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ARTICLE INFO ABSTRACT

Keywords: Social behaviours are highly sensitive to inflammatory states. However, the precise contribution of neuro-
Neuroinflammation inflammation in the ventral striatum to social memory remains unclear. Using a mouse model of recurrent herpes
HSV-1 simplex virus-1 (HSV-1) infection and a complementary model of region-restricted inflammation induced by
;Efial memory !Jilateral int.ra-ventral striatumA 1ipopolysacchar?de (LPS) injection, we sh(?w thflt ventr.al sFriz.ital inflammation
Microglia impacts social memory expression. Both HSV-1-infected and LPS-treated mice failed to discriminate between old
Dexamethasone and novel conspecifics, with LPS-treated animals showing a slight preference for the known stimulus. In these

animals, social memory alterations were associated with microglial activation, inflammatory signalling, and
increased GluA2 expression in the ventral striatum and were not dependent on altered social novelty sensitivity.
In both models, behavioural alterations were rescued by dexamethasone treatment. Finally, LPS-induced neu-
roinflammatory markers in the ventral striatum correlated with preference for the familiar social stimulus.
Together, these findings identify ventral striatal inflammation as a key modulator of social memory expression.

1. Introduction

Social behaviours encompass a multitude of interactions between
same-species individuals, ranging from affiliative to hostile interactions,
social approach, social avoidance, or social memory (Li et al., 2025). The
whole behavioural repertoire is governed by an extended network of
brain areas, comprising the limbic system (e.g., hippocampus, ventral
striatum, amygdala, medial prefrontal cortex) and sensory areas (e.g.,
olfactory structures, Chen and Hong, 2018, Xu et al., 2021). For
instance, social memory relies, within the hippocampal formation, on
dorsal CA2 (dCA2), which is crucial for encoding and retrieving social
identity (Meira et al., 2018), and ventral CA1 (vCA1l), which contains
ensembles that represent socially relevant information and relay it to
downstream motivational structures (Okuyama et al., 2016), such as the
nucleus accumbens (NAc) within the ventral striatum (VS) (Muir et al.,
2020). Long-range vCA1 to NAc projections are crucial for storing social
memory, whereas vCAl to the medial prefrontal cortex (mPFC)

pathways integrate social cues with contextual and internal-state in-
formation (Phillips et al., 2019). The mPFC, in turn, modulates the
salience and decision-making components of social interactions and
provides top-down control over NAc circuits (Okuyama et al., 2016,
Hitti and Siegelbaum, 2014, Murugan et al., 2017, Leroy et al., 2023).

Growing evidence indicates that neuroinflammation can profoundly
alter the neural circuitry underlying social behaviour and social mem-
ory, particularly by affecting hippocampal and mesolimbic structures
(Gorina et al., 2022, Jung et al., 2022). Peripheral immune activation
can induce central cytokine release (e.g., IL-1p, TNF-a) that disrupts
hippocampal plasticity, impairs dCA2- and vCAl-dependent encoding of
social information, leading to deficits in social recognition (Smith et al.,
2012, Izumi et al., 2021). Microglial activation within the hippocampus
has been shown to reduce synaptic efficacy and suppress activity in
circuits required for social memory consolidation (Izumi et al., 2021). In
parallel, inflammatory signalling within the VS alters dopamine trans-
mission, motivational salience, and modulates social approach/
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avoidance, positioning the VS as a key convergence point where the
immune state modulates social behaviour (Nakajima et al., 2026,
Soares-Cunha et al., 2020). Inflammation can also alter mPFC-VS
functional connectivity, shifting social decision-making and altering
sensitivity to social reward (Felger et al., 2016).

Recent evidence indicates that the relationship between neuro-
inflammation and VS activity can produce multifaceted social responses
in a way that has not been clarified yet (Inagaki et al., 2015). For
example, sickness behaviour, which is caused by inflammation/in-
fections, has always been associated with an increase in social avoid-
ance. However, the novelty of the social stimulus can determine whether
neuroinflammation will induce avoidance or approach during sickness
behaviour, a phenomenon that has been associated with VS activity
(Kopec et al., 2019). Furthermore, most studies have focused their
attention on short term effects of inflammatory stimuli on social
behaviour, such as in sickness behaviour, which may however be
confounded also by state-dependent alterations of brain processes, such
as the sensation of “feeling sick”, body temperature fluctuations or other
autonomic responses, as well as by systemic inflammation (Eisenberger
et al.,, 2017, Rogers et al., 2024, Yamamoto et al., 2025), which may
influence behavioural responses independently from neuro-
inflammatory signalling in a specific area. However, whether neuro-
immune signalling in the VS can directly modulate social memory is
unknown. Indeed, since multiple neuropsychiatric and neurodegenera-
tive disorders, such as Alzheimer’s Disease and mood disorders are
associated with aberrant neuroinflammatory signalling in different
areas of the limbic system (Troubat et al., 2021; Ambi, 2026), defining
the role of neuroinflammation in regulating social memory may help
identify novel therapeutic targets as well as early predictive cognitive
biomarkers indicative of heightened vulnerability to such diseases.

Therefore, the aim of our study was to determine the direct contri-
bution of VS neuroinflammation to social memory. Using two comple-
mentary approaches, a broad neuroinflammation model obtained by
viral reactivation in the recurrent herpes simplex virus type-1 (HSV-1)
infection mouse model, and a more localized inflammatory manipula-
tion obtained through intracerebral bacterial lipopolysaccharide (LPS)
injection, we demonstrate that VS inflammation is sufficient to alter
social memory, without impacting overall social novelty sensitivity.
Finally, anti-inflammatory treatment was able to rescue social memory
in both models, thus highlighting the causal contribution of VS-
neuroinflammation to social memory.

2. Materials and methods
2.1. Animals and drugs

Wild-type C57BL/6JRj male mice (ranging from 3 to 5 months of
age), derived from the Animal Facility of Catholic University, were
employed for this study. Mice were housed under standard laboratory
conditions with a 12-hour light/dark cycle, with constant humidity (60-
75%), controlled room temperature (RT, 20-22 °C) and food and water
provided ad libitum. Lipopolysaccharide (L2630- E. Coli O111:B4,
Sigma-Aldrich) was dissolved into physiological solution at a concen-
tration of 2 pg/uL and administered as later described (Hunter et al.,
2009). Dexamethasone (D4902, Sigma-Aldrich) was dissolved in
ethanol, further diluted in water and then administered to animals at a
dose of 5 mg/Kg (Son et al., 2022). The respective vehicle condition
received saline solution and or water-diluted ethanol.

2.2. Ethics

All experiments and animal procedures were approved by the
Catholic University Ethics Committee and were in accordance with the
guidelines of the Italian Ministry of Health (Legislative Decree No. 116/
1992) and European Union legislations on animal procedures (Directive
No. 86/609/EEC), and were approved by the Italian Ministry of Health,
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procedure number 565/2024-PR.
2.3. Herpes simplex virus 1 model

The mouse model of recurrent HSV-1 infection in the brain was
established in male C57BL/6JRj mice as already described (De Chiara
etal., 2019, Li Puma et al., 2019, Li Puma et al., 2023). Virus production
(HSV-1, strain F) was performed in VERO cells as previously reported
(Protto et al 2024). Animals were divided into two groups: the HSV-1-
infected group was infected via inoculation of HSV-1with 2 uL of cul-
ture medium containing 1x10° plaque forming units of the virus (pfu);
and the Mock-infected (hereafter referred to as “Mock™) group, which
was subjected to the same procedure using PBS. Mice were anesthetized
with ketamine (65 mg/Kg) and medetomidine (0.65 mg/Kg) and then
infected through labial scarification under biosafety level 2 conditions
as previously described (De Chiara et al., 2019, Li Puma et al., 2019, Li
Puma et al., 2023). Six weeks after the inoculation of the virus, animals
to a thermal stress (TS) session, consisting in 15 min at 43 °C obtained in
an ad hoc environment, to induce virus reactivation and its spreading to
the brain (De Chiara et al., 2019, Protto et al., 2024). TS was performed
one/month up to 2 times. For dexamethasone treatment, the intraperi-
toneal injection was performed on the day of the TS-inducing virus
reactivation and 24 hours later.

2.4. Stereotaxic surgery for LPS injection

For LPS injection, animals underwent stereotaxic surgery, as previ-
ously reported (Natale et al., 2024). Briefly, animals were anesthetized
using a mixture of ketamine and xylazine (87.5 mg/Kg and 12.5 mg/Kg,
respectively) and the skin above the skull was opened, after mounting
the animal in the stereotaxic apparatus. Using a dental drill, a small
craniotomy was performed. Five micrograms of LPS, diluted at 2ug/pL in
a volume of 2.5 L, were injected in each side at the following co-
ordinates with respect to bregma: A.P. +1.2; M.L. + 0.9; D.V. -3.9. An-
imals were then sutured and allowed to rest for a week before testing.
For dexamethasone treated animals, the intraperitoneal injection was
performed in the 30 minutes following the operation, as well as 24 hours
later. FITC-conjugated LPS was injected to the same coordinates for
diffusion evaluation (Supplementary Fig. 1A).

2.5. Immunofluorescence assays

To evaluate the inflammatory response, immunofluorescence ana-
lyses were performed on hippocampal and ventral striatum sections.
Animals were overdoses on ketamine/xylazine cocktail and trans-
cardially perfused with PBS followed by 4% paraformaldehyde solution.
Coronal brain sections (30 um thick) were obtained using a vibratome
(Leica VT 1000S) and subsequently incubated for 1h at RT in a blocking
solution containing 1% BSA, 0.5% Triton X-100 and 10% normal goat
serum (NGS) in 0.1 M PBS. Then, samples were incubated overnight at
4°C with the following primary antibodies: Ibal (1:200, Cat. No.
#17198, Cell Signaling), TMEM119 (1:200, Cat. No. #98778, Cell
Signaling), CD68 (1:200, Cat. No. #97778S Cell Signaling). After three
washes in PBS, sections were incubated for 2h at RT with the appropriate
secondary antibodies: Anti-rabbit IgG Alexa Fluor 488 (1:400, Cat.No
#A-21206, Thermo Fisher Scientific) and Anti-mouse IgG Alexa Fluor
546 (1:400, Cat.No #A-10036, Thermo Fisher Scientific). Finally, the
nuclei were counterstained with 4',6-diamidino-2-phenylindole (DAPI,
0.5 pg/mL for 10 min, Invitrogen), and the slices were coverslipped with
ProLong Gold anti-fade reagent (Invitrogen). Images (1024 x1024) were
acquired using a Nikon A1 MP confocal microscope with 20x and 60x
objective lenses. ImageJ was used for cell counts.

2.6. Morphological analysis

For microglia morphological analysis, cells were labeled using the
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Ibal-specific antibody. Ibal-positive cells in the VS were visualized
using a Zeiss microscope with a motorized stage, connected to Neuro-
lucida 7.5 (MicroBright-Field) software. Sholl analysis was performed to
evaluate morphological complexity (Sholl, 1956). Specifically, the
following structural parameters were quantified: (1) process length
(um); (2) the number of branch points (bifurcating nodes); (3) the
number of terminal points of branches (endings); (4) the total number of
intersections between a process and a shell; (5) cell soma perimeter and
the surface area (Paciello et al., 2024).

2.7. Behavioural Assessment

Briefly, behavioural analyses were performed from 9:00 a.m. to 2:00
p-m. and data were collected and blindly analysed using the behavioural
tracking system ANY-Maze™ (Stoelting Co., Wood Dale, IL, USA). For
the 3 chambers social preference test (3CSPT), the apparatus (length =
58 cm, width = 40 cm, height = 20 cm) consisted of three inter-
connected chambers (19 x 40 x 20 cm each). The animals were first
habituated, on day 1, for 10 minutes to the empty arena where empty
upside-down wire cups were placed. The next day, under one of the
cups, an inanimate object was placed, while a sex and age matched
animal was placed in the other. Mice were then allowed to explore the
arena for 5 minutes and time spent interacting with the mouse or the
object was recorded. Then, the animal was removed from the arena for
30 minutes and the object was replaced with a novel mouse. At the end
of the 30-minute interval, the animal was brought back into the appa-
ratus and allowed to explore for 5 minutes, during which the interaction
time between the mouse and the previously known or the new mouse
was recorded. Preference indexes (PI) were then calculated: for the first
phase (social vs. non-social stimulus), it was based on the ratio between
time spent with the mouse and total time spent exploring the object and
the mouse; for the second phase (new mouse vs. old mouse), it was based
on the ratio between time spent exploring the new mouse and total time
spent exploring both new and old mouse. For the novel object recogni-
tion (NOR) and object place recognition (OPR), animals were habituated
for 10 minutes to an empty arena (33 x 33 cm). The next day, they were
allowed to explore 2 identical objects for 5 minutes and, 30 minutes
later, one of the objects was either replaced (NOR) or moved to a new
position (OPR) and animals were allowed to explore for another 5 mi-
nutes. In the same way as in the social preference test, a preference index
was computed as reported in previously published works (Rinaudo et al.,
2022, Bandiera et al., 2024). For each test, the apparatus was cleaned
with a 70% ethanol solution in between each animal. For the habitua-
tion/dishabituation task, animals were first habituated for 10 minutes to
a square cage (33 x 33 cm) with empty holding cups. At the end of this
interval, a same age, same sex conspecific was inserted inside the
holding cup for 25 minutes, and exploration time was recorded and
divided into 5 5-minutes blocks (0-5, 5-10, 10-15, 15-20, 20-25). Finally,
for the last 5 minutes (20-25 block) a new animal was placed under the
holding cup, removing the previous one. For all the behavioural tests
involving social stimuli, a sex- and age-matched individual as an inter-
actor was always employed.

2.8. Western blot analysis

Western blot analyses were performed as previously described
(Natale et al. 2023). Hippocampal and striatal murine tissues were lysed
in ice-cold lysis buffer (NaCl 150 mM, Tris-HCl 50 mM pH 8, and eth-
ylenediaminetetraacetic acid (EDTA) 2 mM) containing 1% Triton X-
100, 0.1% SDS, 1x protease inhibitor cocktail (Sigma-Aldrich), 1 mM
sodium orthovanadate (Sigma-Aldrich), and 1 mM sodium fluoride
(Sigma-Aldrich). Equal amounts of protein were diluted in a 6 x Laemmli
buffer, boiled, and resolved by sodium dodecyl-sulfate polyacrylamide
gel electrophoresis (SDS-PAGE). Primary antibodies (available in SI
Appendix, Table S1) were diluted 1:1,000 in TBS-T 3% milk (Biorad),
incubated overnight, and revealed with horseradish peroxidase-
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conjugated secondary antibodies (Cell Signaling Technology Inc., Dan-
vers, MA). Protein expression was evaluated and documented by UVItec
Cambridge Alliance. Images shown were cropped for presentation with
no manipulations. Full uncropped blots are reported in supplementary
materials (See Suppl. Mat.).

2.9. Statistical analyses

Sample sizes were chosen with adequate power (0.8) according to
results of prior pilot datasets or studies, including our own, that used
similar methods or paradigms. Sample estimation and statistical analysis
were performed using SigmaPlot 12 software. The statistical tests
employed in the experiments (i.e., Student’s t test, one-way Analysis of
Variance (ANOVA), two-way ANOVA, Pearson correlation coefficient)
and eventual post hoc multiple analyses are stated in the corresponding
figure legends or relevant text. All statistical tests were two-tailed, and
the level of significance was set at 0.05. Results are shown as mean +
SEM.

3. Results
3.1. HSV-1 induced neuroinflammatory shift within the VS.

Given the centrality of VS in modulating social behaviours, we first
sought to investigate whether HSV-1 reactivation (Fig. 1A) could in-
crease neuroinflammation in the microglial population within this re-
gion. One week after the second TS-induced reactivation, animals were
sacrificed and Ibal and TMEM119 immunostaining was performed
along with analysis of Ibal-positive cell morphological changes in the
VS (Fig. 1B). The number of Ibal-positive cells in HSV-1 infected ani-
mals was significantly higher compared to Mock-infected animals
(p=0.048, Student’s t test, Fig. 1C and D), although this was not
accompanied by a significant reduction in microglial cells positive for
both Ibal and TMEM119 (p=0.34, Student’s t test, Fig. 1C and E), a
marker of homeostatic microglia (Mercurio et al., 2022). Concerning
morphological alterations (Fig. 1F), HSV-1-infected mice showed a shift
toward a pro-inflammatory phenotype, characterized by increased soma
perimeter and area (perimeter: p=0.012, area: p=0.002, respectively,
Student’s t test, Fig. 1G, H), reduced number of intersections and nodes
(intersections: p=0.001, nodes: p<0.001, respectively, Student’s t test,
Fig. 1T and J), reduced number of endings and reduced processes length
(p<0.001 for both, Student’s t test, Fig. 1K and L) compared to Ibal-
positive cells from Mock-infected mice, thus indicating morphological
features associated with an active microglia state in the VS of HSV-1-
infected animals.

3.2. HSV-1 reactivation induces inflammatory-dependent social memory
alterations.

We then sought to characterize whether HSV-1 reactivation could
induce social memory alterations and whether these effects could be
dampened by broad anti-inflammatory treatment. To this end, Mock-
and HSV-1-infected mice were treated with intraperitoneal injections of
vehicle solution or dexamethasone solution (5 mg/Kg), during the
reactivation procedure and 24 hours after it. One week after the 2TS, a
time point where we have previously demonstrated that HSV-1-infected
animals start to show behavioural and synaptic plasticity abnormalities
(Li Puma et al., 2023), animals underwent the 3CSPT. In all four groups
we did not observe any variations in the preference index for the social
stimulus compared with the non-social stimulus (p<0.001 for all; Stu-
dent’s t test, Fig. 3B). However, when assessing social memory, HSV-1-
infected mice showed no significant difference between novel and old
mouse, an effect that was reversed by dexamethasone treatment (HSV-1
+ Vehicle, Old Mouse vs. New Mouse: p=0.938; HSV-1 + Dexametha-
sone, Old Mouse vs. New Mouse: p=0.003, Student’s t test, Fig. 2C),
while both Mock-conditions showed a significant preference for the
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Fig. 1. HSV-1 induces neuroinflammation in the ventral striatum. A and B) Experimental procedure and timeline of HSV-1 infection and reactivation. C)
Representative confocal images of Ibal and TMEM119 immunostaining in the VS. D-E) Quantification of total Ibal™ and Ibal*/TMEM119" microglia cells. Scale
bar: 100 pm; Mock-infected animals (Mock) n = 3, HSV-1-infected animals (HSV-1) n = 3. F) Representative immunofluorescence images showing Ibal staining in
Mock and HSV-1 animals. G-L) Histograms showing soma morphological analysis and branching complexity of Ibal-stained cells; n = 31 cells from 3 Mock animals
and n = 31 cells from 3 HSV-1 mice. Statistics by unpaired Student’s t test. Scale bar: 25 um. Data are reported as mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.001;
ns = not significant.

novel mouse (Mock + Vehicle, Old Mouse vs. New Mouse: p=0.007; 3.3. Ventral striatum intracerebral injections of LPS induces localized
Mock + Dexamethasone, Old Mouse vs. New Mouse: p=0.014, Student’s inflammatory responses and striatal synaptic alterations.

t test, Fig. 2C). Overall, these data indicate that HSV-1 reactivation in-

duces inflammatory-dependent alterations in social short-term memory. Previously published works from our group demonstrate that the

HSV-1 model is characterized by broad neuroinflammatory alterations
in different brain regions such as cortical areas and hippocampus,
making it difficult to identify whether the specific behavioural
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not significant.

alterations we observed depend on alterations specifically of the VS.
Therefore, we employed a different approach to obtain a more localized
and controlled inflammatory response through LPS intracerebral injec-
tion directed at the VS. Mice were stereotaxically operated and received
5 ug of LPS per side (Fig. 3A). One week after the injection, animals were
sacrificed and the hippocampus and VS were collected for molecular
analyses. We first evaluated the levels of pro-inflammatory signalling
molecules, such as phosphorylation of STAT3 and NF-kB, in the VS and
hippocampus. In the VS, LPS-injected animals showed significantly
higher levels of STAT3 phosphorylation at Tyr705 (Saline vs. LPS
p=0.023, Student’s t test, Fig. 3B, C), a significant increase in total
STATS3 levels (Saline vs. LPS p=0.001, Student’s ¢ test, Fig. 3B, C) and
heightened NF-kB Ser536 phosphorylation (Saline vs. LPS p=0.003,
Student’s t test, Fig. 3B, C). Regarding synaptic plasticity markers, LPS-
injections induced a significant increase in GluA2 levels (Saline vs. LPS
p=0.032, Student’s t test, Fig. 3B, C). No differences were observed in
total PSD-95 levels (Saline vs. LPS p=0.945, Student’s t test, Fig. 3B, C),
as well as in the phosphorylation at Ser845 of GluAl (Saline vs. LPS
p=0.569, Student’s t test, Fig. 3B, C), suggesting that the number of
synapses may have not been impacted but, instead, synapse receptor
composition. Of note, the same inflammatory markers in the hippo-
campus were not significantly affected by VS LPS-injection (STAT3
Tyr705: Saline vs. LPS p=0.473, Student’s t test, Fig. 3D, E; NF-kB
Ser536: Saline vs. LPS p=0.998, Student’s t test, Fig. 3D, E), thus sug-
gesting that the inflammatory response was region confined.

3.4. Dexamethasone is sufficient to halt LPS-induced social memory
alterations.

Once defined the spatial neuroinflammatory boundaries of VS-LPS
injection, we evaluated its impact at the behavioural level and
whether LPS detrimental effects could be halted by dexamethasone
treatment. Again, to confirm the specificity of our model, animals were
first evaluated in the NOR and OPR tests, which assess object and spatial
short-term memory, which are not directly dependent from the VS
(Fig. 4A). Indeed, LPS-injected mice did not show any alterations in
object or spatial memory (LPS: Old Object vs. New Object, p=0.001,
Student’s t test, Fig. 4B ; LPS: Stationary Object vs. Displaced Object,
p<0.001, Student’s t test, Fig. 4C), with performances being on par with
vehicle-injected animals (Saline: Old Object vs. New Object, p<0.001,
Student’s t test, Fig. 4B ; Saline: Stationary Object vs. Displaced Object,
p<0.001, Student’s t test, Fig. 4C). We then sought to determine the
extent of social memory deficits induced by intra-VS injection of LPS
(Fig. 4D). First, to exclude potential confounders due to altered social
reward processes, we performed a social habituation/dishabituation. In
the habituation/dishabituation task, two-way ANOVA on Time x
Treatment revealed a significant effect of LPS injection (LPS: F4,
52)=6.168, p=0.027, Fig. 4D) and a significant effect of Time (Time:
F2.227, 28.95) = 29,47; p<0.001, Fig. 4D).When the new mouse was
introduced, both Saline- and LPS-injected mice showed a significant
increase in exploration time compared to the last block of exploration
(Sidak’s multiple comparison test, 15-20 block vs. 20-25 block: Saline:
p=0.028; LPS: p=0.024, Fig. 4D). In the 3CSPT, LPS-injected animals
showed no preference for their conspecific compared to the object-
stimulus in the training phase (LPS: Object vs. Mouse, p=0.338,
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the VS there is an increase in neuroinflammatory markers accompanied by GluA2-dependent synaptic remodelling; on the other hand, in the hippocampus of the
same mice, no differences were observed in the phosphorylation levels of STAT3 or NF-kB. Statistics by unpaired Student’s t test; n = 4 animals per group. Data are

reported as mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ns = not significant.

Student’s t test, Fig. 4E). and did not show any preference for the new
mouse compared to the old mouse, which was, on the contrary, the
preferred one (LPS: Old Mouse vs. New Mouse, p=0.041, Student’s t test,
Fig. 4F). Dexamethasone treatment was able to revert both effects (LPS
+ Dexamethasone: Object vs. Mouse, p<0.001, Student’s t test, Fig. 4G;
LPS + Dexamethasone: Old Mouse vs. New Mouse, p<0.001, Student’s t
test, Fig. 4H). When directly comparing the preference index for the old

and new mouse, we observed a net effect of Treatment (Old/New:
Treatment: F, 36)= 17.82; p<0.001; Two-Way ANOVA, Fig. 4G and H),
of LPS (LPS-injection: F(1, 36=17.60; p<0.001; Two-Way ANOVA,
Fig. 4G and H) and a significant effect of interaction (Treatment x LPS-
injection: Fq, 36)=5.599; p=0.023; Two-Way ANOVA, Fig. 4G and H).
Post-hoc analyses revealed that the preference index for the novel or old
mouse was significantly lower and higher, respectively, compared to all
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Fig. 4. LPS intracerebral injection induces neuroinflammatory-dependent social memory alterations. A) Schematic representation of the NOR and OPR
paradigms. B and C) LPS-injected mice show overlapping recognition and spatial memory performances in both tests, thus suggesting localized damage to extra-
hippocampal structures. D) Habituation/Dishabituation task, showing similar habituation curves for both Saline and LPS injected animals. E to H) Preference indexes
in the 3CSPT. LPS-injected mice show a reduction in the PI for the mouse, and a significant preference for the old/known mouse. Preference indexes for the new and
old mouse in LPS-injected mice were significantly different from all other conditions. All the effects were reversed by dexamethasone treatment. Statistics by two-way
ANOVA and Student’s t test; n = 8-12 animals per group. Data are reported as mean + SEM. *p < 0.05; ***p < 0.001; ns = not significant.

other conditions (LPS+Vehicle vs. Saline + Vehicle: p<0.001; vs. Saline 3.5. Dexamethasone partially counteracts inflammatory profiles in LPS-
+ Dexamethasone: p<0.001; vs. LPS + Dexamethasone: p<0.001; injected animals.
Fig. 4G and H) thus suggesting impaired social memory.
We then sought to characterize the extent of the pro-inflammatory
shift in the VS of LPS-injected mice, in the presence and absence of
dexamethasone and evaluate if some specific parameters in macrophage
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morphology could differentially correlate with behavioural perfor-
mances. Again, we performed Ibal, TMEM119 and CD68 staining as
well as microglial morphological analyses. LPS injection increased the
number of Ibal positive cells (LPS injection: F(1, 12=45.64, p<0.001,
two-way ANOVA, Fig. 5A and B) along with a decrease in Ibal/
TMEM119 double positive cells (LPS injection: F(;, 12)=13.65, p<0.003,
two-way ANOVA, Fig. 5A and C); this increase was observed only in the
VS but not in the hippocampus (Fig. 6A, B and C), further confirming the
localized nature of neuroinflammation. Dexamethasone treatment
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- ;
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reverted Ibal counts (Treatment: F(;, 12)=9.39, p=0.009, Fig. 5B) while
Ibal/TMEM119 showed a trend toward increase (F(;, 12=4.515,
p=0.055, two-way ANOVA, see Fig. 5C for post-hoc comparisons). Since
different reports have shown that TMEM119 is a homeostatic marker
which is not necessarily downregulated during inflammation (Ruan and
Elyaman, 2022), we also assessed the number of CD68+ cells in VS,
which is a marker of phagocytic/lysosomal activity (Lier et al., 2021).
Immunofluorescence analysis revealed that LPS induced a significant
increase in CD68"/Ibal™ cells in the VS (Fa, 12=27.09, p<0.001,
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Fig. 5. Dexamethasone counteracts LPS-induced neuroinflammation in the VS. A) Representative confocal images of Ibal and TMEM119 immunostaining in
the VS. B and C) Quantification of total Ibal™ cells and Ibal"/TMEM119" microglia. D and E) Representative confocal images of Ibal"/CD68" cells followed by
quantification. Both Ibal™ cells, Ibal*/TMEM119™ ratio and Ibal*/CD68" cells were normalized by dexamethasone treatment. Statistics by two-way ANOVA; n = 4

animals per group. Data are reported as mean + SEM. *p < 0.05; **p < 0.01;

*p < 0.001; ns = not significant. Scale bar: 100 um.
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Fig. 6. VS-LPS injection does not induce increase in Ibal staining in the dentate gyrus of the hippocampus while increasing TMEM119 immunoreactivity.
A) Representative confocal images of Ibal and TMEM119 immunostaining in the dentate gyrus of the hippocampus. B and C) Quantification of total Ibal™ cells and
Ibal*/TMEM119" microglia. Statistics by two-way ANOVA; n = 4 animals per group. Data are reported as mean + SEM. *p < 0.05; ns = not significant. Scale bar:

100 pm.

Fig. 5D and E) and dexamethasone treatment reverted this condition
(Fa, 12)=26.07; p<0.001, Fig. 5E). Of note, we observed a net effect of
dexamethasone in the hippocampus in increasing the percentage of
Ibal/TMEM119 positive cells without impacting total number of Ibal
(Treatment: F(1, 12)=5.415, p=0.038; two-way ANOVA, Fig. 6B and C).
Regarding microglial morphological analysis (Fig. 7A and B), LPS
induced a drastic shift toward an amoeboid phenotype in the VS,
significantly reducing branching complexity and increasing soma
perimeter and area (LPS vs. Saline factor: Perimeter: F(;, 123)=24.41,
p<0.001; Area: F(;, 123=15.95, p<0.001; Nodes: F(;, 123=210.5,
p<0.001; Intersections: Fq, 123=202.5, p<0.001; Length: Fq,
123=210.5, p<0.001; Endings: F(;, 123)=88.64, p<0.001; two-way
ANOVA, Fig. 7A-H). Dexamethasone treatment did not significantly
revert most of the morphological features of the pro-inflammatory
shape, although the number of nodes and number of endings in
dexamethasone-treated animals were significantly different from
vehicle-treated mice (Vehicle vs. Dexamethasone factor: Perimeter: F(;,
123):2.274, p:0.134; Area: F(l’ 123):2.335, p:0.129; Nodes: F(l’
123)=210.5, p<0.001; Intersections: F;, 123y=1.507, p=0.220; Length:
F(1, 123=3.524, p=0.0629; Endings: F(1, 123)=37.16, p<0.001; two-way
ANOVA, Fig. 7C-H). A significant effect of interactions was observed for

multiple morphological parameters (Perimeter: Fg, 123=0.001,
p=0.970; Area: F(;, 123=0.221, p=0.638; Nodes: F(;, 123=19.96,
p<0.001; Intersections: Fq, 123=18.17, p<0.001; Length: F(,
123)=19.96, p<0.001; Endings: Fg, 123=35.00, p<0.001; two-way
ANOVA, Fig. 7C-H). Post-hoc comparisons showed that LPS + Dexa-
methasone condition was always significantly different from Saline +
Vehicle/Dexamethasone, except for area (Saline + Vehicle vs. LPS +
Dexamethasone: p=0.302; Saline + Dexamethasone vs. LPS + Dexa-
methasone: p=0.064; Tukey’s multiple comparison, Fig. 7D) and end-
ings (Saline + Dexamethasone vs. LPS + Dexamethasone: p=0.067;
Tukey’s multiple comparison, Fig. 7H). Of note, dexamethasone treat-
ment itself induced a general morphological shift toward a more
amoeboid phenotype, except for area and perimeter parameters
(Tukey’s multiple comparisons, see Fig. 7C to H), thus suggesting that
it’s main contribution could be more related to the reduction of immune
cells recruitment to the VS in response to the inflammatory stimulus.
Finally, we assessed whether inflammatory profiles in the VS and
dorsal hippocampus could be directly correlated to the behavioural
performances. As shown in Fig. 8, we correlated all the inflammatory
parameters assessed through immunofluorescence and morphological
analyses with behavioural parameters assessed in the 3CSPT. In the VS,
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Fig. 7. Dexamethasone induces partial recovery of microglial morphology in the VS. A) Representative confocal images of Ibal and TMEM119 immuno-
staining. B) Representative camera lucida drawings of Ibal stained cells with Sholl analysis. C-H) Quantification of soma size and branching complexity. Statistics by
two-way ANOVA; n = 31-32 cells per condition from 4 animals per group (6-10 cells analysed per animal). Data are reported as mean + SEM. *p < 0.05; **p < 0.01;

***p < 0.001; ns = not significant. Scale bar: 25 pm.

although some microglial morphology parameters almost reached a
significant correlation with behavioural parameters, such as microglial
area, soma perimeter as well as total processes length (Fig. 8A), the only
significant correlations that we observed were between the percentage
of Ibal*/TMEM119" cells and time spent exploring the social stimulus
in the object-mouse phase, and between the number of Ibal™ cells and
time spent exploring the known mouse in the test phase of the 3CSPT,
which were, in both cases, positively correlated (Mouse exploration in
object-mouse phase: Pearson’s r=0.530, p=0.035; Old mouse

10

exploration in new-old mouse phase: Pearson’s r=0.520, p=0.039,
Fig.8B and C). Regarding hippocampal dentate gyrus, correlation heat-
map is shown in Fig. 8D. Of note, the percentage of Ibal/TMEM119
positive cells from the dentate gyrus of the dorsal hippocampus signif-
icantly correlated with social memory indexes in the 3CSPT (Pearson’s
r=-0.614 for PI Old Mouse, r=0.614 for PI New Mouse, p= 0.011,
Fig. 8E) as well as with time spent exploring the old mouse (Old Mouse
exploration: Pearson’s r=-0.508, p=0.044, Fig. 8F) therefore confirming
a role for the dorsal hippocampus in social memory while suggesting a
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test phase of the 3CSPT. D, E and F) A similar pattern was observed in the dentate gyrus of the hippocampus, where homeostatic microglia was associated with better
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role for VS inflammatory signalling in gating the expression of social
memory, as the higher the number of Ibal-positive cells in the VS, the
higher the time spent exploring the known stimulus.

4. Discussion

Neuroinflammatory processes are complex responses impacting
multiple brain processes, ranging from mood regulation, cognitive
abilities as well as social functions. Increased inflammation has been
associated with both neurodegenerative and neuropsychiatric disorders,
through alterations induced in synapse structure and function followed
by heavy circuit remodelling and neurodegeneration (Zhang et al.,
2023). In the context of social behaviour, neuroinflammatory stimuli
can induce extremely nuanced behaviours, ranging from avoidance to
social approach, depending on a plethora of factors, such as gender, type
of inflammatory stimulus or familiarity with the conspecific as well as
timing of social behaviour assessment (Moieni and Eisenberger, 2018).

LPS has been widely used to generate systemic inflammation
impacting also on brain function. Peripheral LPS injection induces
anxiety and social withdrawal, cognitive deficits, as well as alterations
in synaptic transmission in NAc, amygdala or prefrontal cortex (Zhang
et al., 2022, Sheppard et al., 2019). LPS-injection in humans presented
with either familiar people or complete strangers elicits an increase in
the desire to be around familiar stimuli, relative to placebo-injected
controls. These feelings were associated with higher BOLD signal in
the dopaminergic striatum, which was also directly correlated to the
interleukin 6 response (Inagaki et al., 2015, Lohrenz et al., 2016).
Similar findings were also observed in rhesus monkeys, rats and prairie
voles (Willette et al., 2007, Yee and Prendergast, 2010, Bilbo et al.,
1999). Our results show that, while responsiveness to social novelty is
maintained, VS neuroinflammation is sufficient to alter social memory,
as shown by direct comparison of memory performance between all
conditions assessed. Furthermore, LPS treatment promoted a small,
although statistically significant, preference for the known mouse, a
phenomenon that correlated with the number of Ibal™ cells in the VS,
and that is in line with previously described findings. Of note, VS Ibal/
TMEM119 signals correlated with time spent exploring the social stim-
ulus in the first phase of the 3CSPT, reflecting the role of VS in regulating
social approach/avoidance. Hippocampal Ibal/TMEM119 signal
correlated with memory, as expected, thus suggesting that, while the
hippocampus is involved in memory and novelty discrimination through
pattern-separation mechanisms, neuroinflammatory signalling in the VS
may bias memory retrieval toward familiar stimuli even in the presence
of a functional hippocampus. Indeed, in the HSV-1 model, we did
observe disrupted social memory, along with no preference for the old
mouse. As we have previously demonstrated, HSV-1-infected and reac-
tivated mice are characterized by widespread brain inflammation,
reaching also the hippocampus (Li Puma et al., 2019), and literature
reports have shown that neuroinflammatory processes in the hippo-
campus can disrupt different types of memory (Yong et al., 2021). It is
possible therefore that, when both the hippocampus and VS are sub-
jected to neuroinflammation, hippocampal dysfunction doesn’t allow
memory retrieval at all, independently from VS gating of memory
expression. Indeed, information flow within the dCA2-vCA1-NAc circuit
support the role of VS in weighing internal signals and relaying this
information to decisional areas, such as the mPFC, biasing the behav-
ioural output toward a specific strategy, such as avoiding novel con-
specifics or preferring known social stimuli (Li et al., 2025, Okuyama
et al., 2016).

LPS induced an increase in the levels of STAT3 and NF-kB phos-
phorylation in the VS even at one week after the injection, a phenom-
enon that was not mirrored in the hippocampus. Indeed, sustained
inflammation could explain the shift of AMPA receptors composition
within the VS in regulating social memory expression, as an increase in
calcium-impermeable AMPA subunits may indicate fewer plastic syn-
apses at the level of vCA1-NAc projections (Kopach et al., 2011,
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DiSabato et al., 2016, Kawasaki et al., 2008). Microglial activity may act
as an upstream driver of these changes, given its established role in
releasing cytokines that regulate AMPAR trafficking, spine stability, and
glutamatergic tone but also dopaminergic or serotonergic release, which
have been shown to be heavily involved in the expression of social
memory (Padilla-Coreano and Martinez-Rivera, 2025, Zorab et al.,
2025).

Systemic dexamethasone treatment was able to reduce the number of
Tbal™ cells, and to restore the ratio of Ibal/TMEM119 positive cells in
the VS, along with reduced number of CD68/Ibal positive cells. Multiple
lines of evidence indicate that dexamethasone fails to penetrate the
blood-brain barrier due to the activity of mdrla protein (Meijer et al.,
1998), although dexamethasone has been the staple glucocorticoid
analogue for the last 60 years in neurosurgery, with great success, for
treatment of brain inflammation and oedema after stroke or after sur-
gery (Vazquez et al., 2023). Dexamethasone can have also systemic ef-
fects, due to it triggering glucocorticoid cascade, and had its own impact
on social behaviours: beside inducing a recovery of function in the
3CSPT in both models, it also impacted macrophage abundance in the
hippocampus as well as Ibal-positive cells morphology in the ventral
striatum (Park et al., 2019). However, dexamethasone treatment did not
induce a recovery in macrophage morphology in the VS of LPS-injected
animals. Non-resident immune cells may transmigrate within the central
nervous system to respond to the neuroinflammatory insult: however,
the direct relationship between peripheral surveillance of central pro-
cesses in the manifestation of complex functions such as social behav-
iour or memory is still unclear (Kopec et al., 2019). Recent evidence
indicates that lateralized lesions of dopaminergic neurons within the VS
can impair immune cell proliferation and natural killer cell activity in
the spleen, suggesting a bidirectional connection between the immune
system and the VS (Deleplanque et al., 1994, Ben-Shaanan et al., 2016).
In this context, we speculate that dexamethasone may have shunted the
inflammatory response of peripheral immune cells and reduced their
entrance within the CNS, therefore halting their direct contribution to
synapse remodelling within the VS.

Neuroinflammation induced from peripheral or central stimuli, has
been also associated with loss of dopaminergic projection to striatal
neurons from the substantia nigra (SN) and/or ventrotegmental area
(VTA, Brown, 2019). Indeed, different reports have characterized LPS-
induced nigrostriatal loss of dopaminergic terminals. In one striking
and unfortunate case, a laboratory worker came into contact, through an
open wound, with LPS from Salmonella minnesota. This led, in a time
span of a few weeks, to the development of Parkinson’s Disease symp-
toms, characterised by tremor and rigidity and, in the following years,
by the accumulation of synuclein aggregates within the SN (Liu and
Bing, 2011). Previous works have demonstrated that direct injections
of LPS within the striatum induce progressive dopaminergic loss,
generating both motor and cognitive symptoms (Beier et al., 2017).
Indeed, it is possible that, in both of our models, monoaminergic ter-
minals may have been among the main targets of the aggressive immune
response. Recent evidence has demonstrated that in the early phases of
Alzheimer’s Disease (AD), there is a strong loss of VTA projection neu-
rons in both transgenic mouse models and in human subjects (Nobili
etal., 2017, Sala et al., 2021). We recently demonstrated that spreading
HSV-1 infection to the CNS, induced by thermal stress (TS), triggers the
accumulation of AD molecular hallmarks, including amyloid beta 42,
tau phosphorylation and neuroinflammation within the hippocampus,
which could, in combination with dopaminergic degeneration, represent
a potential mechanism for AD development (De Chiara et al., 2019, Li
Puma et al., 2019). However, whether social memory and social
behaviour alterations are observable in early phases of AD due to VTA-
depletion or whether this can influence social preference under sickness
behaviour, has not been clarified yet, as well as if these deficits manifest
prior to other forms of cognitive impairments, such as spatial memory
alterations.

The heaviest limitation from our study is that our results are obtained
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on male adult mice and future works will be necessary to understand
whether the same processes are influenced by sex and age. Given the
existence of sexual dimorphism in endotoxins and pathogenic responses,
it will be necessary to characterize, in detail, the response of female
mice, to better generalize our findings (Yee and Prendergast, 2010).
Secondarily, it will be necessary to understand whether, in the VS,
different sub-regions, mediate the observed behaviour, and whether
these regions may show different sensitivity to neuroinflammatory sig-
nalling. Furthermore, more nuanced analyses, such as region-specific
chemogenetic control of microglial activity, will be necessary to move
our correlative analysis to a more definitive causal relationship between
VS-neuroinflammation and social memory. Collectively, our results
demonstrate that neuroinflammation can impact social memory and
that inflammatory signalling within the VS, when there is no inflam-
mation within the hippocampus, can alter memory retrieval toward
known stimuli compared to unknown stimuli. Further experiments will
be necessary to clarify the precise mechanisms leading to these pheno-
types and whether such alterations may be early symptoms as well as
early pharmacological targets of neurodegenerative/neuropsychiatric
pathologies.
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