 0.3% Triton X-100) for 1 h at RT, and incubated overnight at 4°C
with a specific antibody for IBA1 (1:500). After several washes, sections were stained with the
fluorophore-conjugated antibody and Hoechst for nuclei visualization and analyzed using a
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fluorescence microscope. Data are expressed as the percentage of reduction of the area
occupied by fluorescent cells in PLX5622-treated mice versus control (by converting pixel to
mm) (as reported in Garofalo et al., 2017, Corsi et al., 2022). We report that in the hippocampus
the microglial depletion was 93.89 +2.76% complete.

2.9 Statistical analysis

All data are presented as mean = SEM. Statistical analyses comprising the calculation of
degrees of freedom were done using Sigma Plot 11.0 and Origin 8 (OriginLab Corporation,
Northampton, Massachusetts, USA) software was used for the statistical analysis of
electrophysiological data. Statistical significance was determined by paired t-test for
electrophysiological experiments with acute application of IL-15. Unpaired t-test was used to
compare electrophysiological parameters and behavioral outcome between VEH, IL-15 and
Granisetron-IL-15 treated groups as indicated. Levels of significance were set as *p < 0.05;
**p < 0.01; ***p < 0.001. In the legend, the number of cells and the number of animals are
expressed together in the form n.cells/n.animals. Criteria for animal exclusion/inclusion were
pre-established; animals considered for the analysis were selected for age. At weaning, pups
from different colonies were mixed and mice were randomly treated. The investigators
performing the different analyses always received the samples from a third laboratory member,
who was not involved in that specific experiment, to ensure blinding to the group allocation.

3. Results

3.1 IL-15 acutely regulates synaptic transmission in the hippocampus

To investigate the effect of IL-15 on synaptic transmission, we tested the effect of an acute
application (10 nM) on the miniature inhibitory post-synaptic currents (mIPSCs) recorded from
CA1 pyramidal neurons (PC) under action potential block with tetrodotoxin (TTX, 0.5 mM).
After 10 min of IL-15 perfusion, the mean frequency of mIPSCs is enhanced (p = 0.031) and
the IEI is reduced (p = 0.037) while the mean amplitude of events is not modified (p = 0.33)
(Fig.1 A-C, Table 1), indicating that [L-15 has a pre-synaptic effect on the inhibitory synapses
onto PC cells. No changes in the rise time and decay time of the events are observed upon IL-
15 (p = 0.39 and p = 0.57 respectively) while the decay time is increased during the wash out
period, probably linked to a general increase of series resistance at the end of the experiments
due to long lasting period of recordings (p = 0.036, Table 1).

Changes in the paired pulse ratio (PPR) are strongly correlated with modifications in the
neurotransmitter release probability (Dobrunz and Stevens, 1997). To verify whether IL-15
modulates the probability (Pr) of GABA release, we measured the PPR of the inhibitory post-
synaptic currents evoked in PC by extracellular stimulation with a bipolar electrode positioned
in the stratum radiatum. We found that the PPR of the responses evoked by two consecutive
stimuli (ISI: 50 ms) is reduced after IL-15 treatment and rescues to control values after wash
(p = 0.02, Fig.1 D-F, Table 1) confirming that IL-15 acts by transiently enhancing the
probability of GABA release.



We then investigated the modulation of acute IL-15 treatment (10 min, 10 nM) on the excitatory
transmission in PC. Recordings of miniature excitatory post-synaptic currents (mEPSCs)
reveal that the amplitude of events is reduced (p = 0.022, Fig.2 A-B, Table 1) while neither
the mean frequency (p = 0.62) nor the IEI of mEPSCs are modified (p = 0.44, Fig.2 C, Table
1) by IL-15 treatment, suggesting post-synaptic alteration(s) at the excitatory synapses.
Interestingly, while we found no changes in the rise time (p = 0.66, Table 1), the decay time
of mEPSCs was significantly reduced in IL-15 treated slices compared to wash out condition,
indicating modifications of AMPA receptor properties upon IL-15 treatment (p = 0.008, Table

1.

We then recorded the evoked eEPSC from PC by stimulating the Schaffer collaterals and we
found that during paired pulse stimulation, the amplitude of both responses is decreased (p =
0.05 and p = 0.03 respectively), leaving the PPR unchanged (p = 0.32, Table 1, Fig.2 D-F).
These results indicate that IL-15 acts acutely on excitatory synapses onto PC, decreasing the
excitation through post-synaptic mechanisms.

Altogether these results indicate that IL-15 has a general inhibitory effect on hippocampal
neurotransmission in mice hippocampus, increasing GABAergic neurotransmission and
depressing glutamatergic currents.

3.2 IL-15 modulates inhibition in CA1 hippocampal area and impairs episodic memory
in mice

To evaluate the contribution of IL-15 in the modulation of synaptic transmission in the
hippocampus in vivo, we treated mice with vehicle or IL-15 in hippocampus via an
intracerebral cannula. After 8 days of treatment, mice were sacrificed, and hippocampal brain

slices were harvested. Capacitance, input resistance, resting membrane potential along with
firing properties are not different between the VEH- and IL-15-treated groups, indicating that
the biophysical properties and the intrinsic excitability of PC cells are not affected by IL-15
treatment (Fig.S2). Interestingly, and in accordance with the data shown in Fig.1, the
recordings of mIPSCs from PC showed an enhancement of the frequency and a reduction of
the IEI in the IL-15 group (p = 0.04 and 0.05 respectively, Fig.3 A-C, Table 2), compared to
the VEH group, while the amplitude of mIPSCs are similar (p = 0.34, Fig.3 D, Table 2).
Analysis of kinetics shows no change in the rise time and decay times of events in the IL-15
group compared to VEH (p = 0.27 and p = 0.24 respectively, Table 2). These observations
indicate that similarly to acute treatment, in vivo delivery of IL-15 in the hippocampus
enhances the inhibitory transmission through presynaptic mechanisms.

We also looked at excitatory transmission by recording mEPSCs from PC cells in slices
harvested from the VEH and IL-15 groups (Fig.3 E). Events analysis revealed that the mean
frequency (p = 0.49), IEIs (p = 0.99) and amplitudes (p = 0.16) of mEPSCs are similar in both
VEH and IL-15 groups while we found a faster rise time and decay time in the IL-15 group. (p
=0.005 and p = 0.01 respectively, Fig.3 F-G, Table 2). These results suggest modifications
of AMPA receptors properties induced by chronic IL-15 treatment, in line with what is found
during acute application of IL-15 (Fig.2). Consequent to the alterations in the inhibitory
currents, measurements of mIPSC (at 0 mV) and mEPSC (-70 mV) from individual PC cells



confirm a reduced excitation/inhibition, E/I, ratio calculated from the frequencies (p = 0.04,
Fig.3 H) in IL-15-treated mice while no difference in E/I amplitude is observed (p =0.27, Fig.3
H).

To investigate whether the increase in mIPSCs frequency induced by in vivo treatment with
IL-15 is due to increased inhibitory connectivity, we analysed the input/output curve (I/O
curve) by measuring the amplitude of eIPSCs elicited by stimuli of graded intensities. The
inhibitory post-synaptic currents increased similarly in the VEH and IL-15 groups, at
increasing stimulation intensity (Fig.4 A-B), suggesting that the strength of inhibitory input
onto CA1 pyramidal neurons is not affected by chronic IL-15. Evoked inhibitory currents were
then recorded during pairing of extracellular stimuli at different interstimulus intervals. In line
with what was observed with acute IL-15 application, the paired pulse ratio is reduced in the
IL-15 group at 200 ms ISI, indicating that IL-15 treatment enhances pre-synaptic GABA
release by increasing release probability (p = 0.04, Fig.4 C-D).

Inhibition of pyramidal neurons by GABAergic interneurons plays a critical role in the
regulation of information flow through the hippocampus. Recently, it has been found that
specific hippocampal interneurons in CA1 control episodic-like memory consolidation in a
GABA-dependent manner (Oliveira da Cruz et al., 2020) (Rong et al., 2023). Moreover, it has
been reported that selective deletion of IL-15 or IL-15Ra leads to behavioral and cognitive
impairments related to hippocampus (He et al, 2010; Nguyen et al., 2017)). To further explore
the potential role of IL-15 in memory processes related to hippocampal formation, we evaluated
the episodic memory with the novel-object recognition (NOR) test. We observed that IL-15-
treated mice show memory impairment both in the short (1h) and in the long term (24h)
memory task, as indicated by a reduction of the discrimination index (p = 0.024 and p = 0.023,
Fig.5).

3.3 Microglial depletion does not preclude IL-15-mediated effects on GABAergic
neurotransmission but prevents IL-15 effects on NOR memory consolidation

The expression of IL-15Ra., the specific subunit of the IL-15 receptor, has been found in human
fetal brain extracts from different regions, including the hippocampus, while at cellular level it
has been found in microglia, in astrocytes and in neural cell lines (Hanisch et al., 1997; Satoh
et al., 1998; Kurowska et al., 2002; Lee et al., 1996). However, no evidence of IL-15Ra
expression by different neuronal subtypes has been reported. Here, we performed single cell
qRT-PCR analysis of CA1 pyramidal cells (PC), interneurons (INT), microglia (MIC) and
astrocytes (AST), extracting the cytoplasm via a patch pipette. Electrophysiological
characterization of patched cells before collecting the cellular content allows the identification
of the different cell types (Fig.S1). By single cell RT-PCR analysis we found that all the cells
tested, with the exception of INT, express the IL-15Ra subunit (Fig.6 A), with high levels in
microglia.

To investigate whether microglia have a role in the neuromodulatory activity of IL-15 on
GABAergic transmission, we studied the effect of IL-15 in mice treated with PLX5622, a
CSFR1 inhibitor added to the diet, that eliminates more than 90 % of microglia in the brain
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(Corsi et al., 2022). We found that upon microglia depletion, the intracerebral injection of IL-
15 produces no changes in the mean amplitude of mIPSCs (p = 0.97) while the treatment
increases the frequency and reduces the IEIs of mIPSCs (p = 0.044 and p = 0.039, Fig.6 B-C)
compared to depleted mice injected with vehicle. The effects of IL-15 treatment in microglia-
depleted mice on inhibitory currents are similar to those observed in control mice (see Fig.3),
suggesting that other mechanisms could be involved in the neuromodulatory activity of IL-15
on GABAergic neurotransmission.

Interestingly, in the NOR test, PLX5622 treated mice injected with IL-15 show a reduction in
the discrimination index at 1h but not at 24h compared to VEH depleted mice (p = 0.012 and
p =0.190, respectively, Fig.6 D). This difference suggests that microglia might control distinct
phases of NOR memory consolidation mediated by IL-15.

3.5 Serotonin receptors mediates IL-15 effects on GABA release and NOR memory

In the hippocampus, the activity of inhibitory interneurons is modulated by a number of inputs
from the subcortical monoaminergic nuclei, including the serotonergic midbrain raphe nuclei
(Lambert and Wilson, 1993; Fink and Ghothert, 2007, Varga et al., 2009), and the activation
of 5-HTj; receptors modulates the release of several neurotransmitters, including GABA
(Katsurabayashi et al., 2003; Turner et al., 2004). Furthermore, it has been shown that IL-15Ra
knock out mice show an alteration in the serotonin system and increased depressive-like
behavior (Miettinen and Freund, 1992a, 1992b; Freund et al., 1990; Papp et al., 1999). For
these reasons, we investigated the possible involvement of 5-HT3A receptors in the IL-15-
induced potentiation of GABA release, analyzing the mIPSCs in hippocampal slices pretreated
with a selective inhibitor for the serotonin 5-HT3A receptor, granisetron (30 nM). We observed
that while acute treatment of slices with IL-15 increases mIPSC frequency and IEIs (p = 0.03
and p = 0.028 respectively, Fig. 7 A-B left panels), pretreatment of the hippocampal slices
with granisetron prevents these effects (p = 0.87 and p = 0.94 respectively, Fig. 7 A-B right
panels). Furthermore, the mIPSCs amplitude is unaffected in all the conditions (Fig.7 C, CTR:
TTX vs IL-15 p = 0.20; +GRANISETRON: TTX vs IL-15 p = 0.67). These results indicate
that the activation of 5-HT3;A receptors is required for the presynaptic effect of IL-15 on
inhibitory circuitry.

Serotonin dysregulation is known to contribute to cognitive symptoms and NOR impairment
associated with several brain disorders and different subtypes of 5-HT receptors play a role in
object recognition memory (Meneses, 2013). 5-HT3R antagonists have been reported to
improve NOR deficits in kindled rat, schizophrenic and depressive mouse models (Sayahi et
al., 2022; Bozkurt and Unal, 2023; Pehrson et al., 2018) while in non-pathological conditions
a 5-HT3 receptor antagonist, tropisetron, facilitates cognition in female rats by improving the
recognition of familiar information (Sawyer et al, 2012). To demonstrate a potential role of the
5-HT;A receptor in the effects induced by IL-15 on episodic memory, we intracranially
injected granisetron (0.25n1g/0.5ul), simultaneously with IL-15. This local treatment inhibited
the effects induced by IL-15 on the NOR test (Fig.7 D), indicating a role for 5-HT3;AR in the
regulation of non-spatial memory mediated by IL-15.

4. Discussion
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The role of the cytokine network in the regulation of the homeostatic functions of the CNS is
still far from being completely understood, but several evidence support the notion that
cytokines contribute to neuronal circuit function and mice behavior. Here, we demonstrated
that the administration of IL-15 in the hippocampus induces changes in neuronal transmission,
with alterations in cognitive performance in mice. In particular, we found that IL-15 increases
the frequency of miniature GABAergic currents and reduces the PPR of evoked inhibitory
responses, both ex vivo and in vivo. These effects, together with the observation that the I/O
relationship of inhibitory transmission is not modified by IL-15, indicate that IL-15 increases
GABAergic transmission by enhancing the probability of GABA release rather than altering
the number of inhibitory connections/interneurons.

Here we also showed that the strength of both spontaneous and evoked glutamatergic
transmission is reduced upon acute administration of IL15 on slices, suggesting post-synaptic
changes at excitatory synapses. Interestingly, upon chronic delivery of IL-15 into the brain, the
mean amplitude of mEPSC:s is not affected but the decay time of mEPSCs is reduced, an effect
also observed during acute IL-15 treatment, suggesting alterations of the AMPARSs properties
(Jonas, 2000). Our single cell PCR analysis on hippocampal cell populations showing IL-15Ra
expression by PC indicates that a direct action of IL-15 onto pyramidal cells could underlie
these effects. However, we cannot exclude additional mechanisms involving the release of
mediators by glia cells (Dubois et al., 2002).

We observed that IL-15 differently affects the amplitude of glutamatergic current upon acute
or chronic treatment: we speculate that the long-lasting alteration in basal neurotransmission
could activate compensatory mechanisms, i.e. homo-or hetero-synaptic plasticity, to counteract
synaptic alterations mediated by IL-15 (Field et al., 2020). In accordance with the specific
increase of mIPSCs frequency, we reported that IL-15-treated mice display a reduction in the
E/I frequency ratio on PC, thus suggesting an impairment in hippocampal circuit function.
Indeed, the balance of excitatory to inhibitory (E/I) synaptic inputs is thought to control
information processing and behavioral output of the central nervous system (Vogels et al.,
2011) while an unbalanced E/I ratio may underlie impairment in social behavior, sensory
perception and memory (Mendez et al.,2018). Interestingly, we found impairment in the NOR
task upon IL-15 treatment, indicating that the increase in inhibition and the altered E/I balance
disturb hippocampal activity and may underlie the episodic memory deficits. Our data are also
in line with studies reporting that an increased GABAergic transmission and augmented GABA
tone appears to exert inhibitory effects on learning and memory in the hippocampus (Koh et
al., 2023; Rong et al., 2023). Moreover, a recent report reveals that a specific subgroup of
interneurons controls memory involved in NOR tasks through a GABA mediated mechanism
(Oliveira da Cruz et al., 2020).

Considering our data from single cell RT-PCR showing high levels of IL15Ra on microglia,
we investigated whether microglial cells are involved in the neuromodulatory activity of IL-
15. Mice partially depleted of microglia show an increase in GABAergic spontaneous activity
upon chronic treatment with IL-15, and an impairment in short term memory in the NOR test,
similarly to IL-15 injected control mice, suggesting that microglia are not directly involved in
the IL-15 mediated effect on inhibition. Nevertheless, the effect of IL-15 on long term episodic
memory is prevented by microglia depletion, suggesting that microglia might control distinct
phases of NOR memory consolidation mediated by IL-15. Indeed, recent advances in
proteomics and genomic tools have revealed that microglia display heterogeneous
transcriptomic and functional profiles with differences linked to the brain region and the circuit
they are associated with (Ochocka and Kaminska, 2021). Accordingly, we previously described
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that depletion of microglia by PLX5622 administration affects hippocampal synaptic plasticity
in a different manner at ventral and dorsal hippocampal pole (De Felice et al., 2022), two
regions that are differently connected to cortical and subcortical areas and showing functional
segregation with specific behavioral implications (Hargraves et al., 2005). Related to the NOR
memory, a recent paper showed that a subpopulation of microglia expressing Arginase-1
control the late phase of NOR memory but not the short-term phase through regulation of
cholinergic innervation in the hippocampus (Stratoulias et al., 2023), thus suggesting that other
neuromodulators could be involved in the effects observed on episodic memory.

Taking into account the complex cell interactions mediated by cytokines, we can speculate that
different cell types could be involved in the effects of the IL-15/I1-15 Ra system on neuronal
functions. We found no expression of IL-15Ra subunit by interneurons, indicating that the
effects of IL-15 on inhibition and memory could imply either a “trans-presentation” mode, by
which the IL-15/IL-15Ra complex expressed on the surface of a producing cell triggers
signaling through IL-15Ry. on a neighbouring cell (Dubois et al., 2002) or heterogeneity of
IL-15 expression by different INT subpopulations. Alternatively, we can speculate that other
mediators able to modulate the release of GABA by interneurons onto CA1 pyramidal cells
could be involved.

To investigate the last point, we considered that different inputs originating from distal brain
regions are known to control the activity of interneurons and modulate the release of GABA
by a wide variety of neurotransmitters and neuromodulators (Lambert and Wilson, 1993;
Maggi et al., 2001; Fink and Ghothert, 2007). Among them, serotonin increases firing activity
of interneurons (Staubli and Xu, 1995; McMahon and Kauer JA, 1997, Varga et al., 2009) and
exerts a facilitatory action on the release of GABA by acting through presynaptic 5-HTj
receptors (Katsurabayashi et al., 2003; Turner et al., 2004; Ciranna, 2006; Dorostkar and
Boehm, 2007). Antagonism of 5-HT3A with ondasetron reduced the between-burst
hyperpolarization in CA1, enhancing both the frequency of the naturally occurring theta rhythm
and the induction of long-term potentiation, a molecular correlate of memory, thus facilitating
learning (Staubli and Xu, 1995). Indeed, several studies showed modulation of cognitive
performance and memory tasks upon administration of selective agonist or antagonists of the
5-HT receptors (Buhot, 1997, 2000) while 5-HT5R antagonists, such as ondansetron, have been
shown to improve cognition in different models of memory impairment (Staubli and Xu, 1995;
Reznic and Staubli, 1997; Fontana et al., 1995; Boast et al., 1999; Mishra and Goel, 2016; Dale
et al., 2016). Interestingly, IL-15Ra KO mice have alterations of the serotoninergic system and
behavioral abnormalities (Wu et al., 2010, 2011). We described that inhibition of the 5-HTj3
receptor prevents the increase in mIPSCs frequency upon IL-15 treatment, indicating that 5-
HT signaling is involved in the IL-15 mediated effects on inhibitory neurotransmission. We
here did not investigate directly the expression of IL15 Ra subunit on serotoninergic afferents
neither the molecular mechanisms linking IL-15/IL-15 Ra signaling to serotoninergic pathway.
However, modulation of serotoninergic system by IL-15 could be achieved by altering
serotonin metabolism, as reported for other inflammatory cytokines such as TNFa and IL-1,
known to increase the expression and function of the reuptake pumps (transporters) for
serotonin through activation of mitogen activated protein kinase (MAPK) such as p38 MAPK,
signaling molecules also activated by the IL-15 pathway. (Pelletier et al., 2002, Zhu et al.,
2006). Previous studies reported altered expression of some 5-HTRs in IL-15Ra KO and
reduced serotonin uptake in both IL-15 treated and IL-15Ra KO synaptosomal preparation
(Wu et al., 2010, 2011). Alternatively, IL-15 can influence the release of serotonin by
increasing the production of NO, known to modulate the release of serotonin in hippocampus
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(Lorrain and Hull, 1993, Kaehler et al., 1999). In future experiments it would be interesting to
investigate the mechanisms by which IL-15 affects serotoninergic system in our model.

We speculate that the synaptic and behavioral alterations observed upon IL-15 treatment could
be related to several pathological conditions characterized by chronic inflammation. In the
brain, IL-15 signaling may be involved in the inflammatory reactions in CNS disorders and it
is upregulated in multiple sclerosis, Alzheimer’s and Parkinson’s disease and it exacerbates
ischemic brain injury (Rentzos et al., 2006a, 2006b; Li M. et al., 2016; Fehniger and Caligiuri,
2001). Notably, the release of pro-inflammatory cytokines during pathological conditions
significantly impacts on the activity of the nervous system, promoting sickness behavior and
other behavioral abnormalities (Salvador et al., 2021) and patients affected by these disorders
suffer from memory impairments (Zhang et al.; 2012; Jahn, 2013; Davis et al., 2016; Valentine
et al., 2023). Our data demonstrated a correlation between the cytokine IL-15 and memory
impairments, highlighting a new potential mechanism that participates in brain dysfunctions.
Recently, many evidence demonstrated that immune cells tune neuronal transmission and
neurotransmitter levels with effects on mice behavior (Alves de Lima et al., 2020; Garofalo et
al., 2023). Since IL-15 is fundamental to sustain and activate immune cell functions, this
cytokine could represent a molecular bridge among the adaptive and innate immune cells and
the brain, and part of its effects in vivo could be due to the activation and recruitment of
immune cells in the brain, with mechanisms worth to be further investigated.

5. Conclusions

Our data disclosed new modulatory mechanisms of IL-15 in the brain under physiological
conditions, and identified the serotonin 5-HT3A receptor as one of the mediators involved in
the modulation of inhibitory neurotransmission and episodic memories by IL-15.
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Figure Legends

Figure 1. IL-15 increases spontaneous and evoked GABAergic transmission in acute
hippocampal slices. A) Scheme and B) representative recordings of mIPSCs performed from
CAl pyramidal neurons (PC) in acute hippocampal slices with TTX and after 10 min
application of IL-15 (10nM), at 0 mV holding potential. C) Histograms representing the mean
+ SEM of the frequency, IEIs and amplitude before, after 10 min of IL-15 treatment in the bath
and after 10 min wash out period. Single dots represent the median value for each cell recording
(n = 9/6). D) Representative timeline graph of a paired stimulation protocol experiment (ISI:
50 ms). Evoked IPSC amplitudes of the first peak (P1), the second peak (P2) and the paired
pulse ratio (PPR) are shown. E) Representative traces of the experiment shown in D. F)
Histograms of the mean values for PPR with dots indicating single cell recordings (n = 5/3).
Paired t-test, * < 0.05.

Figure 2. IL-15 transiently decreases the amplitude of glutamatergic transmission in
acute hippocampal slices. A) Scheme and representative recordings of mEPSCs performed
from CA1 pyramidal neurons at — 70 mV in acute hippocampal slices with TTX and after 10
min application of IL-15 (10nM). Histograms representing the mean = SEM of the mEPSCs
amplitude (B), frequency and IEIs (C) before, after 10 min of IL-15 treatment in the bath and
after 10 min wash out period. Single dots represent the median value for each cell recording (n
= 6/3). D) Representative timeline graph of a paired stimulation protocol experiment (ISI: 50
ms). Evoked EPSC amplitudes of first peak (P1), second peak (P2) and PPR are shown. E)
Graph showing the mean values of the PPR (left) and the mean values of the first (P1) and the
second peak (P2) amplitude (right) for each recording (single dot) and the average (histogram)
before and after IL-15 treatment (n = 6/3). Paired t-test, * < 0.05. F) Representative eEPSC
traces of the experiment shown in D. Horizontal scale bar: 50 ms, vertical 200 pA.

Figure 3. Effects of intracerebral injection of IL-15 in mice on spontaneous hippocampal
synaptic transmission. A) Schematic representation of IL-15 injections in mice. B) Scheme
and representative recordings of mIPSCs from CA1 PC at 0 mV from VEH and IL-15 treated
mice. Horizontal scale bar: 250 ms, vertical scale bar: 25 pA C) Histograms showing the mean
frequency and IEIs of mIPSCs with single dots representing the median value for each cell
(VEH n = 23/5, IL-15 n = 30/7). D) Histograms of mIPSCs amplitude in VEH and IL-15
groups. E) Representative traces of mEPSCs recorded from CA1 PC at -70 mV. F) Histograms
of the mean frequency and IEIs for mEPSCs (VEH n = 11/5, IL-15 n = 14/6). G) Mean values
and single cell median values of mEPSCs amplitudes. H) Excitation/inhibition ratio calculated
as the ratio between mEPSC/mIPSC recorded from the same cell, for the frequency and
amplitude respectively in vehicle (0.41 + 0.11, 0.67 £ 0.04, n = 9/4) and IL-15 treated mice
(0.15+0.03, 0.61 = 0.04, n=13/7). * <0.05. Unpaired t-test.

Figure 4. In vivo delivery of IL-15 impacts on paired pulse ratio but not on inhibitory
strength. A) Traces of IPSCs evoked elicited by stimuli of graded intensities recorded from
VEH and IL-15 mice. B) Input/output curves of e[PSCs averaged from cells recorded in VEH
(n=7/4) and IL-15 treated mice (n = 9/3). C) Representative traces of paired e[PSCs in control
and IL-15 mice. D) Paired pulse ratio measured at 50, 100, 200 and 700 ms interstimulus
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intervals (ISIs) in vehicle (50 ms: 0.79 £ 0.08, 100 ms: 0.91 + 0.06, 200 ms: 0.92 + 0.04, 700
ms: 0.85 + 0.03) and IL-15 injected mice (50 ms: 0.71 £ 0.05, 100 ms: 0.81 £ 0.06, 200 ms:
0.80 £ 0.04, 700 ms: 0.88 £ 0.04) * < 0.05, unpaired t-test.

Figure 5. IL-15 impairs episodic memory formation. A) Scheme of NOR test depicting the
training and the test sessions. B) Discrimination index analyzed after 1h (short term memory
- STM) and 24h (long term memory - LTM) in mice treated with VEH or IL-15 (n = 10 each
group, *p=0.024 STM, *p=0.023 LTM two-tailed Student’s t-test).

Figure 6. Role of microglia in IL-15 mediated effects on synaptic transmission and
episodic memory. A) Histogram showing the results of single cell gPCR for IL-15Ra mRNA
from pyramidal cells (PC), interneurons (INT), microglia (MIC) and astrocyte (AST). B)
Scheme of PLX5622 mice treatment. C) Histograms showing the mean amplitude, the
frequency and IEIs of mIPSCs in microglia depleted mice treated intracerebrally with vehicle
(n = 12/2) or IL-15 (n = 16/3). D) Discrimination index analyzed after 1h (STM, left graph)
and 24h (LTM, right graph) in mice fed with control chow (left bars) and PLX 5622 chow
(right bars) treated with VEH (n =5) or IL-15 (n =7).

Figure 7. 5-HT; receptors activation mediates the effects of IL-15 on inhibitory
transmission and episodic memory. A) Single data plot of mIPSCs frequency in control, after
10 min of IL-15 acutely applied in slice, and after 10 min of wash out, without (n = 5/3, left)
and with pretreatment of the slice with the 5-HT3;A R antagonist, Granisetron (n = 6/3, right).
B) Histograms showing the mean of IEIs values in TTX, after 10 minute of IL-15 application
and after 10 min wash out without (left) and with (right) Granisetron pretreatment. Values are
normalized to TTX in each condition. C) Normalized values to TTX condition without and
with Granisetron pretreatment for mean mIPSCs amplitudes. D) Discrimination index analyzed
after 1h (short term memory - STM) and 24h (long term memory - LTM) in mice treated with
VEH (n =5), IL-15 (n = 7) or Granisetron + IL-15 (n = 6).

Figure 8. Graphical summary showing the observed effects of IL-15 on synaptic transmission
in CA1 hippocampal region and behaviour.

Exogenous application of IL-15 on acute slices and in mice produces presynaptic effects at the
inhibitory synapses. We observed (red signs) an increase in the frequency of mIPSCs and a
reduction of PPR eIPSC, both indicating enhanced GABA release upon IL-15. Granisetron (30
nM), an antagonist of 5-HT3ARs reported to be expressed on interneurons (INT) where
regulates firing and presynaptic release of GABA, precludes the effect of [L-15 on inhibitory
currents, indicating that 5-HT (released from serotoninergic afferents originating from dorsal
raphe nucleus (DRN)) is involved in the IL-15 mediated effects on GABA release. Depletion
of microglia (MIC) with PLX5622 do not prevent the effects of IL-15 on inhibitory currents.
IL-15 treatment causes post-synaptic changes at the excitatory synapses between Schaffer
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collaterals (Sch) and CA1 pyramidal neurons (PC), reducing the amplitude of mEPSC and
eEPSC. The alterations in inhibitory activity are linked to impairment in the episodic memory,
observed as reduction in both short (STM) and long-term memory (LTM) in the novel object
recognition task. STM and LTM impairment are rescued in IL-15 treated mice by Granisetron
while PLX5622 treatment leads to a recovery only of LTM.

Fig.S1. Example traces recorded for electrophysiological characterization of patched cells in
single cell gPCR to identify A), pyramidal cells (PC) B), interneurons (INT) C) microglia
(MIC) and D) astrocyte (AST). Cell capacitance and firing pattern of pyramidal cell (A) and
interneurons (B) are shown. For PC and INT, voltage responses are elicited by somatic current
injection steps incremented by 10 pA from RMP. For MIC C) and AST (D), currents are evoked
by hyperpolarizing and depolarizing voltage steps incremented by 10 mV.

Fig.S2. Graphs showing the mean values of cell capacitance (A) and input resistance (B)
measured from pyramidal cells recorded in slices harvested from vehicle (VEH: 93.09 + 6.73
pF, 313.81 £ 29.87 MQ, n = 22/5) and IL-15 treated mice (110.87 + 9.04 pF, 302.69 + 30.58
MQ, n=29/7). Dots indicate the value for each cell recordings. (C) Membrane potential values
from vehicle (-65.64 = 1.86 mV, n = 8/3) and IL-15 treated mice (-65.88 = 1.45, n = 7/2). D)
Firing pattern and E) relationship between somatic current injection and number of action
potential recorded in current clamp mode from PC in VEH (n = 8/3) and IL-15 treated mice (n
=7/2). F) Threshold for action potential in VEH (-42.00 = 2.67 mV, n = 8/3) and IL-15 mice (
-42.67£0.95 mV,n=7/2).

Reference list

1. Alves de Lima, K. et al. Meningeal yo T cells regulate anxiety-like behavior via IL-
17a signaling in neurons. Nat Immunol 21, 1421-1429 (2020).

2. Beattie EC, Stellwagen D, Morishita W, Bresnahan JC, Ha BK, Von Zastrow M,
Beattie MS, Malenka RC. Control of synaptic strength by glial TNFalpha. Science.
2002 Mar 22;295(5563):2282-5. doi: 10.1126/science.1067859. PMID: 11910117.

3. Belardelli F. Role of interferons and other cytokines in the regulation of the immune
response.  APMIS. 1995  Mar;103(3):161-79.  doi: 10.1111/5.1699-
0463.1995.tb01092 x.

4. Bezzi P, Domercq M, Brambilla L, Galli R, Schols D, De Clercq E, Vescovi A,
Bagetta G, Kollias G, Meldolesi J, Volterra A. CXCR4-activated astrocyte

glutamate release via TNFalpha: amplification by microglia triggers neurotoxicity.
Nat Neurosci. 2001 Jul;4(7):702-10. doi: 10.1038/89490. PMID: 11426226.

17



18

10.

11.

12.

13.

14.

Boast C, Bartolomeo AC, Morris H, Moyer JA. SHT antagonists attenuate MK801-
impaired radial arm maze performance in rats. Neurobiol Learn Mem. 1999
May;71(3):259-71. doi: 10.1006/nlme.1998.3886. PMID: 10196105.

Bozkurt NM, Unal G. Vortioxetine improved negative and cognitive symptoms of
schizophrenia in subchronic MK-801 model in rats. Behav Brain Res. 2023 Apr
27;444:114365. doi: 10.1016/j.bbr.2023.114365. Epub 2023 Feb 27. PMID:
36858318.

Brombacher TM, Nono JK, De Gouveia KS, Makena N, Darby M, Womersley J,
Tamgue O, Brombacher F. IL-13-Mediated Regulation of Learning and Memory. J
Immunol. 2017 Apr 1;198(7):2681-2688. doi: 10.4049/jimmunol.1601546. Epub
2017 Feb 15. PMID: 28202615.

Buhot MC, Martin S, Segu L. Role of serotonin in memory impairment. Ann Med.
2000 Apr;32(3):210-21. doi: 10.3109/07853890008998828. PMID: 10821328.

Buhot MC. Serotonin receptors in cognitive behaviors. Curr Opin Neurobiol. 1997
Apr;7(2):243-54. doi: 10.1016/s0959-4388(97)80013-x. PMID: 9142756.

Choi GB, Yim YS, Wong H, Kim S, Kim H, Kim SV, Hoeffer CA, Littman DR,
Huh JR. The maternal interleukin-17a pathway in mice promotes autism-like
phenotypes in offspring. Science. 2016 Feb 26;351(6276):933-9. doi:
10.1126/science.aad0314. Epub 2016 Jan 28. PMID: 26822608; PMCID:
PMC4782964.

Ciranna L. Serotonin as a modulator of glutamate- and GABA-mediated
neurotransmission: implications in physiological functions and in pathology. Curr
Neuropharmacol. 2006 Apr;4(2):101-14. doi: 10.2174/157015906776359540.
PMID: 18615128; PMCID: PM(C2430669.

Corsi G, Picard K, di Castro MA, Garofalo S, Tucci F, Chece G, Del Percio C, Golia
MT, Raspa M, Scavizzi F, Decoeur F, Lauro C, Rigamonti M, lannello F,
Ragozzino DA, Russo E, Bernardini G, Nadjar A, Tremblay ME, Babiloni C, Maggi
L, Limatola C. Microglia modulate hippocampal synaptic transmission and sleep
duration along the light/dark cycle. Glia. 2022 Jan;70(1):89-105. doi:
10.1002/glia.24090. Epub 2021 Sep 6. PMID: 34487590; PMCID: PM(C9291950.

Czerniawski J, Miyashita T, Lewandowski G, Guzowski JF. Systemic
lipopolysaccharide  administration impairs retrieval of  context-object
discrimination, but not spatial, memory: Evidence for selective disruption of
specific ~ hippocampus-dependent =~ memory  functions  during  acute
neuroinflammation. Brain Behav Immun. 2015 Feb;44:159-66. doi:
10.1016/5.bb1.2014.09.014. Epub 2014 Oct 19. PMID: 25451612; PMCID:
PMC4358899.

Dale E, Pehrson AL, Jeyarajah T, Li Y, Leiser SC, Smagin G, Olsen CK, Sanchez
C. Effects of serotonin in the hippocampus: how SSRIs and multimodal
antidepressants might regulate pyramidal cell function. CNS Spectr. 2016
Apr;21(2):143-61. doi: 10.1017/S1092852915000425. Epub 2015 Sep 8. PMID:
26346726, PMCID: PMC4825106.



19

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

Davis AA, Racette B. Parkinson disease and cognitive impairment: Five new things.
Neurol Clin Pract. 2016 Oct;6(5):452-458. doi: 10.1212/CPJ.0000000000000285.
PMID: 27847686; PMCID: PMC5100708.

De Felice E, Gongalves de Andrade E, Golia MT, Gonzélez Ibafiez F, Khakpour M,
Di Castro MA, Garofalo S, Di Pietro E, Benatti C, Brunello N, Tascedda F,
Kaminska B, Limatola C, Ragozzino D, Tremblay ME, Alboni S, Maggi L.
Microglial diversity along the hippocampal longitudinal axis impacts synaptic
plasticity in adult male mice under homeostatic conditions. J Neuroinflammation.
2022 Dec 8;19(1):292. doi: 10.1186/s12974-022-02655-z. PMID: 36482444,
PMCID: PMC9730634.

Devienne G, Le Gac B, Piquet J, Cauli B. Single Cell Multiplex Reverse
Transcription Polymerase Chain Reaction After Patch-clamp. J Vis Exp. 2018 Jun
20;(136):57627. doi: 10.3791/57627. PMID: 29985318; PMCID: PMC6101963.

Di Filippo M, Mancini A, Bellingacci L, Gaetani L, Mazzocchetti P, Zelante T, La
Barbera L, De Luca A, Tantucci M, Tozzi A, Durante V, Sciaccaluga M, Megaro
A, Chiasserini D, Salvadori N, Lisetti V, Portaccio E, Costa C, Sarchielli P, Amato
MP, Parnetti L, Viscomi MT, Romani L, Calabresi P. Interleukin-17 affects
synaptic plasticity and cognition in an experimental model of multiple sclerosis.
Cell Rep. 2021 Dec 7;37(10):110094. doi: 10.1016/j.celrep.2021.110094. PMID:
34879272.

Dobrunz LE, Stevens CF. Heterogeneity of release probability, facilitation, and
depletion at central synapses. Neuron. 1997 Jun;18(6):995-1008. doi:
10.1016/s0896-6273(00)80338-4. PMID: 9208866.

Dorostkar MM, Boehm S. Opposite effects of presynaptic 5-HT3 receptor
activation on spontaneous and action potential-evoked GABA release at
hippocampal synapses. J Neurochem. 2007 Jan;100(2):395-405. doi:
10.1111/j.1471-4159.2006.04218.x. Epub 2006 Oct 25. PMID: 17064350.

Dubois S, Mariner J, Waldmann TA, Tagaya Y. IL-15Ralpha recycles and presents
IL-15 In trans to neighboring cells. Immunity. 2002 Nov;17(5):537-47. doi:
10.1016/s1074-7613(02)00429-6. PMID: 12433361.

Durand GM, Marandi N, Herberger SD, Blum R, Konnerth A. Quantitative single-
cell RT-PCR and Ca2+ imaging in brain slices. Pflugers Arch. 2006
Mar;451(6):716-26. doi: 10.1007/s00424-005-1514-3. Epub 2005 Oct 7. PMID:
16211366.

Fehniger TA, Caligiuri MA. Interleukin 15: biology and relevance to human
disease. Blood. 2001 Jan 1;97(1):14-32. doi: 10.1182/blood.v97.1.14. PMID:
11133738.

Field RE, D'amour JA, Tremblay R, Miehl C, Rudy B, Gjorgjieva J, Froemke RC.
Heterosynaptic Plasticity Determines the Set Point for Cortical Excitatory-
Inhibitory  Balance.  Neuron. 2020 Jun  3;106(5):842-854.e4.  doi:
10.1016/j.neuron.2020.03.002. Epub 2020 Mar 25. PMID: 32213321; PMCID:
PMC7274908.



20

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Filiano, A. J. et al. Unexpected role of interferon-y in regulating neuronal
connectivity and social behaviour. Nature 535, 425-429 (2016).

Fink KB, Gothert M. 5-HT receptor regulation of neurotransmitter release.
Pharmacol Rev. 2007 Dec;59(4):360-417. doi: 10.1124/pr.107.07103. Erratum in:
Pharmacol Rev. 2008 Mar;60(1):142. PMID: 18160701.

Fontana DJ, Daniels SE, Henderson C, Eglen RM, Wong EH. Ondansetron
improves cognitive performance in the Morris water maze spatial navigation task.
Psychopharmacology (Berl). 1995 Aug;120(4):409-17. doi: 10.1007/BF02245812.
PMID: 8539321.

Freund TF, Gulyas Al, Acsady L, Gorcs T, Toth K. Serotonergic control of the
hippocampus via local inhibitory interneurons. Proc Natl Acad Sci U S A. 1990
Nov;87(21):8501-5. doi: 10.1073/pnas.87.21.8501. PMID: 1700433; PMCID:
PMC54984.

Garofalo S, Cocozza G, Mormino A, Bernardini G, Russo E, Ielpo D, Andolina D,
Ventura R, Martinello K, Renzi M, Fucile S, Laffranchi M, Mortari EP, Carsetti R,
Sciumeé G, Sozzani S, Santoni A, Tremblay ME, Ransohoff RM, Limatola C.
Natural killer cells and innate lymphoid cells 1 tune anxiety-like behavior and
memory in mice via interferon-y and acetylcholine. Nat Commun. 2023 May
29;14(1):3103. doi: 10.1038/s41467-023-38899-3. PMID: 37248289; PMCID:
PMC10227025.

Garofalo S, D'Alessandro G, Chece G, Brau F, Maggi L, Rosa A, Porzia A,
Mainiero F, Esposito V, Lauro C, Benigni G, Bernardini G, Santoni A, Limatola C.
Enriched environment reduces glioma growth through immune and non-immune
mechanisms in mice. Nat Commun. 2015 Mar 30;6:6623. doi:
10.1038/ncomms7623. PMID: 25818172; PMCID: PM(C4389244.

Garofalo S, Porzia A, Mainiero F, Di Angelantonio S, Cortese B, Basilico B, Pagani
F, Cignitti G, Chece G, Maggio R, Tremblay ME, Savage J, Bisht K, Esposito V,
Bernardini G, Seyfried T, Mieczkowski J, Stepniak K, Kaminska B, Santoni A,
Limatola C. Environmental stimuli shape microglial plasticity in glioma. Elife.
2017 Dec 29;6:e33415. doi: 10.7554/eLife.33415. PMID: 29286001; PMCID:
PMC5774898.

Geginat J, Granucci F. Regulatory T-cell-derived interleukin-15 shapes cytotoxic T
cell memory. Eur J Immunol. 2023 Jan;53(1):e2250238. doi:
10.1002/€j1.202250238. Epub 2022 Dec 8. PMID: 36398486.

Giri JG, Ahdieh M, Eisenman J, Shanebeck K, Grabstein K, Kumaki S, Namen A,
Park LS, Cosman D, Anderson D. Utilization of the beta and gamma chains of the
IL-2 receptor by the novel cytokine IL-15. EMBO J. 1994 Jun 15;13(12):2822-30.
doi: 10.1002/1.1460-2075.1994.tb06576.x. PMID: 8026467; PMCID: PMC395163.

Habbas S, Santello M, Becker D, Stubbe H, Zappia G, Liaudet N, Klaus FR, Kollias
G, Fontana A, Pryce CR, Suter T, Volterra A. Neuroinflammatory TNFa Impairs
Memory via Astrocyte Signaling. Cell. 2015 Dec 17;163(7):1730-41. doi:
10.1016/j.cell.2015.11.023. Epub 2015 Dec 10. PMID: 26686654.



21

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Hanisch UK, Lyons SA, Prinz M, Nolte C, Weber JR, Kettenmann H, Kirchhoff F.
Mouse brain microglia express interleukin-15 and its multimeric receptor complex

functionally coupled to Janus kinase activity. J Biol Chem. 1997 Nov
14;272(46):28853-60. doi: 10.1074/jbc.272.46.28853. PMID: 9360952.

Hargreaves EL, Rao G, Lee I, Knierim JJ. Major dissociation between medial and
lateral entorhinal input to dorsal hippocampus. Science. 2005;308(5729):1792—
1794. doi: 10.1126/science.1110449.

He Y, Hsuchou H, Wu X, Kastin AJ, Khan RS, Pistell PJ, Wang WH, Feng J, Li Z,
Guo X, Pan W. Interleukin-15 receptor is essential to facilitate GABA transmission
and hippocampal-dependent memory. J Neurosci. 2010 Mar 31;30(13):4725-34.
doi:  10.1523/JINEUROSCIL.6160-09.2010.  PMID:  20357123; PMCID:
PMC2862729.

Herz J, Fu Z, Kim K, Dykstra T, Wall M, Li H, Salvador AF, Zou B, Yan N,
Blackburn SM, Andrews PH, Goldman DH, Papadopoulos Z, Smirnov I, Xie XS,
Kipnis J. GABAergic neuronal IL-4R mediates T cell effect on memory. Neuron.
2021 Nov 17;109(22):3609-3618.€9. doi: 10.1016/j.neuron.2021.10.022. PMID:
34793707; PMCID: PMC9116260

Jabri B, Abadie V. IL-15 functions as a danger signal to regulate tissue-resident T
cells and tissue destruction. Nat Rev Immunol. 2015 Dec;15(12):771-83. doi:
10.1038/nri3919. Epub 2015 Nov 16. PMID: 26567920; PMCID: PMC5079184.

Jahn H. Memory loss in Alzheimer's disease. Dialogues Clin Neurosci. 2013
Dec;15(4):445-54. doi: 10.31887/DCNS.2013.15.4/hjahn. PMID: 24459411;
PMCID: PMC3898682.

Jarjour NN, Wanhainen KM, Peng C, Gavil NV, Maurice NJ, Borges da Silva H,
Martinez RJ, Dalzell TS, Huggins MA, Masopust D, Hamilton SE, Jameson SC.
Responsiveness to interleukin-15 therapy is shared between tissue-resident and
circulating memory CD8+ T cell subsets. Proc Natl Acad Sci U S A. 2022 Oct
25;119(43):€2209021119. doi: 10.1073/pnas.2209021119. Epub 2022 Oct 19.
PMID: 36260745; PMCID: PMC9618124.

Jonas P. The Time Course of Signaling at Central Glutamatergic Synapses. News
Physiol Sci. 2000 Apr;15:83-89. doi: 10.1152/physiologyonline.2000.15.2.83.
PMID: 11390884.

Kaehler ST, Singewald N, Sinner C, Philippu A. Nitric oxide modulates the release
of serotonin in the rat hypothalamus. Brain Res. 1999 Jul 24;835(2):346-9. doi:
10.1016/s0006-8993(99)01599-1. PMID: 10415393

Katsurabayashi S, Kubota H, Tokutomi N, Akaike N. A distinct distribution of
functional presynaptic 5-HT receptor subtypes on GABAergic nerve terminals

projecting to single hippocampal CA1 pyramidal neurons. Neuropharmacology.
2003 Jun;44(8):1022-30. doi: 10.1016/50028-3908(03)00103-5. PMID: 12763095.



22

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

5sS.

Kennedy MK, Park LS. Characterization of interleukin-15 (IL-15) and the IL-15
receptor complex. J Clin Immunol. 1996 May;16(3):134-43. doi:
10.1007/BF01540911.

Koh W, Kwak H, Cheong E, Lee CJ. GABA tone regulation and its cognitive
functions in the brain. Nat Rev Neurosci. 2023 Sep;24(9):523-539. doi:
10.1038/s41583-023-00724-7. Epub 2023 Jul 26. PMID: 37495761.

Kurowska M, Rudnicka W, Maslinska D, Maslinski W. Expression of IL-15 and
IL-15 receptor isoforms in select structures of human fetal brain. Ann N 'Y Acad
Sci. 2002 Jun;966:441-5. doi: 10.1111/5.1749-6632.2002.tb04245.x. PMID:
12114302.

Lambert NA, Wilson WA. Heterogeneity in presynaptic regulation of GABA
release from hippocampal inhibitory neurons. Neuron. 1993 Dec;11(6):1057-67.
doi: 10.1016/0896-6273(93)90219-h. PMID: 8274277.

Laurent C, Deblois G, Clénet ML, Carmena Moratalla A, Farzam-Kia N, Girard M,
Duquette P, Prat A, Larochelle C, Arbour N. Interleukin-15 enhances
proinflammatory T-cell responses in patients with MS and EAE. Neurol
Neuroimmunol Neuroinflamm. 2020 Dec 15;8(1):€931. doi:
10.1212/NXI1.0000000000000931.

Lee YB, Satoh J, Walker DG, Kim SU. Interleukin-15 gene expression in human
astrocytes and microglia in culture. Neuroreport. 1996 Apr 10;7(5):1062-6. doi:
10.1097/00001756-199604100-00022. PMID: 8804052.

Li M, Li Z, Yao Y, Jin WN, Wood K, Liu Q, Shi FD, Hao J. Astrocyte-derived
interleukin-15 exacerbates ischemic brain injury via propagation of cellular
immunity. Proc Natl Acad Sci U S A. 2017 Jan 17;114(3):E396-E405. doi:
10.1073/pnas.1612930114. Epub 2016 Dec 19. PMID: 27994144; PMCID:
PMC5255606.

Li S, Olde Heuvel F, Rehman R, Aousji O, Froehlich A, Li Z, Jark R, Zhang W,
Conquest A, Woelfle S, Schoen M, O Meara CC, Reinhardt RL, Voehringer D,
Kassubek J, Ludolph A, Huber-Lang M, Knéll B, Morganti-Kossmann MC,
Brockmann MM, Boeckers T, Roselli F. Interleukin-13 and its receptor are synaptic
proteins involved in plasticity and neuroprotection. Nat Commun. 2023 Jan
13;14(1):200. doi: 10.1038/s41467-023-35806-8. PMID: 36639371; PMCID:
PMC9839781.

Lodolce JP, Burkett PR, Koka RM, Boone DL, Ma A. Regulation of lymphoid
homeostasis by interleukin-15. Cytokine Growth Factor Rev. 2002 Dec;13(6):429-
39. doi: 10.1016/s1359-6101(02)00029-1. PMID: 12401478.

Lorrain DS, Hull EM. Nitric oxide increases dopamine and serotonin release in the
medial preoptic area. Neuroreport. 1993 Oct 25;5(1):87-9. doi: 10.1097/00001756-
199310000-00024. PMID: 8280866.

Ma S, Caligiuri MA, Yu J. Harnessing IL-15 signaling to potentiate NK cell-
mediated cancer immunotherapy. Trends Immunol. 2022 Oct;43(10):833-847. doi:



23

56.

57.

S8.

59.

60.

61.

62.

63.

64.

65.

66.

10.1016/;.1t.2022.08.004. Epub 2022 Sep 1. PMID: 36058806; PMCID:
PMC9612852.

Madi A, Wu J, Ma S, Weisshaar N, Mieg A, Hering M, Ming Y, Zettl F, Mohr K,
Ten Bosch N, Schlimbach T, Hertel F, Cui G. Regulatory T cell-derived interleukin-
15 promotes the diversity of immunological memory. Eur J Immunol. 2023
Jan;53(1):e2149400. doi: 10.1002/€ji.202149400. Epub 2022 Nov 4. PMID:
36263815.

Maggi L, Sher E, Cherubini E. Regulation of GABA release by nicotinic
acetylcholine receptors in the neonatal rat hippocampus. J Physiol. 2001 Oct
1;536(Pt 1):89-100. doi: 10.1111/5.1469-7793.2001.00089.x. PMID: 11579159;
PMCID: PMC2278841.

Matejuk A, Vandenbark AA, Offner H. Cross-Talk of the CNS With Immune Cells
and Functions in Health and Disease. Front Neurol. 2021 May 31;12:672455. doi:
10.3389/fneur.2021.672455. PMID: 34135852; PMCID: PMC8200536.

McMahon LL, Kauer JA. Hippocampal interneurons are excited via serotonin-gated
ion channels. J  Neurophysiol. 1997  Nov;78(5):2493-502.  doi:
10.1152/jn.1997.78.5.2493. PMID: 9356400.

Mendez P, Stefanelli T, Flores CE, Muller D, Liischer C. Homeostatic Plasticity in
the Hippocampus Facilitates Memory Extinction. Cell Rep. 2018 Feb 6;22(6):1451-
1461. doi: 10.1016/j.celrep.2018.01.025. PMID: 29425501.

Meneses A. 5-HT systems: emergent targets for memory formation and memory
alterations. Rev Neurosci. 2013;24(6):629-64. doi: 10.1515/revneuro-2013-0026.
PMID: 24259245.

Miettinen R, Freund TF. Convergence and segregation of septal and median raphe
inputs onto different subsets of hippocampal inhibitory interneurons. Brain Res.
1992 Oct 30;594(2):263-72. doi: 10.1016/0006-8993(92)91133-y. PMID: 1450951.

Miettinen R, Freund TF. Neuropeptide Y-containing interneurons in the
hippocampus receive synaptic input from median raphe and GABAergic septal
afferents.  Neuropeptides. 1992 Jul;22(3):185-93.  doi:  10.1016/0143-
4179(92)90161-0. PMID: 1436405.

Mishra A, Goel RK. Chronic 5-HT3 receptor antagonism ameliorates seizures and
associated memory deficit in pentylenetetrazole-kindled mice. Neuroscience. 2016
Dec 17;339:319-328. doi: 10.1016/j.neuroscience.2016.10.010. Epub 2016 Oct 13.
PMID: 27746348.

Mormino A, Bernardini G, Cocozza G, Corbi N, Passananti C, Santoni A, Limatola
C, Garofalo S. Enriched Environment Cues Suggest a New Strategy to Counteract
Glioma: Engineered rAAV2-IL-15 Microglia Modulate the Tumor
Microenvironment.  Front  Immunol. 2021 Sep  6;12:730128.  doi:
10.3389/fimmu.2021.730128. PMID: 34552593; PMCID: PMC8450436.

Nandi M, Moyo MM, Orkhis S, Mobulakani JMF, Limoges MA, Rexhepi F,
Mayhue M, Cayarga AA, Marrero GC, Ilangumaran S, Menendez A, Ramanathan



24

67.

68.

69.

70.

71.

72.

73.

74.

75.

S. IL-15Ra-Independent IL-15 Signaling in Non-NK Cell-Derived IFNy Driven
Control of Listeria monocytogenes. Front Immunol. 2021 Dec 10;12:793918. doi:
10.3389/fimmu.2021.793918. PMID: 34956227; PMCID: PMC8703170.

Nguyen L, Bohlen J, Stricker J, Chahal I, Zhang H, Pistilli EE. Hippocampus-
specific deficiency of IL-15Ra contributes to greater anxiety-like behaviors in mice.
Metab Brain Dis. 2017 Apr;32(2):297-302. doi: 10.1007/s11011-016-9930-y. Epub
2016 Nov 11. PMID: 27837366.

Ochocka N, Kaminska B. Microglia Diversity in Healthy and Diseased Brain:
Insights from Single-Cell Omics. Int J Mol Sci. 2021 Mar 16;22(6):3027. doi:
10.3390/1jms22063027. PMID: 33809675; PMCID: PMC8002227.

Oliveira da Cruz JF, Busquets-Garcia A, Zhao Z, Varilh M, Lavanco G, Bellocchio
L, Robin L, Cannich A, Julio-Kalajzi¢ F, Lesté-Lasserre T, Maitre M, Drago F,
Marsicano G, Soria-Gomez E. Specific Hippocampal Interneurons Shape
Consolidation of Recognition Memory. Cell Rep. 2020 Aug 18;32(7):108046. doi:
10.1016/j.celrep.2020.108046. PMID: 32814049; PMCID: PMC7443618.

Pan W, Wu X, He Y, Hsuchou H, Huang EY, Mishra PK, Kastin AJ. Brain
interleukin-15 in neuroinflammation and behavior. Neurosci Biobehav Rev. 2013
Feb;37(2):184-92. doi: 10.1016/j.neubiorev.2012.11.009. Epub 2012 Nov 29.
PMID: 23201098; PMCID: PMC3563733.

Pan W, Yu C, Hsuchou H, Khan RS, Kastin AJ. Cerebral microvascular IL15 is a
novel mediator of TNF action. J Neurochem. 2009 Nov;111(3):819-27. doi:
10.1111/5.1471-4159.2009.06371.x. Epub 2009 Aug 31. PMID: 19719822;
PMCID: PMC2785453.

Papp EC, Hajos N, Acsady L, Freund TF. Medial septal and median raphe
innervation of vasoactive intestinal polypeptide-containing interneurons in the
hippocampus. Neuroscience. 1999 May;90(2):369-82. doi: 10.1016/s0306-
4522(98)00455-2. PMID: 10215142.

Pehrson AL, Pedersen CS, Tolbel KS, Sanchez C. Vortioxetine Treatment Reverses
Subchronic PCP Treatment-Induced Cognitive Impairments: A Potential Role for
Serotonin Receptor-Mediated Regulation of GABA Neurotransmission. Front
Pharmacol. 2018 Mar 6;9:162. doi: 10.3389/fphar.2018.00162. PMID: 29559911,
PMCID: PMC5845537.

Pelletier M, Ratthé C, Girard D. Mechanisms involved in interleukin-15-induced
suppression of human neutrophil apoptosis: role of the anti-apoptotic Mcl-1 protein
and several kinases including Janus kinase-2, p38 mitogen-activated protein kinase
and extracellular signal-regulated kinases-1/2. FEBS Lett. 2002 Dec 4;532(1-
2):164-70. doi: 10.1016/s0014-5793(02)03668-2. PMID: 12459483.

Perera PY, Lichy JH, Waldmann TA, Perera LP. The role of interleukin-15 in
inflammation and immune responses to infection: implications for its therapeutic
use. Microbes Infect. 2012 Mar;14(3):247-61. doi: 10.1016/j.micinf.2011.10.006.
Epub 2011 Oct 25. PMID: 22064066; PMCID: PM(C3270128.



25

76.

77.

78.

79.

80.

81.

82.

83.

84.

8s.

86.

Prinz, M., Priller, J. The role of peripheral immune cells in the CNS in steady state
and disease. Nat Neurosci 20, 136—144 (2017). https://doi.org/10.1038/nn.4475

Rentzos M, Cambouri C, Rombos A, Nikolaou C, Anagnostouli M, Tsoutsou A,
Dimitrakopoulos A, Triantafyllou N, Vassilopoulos D. IL-15 is elevated in serum

and cerebrospinal fluid of patients with multiple sclerosis. J Neurol Sci. 2006 Feb
15;241(1-2):25-9. doi: 10.1016/5.jns.2005.10.003.

Rentzos M, Zoga M, Paraskevas GP, Kapaki E, Rombos A, Nikolaou C, Tsoutsou
A, Vassilopoulos D. IL-15 is elevated in cerebrospinal fluid of patients with
Alzheimer's disease and frontotemporal dementia. J Geriatr Psychiatry Neurol.
2006 Jun;19(2):114-7. doi: 10.1177/0891988706286226. PMID: 16690997.

Reznic J, Staubli U. Effects of 5-HT3 receptor antagonism on hippocampal cellular
activity in the freely moving rat. J Neurophysiol. 1997 Jan;77(1):517-21. doi:
10.1152/jn.1997.77.1.517. PMID: 9120594.

RongJ, Yang Y, Liang M, Zhong H, Li Y, Zhu Y, Sha S, Chen L, Zhou R. Neonatal
inflammation increases hippocampal KCC2 expression through methylation-
mediated TGF-B1 downregulation leading to impaired hippocampal cognitive
function and synaptic plasticity in adult mice. J Neuroinflammation. 2023 Jan
23;20(1):15. doi: 10.1186/s12974-023-02697-x. PMID: 36691035; PMCID:
PM(C9872321.

Salvador AF, de Lima KA, Kipnis J. Neuromodulation by the immune system: a
focus on cytokines. Nat Rev Immunol. 2021 Aug;21(8):526-541. doi:
10.1038/s41577-021-00508-z. Epub 2021 Mar 1. PMID: 33649606.

Satoh J, Kurohara K, Yukitake M, Kuroda Y. Interleukin-15, a T-cell growth factor,
is expressed in human neural cell lines and tissues. J Neurol Sci. 1998 Mar
5;155(2):170-7. doi: 10.1016/s0022-510x(97)00310-9. PMID: 9562262.

Sawyer J, Eaves EL, Heyser CJ, Maswood S. Tropisetron, a 5-HT(3) receptor
antagonist, enhances object exploration in intact female rats. Behav Pharmacol.
2012 Dec;23(8):806-9. doi: 10.1097/FBP.0b013e32835a7¢c31. PMID: 23075706.

Sayahi Z, Komaki A, Saidi Jam M, Karimi SA, Raoufi S, Mardani P, Naderishahab
M, Sarihi A, Mirnajafi-Zadeh J. Effect of ramosetron, a 5-HT; receptor antagonist
on the severity of seizures and memory impairment in electrical amygdala kindled
rats. J Physiol Sci. 2022 Jan 16;72(1):1. doi: 10.1186/s12576-022-00825-5. PMID:
35034601.

Schluns KS, Stoklasek T, Lefrangois L. The roles of interleukin-15 receptor alpha:
trans-presentation, receptor component, or both? Int J Biochem Cell Biol. 2005
Aug;37(8):1567-71. doi: 10.1016/j.biocel.2005.02.017.

Shi SX, Li YJ, Shi K, Wood K, Ducruet AF, Liu Q. IL (Interleukin)-15 Bridges
Astrocyte-Microglia Crosstalk and Exacerbates Brain Injury Following
Intracerebral ~ Hemorrhage. Stroke. 2020  Mar;51(3):967-974.  doi:
10.1161/STROKEAHA.119.028638. Epub 2020 Feb 5. PMID: 32019481.



26

87.

88.

89.

90.

91.

92.

93.

94.

9s.

Shin Yim Y, Park A, Berrios J, Lafourcade M, Pascual LM, Soares N, Yeon Kim J,
Kim S, Kim H, Waisman A, Littman DR, Wickersham IR, Harnett MT, Huh JR,
Choi GB. Reversing behavioural abnormalities in mice exposed to maternal
inflammation. Nature. 2017 Sep 28;549(7673):482-487. doi: 10.1038/nature23909.
Epub 2017 Sep 13. PMID: 28902835; PMCID: PMC5796433.

Staubli U, Xu FB. Effects of 5-HT3 receptor antagonism on hippocampal theta
rhythm, memory, and LTP induction in the freely moving rat. J Neurosci. 1995
Mar;15(3 Pt 2):2445-52. doi: 10.1523/JNEUROSCI.15-03-02445.1995. PMID:
7891179; PMCID: PMC6578162.

Stratoulias V, Ruiz R, Kanatani S, Osman AM, Keane L, Armengol JA, Rodriguez-
Moreno A, Murgoci AN, Garcia-Dominguez I, Alonso-Bellido I, Gonzalez Ibafnez
F, Picard K, Véazquez-Cabrera G, Posada-Pérez M, Vernoux N, Tejera D, Grabert
K, Cheray M, Gonzalez-Rodriguez P, Pérez-Villegas EM, Martinez-Gallego I,
Lastra-Romero A, Brodin D, Avila-Carifio J, Cao Y, Airavaara M, Uhlén P, Heneka
MT, Tremblay ME, Blomgren K, Venero JL, Joseph B. ARG 1-expressing microglia
show a distinct molecular signature and modulate postnatal development and
function of the mouse brain. Nat Neurosci. 2023 Jun;26(6):1008-1020. doi:
10.1038/s41593-023-01326-3. Epub 2023 May 11. PMID: 37169859; PMCID:
PMC10244174.

Turner TJ, Mokler DJ, Luebke JI. Calcium influx through presynaptic 5-HT3
receptors facilitates GABA release in the hippocampus: in vitro slice and
synaptosome studies. Neuroscience. 2004;129(3):703-18. doi:
10.1016/j.neuroscience.2004.08.020. PMID: 15541891.

Valentine TR, Kratz AL, Kaplish N, Chervin RD, Braley TJ. Sleep-disordered
breathing and neurocognitive function in multiple sclerosis: Differential
associations across cognitive domains. Mult Scler. 2023 Jun;29(7):832-845. doi:
10.1177/13524585231169465. Epub 2023 May 17. PMID: 37194432.

Van der Meide PH, Schellekens H. Cytokines and the immune response.
Biotherapy. 1996;8(3-4):243-9. doi: 10.1007/BF01877210.

Varga V, Losonczy A, Zemelman BV, Borhegyi Z, Nyiri G, Domonkos A, Hangya
B, Holderith N, Magee JC, Freund TF. Fast synaptic subcortical control of
hippocampal circuits.  Science. 2009 Oct 16;326(5951):449-53.  doi:
10.1126/science.1178307. PMID: 19833972.

Vezzani A, Viviani B. Neuromodulatory properties of inflammatory cytokines and
their impact on neuronal excitability. Neuropharmacology. 2015 Sep;96(Pt A):70-
82. doi: 10.1016/j.neuropharm.2014.10.027. Epub 2014 Nov 8. PMID: 25445483.

Viviani B, Bartesaghi S, Gardoni F, Vezzani A, Behrens MM, Bartfai T, Binaglia
M, Corsini E, Di Luca M, Galli CL, Marinovich M. Interleukin-1beta enhances
NMDA receptor-mediated intracellular calcium increase through activation of the
Src family of kinases. J Neurosci. 2003 Sep 24;23(25):8692-700. doi:
10.1523/INEUROSCI.23-25-08692.2003. PMID: 14507968, PMCID:
PMC6740426.



27

96.

97.

98.

99.

100.

101.

Vogels TP, Sprekeler H, Zenke F, Clopath C, Gerstner W. Inhibitory plasticity
balances excitation and inhibition in sensory pathways and memory networks.
Science. 2011 Dec 16;334(6062):1569-73. doi: 10.1126/science.1211095. Epub
2011 Nov 10. Erratum in: Science. 2012 May 18;336(6083):802. PMID: 22075724.

Wang Y, Fu WY, Cheung K, Hung KW, Chen C, Geng H, Yung WH, Qu JY, Fu
AKY, Ip NY. Astrocyte-secreted IL-33 mediates homeostatic synaptic plasticity in
the adult hippocampus. Proc Natl Acad Sci U S A. 2021 Jan 5;118(1):e2020810118.
doi: 10.1073/pnas.2020810118. Epub 2020 Dec 18. PMID: 33443211; PMCID:
PMC7817131.

Wu X, He Y, Hsuchou H, Kastin AJ, Rood JC, Pan W. Essential role of interleukin-
15 receptor in normal anxiety behavior. Brain Behav Immun. 2010 Nov;24(8):1340-
6. doi: 10.1016/j.bbi.2010.06.012. Epub 2010 Jul 1. PMID: 20600810; PMCID:
PMC2949491.

Wu X, Hsuchou H, Kastin AJ, He Y, Khan RS, Stone KP, Cash MS, Pan W.
Interleukin-15 affects serotonin system and exerts antidepressive effects through
IL15Ra receptor. Psychoneuroendocrinology. 2011 Feb;36(2):266-78. doi:
10.1016/j.psyneuen.2010.07.017. Epub 2010 Aug 17. PMID: 20724079; PMCID:
PMC3015024.

Zhang R, Xue G, Wang S, Zhang L, Shi C, Xie X. Novel object recognition as a
facile behavior test for evaluating drug effects in ABPP/PS1 Alzheimer's disease
mouse model. J Alzheimers Dis. 2012;31(4):801-12. doi: 10.3233/JAD-2012-
120151. PMID: 22710911.

Zhu CB, Blakely RD, Hewlett WA. The proinflammatory cytokines interleukin-
Ibeta and tumor necrosis factor-alpha activate serotonin transporters.
Neuropsychopharmacology. 2006 Oct;31(10):2121-31. doi:
10.1038/sj.npp.1301029. Epub 2006 Feb 1. PMID: 16452991.



Journal Pre-proofs

28



TTX IL-15 WASH
Frequency (Hz) 3.59+0.58 Hz 4.05+0.56 Hz " 3.94 +0.68
IEI (ms) 256.77 £ 58.59 224.64 +£51.64 244,96 + 57.99
S
y Amplitude 12.08 £ 0.82 11.73 £0.97 11.31+£0.71
S|
Rise time (ms) 1.77 £0.09 1.95+0.09 1.83 £0.15
Decay time (ms) 10.64 £ 0.85 10.96 + 0.97 13.98 £ 1.45 "
Frequency (Hz) 0.50 £0.04 0.52 £0.06 0.44+0.03
IEI (ms) 2009.52 +229.94 2126.05 +236.31 2431.63 +171.43
S
S Amplitude 8.73 +0.38 779 +£0.26 “# 8.94 + 0,39
S|
Rise time (ms) 1.96 +0.14 1.88+0.11 2.01 £0.14
Decay time (ms) 4.49 +0.44 3.94+035% 4.92 +0.39
ACSF IL-15 WASH
1t peak (pA) 387.49 + 87.39 312.59 + 68.68 * 354.34 + 84.67
>
E 2nd peak (pA) 547.902 +£117.801 467.343 £94.104 494.289 + 123.046
Y
PPR 1.47 +£0.09 1.59+0.12 1.67+0.11
15t peak (pA) 326.64 £ 60.51 350.48 £ 60.80 308.37 £ 59.304
2" peak (pA) 182.82 £30.97 169.54 £ 30.58 184.43 £43.19
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PPR 0.69 +0.12 0.56+0.11 " # 0.79+0.15

Table 1.

Legend Table 1. Electrophysiological parameters of excitatory and inhibitory synaptic
transmission recorded from CA1 pyramidal neurons before, after 10 min of IL-15 (10nM)
application and following 10 min of IL-15 wash out, in acute hippocampal slices. IEI: inter-
event-intervals; PPR: paired pulse ratio. Values are indicated as mean + sem. * comparison
versus TTX or ACSF p < 0.05, # comparison versus WASH p < 0.05.

Table 2

30



Vehicle IL15
Frequency (Hz) 3.44+0.36 512 +0.59 *
IEI 24221 +£29.77 174.88 +19.22 *
3
S Amplitude (pA) 12.02 +£0.48 12.67 +£0.47
g
Rise time (ms) 1.79£0.13 1.94 £ 0.08
Decay time (ms) 9.19+0.42 8.63 £0.25
Frequency (Hz) 0.69+0.13 0.59 +£0.08
IEI 1327.87 +339.66 1323.89 +£177.19
3
g Amplitude (pA) 7.91+0.35 7.12+0.41
S
Rise time (ms) 2.49+£0.14 2.03£0.07 *
Decay time (ms) 4.69 +0.29 3.55+0.28 *

Legend Table 2. Electrophysiological parameters of miniature excitatory and inhibitory post
synaptic currents recorded from CA1 pyramidal neurons in acute hippocampal slices from
vehicle and intracerebrally IL-15 treated mice. Values are indicated as mean + sem. * p <0.05.
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Highlights

e IL-15 modulates synaptic GABAergic synaptic transmission in hippocampal CA1 area.

e [L-15 impairs short and long term episodic memory formation in the Novel Object
Recognition test.

e 5-HT3 receptor mediates the IL-15 effects on inhibitory transmission and episodic
memory.

e Microglial cells participate in the IL-15 effects on the formation of the short term
memory.

38



