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ARTICLE INFO ABSTRACT

Keywords: The mammalian hippocampus can generate new neurons throughout life. Known as adult hippocampal neuro-
Adult hippocampal neurogenesis genesis (AHN), this process participates in learning, memory, mood regulation, and forgetting. The continuous
Azithromycin incorporation of new neurons enhances the plasticity of the hippocampus and contributes to the cognitive reserve
]l;zzovirus in aged individuals. However, the integrity of AHN is targeted by numerous pathological conditions, including
Gut microbiome neurodegenerative diseases and sustained inflammation. In this regard, the latter causes cognitive decline, mood
Cytokines alterations, and multiple AHN impairments. In fact, the systemic administration of Lipopolysaccharide (LPS)
from E. coli to mice (a model of sepsis) triggers depression-like behavior, impairs pattern separation, and de-
creases the survival, maturation, and synaptic integration of adult-born hippocampal dentate granule cells. Here
we tested the capacity of the macrolide antibiotic azithromycin to neutralize the deleterious consequences of LPS
administration in female C57BL6J mice. This antibiotic exerted potent neuroprotective effects. It reversed the
increased immobility time during the Porsolt test, hippocampal secretion of pro-inflammatory cytokines, and
AHN impairments. Moreover, azithromycin promoted the synaptic integration of adult-born neurons and func-
tionally remodeled the gut microbiome. Therefore, our data point to azithromycin as a clinically relevant drug
with the putative capacity to ameliorate the negative consequences of chronic inflammation by modulating AHN

and hippocampal-related behaviors.
1. Introduction (Altman, 1963; Eriksson et al., 1998) through adult hippocampal neu-
rogenesis (AHN). This process confers enhanced synaptic plasticity
The hippocampus participates in the regulation of memory and throughout life and results in the continuous incorporation of new
emotions. This structure continues to generate new neurons postnatally dentate granule cells (DGCs) into the hippocampal circuitry. The
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addition of new neurons participates in pattern separation, episodic
memory, forgetting, and mood regulation (Akers et al., 2014; Hill et al.,
2015; Sahay et al., 2011). Among other factors, stress (Gould et al.,
1997) and inflammation (Monje et al., 2003) are potent negative regu-
lators of AHN. Several mechanisms, including surges of glucocorticoids
and pro-inflammatory cytokines, underlie stress- and inflammation-
mediated AHN impairments (reviewed in (Lucassen et al., 2010)).
Further complexity is introduced into the aforementioned regulatory
loop by the gut microbiome, a key modulator of AHN (Grabrucker et al.,
2023; Guzzetta et al.,, 2022; Ogbonnaya et al., 2015) that is also
remodeled under stress and pro-inflammatory conditions (Sherwin
et al., 2016).

Given the potential relevance of neuroinflammation as a clinical
target to treat neurodegenerative diseases (Morris et al., 2020), the
permanent cognitive impairments reported in a considerable number of
patients after sepsis (Browne et al., 2022), as well as the key role played
by adult neurogenesis in hippocampal-dependent functions (Hill et al.,
2015; Sahay et al., 2011), there is an urgent need to identify novel drugs
that can efficiently counteract the negative consequences of systemic
inflammation. Here we studied the capacity of azithromycin, a macro-
lide antibiotic with enhanced tissue penetration and anti-inflammatory
properties, to neutralize the deleterious effects caused by the systemic
administration of Lipopolysaccharide (LPS) from E. coli to mice—a
mouse model of sepsis characterized by depression-like behavior (Yir-
miya, 1996) and AHN impairments (Llorens-Martin et al., 2014). Azi-
thromycin is used to treat respiratory tract infections caused by bacteria.
However, its antiviral properties are also beneficial for patients with
COVID-19 (Venditto et al., 2021) and Zika (Retallack et al., 2016) in-
fections. Some of the anti-inflammatory potential of azithromycin ap-
pears to be mediated by its capacity to polarize macrophages and
neutrophils toward protective phenotypes (Amantea et al., 2016;
Easton, 2013; Murphy et al., 2008; Petrelli et al., 2016) and to modulate
the secretion of pro- and anti-inflammatory cytokines (Haydar et al.,
2019). Although this antibiotic is widely used as an immunomodulatory
drug in patients with chronic inflammatory diseases (Amantea and
Bagetta, 2016; Equi et al., 2002; Kang et al., 2016; Kitsiouli et al., 2015;
Wiselka et al., 1996), the cellular and molecular mechanisms underlying
its action have not been fully characterized to date. To the best of our
knowledge, this is the first study to assess the putative effects of azi-
thromycin on AHN. We interrogated the cellular mechanisms under-
pinning the neuroprotective capacity of azithromycin to reverse the
behavioral and AHN impairments caused by LPS, focusing on the hip-
pocampal inflammatory milieu, the functional integration of newly
generated DGCs, and the gut microbiome. To this end, we used distinct
retroviruses, behavioral analyses, cytokine arrays, as well as next-
generation sequencing (NGS) and metagenome functional prediction
analyses related to the fecal microbiome.

2. Material and methods
2.1. Experimental design

To avoid the negative impact of hierarchy/ dominance relationships
between male mice on AHN (Kozorovitskiy and Gould, 2004), only fe-
male mice were used in this study. Animals received a subcutaneous
osmotic pump to achieve continuous delivery of LPS (n = 40) or PBS (n
= 40). Half the mice in each group received either oral azithromycin (n
= 40) or drinking water alone (n = 40) during the same period. Thus, 4
experimental groups were included in this study: PW (PBS/Water), PA
(PBS/Azithromycin), LW (LPS/Water), and LA (LPS/Azithromycin).

A first sub-group of 28 x 9-week-old female C57BL6J Ola Hsd mice (7
PW, 7 PA, 7 LW, and 7 LA) was used to analyze the fecal microbiome,
brain cytokine expression, and behavior (Fig. 1A). A second group of 20
x 9-week-old female C57BL6J Ola Hsd mice (5 PW, 5 PA, 5 LW, and 5
LA) was used to study AHN and microglia (Fig. 2A). These animals were
treated with LPS, azithromycin, both, or their respective vehicles for 14
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days. Twenty-four hours before sacrifice, the mice received an i.p. in-
jection of 5—Iodo—2’—deoxyuridine (IdU). To assess neuronal maturation
and synaptic integration respectively, two groups of 16 x 7-week-old
mice, which differed in post-injection survival time (either 14 days (4
PW, 4 PA, 4 LW, and 4 LA) (Fig. 3A) or eight weeks (4 PW, 4 PA, 4 LW,
and 4 LA) (Fig. 4A)), were also included. These animals received a ste-
reotaxic injection of GFP- (14 days) or Synaptophysin (Syn)-GFP- (8
weeks) encoding retroviruses and were sacrificed after the aforemen-
tioned post-injection intervals.

2.2. Animals

Female C57BL6J-OlaHsd mice aged between 6 and 8 weeks were
obtained from Envigo Laboratories. They were subjected to a one-week
habituation period before the experiments began. Animals were housed
in a specific pathogen-free colony facility at the Centro de Biologia Mo-
lecular Severo Ochoa (CBMSO) following European Community Guide-
lines (directive 86,/609/EEC) and handled following European and local
animal care protocols. Three to five mice were housed per cage. Animal
experiments were approved by the CBMSO (AEEC-CBMS0-23/172) and
the National (PROEX 205/15 and PROEX 185.4/20) Ethics Committees.

2.3. Administration of lipopolysaccharide from E. coli (LPS)

LPS was chronically administered subcutaneously for 2 or 8 weeks
via Alzet® osmotic pumps (#1002# or #1004# models respectively,
0.11 upl/h) (Durect Corporation, Cupertino, California). To achieve a
continuous LPS delivery of 300 ug/kg/day, pumps were filled with a
solution of LPS (Sigma, from Escherichia coli 055:B5, St. Louis, MO)
diluted in 0.1 M saline phosphate buffer (PBS). To administer LPS for 8
weeks, the pumps were replaced by new ones 4 weeks after the begin-
ning of the treatment. Control mice carried PBS-containing osmotic
pumps and were subjected to the same experimental manipulations as
LPS-treated mice. To implant the pumps, a subcutaneous incision was
made on the back of the animal under inhaled isofluorane full anes-
thesia. The skin was separated to create a space where the pumps were
implanted. Wounds were closed with 2 to 3 staples. The pumps were
implanted 12 h after the start of azithromycin administration and 12 h
before stereotaxic surgery.

2.4. Treatment with agithromycin

Animals received 0.625 mg/ml of azithromycin (Zithromax®; Pfizer)
in drinking water (or water alone) for either 2 or 8 weeks. On the basis of
the average water consumption and body weight of the mice, the dose of
azithromycin was calculated to be 25 mg/kg/day (Vallee et al., 1992).

2.5. Retroviral stock preparation

We used two replication-incompetent retroviruses, which allowed
the labeling of cells undergoing division at the time of surgery (Kelsch
et al.,, 2008). These retroviruses encode for either green fluorescent
protein (GFP) (CAG-GFP) (Zhao et al., 2006) or synaptophysin (Syn)
fused to GFP (Syn-GFP) (Kelsch et al., 2008; Kelsch et al., 2009). GFP-
expressing retroviruses allowed the analysis of newborn DGC
morphology at the initial stages of maturation (2 weeks post-injection)
while Syn-GFP retroviruses were also used to study morphology and
the active zone of the mossy fiber terminals (MFTs) of 8-week-old
newborn DGCs, a parameter that reflects their efferent connectivity
(Kelsch et al., 2008; Kelsch et al., 2010). Anti-GFP immunohistochem-
istry (IHC) enhanced the visualization of the intracellular trafficking of
GFP, thereby revealing the whole morphology of the cells, including
their dendrites, axon, and MFTs (Kelsch et al., 2008; Llorens-Martin
et al., 2013). The plasmids used to produce the GFP-expressing retro-
viruses were a generous gift from Prof. Fred H. Gage (Salk Institute),
while those used to produce the Syn-GFP retrovirus were kindly
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Fig. 1. Effects of lipopolysaccharide (LPS) and azithromycin administration on mouse performance in the Porsolt test, neuroinflammation, and microglial
cells. A: Experimental design. B: Time immobile during the Porsolt test. C: Number of Fractin® apoptotic cells. D: Number of Ibal™ cells in the dentate gyrus (DG). E
- H: Representative images showing Ibal™ microglia in the DG. I — J: Cytokine levels in the hippocampus. The expression of Eotaxin-2, Interleukin-4 (IL-4),
Lymphotactin, Monocyte Chemoattractant Protein-1 (MCP-1), TCA-3, Granulocyte colony-stimulating factor (G-CSF), Monocyte colony-stimulating factor (M—CSF),
y-Interferon (IFN-y), Tumor necrosis factor-o (TNF-a), Insulin-like Growth Factor Binding Protein-3 (IGFBP-3), Interleukin-12/p70 (IL-12/p70), Macrophage in-
flammatory protein 1y (MIP-1y), soluble-TNF receptor (s-TNFR), Macrophage inflammatory protein 2 (MIP-2), Vascular cell adhesion protein 1 (vCAM-1), Platelet
factor 4 (PF4), Interleukin-3 (IL-3), P-Selectin, Lipopolysaccharide-induced CXC chemokine (LIX), Insulin-like Growth Factor 2 (IGF-2), basic fibroblast growth factor
(b-FGF), Interleukin-15 (IL-15), Sonic Hedgehog N-Terminus Protein (Shh-N), Macrophage-derived chemokine (MDC), Thymic stromal lymphopoietin (TSLP), and
Vascular endothelial growth factor receptor 1 (VEGFR-1) was upregulated in LPS-treated mice and normalized after azithromycin administration (I). Conversely, the
expression of Tissue inhibitor of metalloproteinases 1 (TIMP-1), Interleukin-13 (IL-13), Vascular endothelial growth factor (VEGF), Eotaxin, Hepatocyte growth factor
receptor (HGF-R), Osteoprotegerin (OPG), CD26, cytokine-stimulated T cells 1 (TCK-1), Developmental receptor tyrosine kinase (DTK), Glucocorticoid-induced TNF-
related receptor (GITR), and Matrix metalloproteinase-2 (MMP-2) was upregulated in azithromycin-treated mice (J). The results relative to the full array of cytokines
determined are shown in Supplementary Fig. S2. In E — H, Z-projection images are shown. Graphs represent mean values 4+ SEM. ML: Molecular layer. GCL: Granule
cell layer. H: Hilus. Blue scale bar: 50 pm. Blue triangles: Ibal™ microglia. * 0.05 > p > 0.01; **** p < 0.0001.
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Fig. 2. Effects of 2 weeks of lipopolysaccharide (LPS) and azithromycin administration on the hippocampus. A: Experimental design. B: Number of SRY (sex

determining region Y)-box 2 (Sox2)" cells. C: Number of Doublecortin (DCX)™ cells. D:

Number of 5-Iodo-2-deoxyuridine (IdU) " cells. E: Number of IdU" Neuronal

nuclei (NeuN) " cells out of the total number of IdU™ cells. F - I: Representative images of Sox2™ cells in the dentate gyrus (DG). J - M: Representative images of IdU ™,
DCX", and NeuN™ cells. In F - M, Z-projection images are shown. Graphs represent mean values + SEM. ML: Molecular layer. GCL: Granule cell layer. H: Hilus. Blue
scale bar: 25 pm. Blue triangles: Sox2™ cells. Yellow triangles: IdU™ cells. + 0.09 > p > 0.05; * 0.05 > p > 0.01; ** 0.01 > p > 0.001; and **** p < 0.0001. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

138



C.B. Rodriguez-Moreno et al. Brain Behavior and Immunity 117 (2024) 135-148

A

Azithromycin / water

7 week-old mice | LPS/PBS

| | | | | | | | | I |

I f } f } } L— f f f 1 f f } Sacrifice
Time (weeks) OT 1 2
GFP-retrovirus

_| PW (PBS / Water)
B LW (LPS / Water)

o . .
LLl B PA (PBS / Azithromycin)
|<T: LA (LPS / Azithromycin)
~~
o F *ok kK G H
0 +
o i [ =
E %k % %k %k
o * K %k k =
[ 2 15.
/E\400’ sy 540 *kk kKoK | 15 ol
3 ****’—‘ ‘.ﬂ_'_) 8 % %k %k %
= | 5 5
5300 1 = g 30 210
<@ - (el 5] _g
o 1 S ® 20- 4
= 200 8’.8 20 5
2 T8 s 5
S 100 > 10/ P
© o el
3 £ z
F o0 o 0 o 0
=
I J <+ PW (PBS/ Water)
** xx%% | A LW (LPS/ Water)
I *%%% | -V PA (PBS/ Azithromycin)
s 1 xx%% | O LA (LPS/ Azithromycin)
3/50_ sk ok ok %k ok %k %k k » 4+
2 [ o))
g = * kKK K=
£2400 o ' 3
03 Q
s = o
c o o)
ER €
2 g 2
© £ 104 <
©&
g 0
)

Distance to the soma (um)

Fig. 3. Effects of 2 weeks of lipopolysaccharide (LPS) and azithromycin administration on the early maturation of newborn dentate granule cells (DGCs).
A: Experimental design. B — E: Representative images of 2-week-old newborn DGCs transduced with a GFP-encoding retrovirus. F: Total dendritic length. G: Length of
the primary apical dendrites. H: Migration towards the granule cell layer (GCL). I: Percentage of newborn DGCs with more than one single primary apical dendrite. J:
Sholl’s analysis. In B — E, Z-projection images are shown. Graphs represent mean values + SEM. ML: Molecular layer. GCL: Granule cell layer. H: Hilus. Blue scale bar:
50 pm. Blue triangles: Primary apical dendrites. + 0.09 > p > 0.05; * 0.05 > p > 0.01; ** 0.01 > p > 0.001; *** 0.001 > p > 0.0001; and **** p < 0.0001. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

provided by Prof. Carlos Lois (Caltech). Retroviral stocks were concen- 2.6. Stereotaxic surgery
trated to working titers of 1x10” — 1x10® pfu/ml by ultracentrifugation
(Zhao et al., 2006). Seven-week-old mice were anesthetized with isoflurane and placed

in a stereotaxic frame. Viruses were injected into the dentate gyrus (DG)
at the following coordinates (mm) relative to bregma in the
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Fig. 4. Effects of 8 weeks of lipopolysaccharide (LPS) and azithromycin administration on the late maturation of newborn dentate granule cells (DGCs). A:
Experimental design. B — E: Representative images of 8-week-old newborn DGCs transduced with a Synaptophysin (Syn)-GFP encoding retrovirus. F: Total dendritic
length. G: Length of the primary apical dendrite. H: Migration towards the granule cell layer (GCL). I: Percentage of newborn DGCs with more than one single
primary apical dendrite. J: Sholl’s analysis. K-N: Representative images of Synaptophysin (Syn)" clusters in the mossy fiber terminals (MFTs) of 8-week-old newborn
DGGs. O: Area of MFTs in the CA3 region. P: Number of filopodia per MFT in the CA3 region. Q: Percentage of Syn' area in MFTs of the CA3 region. R - U:
Representative images showing Ibal* microglia. V: Number of Ibal™ cells. W-Z: Representative high-power images showing CD68 expression in Ibal ™ microglia. AA
Ibal™ area that is CD68". AB: Total length of microglia processes. In B - E, K — N, R-U, and W-Z, Z-projection images are shown. Graphs represent mean values +
SEM. ML: Molecular layer. GCL: Granule cell layer. H: Hilus. Blue scale bar: 50 pm. Orange scale bar: 10 um. Yellow scale bar: 7 pm. White scale bar: 1 pm. Blue
triangles: Primary apical dendrite. Yellow triangles: MFTs. Green triangles: Filopodia. White triangles: Ibal™ microglia. Pink triangles: CD68™ clusters. * 0.05 > p >
0.01; ** 0.01 > p > 0.001; *** 0.001 > p > 0.0001; and **** p < 0.0001. Red asterisks indicate statistically significant differences between the LW and PW groups.

(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

anteroposterior, mediolateral, and dorsoventral axes: [-2.0, +1.4, 2.2].
Next, 2 ul of virus was infused at a rate of 0.2 pl/min via a glass
micropipette. To avoid any suction effect, micropipettes were kept in
place at the site of injection for an additional 5 min before being slowly
removed. Three days prior to stereotaxic injections, a running wheel was
included in the cage to enhance stem cell proliferation.

2.7. Administration of 5-Iodo-2’-deoxyuridine (IdU)

IdU (Sigma-Aldrich, St. Louis, MO) was injected i.p. at a concentra-
tion of 57.65 mg/Kg, diluted in 1X PBS containing two drops of 5 N
NaOH per 10-15 mL PBS to increase IdU solubility. This dose was based
on equimolar doses of 50 mg/Kg BrdU (Lugert et al., 2010; Llorens-
Martin et al., 2010). To label dividing cells, 24 h before sacrifice, IdU
was administered to animals not subjected to behavioral testing
(Fig. 2A).

2.8. Open field test

Animals were exposed to a square (45 x 45 cm), constantly illumi-
nated, open-field methacrylate arena in a single 10-min trial. Animal
performance was recorded with a video camera and subsequently
analyzed. The total distance moved, average speed, and total time mo-
bile were determined as previously described (Llorens-Martin et al.,
2014), and are shown in Supplementary Fig. S1J-L.

2.9. Forced swimming test (Porsolt test)

Animals were placed in a 12-cm-diameter and 29-cm-tall cylinder
filled with water at 23 °C for 6 min on 2 consecutive days. Behavior was
digitally recorded and manually assigned to a category, namely immo-
bility, swimming, or climbing, following Detke et al. (Detke et al., 1995).
The time spent immobile, swimming, and climbing during the whole test
(6 min, Fig. 1 and Supplementary Fig. SIA-C), and the last 5 (Supple-
mentary Fig. SID-F) and 4 (Supplementary Fig. SIG-I) min of the sec-
ond day of testing are reported, as previously described (Llorens-Martin
et al., 2016).

2.10. Sacrifice

Mice were fully anesthetized by an i.p. injection of pentobarbital
(EutaLender, 60 mg/kg) and transcardially perfused with 0.9 % saline.
Afterwards, those that received retrovirus injections were perfused with
4 % paraformaldehyde in 0.1 N phosphate buffer (PB), and brains were
removed and post-fixed O/N in the same fixative at 4 °C. After being
transcardially perfused with 0.9 % saline, the brains of mice subjected to
biochemical and immunohistochemistry (IHC) determinations were
removed and divided into two hemispheres. Right hemispheres were
post-fixed O/N with 4 % paraformaldehyde in 0.1 N PB. Left hippocampi
were rapidly dissected on ice and immediately frozen at —80 °C.

2.11. Immunohistochemistry

After fixation, brains were washed three times in 0.1 N PB. Coronal
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50 um-thick sections were obtained on a Leica VT12008S vibratome. For
immunohistochemical analyses, series of brain slices were randomly
made up of one section from every ninth. Slices were initially pre-
incubated in 0.1 N PB with 1 % Triton X-100 (Sigma, #T8787#) and
1 % bovine serum albumin (BSA) (Panreac, #A13910100+#) for 10 min.
To detect the incorporation of IdU, sections were incubated in 2 N Hy-
drochloric acid (HCI) for 30 min at room temperature to denature DNA.
Dual or triple IHC was then performed as described previously (Llorens-
Martin et al., 2013), using the following primary antibodies: rabbit anti-
GFP (Thermo Fisher Scientific Cat# A-11122, RRID:AB_221569;
1:1000); mouse anti-IdU (Becton Dickinson and Company Cat# 347580,
RRID:AB_10015219; 1:500); rabbit anti-Fractin (Acris Antibodies GmbH
Cat# AP08647SU-N, RRID:AB_1975531; 1:500); guinea pig anti-
Doublecortin (DCX) (Synaptic systems Cat# 326004, RRID:
AB_2620068; 1:500); Wisteria floribunda agglutinin (Lectin) (Sigma Cat#
L1516, RRID: AB_2620171, 1:500); chicken anti-Ibal (Synaptic systems
Cat# 234006, RRID:AB_2619949, 1:1000); rabbit anti-phospho His-
tone3 (PH3) (Millipore Cat# 06-570, RRID: AB_310177, 1:250); goat
anti-Sox2 (R&D Systems Cat# AF2018, RRID: AB_355110, 1:500); rabbit
anti-NeuN (Millipore Cat# ABN78, RRID: AB_10807945, 1:1000); and
rat anti-CD68 (Abcam Cat# ab53444, RRID: AB_869007, 1:500). Sec-
tions were incubated with primary antibodies for 2 days at 4 °C. To
detect the binding of primary antibodies, sections were incubated with
the following secondary antibodies for 24 h at 4 °C: Alexa-594 donkey
anti-mouse (Molecular Probes Cat# A-21203, RRID:AB_141633;
1:1000); Alexa-555 donkey anti-rabbit (Molecular Probes Cat# A-
31572, RRID:AB_162543; 1:1000); Alexa-488 donkey anti-rabbit (Mo-
lecular Probes Cat# A-21206, RRID:AB_141708; 1:1000); Alexa-555
donkey anti-rat (Molecular Probes Cat# A-21434, RRID:AB_141733;
1:1000); and Alexa-555 goat anti-guinea pig (Molecular Probes Cat# A-
21435, RRID:AB_2535856; 1:1000). All the sections were counter-
stained for 10 min with DAPI (Merck, 1:5000) to label cell nuclei.
Finally, they were mounted on gelatin-coated glass slides. A non-
commercial anti-fade mounting medium (33 % glycerol and 7.5 %
Mowiol, prepared in 0.2 M Tris-HCl, pH 8.5) was used to embed the
sections.

2.12. Nissl staining and volume estimation

A randomly chosen series of sections was mounted on gelatin-coated
glass slides and air-dried to perform Nissl staining and to calculate the
volume of the granule cell layer (GCL) and the area of the subgranular
zone (SGZ). Slides were immersed in a toluidine blue solution for 8 min
and rinsed for 10 sec in distilled water. Next, subsequent 2-min in-
cubations in 70 %, 96 %, 100 % (x2) ethanol were performed. Finally,
slides were immersed in xylene and mounted with DePex (Serva Elec-
trophoresis GmbH, #18243.01#). Bilateral images of the whole DG
were acquired under a 2.5X objective in an Axioskop2 plus (Zeiss) ver-
tical microscope coupled to a DMC6200 (Leica) camera. The volume of
the GCL was calculated using the Cavalieri method (Pakkenberg and
Gundersen, 1988). Briefly, the area of the GCL was manually drawn in
Fiji (ImageJ,v. 1.50e, NIH, Bethesda, MD, USA, https://rsb.info.nih.gov/
ij). The area of the GCL of all the sections included in the series was
multiplied by the distance between two consecutive sections (400 ym) to
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calculate the total volume of this layer. The area of the SGZ was calcu-
lated using a modified version of the Cavalieri method (Llorens-Martin
et al., 2006). To this end, the length of the SGZ was measured in each
section using Fiji. The length of the SGZ of all the sections included in the
series was multiplied by the distance between two consecutive sections
(400 pm) to calculate the area of this zone, as previously described
(Llorens-Martin et al., 2006).

2.13. Cell counts

Fractint and PH3" cells were counted on independent series of
sections under an Axioskop2 plus (Zeiss) vertical microscope coupled to
a DMC6200 (Leica) camera using the optical dissector method. Briefly,
the density of cells per section (number of cells/rnrn3) was calculated by
dividing the number of cells counted by the reference volume of that
section. The average cell density of the sections included in the series
was multiplied by the GCL volume to calculate the total number of cells
per mouse. The number of Sox2", IdU*, Ibal™, and DCX" cells was
estimated using the physical dissector method coupled to a confocal
microscope (Llorens-Martin et al., 2006). Briefly, 10 stacks of images per
mouse were acquired to estimate the total number of IdU™ cells (40X oil-
immersion objective, z-interval: 1 pm, 0,8 zoom), and 5 stacks of images
per mouse were acquired to estimate the total number of DCX™, Ibal™,
and Sox2" (63X oil-immersion objective, Z-interval: 1 pm, 0.8 zoom)
cells under an LSM800 inverted Zeiss confocal microscope. The number
of IdU" and Sox2™ cells in each stack was divided by the volume of the
GCL, whereas that of DCX™ cells was divided by the area of the SGZ. To
obtain the total number of cells per mouse, the average cell density was
multiplied by either the GCL volume (Sox2™, Ibal™, and IdU™ cells) or
the SGZ area (DCX' cells), following a previously described method
(Llorens-Martin et al., 2006).

2.14. Colocalization analyses

The percentage of IdU" cells that were positive for NeuN was
determined by analyzing the expression of the latter marker in this cell
population per mouse. To this end, confocal stacks of images (40X oil-
immersion objective, z-interval: 1 pm, 0.8 zoom, XY dimensions:
79.38 um) were obtained. To address microglial activation, we
measured CD68 expression in Ibal™ cells. Briefly, 5 stacks of 20 images
were obtained per mouse under an LSM800 Zeiss confocal microscope
(40x Oil immersion objective, Z-axis interval: 1 um, 0.8 zoom, XY di-
mensions: 79.38 pm). Three-channel images were acquired (DAPI,
CD68, and Ibal). For each image, a fixed value threshold was applied to
the Ibal channel, and then the threshold image was converted into a
Selection. A mean filter (2 pixels) was applied to exclude small pre-
cipitates of the secondary antibody. The Selection was then loaded onto
the CD68 channel. Selections were inverted in both channels, and the
exterior of the cells was filled with black paint. The resulting images
were then processed with the Just Another Colocalization Plugin (JACoP)
in ImagelJ, as previously described (Llorens-Martin et al., 2016). The
percentage of colocalization between the two channels (Ibal™ area that
was CD68" (Mander’s coefficient M1)) was calculated.

2.15. Analysis of fluorescence intensity

Lectin staining was analyzed in the molecular layer (ML) and the GCL
on confocal microscopy images obtained from the sections comprising
one series. Four high magnification images per region were randomly
obtained per animal under an A1R™ Nikon confocal microscope (63X oil
immersion objective, XY dimensions: 60.13 um). In each sub-region, an
invariant threshold for fluorescence intensity was established to analyze
images. A region of interest (ROI) of invariant size (558.009 punz) was
placed in two regions of the image, where the intensity of fluorescence
was measured using ImageJ software (ImageJ,v. 1.33, NIH, https://rsb.
info.nih.gov/ij).
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2.16. Morphometric analysis of adult-born dentate granule cells and
microglia

At least 50 randomly selected adult-born DGCs and 20 Ibal™
microglia from each experimental condition were reconstructed in an
LSM710 Zeiss confocal microscope (2-week-old newborn DGCs and
Ibal® microglia: 40X oil immersion objective; 8-week-old newborn
DGCs: 25X oil objective). Confocal stacks of images were obtained (2-
week-old newborn DGCs and Ibal™ microglia: XY dimensions: 212.55
pm; Z-axis interval: 2 um; 8-week-old newborn DGCs: XY dimensions:
377.86 pm; Z-axis interval: 2 um), and Z-projections were analyzed to
determine the total length of dendritic/processes and branching (Shol’s
analysis). All cells were traced using the NeuronJ plugin for Fiji. Sholl’s
analysis was performed using the plugin ShollAnalysis for Fiji. (Llorens-
Martin et al., 2013; Pallas-Bazarra et al., 2017). To measure adult-born
DGC migration into the GCL, a perpendicular line connecting the hilar
boundary and the center of the adult-born DGC nucleus was traced
manually, and this distance was measured using Fiji. The percentage of
cells with several primary apical dendrites and the length of the primary
apical dendrite were calculated as previously described (Llorens-Martin
et al., 2013; Pallas-Bazarra et al., 2016).

2.17. Analysis of mossy fiber terminals (MFTs) and filopodia

Retroviruses encoding synaptophysin (Syn)-GFP allowed the visu-
alization of presynaptic active zones (Syn' clusters) (green channel,
nude fluorescence of the retrovirus), whereas the use of a red secondary
antibody coupled to an anti-GFP primary antibody enhanced the visu-
alization of the intracellular trafficking of the free protein (red channel),
thereby allowing visualization of the whole MFT (Kelsch et al., 2010).
Images of the CA3 region were acquired under an LSM800 inverted Zeiss
confocal microscope (63X oil-immersion objective, Z-interval: 1 pm, XY
dimensions: 34.95 pym). Z-projection images were obtained, and the
area of each MFT was measured by manually drawing these structures in
Fiji. The number of filopodia per MFT was counted manually on Z-pro-
jection images. MFT and filopodia were identified on the basis of the
following previously defined criteria: (1) the diameter of the MFT is
more than threefold greater than the diameter of the axon; (2) the MFT is
connected to the axon on at least one end; and (3) the MFT is relatively
isolated from other MFTs for accuracy of tracing (Pallas-Bazarra et al.,
2016; Toni et al., 2008). To measure the area of Syn™ clusters in the
MFTs, a fixed value threshold was first applied to the green (Syn)
channel of the Z-projection images. The percentage of area occupied by
the active area was calculated by dividing the area of the Syn™ cluster by
the total area of the MFT.

2.18. Analysis of cytokine expression levels

A longitudinally sectioned half of the left hippocampus was ho-
mogenized, and protein concentration was estimated using the BCA
Protein Assay Kit (Pierce, Rockford, IL). For each experimental group, a
pooled protein extract was prepared in a single tube. The total protein
concentration was determined for each mouse to ensure an equal
amount of protein corresponding to each animal in the prepared
mixture. The mouse cytokine array (RayBio C-series Mouse Cytokine
Antibody Array C1000; Ray Biotech Inc) consisted of 96 cytokine anti-
bodies spotted onto a PVDF membrane. Incubations were performed
following the manufacturer’s instructions and as previously described
(Llorens-Martin et al., 2016). For each spot, the net density of the gray
level was measured in Fiji. For each experimental group, the relative
expression of each cytokine was calculated. The mean is represented in
the graphs.

2.19. Gut microbiome sequencing

One-to-two fecal samples per mouse were collected before sacrifice
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in a sterile 2-ml tube and immediately frozen and stored at —80 °C.
Bacterial DNA was obtained by using a QIAamp power fecal pro DNA kit
from QIAGEN (#51804#) and following the manufacturer’s in-
structions. Metagenome functional prediction analysis of the microbiota
was performed using 16 s rRNA sequencing. A 459 bp fragment of the
V3/V4 regions was amplified using the primer pair 341F/ 785R (5-
TCGT CGGC AGCG TCAG ATGT GTAT AAGA GACA GCCT ACGG GNGG
CWGCA-G3) / (5-GTCT CGTG GGCT CGGA GATG TGTA TAAG AGAC
AGAC AGGA CTAC HVGG GTAT CTAA TCC3') (Klindworth et al., 2013).
Library construction was performed following the Illumina 16S rRNA
Cod 15,044,223 RevB protocol. The primers contained sequences added
to the gene-specific sequences to make them compatible with the Illu-
mina Nextera XT Index kit. The V3/V4 region of 16S rRNA was
sequenced on Illumina Miseq with 2x250-2x300 length sequencing
(paired-end) to obtain approximately 100,000 reads per sample.

2.20. Statistical analyses

Statistical analyses were performed using GraphPad v9.0 and SPSS25
software. The Kolmogorov-Smirnov test was used to check the
normality of sample distribution. To compare more than two experi-
mental groups, data following normal sample distribution were
analyzed by either one-way or repeated-measures ANOVA tests with
Fisher’s LSD or Holm-Sidak multiple comparison post-hoc analyses. In
cases in which normality could not be assumed, a Kruskal-Wallis test
with Dunn‘s post-hoc analysis was applied. A two-way ANOVA was used
to assess the effects of more than one variable. A Pearson X-test was
used to compare qualitative variables. Correlations between cell
numbers were analyzed using Pearson’s correlation test. The detailed
results of the statistical comparisons are included in Extended data 1.

For the gut microbiome sequencing analyses, data quality filtering
was performed with QIIME2 v.2022.11 (Bolyen et al., 2019), and reads
were assigned to Amplicon Sequence Variant (ASV) using DADA2
(Callahan et al., 2016). Taxonomic classification was obtained using
classify-sklearn, a Scikit-Learn method (Pedregosa, 2011). The weighted
classifier was constructed from Silva Database v. 138.1 including region
V3-V4 and the weighted information was downloaded from readyto-
wear (https://github.com/BenKaehler/readytowear, (Kaehler et al.,
2019). Sequences that did not match any reference were discarded. The
p-diversity microbiota index (Bray-Curtis) was examined by the
Permutation-Based Analysis of Variance (PERMANOVA). Alpha di-
versity (Shannon) was studied using the Kruskal-Wallis test whereas
Analysis of Compositions of Microbiomes with Bias Correction
(ANCOM-BC) was used to identify bacterial taxa differentially repre-
sented between groups (Lin and Peddada, 2020). Diversity analyses
were adjusted for multiple testing (q-values) using the Benjamini-
Hochberg False Discovery Rate (FDR) (Benjamini and Hochberg,
1995), while ANCOM-BC analyses underwent correction via the Holm-
Bonferroni method (Holm, 1979). Functional pathway abundance was
predicted with Phylogenetic Investigation of Communities by Recon-
struction of Unobserved States (PICRUSt2) (Douglas et al., 2020). A
Linear discriminant analysis (LDA) coupled with effect size (LEfSe) was
performed to identify functional pathways differentially represented
between groups (Segata et al., 2011) (Supplementary Figs. S5-S10, and
Extended data 2). Raw data corresponding to gut microbiome analyses
were deposited at the NCBI Sequence Read Archive (SRA), ID number:
PRJNA1020823.

In all the figures, asterisks refer to post-hoc analyses and show sta-
tistically significant differences between the two groups indicated. A 95
% confidence interval was used for statistical comparisons. The mean
value and the standard error of the mean (+SEM) are shown in the
graphs.
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3. Results

3.1. Capacity of azithromycin to counteract the effects of LPS
administration on behavior, the gut microbiome, and hippocampal
inflammation

To assess the behavior of the animals in the distinct experimental
groups, mice received osmotic pumps (filled with either LPS or PBS) and
azithromycin or vehicle (drinking water) for 2 weeks before being
subjected to the behavioral tests (Fig. 1A). In the open field test, no
changes in the total distance moved (F3 24 = 0.261; p = 0.853; LPS: Fy,
24 = 0.1645; p = 0.689; azithromycin: Fi, 54 < 0.0001; p = 0.994;
Interaction: Fy, 24 = 0.6175; p = 0.44) (Supplementary Fig. S1J),
average speed (F3 24 =0.537; p =0.661; LPS: F; 54 =0.0574; p =0.813;
azithromycin: Fy, o4 = 0.0141; p = 0.907; Interaction: Fy 54 = 1.54; p =
0.227) (Supplementary Fig. S1K), or total time mobile (F3 24 = 0.170; p
= 0.916; LPS: Fy, 24 = 0.0107; p = 0.919; azithromycin: F1, 24 = 0.0904;
p = 0.766; Interaction: F;, 24 = 0.409; p = 0.529) (Supplementary
Fig. S1L) were detected, thereby revealing no alterations in basal motor
activity. Conversely, in the Porsolt test, the time spent immobile (F3, 24
= 3.245; p = 0.040; LPS: Fy, 24 = 1.627; p = 0.214; azithromycin: Fy o4
= 1.584; p = 0.220; Interaction: F1, o4 = 6.525; p = 0.017) (Fig. 1B) or
swimming (K4, 28 = 10.61; p = 0.014; LPS: F;, 24 = 6.145; p = 0.021;
azithromycin: F1, 24 = 1.924; p = 0.178; Interaction: F1, 24 = 5.996; p =
0.022) (Supplementary Fig. S1B) during the whole test varied across the
experimental conditions. No major changes were observed in the time
spent climbing (F3, 23 = 2.06; p = 0.133; LPS: Fy, 23 = 2.652; p = 0.117;
azithromycin: Fy, 23 = 0.556; p = 0.464; Interaction: Fq 23 = 2.747; p =
0.111) (Supplementary Fig. S1C). Post-hoc comparisons revealed that
LPS-treated mice showed increased immobility (p 0.012) and
decreased swimming (p = 0.002) time, whereas azithromycin reversed
these effects (immobility: p = 0.013; swimming: p = 0.018). Similar
results were obtained in the last 5 (Supplementary Fig. SID-I and
Extended data 1) and 4 (Supplementary Fig. S1D-I and Extended data 1)
min of the test.

We next examined the cellular effects induced by LPS and azi-
thromycin administration on the DG. LPS increased the number of
Fractint apoptotic cells, an effect that was reversed by azithromycin (F3,
15 = 25.52; p < 0.0001; LPS: Fy, 15 = 24.38; p = 0.0002; azithromycin:
F1, 15 = 38.17; p < 0.0001; Interaction: Fq, 15 = 22.79; p < 0.0002
(Fig. 1C). Accordingly, azithromycin reversed the reduced GCL volume
in LPS-treated mice (post-hoc comparison LW vs LA: p = 0.0166) (F3, 16
=10.66; p = 0.014; LPS: Fy, 16 = 3.112; p = 0.0968; azithromycin: F; 16
= 5.666; p = 0.0301; Interaction: Fq, 16 = 1.073; p = 0.3157) (Supple-
mentary Fig. 2A). Both LPS and azithromycin increased the expression of
lectin in the GCL (F3, 16 = 8.518; p = 0.02; LPS: Fy, 12 = 9.664; p = 0.009;
azithromycin: F1, 12 = 6.111; p = 0.0294; Interaction: F1, 12 = 0.4054; p
= 0.5363) and the ML (F3, 16 = 10.63; p = 0.002; LPS: F 12 =21.8;p =
0.0005; azithromycin: F;, 12 = 21.8; p = 0.0005; Interaction: F; 12 =
3.065; p = 0.1055) (Supplementary Fig. 2B-C), thereby reflecting the
increased reactivity of this region of the brain. Accordingly, azi-
thromycin did not reverse the increased number of Ibal™ microglia
caused by LPS administration (F3 16 = 9.66; p = 0.007; LPS: Fq, 13 =
13.95; p = 0.0025; azithromycin: Fq, 13 = 0.0002; p = 0.9962; Inter-
action: Fy, 13 = 0.6306; p = 0.4414) (Fig. 1D-H). The expression of pro-
inflammatory cytokines, such as Eotaxin 2, Gamma interferon (IFN-y),
and tumor necrosis factor a (TNF-a), among others, was increased in
response to LPS, but conversely was normalized or reduced by azi-
thromycin (Fig. 1I and Supplementary Fig. 2E-F). The expression of
other neuroprotective cytokines (such as vascular endothelial growth
factor (VEGF)) was reduced after LPS administration and markedly
upregulated by azithromycin (Fig. 1J and Supplementary Fig. 2E-F).

We next examined the effects of LPS and azithromycin administra-
tion on the gut microbiome (Supplementary Figs. 3 and 4). Azi-
thromycin reduced the - (Bray-Curtis index, PA vs. PW: pseudo-F =
7.132; p = 0.001) (Supplementary Fig. 3A and Extended data 1) and a-
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(Shannon index, PA vs. PW: H = 9.8; p = 0.002) (Supplementary Fig. 3B
and Extended data 1) diversity. Although the administration of LPS
caused no major effects on these parameters (Bray-Curtis index, LW vs.
PW: pseudo-F = 1.274; p = 0.093; Shannon index, PA vs. PW: H = 0.037;
p = 0.949) (Supplementary Fig. 3A-B and Extended data 1), LPS-
challenged mice showed a reduced presence of Lachnospiraceae UCG-
010 (q < 0.001) and Coriobacteriaceae UCG-002 (q < 0.001) genera.
These decreases were counteracted by treatment with azithromycin
(Lachnospiraceae UCG-010 q = 0,0066; Coriobacteriaecae UCG-002 q <
0.001). The increased presence of Turicibacter (q < 0.001) caused by LPS
administration was not reversed by azithromycin (Supplementary
Figs. S3C and S4). The aforementioned alterations in the gut microbiome
composition were paralleled by functional changes in several pathways
related mainly to energy utilization (Supplementary Figs. S5-510, and
Extended data 2).

3.2. Capacity of azithromycin to counteract the effects of LPS
administration on AHN

We next examined the effects of LPS and azithromycin treatment on
distinct cell subpopulations encompassed by AHN (Fig. 2). The popu-
lation of Sox2™ hippocampal neural stem cells (NSCs) was reduced upon
LPS administration, whereas the opposite effect was found in response to
azithromycin (F3 16 = 14.22; p < 0.0001; LPS: F;, 16 = 27.25; p <
0.0001; azithromycin: Fq, 16 = 15.14; p = 0.0013; Interaction: F, 16 =
0.278; p = 0.6052) (Fig. 2B and F-I). No changes in the number of PH3™"
proliferative cells were detected (Extended data 1 and Supplementary
Fig. 2D). With respect to the survival and differentiation of immature
DGCs, azithromycin increased the number of DCX* (Fig. 2C and J-M)
and IdU™ (Fig. 2D and J-M) cells, as well as the percentage of the latter
cells expressing NeuN (DCX ™ cells: F3 20 =15.14; p = 0.002; LPS: Fy, 16
=1.838; p = 0.194; azithromycin: F; 16 = 30.5; p < 0.0001; Interaction:
F1, 16 = 3.892; p = 0.0661; IdU" cells: F3, 15 = 4.324; p = 0.0219; LPS: Fy,
15 = 0.8602; p = 0.3684; azithromycin: F; 15 = 10.99; p = 0.0047;
Interaction: F1, 15 = 0.5045; p = 0.4884; percentage of 1dU™ cells that
express NeuN: F3 16 = 7.14; p = 0.0029; LPS: F1 16 = 0.013; p = 0.9107;
azithromycin: F1, 16 = 9.785; p = 0.0065;; Interaction: Fy, 16 = 11.62; p
= 0.0036), thereby counteracting the negative consequences of LPS
administration (post-hoc comparisons LW vs. LA: DCX" cells: p =
0.0017; IdU™" cells: p = 0.0502; percentage of IdU™ cells that express
NeuN: p = 0.0017) (Fig. 2E,J-M and Extended data 1). Putative corre-
lations between the numbers of distinct cell populations were evaluated
(Supplementary Figs. S11 and S12 and Extended data 1). As shown,
negative correlations between the number of Fractin® apoptotic cells
and that of Sox2" cells (p = 0.0003) (Supplementary Fig. S11B), DCX*
cells (p < 0.0001) (Supplementary Fig. S11C), IdU™ cells (p = 0.0066)
(Supplementary Fig. S11D), and the percentage of IdU" NeuN™" cells out
of total IdU™ cells (p = 0.0261) (Supplementary Fig. S11E) were
observed. Conversely, positive correlations between the number of
Sox2" and DCX™" cells (p = 0.0032) (Supplementary Fig. ST1N), Sox2*
and IdU™ cells (p = 0.0038) (Supplementary Fig. S11B), DCX' and IdU™"
cells (p = 0.0032) (Supplementary Fig. S12A), the number of DCX* cells
and the percentage of IdU" NeuN™ cells out of total IdU™ cells (p =
0.0003) (Supplementary Fig. S12C), and the number of DCX" and PH3"
cells (p = 0.0171) (Supplementary Fig. S12D), among others, were
detected (Extended data 1).

Subsequently, the morphological maturation of newborn DGCs was
studied at two time points, namely 2 (early, Fig. 3) and 8 (late, Fig. 4)
weeks post-infection. Early neuronal maturation was affected by treat-
ment with LPS and azithromycin (Fig. 3A-J). In this regard, the total
dendritic length (Fig. 3F), length of the primary apical dendrite
(Fig. 3G), migration towards the GCL (Fig. 3H), percentage of cells with
several primary apical dendrites (Fig. 3I), and dendritic branching in
Sholis analysis (Fig. 3J) were negatively affected by LPS administration.
Azithromycin reversed most of these alterations (total dendritic length:
F3’ 218 = 19.93; p < 0.0001; LPS: Fl’ 215 = 15.92; p < 0.0001;
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azithromycin: Fq, 215 = 4.905; p = 0.0278; Interaction: F1, 215 = 38.09; p
< 0.0001; length of the primary apical dendrite: F3 250 = 40.12; p <
0.0001; LPS: Fy, 246 = 24.36; p < 0.0001; azithromycin: F1 246 = 28.7; p
< 0.0001; Interaction: Fq, 246 = 0.0138; p = 0.9068; migration towards
the GCL: Fs, 307 = 80.27; p < 0.0001; LPS: F;_ 303 = 20.7; p < 0.0001;
azithromycin: Fq, 303 = 28.73; p < 0.0001; Interaction: F, 303 = 19.05; p
< 0.0001; and percentage of cells with several primary apical dendrites:
X%, 320 = 39.364; p < 0.0001: LW vs. LA: p < 0.0001; Sholis analysis
Epsilon Greenhouse-Geisser: Distance * Experimental group: p <
0.0001) (Extended data 1).

Similarly, chronic LPS administration for 8 weeks impaired the late
morphological maturation of newborn DGCs (Llorens-Martin et al.,
2014) (Fig. 4A-J). Specifically, it decreased the total dendritic length
(Fig. 4F), length of the primary apical dendrite (Fig. 4G), and dendritic
branching in Sholis analysis (Fig. 4J), as well as increasing migration
towards the GCL (Fig. 4H) and the percentage of cells with several pri-
mary apical dendrites (Fig. 4I). Azithromycin fully reversed these
morphological alterations (total dendritic length: F3 164 = 44.93; p <
0.0001; LPS: Fq, 160 = 6.19; p = 0.0139; azithromycin: F1, 160 = 23.16; p
< 0.0001; Interaction: Fq, 160 = 16.72; p = 0.0001; length of the primary
apical dendrite: F3 278 = 27.11; p < 0.0001; LPS: Fy, 574 = 10.72; p =
0.0012; azithromycin: Fq, 274 = 0.2063; p = 0.65; Interaction: F; 274 =
21.15; p < 0.0001; migration towards the GCL: F3 291 = 38.93; p <
0.0001; LPS: Fy, 287 = 9.905; p = 0.0018; azithromycin: F, 257 = 11.57;
p =0.0008; Interaction: F; 287 34.11; p < 0.0001; and percentage of cells
with several primary apical dendrites: X%, 203 =8.101; p = 0.044: LW vs.
LA: p = 0.015; Sholis analysis Epsilon Greenhouse-Geisser: Distance *
Experimental group: p < 0.0001) (Extended data 1).

To assess the effects of these treatments on the functional output of
newborn DGCs, we used a Syn:GFP-encoding retrovirus (Kelsch et al.,
2009). LPS administration impaired the establishment of efferent syn-
aptic contacts at the MFTs of newborn DGCs (Fig. 4K-Q). It increased the
area of the former structures (Fig. 40) but reduced the number of filo-
podia (Fig. 4P) and the active area occupied by Syn™ clusters (Fig. 4Q).
Importantly, azithromycin fully reversed these effects (MFT area: F3
1330 = 74.74; p < 0.0001; LPS: Fq, 1326 = 40.16; p < 0.0001; azi-
thromycin: Fq, 1326 = 5.01; p = 0.0254; Interaction: F 1326 = 24.28;p <
0.0001; number of filopodia: F3 1202 = 132.7; p < 0.0001; LPS: Fq, 1218
= 18.17; p < 0.0001; azithromycin: Fy, 1218 46.41; p < 0.0001;
Interaction: Fy, 1218 = 69.91; p < 0.0001; and MFT Syn+ active area F3,
1330 = 349.5; p < 0.0001; LPS: Fq, 1326 = 35.46; p < 0.0001; azi-
thromycin: Fy, 1326 = 196.2; p < 0.0001; Interaction: Fy, 1326 = 208.8; p
< 0.0001).

The administration of LPS for 8 weeks increased the number of Ibal™
cells (Fig. 4R-V) and the expression of CD68 in these cells (Fig. 4W-AA),
thereby indicating persistent microglia activation. These effects were
reversed by azithromycin (Number of Ibal™ cells: F3 27 =13.32; p <
0.0001; LPS: Fy, o7 = 9.32; p = 0.005; azithromycin: F;, 27 = 24.1; p <
0.0001; Interaction: F1, o7 = 5.181; p = 0.031; CD68 expression: F3 73 =
32.34; p < 0.0001; LPS: F1, 69 = 24.69; p < 0.0001; azithromycin: Fq, 69
0.3198; p 0.5736; Interaction: Fi, g9 = 11.92; p 0.001
(Fig. 4R-AA). Accordingly, LPS reduced the length of microglial pro-
cesses, whereas azithromycin had the opposite effect (F3 96 = 16.86; p
= 0.0008; LPS: F1, 92 = 6.802; p = 0.0106; azithromycin: F1, 92 = 5.303;
p = 0.0235; Interaction: F1 g3 = 8.237; p = 0.0051) (Fig. 4AB and
Extended data 1).

Taken together, these data indicate that azithromycin exerts robust
neuroprotective effects in the murine hippocampus that are paralleled
by the reversion of pro-inflammatory changes and AHN impairments
induced by LPS.

4. Discussion

The hippocampus acts as a central hub in the processing of sensory
information. The continuous incorporation of new neurons through
AHN partly underlies the enhanced neural plasticity held by this
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structure. AHN plays a key role in the regulation of episodic memory,
forgetting, and mood (Akers et al., 2014; Hill et al., 2015; Sahay et al.,
2011). The generation of new neurons in the adult hippocampus has
been reported in more than 120 mammalian species (reviewed in
(Terreros-Roncal et al., 2022)), including humans (Eriksson et al., 1998;
Moreno-Jimenez et al.,, 2019). Resident hippocampal NSCs with
astrocyte-like properties (Seri et al., 2001) sustain the capacity of the DG
to produce new DGCs throughout life. During AHN, neural precursors
first divide actively. Subsequently, they exit the cell cycle and become
committed to the neuronal lineage. After going through sequential
maturation stages, newborn DGCs progressively increase the complexity
of their dendritic trees (Zhao et al., 2006), which results in their func-
tional integration into the trisynaptic circuits of the hippocampus
(Kempermann et al., 2004). In this regard, the use of genetically engi-
neered retroviruses has been instrumental in assessing the establishment
of afferent and efferent synaptic contacts (Kelsch et al., 2008; Kelsch
et al., 2009; Llorens-Martin et al., 2013; Llorens-Martin et al., 2015a),
thereby allowing the study of the functional maturation of these cells.

Each of the stages encompassed by AHN can be either positively or
negatively modulated by extrinsic factors. In this regard, several path-
ological conditions (Gould et al., 1997; Monje et al., 2003) are paralleled
by a remarkable surge in hippocampal neuroinflammation, which im-
pairs newborn DGC maturation (Llorens-Martin et al., 2016; Llorens-
Martin et al., 2014; Terreros-Roncal et al., 2021). In fact, these cells
show an aberrant morphological phenotype in experimental models of
acute stress (Llorens-Martin et al., 2016), sepsis (Llorens-Martin et al.,
2014), and neurodegenerative diseases (Llorens-Martin et al., 2013;
Terreros-Roncal et al., 2019), as well as in patients with the latter con-
ditions (Marquez-Valadez et al., 2022; Terreros-Roncal et al., 2019). In
particular, the altered phenotype exhibited by these cells is character-
ized by the presence of several primary apical dendrites, distal dendritic
atrophy, and a reduced number of synaptic contacts (both at the excit-
atory afferent and efferent levels). Moreover, here we show, for the first
time, that LPS challenge reduces the number of filopodia in newborn
DGC MFTs. This observation points to the impaired synaptic output of
these cells onto CA3 inhibitory interneurons (Restivo et al., 2015). These
alterations, together with the reduction in the excitatory connections
caused by LPS administration previously described (Llorens-Martin
et al., 2014), are expected to cause an overall disconnection of newborn
DGCs from the entire hippocampal circuitry, thereby contributing to the
alteration of hippocampal-dependent behaviors (Llorens-Martin et al.,
2015b). Indeed, LPS challenge triggers a depression-like phenotype
(Dunn and Swiergiel, 2005) and impedes pattern-separation (Llorens-
Martin et al., 2014)—two types of behavior suggested to be related to
AHN (Hill et al., 2015; Malberg et al., 2000; Sahay et al., 2011). In fact,
time spent immobile during the Porsolt test inversely correlates with the
rate of AHN and the number of DCX " immature DGCs in mice (Llorens-
Martin et al., 2007).

Here we addressed the capacity of azithromycin to counteract the
negative consequences of peripheral LPS administration in mice. Azi-
thromycin is a broad-spectrum macrolide antibiotic commonly used to
treat infections caused by distinct bacteria. Moreover, it is used as an
immunomodulatory drug to treat patients with chronic inflammatory
diseases. Azithromycin not only has higher tissue penetration than other
antibiotics but it also presents a biphasic elimination profile that renders
slow tissue clearance (Davila et al., 1991), thereby showing efficacy in
chronic treatments (Dumas et al., 1994) and contributing to LPS toler-
ance (Bosnar et al., 2013). Our data suggest that azithromycin exerts
neuroprotective effects at the hippocampal level and that these effects
are likely to be mediated by at least 3 distinct mechanisms.

First, some of the anti-inflammatory actions of azithromycin have
been suggested to be indirect and derived from its anti-microbial
properties (Hao et al., 2013; Kamemoto et al., 2009). In this regard,
our data show that azithromycin counteracts the LPS-driven reduction
of Lachnospiraceae UCG-010 and Coriobacteriaceae UCG-002 genera in
the fecal microbiome (Supplementary Figs. S3 and S4). These data gain
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further relevance in light of the functional changes in the gut microbiota
caused by LPS administration (Supplementary Fig. S5 and Extended data
2), some of which are reversed by azithromycin (Supplementary Fig. S8
and Extended data 2). These pathways are related to the utilization of
energy sources and the production of distinct metabolites, such as short-
chain fatty acids, which are relevant for brain function. Strikingly,
Lachnospiraceae UCG-010 are considered to be one of the main sources of
short-chain fatty acids in the intestine (Vacca et al., 2020). These mol-
ecules control microglia activation, maturation, and differentiation and
exert neuroprotective actions through the modulation of various
microglial functions (Cryan et al., 2019; Erny et al., 2015). Interestingly,
enhanced proliferation of Lachnospiraceae UCG-010 has been associated
with the amelioration of cognitive impairments and a reduction in
neuroinflammation in a mouse model of Alzheimer’s disease (Zhang
et al., 2023). Therefore, given the increase in the abundance of this
genus caused by azithromycin, our data suggest that some of the neu-
roprotective actions exerted by this antibiotic are related to the func-
tional remodeling of the gut microbiome.

Second, azithromycin inhibits the production of pro-inflammatory
cytokines and activates regulatory functions in macrophages in a cell-
autonomous manner (Choi et al., 2014; Tong et al., 2011; Venditto
et al., 2021). Under several pathological conditions, the release of pro-
inflammatory cytokines, such as TNF-a, IL-1p, monocyte chemo-
attractant protein (MCP)-1, and macrophage inflammatory protein
(MIP)-1a, underlie macrophage/microglia-induced brain damage. In
response to LPS, azithromycin reduces blood-brain barrier damage, and
the cerebral infiltration of neutrophils, and inflammatory macrophages
in a dose-dependent manner (Amantea et al., 2016). Here we show that
it also normalizes the level of pro-inflammatory cytokines in the DG
(Fig. 1), thereby putatively remodeling the hippocampal inflammatory
milieu. This remodeling is paralleled by morphological and functional
changes in DG microglia after chronic treatment. These effects are in
agreement with the capacity of this antibiotic to polarize microglia/
macrophages towards neuroprotective phenotypes (Amantea et al.,
2016; Easton, 2013; Murphy et al., 2008; Petrelli et al., 2016; Zhang
et al., 2019) through the inhibition of the NF-kB and STAT1 pathways
(Amantea et al., 2019; Haydar et al., 2019; Venditto et al., 2021).
Microglia play a prominent role in the regulation of AHN (Sierra et al.,
2010). They eliminate dysfunctional cells through an apoptosis-coupled
phagocytosis mechanism (Sierra et al., 2010) and participate in synaptic
pruning (Araki et al., 2020). Therefore, it can be hypothesized that
azithromycin, at least in part, restores AHN through non-cell-
autonomous mechanisms related to the attenuation of neuro-
inflammation and the modulation of microglial functions.

Third, in addition to the aforementioned non-cell autonomous ac-
tions, azithromycin phosphorylates S6 ribosomal protein, a downstream
effector of mammalian target of rapamycin (mTOR) (Huang et al.,
2021). Strikingly, one of the two multi-protein complexes formed by
mTOR, namely Mechanistic target of rapamycin complex 1 (mTORC1),
is a cornerstone in the regulation of developmental and adult neuro-
genesis. In this regard, the cell-autonomous activation of mTORC1 in-
duces the terminal differentiation of NSCs and increases the production
of new neurons in the neonatal subventricular zone (Mahoney et al.,
2016). Similarly, the activation of mTORC1 increases the number of
DCX" neuroblasts and Mash1™ NSCs but does not induce NSC prolifer-
ation in adult neurogenic niches (Mahoney et al., 2016). Our data reveal
that some of the stages encompassed by AHN appear to be indepen-
dently regulated by the distinct experimental conditions, whereas par-
allel fluctuations in the number of other neurogenic cell populations are
observed (Supplementary Figs. S11 and 12 and Extended data 1). For
instance, azithromycin does not trigger changes in cell proliferation.
Conversely, this antibiotic prevents a decrease in both the number of
NSCs and immature neurons in LPS-challenged mice. Moreover, it nor-
malizes the functional maturation of the latter, promoting the estab-
lishment of functional efferent synapses onto both excitatory and
inhibitory target cells. Interestingly, these effects on AHN are paralleled



C.B. Rodriguez-Moreno et al.

by the amelioration of cognitive deficits (Amantea et al., 2016) and the
reduction in the time spent immobile during the Porsolt test in LPS-
treated mice. Further studies are needed to assess the duration of the
pro-neurogenic effects of azithromycin and whether these actions are
relevant in severe cases of, for instance, permanent post-sepsis cognitive
impairments.

Taken together, these results support the notion that azithromycin
exerts potent neuroprotective effects on AHN, the hippocampal in-
flammatory milieu, and hippocampal-dependent behavior under pro-
inflammatory conditions. These effects are likely to be orchestrated by
additive cell-autonomous and non-cell-autonomous mechanisms, both
at the local and peripheral levels. These data might be clinically relevant
and successfully exploited under certain pathological conditions that
threaten hippocampal integrity under increased levels of central or pe-
ripheral inflammation.
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