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Outline of the thesis 

Chapter I, representing the introduction, consists of three different subchapters. The first 

part provides a general introduction to the neuroanatomy and connectivity of the hippocampal 

formation, with a particular focus on the dentate gyrus (DG). The second part deals with adult 

neurogenesis focusing on the DG hippocampal neurogenic niche. In particular, on the precise 

cellular composition and the multiple regulatory mechanisms underlying the function of the 

adult DG neurogenic niche. Finally, the last part describes the process of neuroinflammation 

and its known effects on the adult hippocampal neurogenic niche. Here, the main topics are 

the complex immune-to-brain communications, the description of neuroprotection mediated 

by estrogenic compounds like SERMs, and a report on the role of tamoxifen as a 

neuroprotectant and tool used for inducible and conditional mutagenesis. 

Chapter II reports part of a paper published in Cell Reports in July 2018 concerning the 

role of the transcription factor COUP-TFI in the adult hippocampal neurogenesis (Bonzano, 

Crisci, et al. , Cell Reports, 2018). In this study, I am the second author, and I contributed to 

the experimental design and procedures as well as to the analysis of data related to 

neuroinflammation that is the main subject of this chapter. Besides, an appendix reports the 

full published paper, including additional experiments. 

Chapter III describes data on the neuroprotective effect exerted by tamoxifen in the adult 

DG neurogenic niche in a mouse model of LPS-induced neuroinflammation. For this work, I 

performed part of the experiments and collected part of the data in the laboratory “Brain 

development and Physiology”, directed by Dr. Wojciech Krezel, at the Institute of Genetics 

and Molecular and Cellular Biology (IGBMC) in Strasbourg, France. Here, I spent three 

months during the third year of my Ph.D. Like Chapter II, this part is organized in the 

manuscript format, ready for submission. In this study, I directly carried out all the 

experiments, analyzed the data, and wrote the manuscript with the supervision of Prof. S. De 

Marchis and Dr. W. Krezel and the contribution of Dr. Sara Bonzano. 

Chapter IV provides a general discussion with an overview of the main findings of my 

studies and future perspectives. 



 

ii 
 

Chapter V consists of references. 

Chapter VI reports acknowledgments. 

The appendix at the end of the thesis consists of the study published on Cell Reports , 

already mentioned in Chapter II. 
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Summary 

It is now fully accepted the existence of persisting pools of neural stem cells (NSCs) in 

restricted areas of the adult brain of many mammals , which originate newborn neurons 

throughout life, in a process known as “adult neurogenesis.” One of the main neurogenic sites 

in adult rodents is represented by the hippocampal dentate gyrus (DG), wherein a specialized 

microenvironment (i.e., neurogenic niche) harboring different cellular components contributes 

to the process of adult neurogenesis. There, adult NSCs localized in the subgranular zone 

(SGZ) undertake a multistage process characterized by proliferation, migration, and terminal 

differentiation into mature dentate granule neurons that functionally integrate into neuronal 

circuits of the hippocampus contributing to critical cognitive functions, such as learning and 

memory. Interestingly, adult hippocampal neurogenesis is very sensitive to biological changes 

determined by external and internal environment a nd individual behavior and experience. 

These changes may be beneficial or detrimental for adult neurogenesis and are strictly 

regulated by complex interactions between cell-intrinsic and -extrinsic factors. For example, 

neuroinflammation can alter the adult hippocampal neurogenic niche leading to dysfunctional 

neurogenesis and impaired cognitive functions. Neuroinflammation early activates the 

immune-to-brain communication pathways in an attempt for recovery, but sometimes may 

develop into chronic neuroinflammation with severe pathological consequences. At present, 

despite several neuroinflammatory conditions are acknowledged and treated by various anti-

inflammatory and neuroprotective therapies, the effects and mechanisms of 

neuroinflammation on adult DG neurogenesis, and its consequences on cognitive functions are 

far from being fully elucidated, thus delaying the emergence of potentially new therapeutic 

strategies. 

The main goal of my Ph.D. project has been to unravel cellular and molecular components 

involved in fine-tuning the DG neurogenic niche upon neuroinflammation, identifying the 

transcription factor COUP-TFI as a cell-autonomous driver of NSC fate choice, and defining 

the neuroprotective role of tamoxifen, challenging its suitability as a genetic tool under 

neuroinflammatory conditions. 
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At first, I designed and characterized an in vivo mouse model of neuroinflammation by 

exploiting peripheral injections of the endotoxin lipopolysaccharide (LPS) to assess the effects 

of a neuroinflammatory response in the DG neurogenic niche. Then, I observed an unbalance 

between neurogenesis and astrogliogenesis with concomitant downregulation of the  

transcriptional regulator COUP-TFI in adult hippocampal NSCs upon neuroinflammation. I 

thus investigated the possible role of COUP-TFI in the cell-fate decision of adult DG 

progenitors. To this purpose, by using an inducible retroviral-based CreERT2-LoxP system, 

coupled to genetic fate mapping, I achieved COUP-TFI loss- and gain-of-function approaches 

targeting mitotic progenitors in the SGZ/GCL of the adult hippocampal DG. Thanks to 

immunofluorescence analysis coupled to laser scanning confocal microscopy, I demonstrated 

that COUP-TFI deletion contributes to an unbalance of neuro/astrogliogenesis displaying a 

switch of mitotic progenitors toward a gliogenic fate. On the other side, I demonstrated that 

forced COUP-TFI expression is sufficient to repress astrogliogenesis and rescue neurogenesis 

during neuroinflammation. 

The second part of my Ph.D. thesis investigates the effects of tamoxifen on the adult 

hippocampal neurogenic niche in naïve conditions and upon an LPS-induced inflammatory 

challenge. In particular, tamoxifen came to my attention during my previous research on 

COUP-TFI. I attempted to use tamoxifen as an activator of the Cre recombinase in CreERT2-

LoxP inducible mouse lines to manipulate COUP-TFI under LPS treatment, but I failed to 

achieve the expected neuroinflammatory conditions in brain tissues (i.e., reactive microglia 

and astrogliosis). Following an in-depth analysis of the literature, I found out that tamoxifen 

exerts anti-inflammatory and neuroprotective functions; therefore, I planned to investigate the 

specific effects of tamoxifen on the DG neurogenic niche , performing the same protocol used 

to induce the recombination of CreERT2 mouse lines in a wild-type mouse model of LPS-

induced neuroinflammation. Moreover, to specifically address the role of microglia in the DG 

response to LPS and tamoxifen treatments, I exploited a paradigm of oral food intake of 

Plexxikon (PLX5622) to ablate microglial cells from the adult mouse brain. I performed qPCR 

analyses to measure transcript levels of inflammatory cytokines and immunofluorescence 

staining coupled to confocal microscopy and image analysis for cell quantification and 

morphometric analyses. Interestingly, my data revealed that tamoxifen per se alters the 

expression of inflammatory molecules and microglial morphology in the adult DG and 
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counteracts LPS-induced changes acting on different components of the DG neurogenic niche, 

including NSCs, astrocytes, and newborn neurons. My results highlighted a major role of 

microglia in mediating the response of DG astroglia and NSCs to LPS and tamoxifen 

treatments, but also revealed the existence of direct effects of both LPS and tamoxifen on 

NSCs and newborn neurons, suggesting a possible direct interference between tamoxifen- and 

LPS- activated signaling pathways. 

Altogether, the data obtained during my Ph.D. contributed to the characterization of the 

cellular and molecular mechanisms underlying the DG neuro-gliogenic response to 

neuroinflammation and identified a new role for the transcription factor COUP-TFI in adult 

hippocampal neurogenesis in physiological conditions. Finally, they add relevant information 

on the neuroprotective effect of tamoxifen in adult DG neurogenesis and its possible side 

effects in the context of inducible CreERT2-LoxP systems.  
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1 Introduction 

1.1 The adult mouse hippocampus 

The hippocampus is one of the most studied brain structures in rodents as a powerful 

model for understanding its central role in learning, memory, spatial navigation, and 

behavioral processes as part of the limbic system (Ergorul and Eichenbaum, 2004; Moser et 

al., 2017; Zemla and Basu, 2017). 

1.1.1 Fundamental neuroanatomical organization 

The hippocampus  or hippocampal formation (Figure 1) comprises three main 

subdivisions: the dentate gyrus (DG); the hippocampus proper, which is further subdivided 

into three cornu ammonis fields (CA1, CA2, and CA3); the subiculum (S). 

All three hippocampal subregions share the characteristic three-layered structure, being 

part of the so-called allocortex. The hippocampal formation of the mouse appears as a bilateral 

C-shaped elongated structure from the septal nuclei of the basal forebrain rostrodorsally, over 

and behind the diencephalon, into the temporal portions of the brain caudoventrally (Witter 

and Amaral, 2004). The long axis of the hippocampal formation is the dorsoventral axis (with 

the dorsal pole located dorsally and rostrally), and the orthogonal axis defines the transverse 

axis (Witter, 2012). Based on “the dorsal-ventral dichotomy view,” the hippocampus may not 

act as a unitary structure because the dorsal and ventral hippocampal regions exhibit different 

patterns of gene expressions and cortical/subcortical connectivity (Witter and Amaral, 2004; 

Strange et al., 2014; Harland et al., 2018). 
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Figure 1A. Drawings of the rodent brain. The three-dimensional organization of the hippocampal 

formation is represented along the septo-temporal axis. [Modified from Witter and Amaral, 2004] 

 

 

Figure 1B. The C-shaped hippocampus following the septo-temporal axis. Three coronal sections 

through the left hippocampus (1-3) are shown. CA1, CA2, CA3: cornu ammonis fields 1–3; DG: dentate gyrus; 

EC: entorhinal cortex; f: fornix; PER, perirhinal; POR, postrhinal; S, subiculum. [Modified from Witter and 

Amaral, 2004] 
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The hippocampus proper was initially divided by Ramón y Cajal into two distinct 

regions: the top portion, which consisted of small pyramidal neurons (regio superior), and the 

lower portion, which consisted of more giant pyramidal neurons (regio inferior). However, 

Lorente de Nó (1934) terminology has achieved more common usage dividing the 

hippocampus proper into three fields (CA3, CA2, and CA1). Each CA field shows peculiarity 

in its cellular structure, connectivity, and distinctive functions; moreover, its borders have 

been reliably established by protein and gene-expression data (Witter, 2012). Conversely, each 

CA field shows a similar laminar organization (Figure 2) which from the deepest (ventricular 

cavity) to the most superficial (vestigial hippocampus sulcus) consists of alveus, stratum 

oriens, stratum pyramidale, stratum radiatum, stratum lacunosum-moleculare (Amaral et al., 

2007). In the CA3 field, a narrow acellular zone, called stratum lucidum, is located just above 

the pyramidal cell layer and is constituted by mossy fiber projection of DG granule cells , 

defining the CA3/CA2 border (Amaral et al., 2007). Several cell types distinguish the laminar 

organization of the hippocampus. For example, pyramidal cells  of the stratum pyramidale are 

the primary neuronal cell type of the hippocampus characterized by a basal dendritic tree that 

extends into stratum oriens and an apical dendritic tree that extends to the hippocampal 

fissure. CA1 pyramidal neurons provide the principal output from the hippocampus, sending 

projections to many brain regions, including the neighboring subiculum, perirhinal cortex, 

prefrontal cortex, amygdala , as well as the retrosplenial cortex (Basu and Siegelbaum, 2015). 

Moreover, early Golgi studies identified various non-pyramidal cell types in str. oriens, str. 

radiatum, and str. lacunosum-moleculare of the hippocampus, primarily GABAergic 

inhibitory interneurons  (Freund and Buzsáki, 1996; Witter, 2012). In mice, the overall 

numbers of GABAergic interneurons increase considerably from dorsal to ventral levels, and 

at least eight GABAergic subclasses have been differentiated by staining for specific markers , 

including parvalbumin, calretinin, calbindin, somatostatin, cholecystokinin, vasoactive 

intestinal polypeptide (VIP), and nitric oxide synthase (NOS) (Booker and Vida, 2019).  

The subiculum has been early described by Rose (1929) as an area clearly distinguished 

from CA1 and the presubiculum. Although a three-layered structure, the subiculum lost str. 

radiatum and oriens in the laminar organization. As for CA fields, protein and gene expression 

contribute to delimit each region. The CA1/subiculum border is marked by an abrupt widening 

of the pyramidal cell layer, an abrupt loss of staining for calbindin, and increased staining 
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intensity of the neuropil for parvalbumin. Moreover, the staining for acetylcholinesterase 

(AChE) helps to establish the CA1/subiculum and subiculum/presubiculum borders (Witter, 

2012). Medium-sized pyramidal neurons largely populate the str. pyramidale, and there are 

many smaller neurons, presumably representing the interneurons of the subiculum, which are 

intermingled among the pyramidal cells (Witter, 2012). The subiculum gives rise to 

longitudinal and local associational projections largely unidirectional involving its principal 

neurons. The subiculum receives its major intrahippocampal input from the CA1 field and 

entorhinal cortex (EC), while there are no direct interconnections with DG or CA2/CA3 fields. 

Moreover, there are numerous and robust subcortical projections to the subiculum that, in 

general, arise from the same sources that innervate the other hippocampal field , such as from 

the basal forebrain, the amygdaloid complex, the thalamus, and the supramammilary region. 

The subiculum is the central subcortical output structure of the hippocampal formation 

projecting to several cortical and subcortical regions, including the entorhinal, perirhinal, 

retrosplenial, medial prefrontal cortices, septal complex, and adjacent nucleus accumbens as 

well as to the mammillary nuclei and adjacent hypothalamic regions (Witter and Amaral, 

2004). 

The grey matter cortical regions that surround the hippocampus include the perirhinal 

cortex (PER), the postrhinal cortex (POR), the entorhinal cortex (EC), and the presubiculum 

and parasubiculum; these areas are collectively referred to as the parahippocampal region. In 

contrast to the hippocampus, the cortical regions forming the parahippocampal gyrus show 

five or six layers. The gyrus marks the transition from the hippocampus with its allocortex to 

the isocortical structure of the temporal lobe. The entorhinal cortex is considered the core of 

the parahippocampal region since it has massive reciprocal connections with the hippocampal 

formation and adjacent parahippocampal areas forming specific reciprocal relations with 

widespread cortical domains (Witter, 2012). 

Moreover, fiber bundles cover the deep or ventricular surface of the subiculum and 

hippocampus in the so-called alveus . Alveus is composed of efferent fibers of the large 

pyramidal cells of the hippocampus , which course on the ventricular surface of the 

hippocampus and collect in an increasingly thicker fiber bundle called the fimbria. While, the 

fornix, which originates from these fibers (i.e., alveus and fimbria), leaves the hippocampus 
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and descends into the forebrain, connecting the hippocampus with the hypothalamus and other 

regions. The fornix splits around the anterior commissure to form a rostrally directed pre-

commissural component and a caudally directed post-commissural component directed toward 

the diencephalon. Axons flow in both directions along with these fiber bundles, including the 

ventral hippocampal commissure (Witter and Amaral, 2004). 

Among the structures of the hippocampal formation, the dentate gyrus (DG; Figure 2) 

plays a central role in many of the hippocampal-dependent cognitive functions and is among 

the few brain areas showing adult neurogenesis in mammalian species (Hainmueller and 

Bartos, 2020). The cytoarchitectonics of the DG is characterized by a transverse “V”- or “U”-

shaped structure (depending on the dorsoventral position) where the upper and lower portions 

are called the suprapyramidal/upper blade (adjacent to CA1 field) and the 

infrapyramidal/lower blade, respectively, while the region joining the two blades (the apex of 

the V or U) is named the crest (Amaral et al., 2007). 

The DG comprises three distinct layers (Figure 2) (Amaral et al., 2007; Witter, 2012): 

I) the molecular layer (MCL) is the most superficial layer of the DG and closest to the 

hippocampal fissure. It is a relatively cell-free layer, mainly occupied by the dendrites of the 

granule, basket, and various polymorphic cells and terminal axons arbors from multiple 

sources, including the EC. Nevertheless, three neuronal cell-types are present: i) the basket-

like cells, immunoreactive for the neuro-vasoactive intestinal peptide (VIP), with aspiny 

dendrites confined in the MCL; ii) the axo-axonic or “chandelier” cells, whose axons extend 

into the GCL to contact the axons of granule cells exclusively; and, iii) the molecular layer 

perforant path-associated cells (MOPP) with the cell bodies located in the deep MCL, while 

their axons extend outer two-thirds of MCL. These cells are GABAergic interneurons 

providing further inhibitory control of granule cell outputs. Besides these interneurons, many 

astrocytes also reside in the MCL and microglial cells (Jinno et al., 2007). 

II) the granule cell layer (GCL) is the principal cell layer, made up primarily of densely 

packed small glutamatergic neurons named mature granule cells  (GCs). GCs have an 

elliptical cell body with 10-12μm of diameter and are closely connected, forming packed 

columnar stacks. Also, few other cells (e.g., glial cells) interposed between them (Jinno et al., 
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2007). The dendritic tree of GCs has a cone-shape with spiny branches directed apically 

toward the MCL, and their most distal tips end just at the hippocampal fissure or at the 

ventricular surface. GCs give rise to unmyelinated axons called mossy fibers  that form 

synapses with the mossy cells of the hilus and with the CA3 pyramidal cells of the 

hippocampus proper. Mossy fiber collaterals occasionally enter the GCL, but they rarely enter 

the MCL under normal conditions. Moreover, many GABAergic inhibitory interneurons  are 

also present in GCL characterized using various chemical markers (Freund and Buzsáki, 

1996). For example, the best investigated are parvalbumin-expressing interneurons (PVs), 

comprising fast-spiking axo-axonic cells and basket cells. PVs have extensive axonal arbors 

forming strong perisomatic synapses comprised of many release sites. They evoke GABA 

postsynaptic currents (GPSCs) characterized by two different profiles of PV-mediated 

neurotransmission. GPSCs with fast rise and decay phases in mature GCs control spike timing 

precision, while GPSCs with slow kinetics in adult-born GCs mediate activity-dependent 

regulation of early events in adult neurogenesis (Vaden et al., 2020). Finally, the GCL harbors 

adult neural stem/progenitor cells  in the subgranular zone (SGZ), a narrow area between the 

deep GCL and the hilus, while their neural committed-progenies within two-thirds of GCL. 

Notably, adult NSCs located in the SGZ give rise to adult-born GCs in the process of adult 

hippocampal neurogenesis (Denoth-Lippuner and Jessberger, 2021). 

III) the polymorphic layer or hilus, is the third and deepest layer of DG, which harbors 

many interneurons: the glutamatergic mossy cells; the fusiform-type cells; the triangular or 

multipolar/HICAP cells (hilar commissural-associational pathway-related cells); and the long-

spined multipolar/HIPP cells (hilar perforant path-associated cell). In the hilus, the most 

abundant and important are the mossy cells. They are glutamatergic and mostly 

immunopositive for calretinin, whose expression levels increase along the dorsoventral axis. 

Interestingly, all of the proximal dendrites are covered by large and complex spines called 

“thorny excrescences,” which are the sites of termination of the mossy fiber axons and become 

smaller and simpler excrescences along the dorsoventral axis(Amaral et al. , 2007). Like in 

MCL, astrocytes and microglia are also disseminated throughout the hilus (Jinno et al., 2007). 
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Figure 2. Horizontal section through the 

rodent hippocampal formation. (A) Nissl-

stained section. (B) Line drawing shows the 

various regions, layers, and fiber pathways. 

Abbreviations: ab, angular bundle; al., alveus; 

CA, cornus ammonis; DG, dentate gyrus; EC, 

enthorinal cortex; fi, fimbria; gcl, granule cell 

layer, hf, hippocampal fissure; ml, molecular 

layer; Para, parasubiculum; pcl, pyramidal cell 

layer; pl, polymorphic layer, Pre, presubiculum, 

sl, stratum lucidum; sr, stratum radiatum; sl-m, 

stratum lacunosum moleculare. Roman numerals: 

cortical layers. (C) Schematic illustration 

indicates the position of the suprapyramidal 

blade, infrapyramidal blade, and crest of the DG. 

Scale bar= 500μm. [from Amaral and Lavenex, 

2006] 
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1.1.2 Neural circuits and functional relevance  

The “dorsal-ventral dichotomy view” states that the dorsal parts of the hippocampus 

mediate cognitive functions — particularly spatial memory — whereas ventral portions of the 

hippocampus are involved in emotional responses. However, differences in connectivity with 

cortical and subcortical structures along the dorsoventral axis of the hippocampus are gradual 

rather than absolute. Thus, anatomical and genetic patterns may result in more complex 

hippocampal long-axis functional organization, particularly in spatial processing, emotional 

responses, action, and episodic memory (Strange et al., 2014; Hainmueller and Bartos, 2020). 

At a single cell level, the integration and association of inputs build neuronal connectivities 

that map the temporal and spatial dimension constituting the neuronal output; these circuits 

result in the information flow within the brain. 

In the classical cortico-hippocampal glutamatergic circuit (Figure 3), the primary 

source of cortical input to the hippocampus comes from the entorhinal cortex (EC). This 

polymodal sensory association area transmits both non-spatial sensory information (from the 

lateral entorhinal cortex [LEC]) and spatial information (from the medial entorhinal cortex 

[MEC]). MEC contains two largely distinct populations of principal cells : stellate cells and 

pyramidal cells; moreover, both types could be putative grid cells (Rowland et al. , 2018). Grid 

cells are peculiar MEC cell types responsible for a metric organization to the neuronal 

representation of space (‘where’) and non-spatial variables, such as sound or time intervals; on 

the other hand, neurons placed in LEC represent non-spatial information, such as objects 

(‘what’), and object-related spatial organizations, such as egocentric behavior towards an 

object or previous object locations. The most well-characterized information path is the 

“trisynaptic loop,” where stellate cells from the superficial EC layers (LII and LIII) send 

excitatory projections through the perforant path (PP) to DG-GCs. Mossy fiber projections of 

GCs excite CA3 pyramidal neurons, which in turn excite CA1 pyramidal cells through the 

Schaffer collateral (SC) pathway. Finally, hippocampal CA1 back projections to the deep 

layers of EC and complete the loop (EC LII  DG  CA3  CA1  EC). In addition, all of 

these areas receive PP input from the EC, creating multiple parallel loops by which 

information can flow through the hippocampus (PP, EC  CA1 loop; PP, EC  CA3 CA1 

loop) (Basu and Siegelbaum, 2015; Hainmueller and Bartos, 2020). 
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In the neoclassical cortico-hippocampal circuit (Figure 3), CA1 neurons also receive 

solid excitatory input from the CA2 region of the hippocampus (CA2  CA1). Similar to 

CA1 neurons, CA2 pyramidal neurons receive both direct input from LII EC neurons (EC LII 

 CA2) onto their distal dendrites and indirect input from the CA3 SC pathway (EC LII   

DG  CA3  CA2) onto their proximal dendrites. Also, CA2 receives weaker mossy fiber 

excitatory input directly from GCs (EC LII  DG  CA2). Notably, CA2 is a “transitional” 

zone for transmitting information to integrate a memory episode. Thus, such a direct 

projection from EC to CA2 indicates a much stronger excitatory stimulation to CA2 pyramidal 

neurons, perhaps reducing the loss of sensory information during transmission (Hainmueller 

and Bartos, 2020). The DG also receives neuronal inputs from subcortical structures that 

influence how DG processes the information depending on ‘global’ behavioral states, such as 

locomotion, awakening, or sleep. For example, cholinergic inputs from the medial septum that 

terminate principally on GCs are high during spatial learning but low during awake inactivity 

and sleep. This high cholinergic tone may increase GC firing via hilar astrocytes that release 

glutamate and activate GABAergic interneurons (Hainmueller and Bartos, 2020). Moreover, 

the DG receives a particularly prominent noradrenergic input from the locus coeruleus, which 

preferentially terminate in the zones occupied by mossy fibers and dopaminergic inputs from 

the ventral tegmental area and locus coeruleus, which facilitate memory acquisition and 

consolidation. Finally, from the median and dorsal divisions of the raphe nuclei, serotonergic 

projections depart towards the hilar region (Amaral et al., 2007). The neuroanatomical 

organization of the hippocampus is unique, arranged as a set of parallel loops fundamental in 

hippocampal information processing and mnemonic operations (Amaral et al., 2007; 

Hainmueller and Bartos, 2020). 

In animals and humans, the activity of hippocampal neurons denotes distinct memory 

elements, such as individuals, places, and the associations between them. Pattern separation, 

pattern completion, novelty detection, contextual discrimination learning, and working 

memory are primary mnemonic functions related to DG. By performing conventional 

hippocampal lesions, animals showed severe learning and memory deficits, particularly in 

episodic and spatial domains. Today, advanced electrophysiological and genetic techniques 

(i.e., optogenetic or genetic knockout studies) are helpful tools to record the activity of 

identified DG neurons and their synaptic connections in rodents during memory-dependent 
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behaviors. (Hainmueller and Bartos, 2020). For example, optogenetic experiments have shown 

that temporally specific and transient inactivation of dorsal CA1 pyramidal neurons in rodents 

markedly impairs memory recall, i.e., the retrieval of information from the past, thus 

previously encoded and stored in the brain (Goshen et al., 2011). The inactivation of CA2 

causes a pronounced deficit in social memory, i.e., the animal's ability to recognize and 

remember individual members of its species (Hitti and Siegelbaum, 2014). Specific genetic 

lesions or optogenetic silencing of glutamatergic MEC inputs to the CA1 impaired trace fear 

conditioning, a form of temporal association memory, as well as spatial working memory (Suh 

et al., 2011). Lesions in the DG result in an impaired ability to distinguish between closely 

related environments, a process termed pattern separation (Sahay et al., 2011). Interestingly, 

the DG is a site of adult neurogenesis , and the newborn neurons appear to be preferentially 

involved in pattern separation (Nakashiba et al., 2012). Although several studies demonstrated 

the critical role of the DG in memory encoding, the exact DG neuronal processes underlying 

mnemonic functions remain unresolved. 

 

Figure 3. The cortico-hippocampal circuit. (A) Representation of mouse hippocampal formation and its 

primary synaptic connections. (B) DG microcircuitry, its intrinsic connections , and outputs to the CA3. 

Abbreviations: A/C, associational–commissural; CA1-3, the hippocampal fields of the Ammon’s horn; DG, 

dentate gyrus; GCs, granule cells; GCL, GC layer; LEC, lateral entorhinal cortex; MEC, medial enthorinal 

cortex; MF, mossy- fiber; ML, molecular layer; PP, perforant- path; SC, Schaffer- collateral. [from Hainmueller 

and Bartos, 2020]  
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1.2 The adult hippocampal neurogenesis 

Adult neurogenesis generates functional mature neurons from neural stem cells (NSCs) in 

the adult brain. In mammals, it occurs in restricted brain regions wherein new neurons are 

generated throughout life and integrated into established neuronal circuits. 

In the last decades, the existence of adult neurogenesis has become undisputed by several 

opinion articles and reviews (Gross, 2000; Specter, 2001; Kempermann, 2011b; Kempermann 

et al., 2018), establishing the death of the illustrious “central dogma” which denied the 

presence of newborn neurons into the adult mammalian brain. This dogma came from the 

doctrine of Ramòn y Cajal, who claimed, “Once development has ended, the fonts of growth 

and regeneration of the axons and dendrites have dried up irrevocably. In adult centers, the 

nerve paths are fixed and immutable, everything may die, nothing may be regenerated. It is for 

the science of the future to change, if possible, this harsh reality” (Cajal, 1914). 

In the 1960s, the introduction of the [
3
H]-thymidine autoradiography technique challenged 

this central dogma, allowing the incorporation of the tritiated thymidine into the DNA of 

dividing cells that label their progeny, and, thus, their time and place of birth. The pioneering 

work of Altman (Altman and Das, 1965) and Kaplan (Kaplan and Hinds, 1977), using tritiated 

thymidine autoradiography, provided clear evidence for adult neurogenesis in rats and 

monkeys: in particular, they observed [
3
H]-thymidine-labeled cells both in the olfactory bulb 

and the granule cell layer of the hippocampal DG. Furthermore, using electron microscopy, 

Kaplan and Hinds were able to show that the labeled cells were indeed neurons with 

distinguishable dendrites, axons, and synapses: “… the labeled granule cells observed in 

dentate gyrus and olfactory bulb of the adult rat represent newly formed neurons. A corollary 

of this conclusion is that the synapses found on labeled granule cells in the olfactory bulb must 

also have been newly formed in an adult animal. These results indicate that the old concept 

that the adult mammalian brain is largely static is no longer tenable …we have confirmed that 

growth and plasticity, including neurogenesis and synaptogenesis, can also occur in the 

mature, unoperated, mammalian brain.”(Kaplan and Hinds, 1977). 

Next, in the 1980s, a trustworthy challenge to the central dogma occurred when a series of 

pioneering studies by Fernando Nottebohm and his colleagues showed that adult neurogenesis 
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occurs seasonally in the song control system of songbirds (Goldman and Nottebohm, 1983). In 

the 1990s, Reynolds and Weiss (1992) reported one of the first observations about the 

presence of neuronal progenitor cells in the adult mammalian brain. They could isolate adult 

brain cells in vitro, induce them to proliferate, and differentiate into cells with either a 

neuronal or astroglia l phenotype (Reynolds and Weiss, 1992). Then, in the same decade, the 

first in vivo evidence for mammalian adult neurogenesis was favored by the introduction of 

bromodeoxyuridine (BrdU), a nucleotide analog that, unlike [
3
H]-thymidine, was more easily 

compatible with immunocytochemical staining for neuronal and glial markers in double-

/triple-labeled sections, obtaining the phenotypic characterization of the dividing cells in vivo 

as neurons and/or glia (Cameron and Gould, 1994; Kuhn et al., 1996). Based on this progress, 

further crucial studies emerged and persuaded the scientific community that adult 

neurogenesis existed; from that moment, an explosion of interest in this field continues to 

these days. Moreover, numerous brain regions of various species such as sparrows (LaDage et 

al., 2011), reptiles (Font et al., 2001), and fish (Zupanc, 2006), attested adult neurogenesis, 

making it necessary to theorize this process within an evolutionary, comparative perspective. 

Nevertheless, it is fair to note that a controversial and actual discussion still debates the 

existence of adult neurogenesis in humans. Ensuing the publication of two recent papers with 

opposite conclusions (Boldrini et al., 2018; Sorrells et al., 2018) , a noted review tried to 

reconcile the differences concluding, with the author’s words, “…that there is currently no 

reason to abandon the idea that adult-generated neurons make important contributions to 

neural cognition and plasticity across the human lifespan” (Kempermann et al., 2018). 

Constitutive adult neurogenesis undoubtedly occurred in two “neurogenic” brain regions: 

the subgranular zone (SGZ) in the dentate gyrus (DG) of the hippocampus where new granule 

cells originate (Gonçalves et al. , 2016); and the subventricular zone (SVZ) of the lateral 

ventricles whereby the newly generated neurons travel through the rostral migratory stream 

into the olfactory bulb differentiating into GABAergic interneurons (Lim and Alvarez-Buylla, 

2016). Furthermore, the hypothesis exists that the subependymal zone of the third ventricle 

wall in the hypothalamus (hypothalamic ventricular zone, HVZ) could be another neurogenic 

brain region. In this latter, four types of radial glia-like tanycytes (i.e., α1, α2, β1, and β2) can 

self-renew and give rise to newborn hypothalamic neurons, astrocytes, and more rarely 
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oligodendrocytes, potentially involved in the regulation of energy balance (Cheng, 2013; 

Rojczyk-Gołębiewska et al., 2014; Feliciano et al., 2015; Yoo and Blackshaw, 2018). The 

adult neurogenic niches in mentioned brain areas (i.e., SGZ, SVZ, and HVZ) share features 

like cellular cytoarchitecture, vascularization pattern, or extracellular matrix properties but 

differ in the profile of NSC/progenitor cell markers and cell-type-specific molecular signatures 

of neuronal and glial progeny. Complex intrinsic and extrinsic cues influence each process of 

adult neurogenesis indiscriminately. However, an overview of these interesting canonical sites 

of adult neurogenesis in the mammalian brain is beyond the scope of this thesis. 

In particular, the objective of my study deals with adult hippocampal neurogenesis , which 

is attracting considerable attention because of its relevance for cognition in health and disease 

(Toda et al., 2019). 

1.2.1 The multistage process of adult hippocampal neurogenesis 

The transition from neonatal to adult DG neurogenesis occurs around the second week of 

life in mice. At postnatal day 14 (P14) , the upper and lower blades of the DG are already 

present, and the source of new neurons (i.e., NSCs) becomes restricted to the neurogenic 

region called the subgranular zone (SGZ), a thin area between the granule cell layer (GCL) 

and the hilus, which starts forming around P7 to its whole from P14 onwards (Nicola et al., 

2015). The SGZ neurogenic niche provides a unique permissive microenvironment for 

developing adult NSCs throughout a complex multistage process involving proliferation, 

specification, and differentiation in glutamatergic mature granule cells (GCs). Precisely, this 

multistage process consists of i) a precursor cell phase; ii) an early survival phase; iii)  a 

postmitotic maturation phase; and iv) a late survival phase that culminates in the functional 

integration of new GCs (Kempermann et al., 2015) (Figure 4). 

In the precursor cell phase , precursor type-1 cells (i.e., NSCs) and type-2 cells (i.e., 

progenitors) are two main populations, morphologically detectable, located in the SGZ. Type-

1 cells mainly display a radial glia-like (RGL) morphology; however, a type-1 cell with 

horizontal morphology has also been identified (Lugert et al., 2010). RGL cells reside with 

their cell body in the SGZ and show a long radial process together with a little arbor of 

secondary processes extending beyond the GCL into the first third of the MCL. Moreover, 
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they express glial and stem cell markers such as glial fibrillary acidic protein (GFAP), nestin, 

brain lipid-binding protein (BLBP), and sex-determining region Y-box 2 (Sox2) (Seri et al., 

2004; Gebara et al., 2016; Berg et al., 2018). On the other hand, non-radial adult NSCs show 

shorter horizontal processes located in the SGZ. Although abundant, radial and non-radial 

type-1 cells are largely quiescent (i.e., in a resting state, mostly in the G0 phase of the cell 

cycle) and divide slowly (Seri et al., 2001; Kempermann et al. , 2004). Once activated (i.e., 

abandoning quiescence and entering the cell cycle), adult RGL cells can go through symmetric 

and asymmetric cell divisions, self-renewal, and bi-lineage differentiation. In the last years, 

two main models of hippocampal NSC behavior emerged. Encinas and colleagues (2011) 

proposed a “disposable stem cell model” in which NSC activation leads to a series of 

asymmetric divisions depleting the NSC pool through astrocytic (Encinas et al., 2011) or 

neuronal (Pilz et al., 2018) differentiation. Thus, NSC potential is intrinsically controlled, and 

the precursor cell population becomes exhausted with time. Bonaguidi and colleagues (2011) 

proposed an alternative “long-term self-renewal model” whereby hippocampal NSCs can 

return to quiescence after division so that the NSC pool drops slightly with age (Bonaguidi et 

al., 2011). Both studies might be right but show different pieces of the same matter. Recently, 

Guillemot’s group (2021) helps to join these conflicting models and put forward that early 

changes in NSC properties enable a transition from high levels of proliferation coupled with 

exhaustion beyond the juvenile period in mice (i.e., since P30) towards lower but sustainable 

levels of proliferation throughout adulthood (Harris et al., 2021). Moreover, Jessberger’s 

group (2021) added new information to outline a unifying hypothesis of adult NSC behavior in 

vivo, demonstrating that adult DG NSCs are heterogeneous. Indeed, they revealed at least two 

distinct subsets of adult DG NSCs expressing either Gli1 (glioma-associated oncogene 1) or 

Ascl1 (achaete-scute complex homolog 1), showing different properties in terms of self-

renewal capabilities and depletion. In particular, Gli1-expressing NSCs show long-term self-

renewal in the adult hippocampus, while Ascl1-expressing NSCs undergo limited proliferative 

activity once activated before they become completely exhausted (Bottes et al., 2021). 

Considering all these models, I illustrated a unified NSC model, depicted in figure 6. Although 

signs of progress, future studies are fundamental to discriminate the molecular mechanisms 

underlying the phenotypic heterogeneity of adult hippocampal NSCs. The RGL and horizontal 

type-1 cells subsequently generate intermediate progenitor cells (IPCs), also called type-2 
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cells or transit-amplifying progenitors (TAPs), representing the important stage of clonal 

expansion, a further step of lineage choice. IPCs rapidly divide and quickly re-enter the cell 

cycle a couple of times (Kronenberg et al. , 2003; Encinas et al., 2011; Farioli-Vecchioli et al., 

2014; Pilz et al. , 2018) and comprise two subpopulations characterized by the transition from a 

glial/stem-like phenotype (i.e., called type 2a cells or early IPCs) to neuronal phenotype (i.e., 

called type-2b cells or late IPCs). Phenotypically, all type-2 cells showed an irregularly shaped 

cell body with relatively small and short horizontal processes (Filippov et al. , 2003; Bonaguidi 

et al., 2011; Encinas et al. , 2011). Whereas type-2a cells  still express some glial markers such 

as BLBP and Sox2, as well as stem cell markers such as nestin, type 2b cells show the first 

signs of neuronal commitment, including the expression of the proneural basic helix-loop-

helix factor NeuroD1, the homeobox factor Prox1, and the microtubule-associated neuronal 

protein doublecortin (DCX) (Brandt et al., 2003; Steiner et al., 2006; Kempermann et al., 

2015). In general, IPCs guarantee the expansion of the precursors’ pool required to generate a 

surplus of cells that might survive and mature into functionally integrated GCs (Lugert et al., 

2012). Then, type-2b cells begin to undergo further differentiation to become neuroblasts  or 

type-3 cells. Neuroblasts initially display medium/long horizontally oriented processes (early 

type-3 cells) and subsequently assume a more polarised morphology with dendrites projecting 

into MCL and axons directed to the hilus (late type-3 cells). Even if slowly proliferating, type-

3 cells represent the last proliferative precursor stage in the adult DG neurogenic lineage. 

Indeed, after considerable tangential migration along blood vessels followed by restricted 

radial migration in GCL (Sun et al., 2015), neuroblasts exit the cell cycle to become early 

postmitotic immature neurons, transiently expressing the calcium-binding protein calretinin 

(Brandt et al., 2003; Ming and Song, 2011). During the early survival phase that defines the 

exit from the cell cycle and lasts approximately 2 weeks in rodents, a massive negative 

selection of newborn neurons occurs. This strong elimination of newborn neurons happens 

through apoptosis within 2 to 15 days after their generation (Biebl et al. , 2000; Kempermann 

et al., 2003; Steiner et al. , 2004; Kuhn et al., 2005; Encinas et al. , 2011). This negative 

selection phase occurs before neuroblasts establish functional connections (i.e., axonal 

targeting to CA3 and dendritic spine development to receive afferent input) (Bergami and 

Berninger, 2012; Kempermann et al., 2015). Apparently, after this time point, only minimal 

changes in neuronal cell numbers occur. The subsequent postmitotic maturation phase 
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relates to establishing functional connections, growing axons and dendrites, together with the 

synaptogenesis of immature granule cells  (GCs). Indeed, within few days after cell cycle 

exit, axons of the newborn GCs, called mossy fibers, gradually increase in length and extend 

into the CA3 to establish functiona l synapses. In parallel, the dendritic tree increases in 

complexity until dendritic spines arose in 17-days old cells (Zhao et al., 2006), and around at 3 

weeks of age, excitatory synapses appear on the newly formed dendritic spines, which 

continue to develop in number and complexity over the next weeks to months (van Praag, 

2002). Moreover, a late critical period is associated with the N-methyl-D-aspartate-type 

glutamate receptor (NMDAR)-dependent survival/death, meaning that NMDAR-dependent 

integration of the newborn neurons into the hippocampal circuitry determines the newborn cell 

survival in the third week of a cell life (Tashiro et al., 2006). Upon establishing functional 

glutamatergic connections, electrophysiological features characterize young GCs. Indeed, at 

this age, adult-born GCs are more excitable than preexisting mature ones resulting in enhanced 

synaptic plasticity: adult-born immature neurons have lower threshold levels than mature GCs 

to induce long-term potentiation (LTP) and increased LTP amplitude (Ge et al., 2007). These 

unique features of excitability and plasticity hallmark the late critical period where adult-born 

immature neurons respond to many stimuli and quickly strengthen active connections 

(Gonçalves et al., 2016). As newborn neurons developed further around 4 to 8 weeks of age, 

newborn GCs undergo refinement and a late maturation phase  (Ge et al., 2007), where 

newborn neurons become morphologically and electrophysiologically indistinguishable from 

the older preexisting mature GCs (van Praag, 2002; Gonçalves et al., 2016). 

In parallel to the neurogenic lineage, adult precursor type-1 cells may also generate 

astrocytes with the adult DG in mice (Steiner et al. , 2004; Bonaguidi et al., 2011; Encinas et 

al., 2011; Kempermann, 2011b; Urbach and Witte, 2019) (Figure 5). The precise mechanisms 

underlying astrogliogenesis are still under debate, and two main hypotheses exist. On one side, 

Encinas and colleagues (2011), in their “disposable stem cell model” (already discussed 

above), proposed a precise scheme of the neurogenic and astrogliogenic route where adult 

NSCs after up to three rounds of neurogenic divisions may terminally differentiate into 

postmitotic astrocytes without any additional proliferative event (i.e., without production of 

intermediate astroglial progenitors) (Encinas et al., 2011). This mechanism of division-

coupled astrocytic differentiation supports the continuous age-related decrease of the adult 
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NSC pool observed by Encinas’ group. On the other side, Bonaguidi and colleagues (2011) , 

through clonal analysis, support the heterogeneity of NSCs able to symmetric and asymmetric  

multilineage differentiation: indeed, by long-term lineage tracing, many clones consist of 

RGLs, neurons, and astrocytes (Bonaguidi et al. , 2011). Presumably, the truth is in the middle , 

and these two models might coexist, meaning that postmitotic astrocytes may derive both 

through direct differentiation (Encinas et al. , 2011; Sierra et al. , 2015) and through 

proliferative events (also involving putative astroglial progenitors) from adult NSCs 

(Bonaguidi et al., 2011; Dranovsky et al., 2011; Gebara et al., 2016; Rolando et al., 2016)  

(Figure 5). 

In conclusion, adult hippocampal neurogenesis is a complex process characterized by a 

continuum of cell stages within sequential developmental phases whose directionality is 

almost wholly defined under healthy conditions (Figures 4 and 5). 
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Figure 4. The multistage process of adult hippocampal neurogenesis. GFAP, Glial fibrillary acidic 

protein; BLBP, brain lipid-binding protein; DCX, doublecortin; PSA-NCAM, polysialylated-neural cell adhesion 

molecule; LTP, long-term potentiation. [Modified from Kempermann et al., 2015] 
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Figure 5. A unified hypothesis of adult hippocampal neuro-gliogenesis dynamics. qRGL, quiescent 

radial glia-like cell; aRGL, active radial glia-like cell; GC, dentate granule cell; IPC, intermediate progenitor cell 

[Adapted from Kempermann, 2011; Bonaguidi et al., 2012; Harris et al., 2021; Bottes et al., 2021] 
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1.2.2 The adult hippocampal neurogenic niche  

The multistage process of adult DG NSCs represents the main critical event of adult 

hippocampal neurogenesis; however, further fundamental DG players determine adult 

neurogenesis organizing the adult hippocampal neurogenic niche (Figure 6), a specialized 

and dynamic microenvironment, which involves both cellular and molecular components of 

the DG. Indeed, the DG neurogenic niche is not only the in vivo physical location for adult 

NSCs; rather, precursor cells and their niche form a functional unit involved in the 

homeostasis of the adult DG neurogenic system. Therefore, a better understanding of the 

heterogeneity and complexity in the adult DG neurogenic niche has become fundamental for 

comprehending adult DG neurogenesis (Fuentealba et al., 2012; Bonafina et al., 2020; 

Vicidomini et al., 2020). 

Some critical features of the DG neurogenic niche distinguish the stem cell maintenance: 

1. Intercellular cross-talk, dependent on molecular signalings and direct cell-cell contact. 

For example, vascular endothelial cells and astrocytes regulate NSC proliferation and 

differentiation by physical cell-cell contact (Palmer et al., 2000; Liu et al., 2020); the 

ligand/receptor interactions (e.g., Notch/JAG1/DLL1 and Eph/ephrins) between NSCs and 

adjacent cells (Lavado and Oliver, 2014); soluble diffusible factors released by niche cells like 

growth and trophic factors (e.g., BMPs, WNT, IGF-1, and VEGF) (Lie et al., 2005; Seib et al., 

2013); the exosomes, small membrane extracellular vesicles containing an array of proteins, 

lipids, and mRNAs, released by several DG niche cells (Bátiz et al., 2016). 

2. Long-range and local inputs, where signaling via neurotransmitters controls NSC 

quiescence and activation as well as cell fate decisions. For instance, neurotransmitter gamma-

aminobutyric acid (GABA) through its receptors plays a critical role in modulating DG 

neuronal networks since it is inhibitory in mature neurons but excitatory in immature neurons  

and neuroblasts and stem/progenitor cells (NSCs/NPCs) (Bao et al., 2017). 

3. The extracellular matrix and associated molecules are essential components of the NSC 

niche, building a favorable microenvironment and architecture to sustain NSCs and 

neurogenesis (Cope and Gould, 2019). 
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4. The microglial immune cells shape neurogenesis by clearance of cell corps, provide 

trophic supports for NSCs, and dynamically regulate the niche and NSCs in response to 

inflammation and brain damage (Sierra et al., 2014). 

5. Physical parameters such as stiffness and blood flow direct NSC maintenance, 

proliferation, and differentiation (Keung et al., 2011). 

Astrocytes, microglia, endothelial cells, and neuronal components are part of the adult DG 

neurogenic niche. In the following section, I describe the contribution of distinct niche cell 

types to adult neurogenesis. In addition, I also mention the importance of the components of 

the extracellular matrix (ECM) in the function of the adult neurogenic niche (Figure 6).  

Mature astrocytes  are glial cell types abundantly present in the DG neurogenic niche that 

provide functional and structural support for NSCs and adult-born GCs representing one of the 

central modulators of the DG neurogenic niche (Song et al. , 2002; Araki et al., 2020). Song et 

al. (2002) showed that hippocampal mature astrocytes promote neurogenesis through 

fibroblast growth factor-2 (FGF-2) molecule by using dissociated and purified cells.  

Morphologically, an astrocyte has multiple processes arising from its cell body that can 

contact other cells as well as blood vessels (Haydon and Carmignoto, 2006). Hippocampal 

mature astrocytes drive the synaptic integration and connectivity of adult-born GCs within the 

hippocampal network by remodeling their processes to provide appropriate ensheathing glia 

function and allowing glutamate buffering to guide the trajectory of the nascent dendritic 

spines and axon terminals of new GCs (Krzisch et al., 2015). Astrocyte-derived factors such as 

glutamate, ATP, and D-serine regulate adult DG neurogenesis (Araki et al. , 2020). For 

example, D-serine acts as an agonist of the N-methyl-D-aspartate receptor (NMDAR), and its 

concentration modulates the maturation, synaptic integration, and survival of adult-born 

hippocampal neurons (Sultan et al., 2015). Astrocyte-derived WNT (Wingless) ligands 

promote neuronal differentiation of adult DG NSCs and play a key role in hippocampal spatial 

memory (Lie et al., 2005; Jessberger et al., 2009). In adult animals, astrocytes store brain 

glycogen, which is the energy source of cells degraded on-demand to produce glucose and 

lactate (Brown and Ransom, 2007); interestingly, astrocytes-derived L-lactate promotes adult 

hippocampal neurogenesis showing energetic and signaling properties (Lev-Vachnish et al., 

2019; Pötzsch et al., 2021). Finally, like microglia, astrocytes act as mediators of inflammation 
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and release inflammatory cytokines (e.g., IL- 6, TNF-α, and IFN-γ), underlining the role of 

glial cells on neurogenesis in pathological conditions (Cassé et al., 2018; Araki et al., 2020). 

Microglia are the resident macrophages and primary immune cells of the brain responsible 

for many functions ranging from phagocytosis to neuroprotection (Sierra et al., 2010; Ekdahl, 

2012; Rodríguez-Iglesias et al., 2019). In the adult DG, microglia appear homogeneously 

arranged in the hilus and MCL parenchyma, while in the GCL, microglial cell bodies are 

mainly located along inferior and superior borders extending their processes inside the densely 

populated GCL (Wirenfeldt et al. , 2003; Jinno et al. , 2007). A recent study emphasized the 

functional role of phagocytic microglia as a sensor of local cell death, necessary to modulate 

the balance between cell proliferation and cell survival in the DG neurogenic niche (Diaz-

Aparicio et al., 2020). In the brain parenchyma, microglia exclusively express the fractalkine 

receptor, CX3CR1, which binds the chemokine, CX3CL1, also known as neurotactin or 

fractalkine, mainly expressed by neurons. The fractalkine-CX3CR1 signaling represents a 

pathway for direct communication between neural cells and microglia , fundamental for normal 

brain development (Paolicelli et al., 2011). In the adult DG, mice lacking CX3CR1 exhibit 

dysfunctional microglia, reduced cell proliferation, and decreased synaptic integration of 

adult-born GCs (Vukovic et al., 2012; Bolós et al., 2018). Moreover, brain-wide ablation of 

microglia becomes a practical approach to clarify the roles of these cells in biological 

processes. The principal methods of microglial depletion include toxin-based, genetic, and 

pharmacological approaches to inhibit colony-stimulating factor 1 receptor (CSF1R), which is 

essential for microglial cell survival (Green et al., 2020). In hippocampal DG, diphtheria 

toxin-aided MG ablation showed a reduction in the survival of newly formed neuroblasts  

without affecting their origin and maturation, revealing unique properties of DG microglia in 

the hippocampal neurogenic niche (Kreisel et al., 2019). Finally, the contribution of microglia 

to the adult DG neurogenic niche depends on cytokine and chemokine release whose pro- and 

anti-inflammatory profile derives from the type of stimulus (Monje et al. , 2003; Cacci et al., 

2005; Ekdahl et al., 2009) and from the temporal component that determines whether activated 

microglia induce or inhibit neurogenesis (Cacci et al. , 2008). A better description of microglia 

activation occurs in a later paragraph of this chapter. 
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Endothelial cells exert their influence over adult DG neurogenesis throughout the so-

called “hippocampal vascular niche” described by Palmer and Gage (2000) , which first 

proposed the unique and robust link between neurogenesis and angiogenesis by showing 

clusters of proliferating neuronal, glial, and endothelial precursors associated with the 

vasculature in the SGZ (Palmer et al., 2000). Later, other studies described RGL stem cells 

also in contact with blood vessels (Gebara et al., 2016; Moss et al., 2016). Endothelial cells are 

a direct source of neurogenic factors such as brain-derived neurotrophic factor (BDNF), 

vascular endothelial growth factor (VEGF), and chemokines including CCL11, which in turn 

affect adult NSCs proliferation and neuronal maturation (Cao et al. , 2004; Licht and Keshet, 

2015). Moreover, endothelial cells represent the primary transporter within tissues providing 

signaling molecules secreted by local or distal sources within the adult DG niche, including 

trophic factors, hormones, lipids , and exosomes (Licht and Keshet, 2015; Bátiz et al., 2016). 

The functional relationships between the vasculature and adult DG neurogenesis emerged by 

experiments on running to study the effects of aerobic exercises on adult DG neurogenesis. 

Indeed, besides discovering the pro-proliferative effect of exercise on neurogenesis (Van 

Praag et al., 1999; van Praag, 2009) , specific comparisons between running and sedentary 

mice demonstrated that exercise increased the surface area and perimeter of DG blood vessels 

in young animals (Van Praag et al., 2005). Another group showed that running increased the 

density of blood vessels in the GCL of DG in adult mice in concomitance with increased 

neurogenesis (Clark et al. , 2009), supporting the positive correlation between exercise, adult 

neurogenesis, and cerebral blood volume in the adult DG (Pereira et al., 2007). Since 

hippocampal vasculature changes occur during aging and many pathologies are coupled to 

decreased metabolic supply and neurogenesis, further research is necessary to broaden our 

understanding of the neuro-glia-vascular network in adult hippocampal neurogenesis. 

Extracellular matrix (ECM) is a complex and dynamic network of macromolecules with 

different physical and biochemical properties such as glycoproteins (e.g., tenascin C), 

proteoglycans (bearing heparan sulfate, chondroitin sulfate, or dermatan sulfate side chains), 

and cell adhesion molecules that surrounds cells to provide a functional scaffold for 

maintaining signaling gradients and stiffness. The mechanical properties of the ECM, such as 

stiffness, have been shown to modulate adult NSC behavior and fate in vitro by using a 

synthetic, interfacial hydrogel culture system (Saha et al., 2008; Keung et al. , 2011). For 
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example, the Rho family of GTPases that regulate the assembly and activity of cytoskeletal 

processes transduce mechanical ECM-derived signals such as cellular stiffness as biophysical 

regulators of NSC lineage commitment (Keung et al., 2011). The modulation of adult DG 

neurogenesis by ECM is complex, as ECM molecules can act by interacting directly with 

cellular receptors or indirectly as modulators of soluble factors (Mosher and Schaffer, 2018; 

Bonafina et al., 2020; Vicidomini et al. , 2020). Among ECM molecules, the extracellular 

glycoprotein reelin and the laminin receptor β1-integrin are crucial regulators of adult DG 

neurogenesis (Teixeira et al., 2012; Porcheri et al., 2014). 

 

 

Figure 6. Cellular and molecular components of adult DG neurogenic niche. (A) Different niche 

components may release ligands and/or physically interact with discrete domains of NSCs and their progeny. (B) 

Magnification of RGL in dashed line box in (A) conveying niche-derived secreted ligands (astrocyte-derived 

factors [blue]; vasculature-derived factors [brown]; mature GC-derived factors [green]; and microglia-derived 

factors [purple]) signal in paracrine or juxtacrine modes. NSCs and progenitors may regulate their fate choices by 

autocrine signaling (red). ECM regulates NSC behavior through ligands, such as laminin, reelin, and stiffness -

dependent modulation of Piezo signaling in NSCs. [from Vicidomini et al., 2020] 
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1.2.3 The regulation and function of adult hippocampal neurogenesis 

Adult hippocampal neurogenesis is a complex process, and many different factors are 

involved in its “regulation,” meaning that these regulators act on the basic mechanisms that 

“control” neurogenesis. Therefore, these two terms, “control” and “regulation” of adult DG 

neurogenesis, are not equal: “control” refers to the genetic and molecular programs of adult 

neurogenesis; while “regulation” refers to the intrinsic or extrinsic factors that could promote 

or suppress neurogenesis (Kempermann, 2011a; Aimone et al. , 2014). Indeed, adult NSC 

activation and commitment of their progeny to specific cellular identities are controlled by 

extrinsic regulatory factors such as experiential, environmental, pathophysiological, and 

pharmacological signals, integrated into a defined gene expression pattern (Zhao et al., 2008; 

Sun et al. , 2011; Encinas and Fitzsimons, 2017). The integration of these extrinsic signals 

occurs through the mediation and functional interface of transcription factors (TFs), 

representing the primary controllers of gene transcription. In the following sections, I 

overview some of the most important players within adult hippocampal neurogenesis. 

1.2.3.1 Intracellular and extracellular players 

Cell-intrinsic and cell-extrinsic mechanisms regulate different aspects of adult 

neurogenesis (Figure 7). Cell-cycle regulators, transcription factors, and epigenetic factors are 

major intracellular players  of adult DG neurogenesis (Zhao et al. , 2008). In addition, 

microRNAs (miRNAs), which represent a class of post-transcriptional gene expression 

regulators, are a crucial part of the gene regulatory networks governing adult neurogenesis 

(Sun et al. , 2011; Stappert et al., 2018). Concerning the extracellular players , several 

morphogens serve as niche signals to regulate maintenance, activation, and fate choice of adult 

neural precursors, including Notch, Shh, Wnts, and bone morphogenetic proteins (BMPs). 

Moreover, growth factors, neurotrophins, cytokines, and hormones are also significant 

regulators of adult neurogenesis (Zhao et al., 2008). Although many of these factors also play 

a role during embryonic neurogenesis and hippocampal development, the same players do not 

perform the same functions over time, and significant differences emerged in the adult brain 

modulating the activity and the plasticity of adult neurogenesis (Espósito et al. , 2005; Duan et 

al., 2008; Ming and Song, 2011; Gonçalves et al., 2016; Abbott and Nigussie, 2020).  
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The maintenance of type-1 cells  is crucial to guarantee hippocampal neurogenesis 

throughout life. Key determinants for the function of NSCs are their proliferative capacity and 

their potential for multi-lineage differentiation (“multipotency”). Cell-specific signaling 

molecules influence type-1 cells, including BMPs, Notch, GABA, transcription factors (e.g., 

Sox2, FoxO), and the repressor element 1‐silencing transcription (REST) (Gonçalves et al., 

2016; Abbott and Nigussie, 2020). BMPs  are ligands that constitute the largest subgroup of 

the transforming growth factor-beta (TGF-beta) superfamily of cytokines (Bond et al. , 2014). 

BMPs provide essential signals for regulating the balance between quiescence and 

proliferation; indeed, the high expression of BMPR-Ia receptor in type 1 cells decreased in 

IPCs (Mira et al., 2010). Conditional inactivation of BMPR-Ia or ablation of BMP-activated 

Smad4 from adult NSCs results in a transient increase in mitotic NSCs, leading to a reduction 

in neurogenesis, presumably because the stem cell pool becomes exhausted (Mira et al. , 2010). 

Neural precursor cells endogenously produce BMPs, which promote a physiological neural 

precursor exit from the cell cycle and loss of precursor characteristics. Indeed, virally 

mediated overexpression of BMP4 highly increased NSC cell cycle exit and slowed down the 

normal maturation of neural progenitors, resulting in a long-term reduction in neurogenesis. 

Conversely, the BMP inhibitor Noggin is essential for the NSC maintenance in the adult DG. 

Thus, overexpression of Noggin promotes NSC cell cycle entry and accelerates the maturation 

of IPCs (Bond et al., 2014). Another important pathway maintaining the balance between 

quiescence and activation in adult NSCs is the canonical Notch signaling. It is a highly 

conserved and pleiotropic cell signaling system expressed during development in both 

invertebrates and vertebrates. In adult DG neurogenesis, acting through the RBPJκ‐signalling 

pathway (Ehm et al. , 2010), Notch signaling positively influences NSC proliferation leading to 

self-renewal and expansion of type-1 cells. Indeed, RBPj inactivation initially increased 

hippocampal neurogenesis by causing premature differentiation of Sox2-positive progenitors, 

resulting in depletion of the progenitor cell pool and suppression of adult DG neurogenesis 

(Ehm et al., 2010). The predominant source for Notch signa ling within the adult DG is 

hippocampal mature astrocytes (Wilhelmsson et al., 2012). Sonic hedgehog (Shh) ligand 

initiates Hedgehog signaling and is fundamental in forming adult germinal niches in the brain. 

Therefore, adult NSCs in the DG likely originate from Shh-responsive progenitors in the 

ventral hippocampus (Ahn and Joyner, 2005; Li et al. , 2013). Shh signaling is active in type-1 
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cells (Ahn and Joyner, 2005) and promotes cell proliferation in the adult hippocampal 

neurogenic niche (Lai et al., 2003). Indeed, both adult type-1 and type-2 DG progenitor cells 

express Shh-receptor Patched and Shh-transmembrane protein Smoothened and show a 

decreased proliferation upon pharmacological inhibition of Shh signaling (Lai et al. , 2003). 

Canonical Wnt signaling regulates various developmental processes in the embryonic brain 

and controls progenitor proliferation and neuronal differentiation in adult tissues, including the 

adult DG. By in vivo lentiviral-based loss- and gain-of-function studies, it has been 

demonstrated that overexpression of Wnt3 is sufficient to increase adult DG neurogenesis, 

while by contrast blocking Wnt signaling abolishes neurogenesis almost completely (Lie et al., 

2005). Moreover, lentiviral-mediated knockdown of inhibitory sFRP3 (secreted frizzled-

related protein 3) induces activation of the Wnt pathway in the DG, resulting in increased 

activation of quiescent RGLs (Jang et al. , 2013). The SRY-related HMG-box family member 

Sox2 is among the most extensively studied transcription factors in NSC behavior and 

function. Sox2 is highly expressed in type-1 and type-2a precursor cells (Steiner et al., 2006; 

Lugert et al. , 2010; Beckervordersandforth et al. , 2015). The transcriptional regulation of Sox2 

occurs via Notch/RBPJk signaling, acting on adult NSC maintenance (Ehm et al., 2010). Loss-

of-function studies demonstrated that the inducible deletion of Sox2 in adult NSCs results in a 

strong reduction in type-1 RGLs and cell proliferation, subsequently followed by decreased 

numbers of newborn GCs (Favaro et al. , 2009). On the other hand, Sox2 regulates the 

expression of several target genes to control the proliferative capability and multipotency of 

precursor stem cells. Indeed, Sox2 positively regulates the expression of the orphan nuclear 

receptor tailless (Tlx), promoting proliferation and self-renewal of hippocampal NSCs 

through the canonical Wnt pathway (Niu et al., 2011; Shimozaki et al. , 2012). Moreover, Tlx 

may also control NSC proliferation by suppressing pathways that promote quiescence, 

including cell-cycle inhibitors p53 and p21 (Niu et al., 2011). In addition, Sox2 controls the 

expression of sonic hedgehog (Shh) that itself drives cell proliferation and maintenance 

(Favaro et al., 2009). Finally, Sox2 inhibits the transcriptional activation of proneuronal genes 

(such as NeuroD1), which are dependent on the Wnt pathway, thereby maintaining 

multipotency and preventing neuronal differentiation (Kuwabara et al., 2009). Nevertheless, 

Sox2 can arrange the chromatin state for the proper neurogenic gene activation upon exposure 

to a neurogenic stimulus (Amador-Arjona et al., 2015). Other transcription factors active in 
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NSCs are those of the Forkhead O-box (FoxO) family, initially identified as longevity factors 

operating downstream from the insulin/IGF-1 signaling pathway (Kenyon et al. , 1993). In 

particular, FoxO3 inactivation in adult NSCs blocks the return to quiescence after proliferative 

events leading to long-term depletion of the NSC pool (Renault et al., 2009). Adult 

hippocampal NSCs express repressor element 1–silencing transcription factor (REST, also 

known as neuron-restrictive silencer factor, NRSF) (Gao et al. , 2011). Loss of REST from 

type-1 cells promotes an early neuronal differentiation and premature exit from NSC 

quiescence, which triggers a depletion in NSCs at later time points and, consequently, a drop 

in neurogenesis (Gao et al., 2011). Multiple signaling molecules, including Notch, Wnt, and 

Shh, could crosstalk with REST, suggesting that it may integrate diverse signaling pathways to 

control neurogenesis. For example, BMP signaling induces REST/NRSF expression to 

maintain astrocyte identity (Beckervordersandforth et al. , 2015). Also, REST is required to 

recruit its corepressor (CoREST) to repress target genes in adult NSCs and control stage-

specific neuronal gene expression (Gao et al., 2011). The phosphatase and tensin homolog 

PTEN is a tumor suppresser and a regulator of stem cell behavior in multiple adult somatic 

tissues (Hill and Wu, 2009). In adult DG, PTEN deletion in quiescent RGLs reduced the 

overall RGL pool due to increased symmetric divisions at the expense of asymmetric ones 

(Bonaguidi et al., 2011). Epigenetic mechanisms, including DNA methylation, histone 

modifications, and non-coding RNAs, are important for maintaining cell-type-specific gene 

expression profiles, coordinating cell-extrinsic environmental signals and cell-intrinsic genetic 

programs during adult neurogenesis (Sun et al., 2011; Encinas and Fitzsimons, 2017). 

Moreover, the role of spatial chromatin organization in adult NSC is another critical factor. 

For example, the chromatin remodeling factor chromodomain helicase‐DNA‐binding protein 7 

(CHD7) cooperates with other signals to maintain NSC into a quiescent state (Jones et al., 

2015). In addition, recent works have highlighted a crucial role of post-transcriptional control 

of gene expression in neural progenitors of the developing and adult brain (Pilaz and Silver, 

2015; Rolando et al., 2016). In the adult DG, the RNaseIII Drosha, a component of the 

miRNA biogenesis pathway, directly controls adult NSC maintenance and cell fate acquisition 

through a miRNA-independent mechanism (Rolando et al., 2016).  

In the precursor phase, after multiple symmetric and asymmetric divisions, adult type-1 

and type-2 progenitors start the decision-making process of their cell fate towards a neuronal 
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fate commitment. The cell-fate commitment to the neuronal lineage in adult NSCs happens 

from type-2a/early IPCs to type-2b/late IPCs transition. Many factors are critical during this 

cell-stage transition, such as Ascl1, Sox21, Tbr2, Neurod1, and Prox1. The proneural 

transcription factor achaete-scute homolog 1 (Ascl1, also known as Mash1) is predominantly 

expressed by the dividing type-2a precursors (Lugert et al. , 2012), but also by a small subset 

of cycling type-1 cells (Kim et al., 2011), promoting proliferation, specification, and 

differentiation into neurons (Castro et al., 2011). Interestingly, NSCs react to activating 

signals, first by inducing expression of Ascl1 and subsequently by leaving quiescence 

(Andersen et al., 2014). Indeed, the inactivation of Ascl1 blocks the exit from quiescence and 

leaves NSCs unresponsive to activating stimuli (Andersen et al., 2014). Moreover, Sox21 and 

Tbr2 expression peaks in type-2a cells, and both factors display a similarly crucial role in 

neuronal lineage progression (Hodge et al., 2012). Blocking Tbr2, NeuroD1, or Prox1 

resulted in decreased neuronal differentiation in the adult DG niche. Thus, the expression of 

Prox 1 and NeuroD1 appears to be critical to signal type‐2b cells to differentiate into GCs 

(Hodge et al. , 2012). Moreover, NeuroD1 and Prox1 also play a crucial role in the early 

survival phase. Prox1 ablation results in cell death of Tbr2+ precursors and DCX+ immature 

positive neurons (Lavado et al., 2010), whereas NeuroD1 deficiency decreased the survival of 

newborn neurons (Gao et al., 2009). Interestingly, some genes mentioned above still play a 

functional role in type-3cells (e.g. , Wnt, Notch, NeuroD1, and Prox1) (Gonçalves et al. , 2016; 

Abbott and Nigussie, 2020). Notch has pleiotropic functions from proliferation to apoptosis, 

while Wnt signaling is involved in neuronal cell fate, including activation of NeuroD1 in 

neuronal progenitor cells (Gonçalves et al., 2016). Additional genes are newly expressed at 

this stage of maturation, including brain‐derived neurotrophic factor (BDNF), Reelin, cAMP 

response element‐binding protein (CREB), and activation protein transcription factor (AP‐1) 

(Gonçalves et al., 2016). The expression of some of these “regulatory” factors continues in 

immature e mature GCs during the postmitotic and late maturation phases. Reelin, an 

extracellular glycoprotein, influences neuronal fate and migration, the formation of dendritic 

spines, and the final integration of granule neurons into the hippocampal circuitry (Ampuero et 

al., 2017). The active form of transcription factor cAMP response element-binding protein 

(phosphorylated CREB, pCREB) is also required for the late maturation and survival of new 
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GCs. Loss of CREB function impairs dendritic development, decreases the expression of 

NeuroD and DCX, and compromises the survival of newborn neurons (Jagasia et al., 2009).  

A wide range of hormones has significant regulatory effects on adult hippocampal 

neurogenesis and dendritic morphology (Triviño-Paredes et al., 2016). Estradiol is the 

dominant estrogen form in many species, enhances cell proliferation, and prevents cell death 

in the SGZ through estrogen receptors (ERs) (Galea, 2008; Mahmoud et al. , 2016). 

Androgens, instead, comprise testosterone  and its metabolite dihydrotestosterone which 

upregulates hippocampal neurogenesis (via cell survival), but not cell proliferation, through an 

androgen-dependent pathway in adult rodents (Galea, 2008; Spritzer and Roy, 2020). Both 

estradiol and testosterone display neurotrophic and neuroprotective effects with potential 

influence on adult hippocampal neurogenesis (Lee and McEwen, 2001; Galea, 2008). Stress 

hormones , including cortisol or corticosterone, appear to have a general inhibitory influence 

on hippocampal neurogenesis (Lucassen et al., 2015; Mahmoud et al., 2016). Stress increases 

glucocorticoids, which decreases adult neurogenesis; moreover, stress relies on morphogen 

signaling pathways, such as Shh and Wnt, involved in the maintenance, activation, and fate 

choice of adult neural precursors (Egeland et al., 2015; Lucassen et al., 2015). Instead, thyroid 

hormones  promote the survival of postmitotic newborn neurons, possibly through modulation 

of BDNF expression (Sánchez-Huerta et al., 2016). 

In parallel to neurogenesis, adult NSCs also generate astrocytes, but little is known about 

the regulatory factors involved in the astroglial fate commitment (i.e., astrogliogenesis) within 

the adult hippocampus. Many signaling pathways that occur during embryonic development 

are also present in adulthood, playing similar roles. In this line, because Notch signaling 

pathways are implicated in the balance between astrogliogenesis and neurogenesis in the 

developing DG (Hu et al., 2013), it could be involved in the adult DG. Another regulator of 

the cell fate choice (neurogenic-to-gliogenic) within embryonic NSC/progenitors is the 

transcription factor COUP-TFI (Naka-Kaneda et al., 2014). We recently investigated the role 

of  COUP-TFI in the adult DG neurogenic niche and found it play a critical role in regulating 

the neuro-astrogliogenesis balance in the adult SGZ (Bonzano, Crisci, et al., 2018). Part of the 

results are detailed in Chapter II, and the paper is presented as an appendix. 
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Figure 7. Signals, Transcription Factors, and Epigenetic Regulators during Adult Hippocampal  

Neurogenesis. Stage- and cell-specific effects of different signaling pathways, transcription factors, and 

epigenetic regulators during lineage progression. [modified from Gonçalves et al. 2016] 
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1.2.3.2 Environmental factors 

Intriguing features of adult hippocampal neurogenesis are its sensitivity to different 

external stimuli at almost every stage (Figure 8) (Ming and Song, 2011; Toda et al., 2019). 

Environmental factors, such as physical activity and seizures, are nonspecific, pro-

proliferative stimuli that lead to expansion and a transient increase in the potential for new 

neurons. However, additional survival-promoting stimuli, presumably more specific to 

hippocampal function such as learning and enriched environment, define the final net result of 

adult neurogenesis (Fabel et al., 2009; Kempermann, 2015). 

Physical activity (PA) can be considered a nonspecific, physiological component of the 

enriched environment and is usually modeled in rodents by providing voluntary access to 

running wheels/discs. Within the DG, PA leads to a robust increase in the number of 

proliferating precursor cells (Van Praag et al., 1999; Kronenberg et al., 2006; Lugert et al., 

2010; Farioli-Vecchioli et al. , 2014; Gebara et al., 2016; Overall et al. , 2016). The dynamics of 

precursor cell proliferation in response to running are not linear. Indeed, PA causes a transient 

increase in proliferation of adult type-2b cells that returns to basal levels after approximately 

two weeks, followed by a sustained effect on new neuron production attributed primarily to 

enhanced survival (Kronenberg et al., 2006). The cellular mechanism to explain PA-induced 

proliferation has still not been established. To date, it is clear that there is a quickening of the 

cell cycle after prolonged exercise (Farioli-Vecchioli et al. , 2014)(Farioli-Vecchioli et al., 

2014); but signals mediating the running-induced neurogenesis only recently start to be 

delineated, such as miR-135a and the regulator of G protein signaling 6 (RGS6) (Pons-Espinal 

et al., 2019; Gao et al., 2020). 

Environmental enrichment (EE) is defined as housing conditions that provide enhanced 

social, physical, and sensory stimulation and is considered a specific promoting stimuli for 

adult DG neurogenesis. The term “enriched environment” is often used to describe an 

environmental manipulation administered to rodents such as larger cage areas, novel objects, 

and running wheels but also some social and dietary enrichment (van Praag et al., 2000; 

Kempermann, 2015; Zocher et al., 2020). EE modulates hippocampal neurogenesis and 

hippocampal-dependent cognitive capabilities , resulting in increased newborn neurons and 

enhanced hippocampus-dependent cognition (van Praag et al., 2000). Notably, early-life EE 
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determines persistent behavioral individuality (i.e., interindividual differences in behavior, 

brain plasticity, and epigenetic) in mice, even upon the removal of EE (Zocher et al., 2020). 

Exposure to EE or hippocampus-dependent learning stimuli increases the survival at the 

postmitotic stage in a critical time window between 2 and 3 weeks after the birth of the neuron 

(Steiner et al., 2008; Kempermann, 2015)(Döbrössy et al. 2003; Kempermann, 2015). Indeed, 

acute exposure (24 hours) to either EE-only or running wheel showed that exercise increases 

proliferation in early type-2a progenitor cells, whereas EE-only may exert a more specific 

influence on postmitotic type-3 cells (Steiner et al. 2008). Functionally, animals exposed to 

EE-only showed improvements in various memory functions (i.e., spatial, working, 

recognition, and contextual fear memory) (Birch et al., 2013; Clemenson et al. , 2015). Many 

of these cognitive improvements may be attributed to the exploration and learning of complex 

environments. Many studies have revealed the underlying molecular mechanism of regulating 

neurogenesis by exercise and enrichment. Both EE exposure and voluntary exercise can 

induce the expression of BDNF, a neurotrophin that supports survival, differentiation , and 

neurite growth in existing neurons (Vaynman et al., 2004; Rossi et al., 2006) , and VEGF, a 

growth factor associated with vasculogenesis and angiogenesis (Cao et al., 2004; Fabel et al., 

2009; Van Der Borght et al., 2009). The effects of learning on the proliferation and survival 

of new neurons are quite complex, and it is fundamental to choose the correct investigation 

tasks. Indeed, not all learning paradigms and tasks are equivalent. The early and late phases of 

learning in the water-maze (a hippocampal-dependent spatial task) have distinct effects on 

adult DG neurogenesis (Döbrössy et al., 2003). An increase in cell survival occurs during the 

early phase of learning and involves cells that have been produced in a previous stage. An 

increase in cell proliferation occurs during the late learning phase and seems to involve cells 

generated during this phase. While it is hypothesized that cell death seems to occur during the 

consolidation of the memory trace suppressing neurons that have not established learning-

related synaptic connections (Döbrössy et al., 2003). In general, the concept that newly formed 

DG neurons are the primary recipient of learning sustains the functional role for adult DG 

neurogenesis in pattern separation, in encoding temporal context (i.e., discrimination between 

the novel and familiar information), and in memory resolution (i.e., integration of spatial and 

nonspatial information - “where, what, and when”- into memories) (Aimone et al., 2014; Toda 

and Gage, 2018). Interestingly, the “pattern separation” theory states that two different 
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contexts composed of many of the same objects can be discriminated, and spatial features 

should be stored as distinct memories (Aimone et al., 2014; Toda and Gage, 2018). By 

coupling behavioral discrimination tasks to different neurogenesis knockdown approaches, 

strong evidence emerged to support a link between adult DG neurogenesis and pattern 

separation (Clelland et al., 2009; McTighe et al. , 2009; Sahay et al., 2011). Lifestyle choices 

such as diet can have an impact on cognitive functions such as learning and memory. In the 

last years, the neurogenic roles of nutrient-sensing signaling pathways emerged, providing a 

connection between adult neurogenesis, nutritional imbalances, metabolic disorders, 

accelerated brain aging, and cognitive impairment (Aimone et al., 2014; Cavallucci et al., 

2016). For example, the metabolism of fatty acids participates in NSC fate determination 

during adult neurogenesis (Knobloch et al. , 2017); thus, a diet enriched in omega-3 fatty acids 

influence the fate and behavior of adult NSCs, enhancing neuroprotection by anti-apoptotic, 

anti-oxidative, and anti-inflammatory effects during brain impairments (Van et al. , 2019). Diet 

effects on adult hippocampal neurogenesis may depend on calorie intake, meal frequency, 

meal texture, and meal content. It was shown that a reduction in calorie intake of 30–40% 

increases the numbers of newly generated neurons in adult DG of rodents and that this effect is 

partly mediated by BDNF (Lee et al., 2000; Cavallucci et al. , 2016). On the other side, chronic 

overnutrition or metabolic imbalances deregulate nutrient signaling in the brain and potentially 

lead to NSC exhaustion and accelerated brain aging (Cavallucci et al., 2016). Polyphenolic-

rich fruits such as blueberries enhanced DG proliferation, extracellular receptor kinase (ERK) 

activation, and IGF-1/IGF-1R levels in correlation with improvements in spatial memory in 

aged rats (Casadesus et al., 2004). Therefore, it becomes of particular interest to identify 

individual compounds that effectively enhance neurogenesis and cognitive function to 

developing dietary interventions, particularly with the elderly population. Other external 

factors are consistent with a decline in hippocampal neurogenesis levels , such as aging and 

stress. Aging is responsible for reductions in cell proliferation, survival, and neuronal 

differentiation following significant changes in the adult neurogenic niche such as increasing 

levels of inhibitory molecules or decreasing levels of neurogenesis-promoting factors (Kuhn et 

al., 2018; Mosher and Schaffer, 2018; Smith et al. , 2018). In murine hippocampus, a 

progressive age-related decline of precursor cell proliferation  occurs between 6 and 12 

months of age (up to >80%), stabilizing at a low level thereafter (Kuhn et al., 1996; 
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Kempermann, 2015). This alteration in the cell-intrinsic response of precursor cells also 

occurs due to age-related epigenetic changes. For example, the age-related decline of DCX 

cells is associated to a significant decrease of H3K4me3, a positive epigenetic marker of 

chromatin accessibility, and increase of H3K27me3, a repressive epigenetic marker of 

compacting chromatin, at the DCX promoter resulting in its gene silencing and in the 

impairment of neurogenesis (Kuzumaki et al. , 2010). Recently, the term “inflammaging” is 

born to underlie the chronic, low-grade inflammation which naturally develops in the elderly 

(Franceschi et al., 2018) and is linked to age-related epigenetic remodeling (Nardini et al., 

2018). Interestingly, physically and mentally stimulating environments that improve adult 

neurogenesis and/or neuroinflammation in young animals counteract the age-related biological 

decline (Kuhn et al. , 2018). For example, physical activity ameliorates some of the deleterious 

consequences of aging in mice restoring spatial learning and inducing adult neurogenesis (Van 

Praag et al., 2005; Kronenberg et al. , 2006; Gebara et al. , 2016). In addition, during aging, a 

dysregulation of the hypothalamic-pituitary-adrenal (HPA) system occurs even in the absence 

of stressful experience resulting in increased corticosteroid levels and decreased adult 

neurogenesis (Kempermann, 2015). Finally, stress  is one of the best-known environmental 

suppressors of adult neurogenesis. Various types of stressors are used in animal studies, 

including physical restraint, social defeat, inescapable foot shock, and sleep deprivation 

(Mirescu and Gould, 2006; Schoenfeld and Gould, 2012; Lucassen et al., 2015). The main 

common pathway underlying stress effects on adult neurogenesis is accompanied by HPA 

activity, in particular the adrenal glucocorticoid hormones. Indeed, stress elevates 

glucocorticoid levels and stimulates glutamate release in the hippocampus resulting in an 

NMDA-dependent down-regulation of precursor cell proliferation in the adult DG. By 

contrast, removal of the adrenal glands by adrenalectomy induces cell proliferation and adult 

DG neurogenesis (Cameron and Gould, 1994). In a recent study, oscillations of glucocorticoid 

hormones preserve a dormant NSC/progenitor pool in aged mice through glucocorticoid 

receptors. Age-related stressful events disrupt these glucocorticoids oscillations affecting 

neurogenesis, and knockdown of glucocorticoid receptors reactivate NSC/progenitor 

proliferation in aged mice (Schouten et al., 2020). Finally, stress further influences adult DG 

neurogenesis by inhibiting the expression of neurotrophins and survival-promoting factors like 

BDNF, reducing microglia and their DG-related functional activities (Lucassen et al., 2015). 
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In conclusion, the effects of environmental factors (Figure 8) are complex and additive, 

although involving different mechanisms (Fabel et al., 2009; Aimone et al. , 2014; 

Kempermann, 2015; Lucassen et al., 2015; Kuhn et al. , 2018). Nevertheless, extrinsic factors 

with a positive influence on adult neurogenesis represent fundamental targets to improve 

neurogenic decline in several neuropathologies , such as Alzheimer’s disease, Parkinson’s 

disease, mood disorders, and epilepsy. 

 

 

 

Figure 8. Regulation of adult hippocampal neurogenesis by environmental factors. Many behavioral 

factors regulate neurogenesis . Running or physical activity is one of the most potent inducers of precursor cell 

proliferation, and environmental enrichment exerts a complementary survival-promoting effect on newborn 

neurons at a critical stage of their maturation. Stress is a severe negative regulator of new neuron birth, 

suppressing proliferation. Learning is a more complex factor suppressing the neurogenesis process at some stages 

while increasing it at other stages. Aging is a detrimental factor at every stage of the neurogenic process. 

[modified from Aimone et al., 2014]  
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1.2.4 Methods and mice models for studying adult hippocampal neurogenesis 

In vivo methodological approaches capable of identifying adult NSCs and follow the fate 

of newly formed neurons are central for the study of adult neurogenesis. 

The “expansion phase” represents an important event of adult neurogenesis and involves 

the cell-cycle progression of adult NSCs and IPCs. Thus, the ability to label a cohort of 

dividing cells in vivo is useful to verify the whole process of adult neurogenesis (i.e., from the 

proliferative events to the late maturation of newborn neurons) and to monitor changes in 

neurogenesis under different conditions (Kuhn et al., 2016). To this a im, the incorporation of 

thymidine analogs  (such as BrdU, CldU, EdU, IdU) represents the most common and 

efficient method for scientists to mark the S-phase of the cell cycle in proliferating live cells  

and using immunohistochemical methods for their visua lization (Leuner et al. , 2009; 

Cavanagh et al. , 2011). Among thymidine analogs, bromodeoxyuridine (BrdU) is the most 

used one. Depending on the protocols, these compounds are a tool for detect different cell 

stages and types. For example, the “pulse-chase labeling” protocol consists of single or 

multiple close BrdU injections to label all proliferating cells. Then, during the chase period, 

fast cycling cells dilute BrdU labeling by half with each cell division until the label is 

undetectable (in practice, 3–4 divisions for BrdU). Slow-cycling cells proliferate only rarely 

during the chase, retaining their BrdU labeling, thus referred to as label-retaining cells at the 

end of the chase. This protocol is useful to study the cell cycle properties of a mixed 

population of cells like heterogeneous cells harboring the adult DG neurogenic niche. Notably, 

pulse-chase BrdU labeling coupled to genetic lineage tracing demonstrated that BrdU+Ascl1+ 

type 2a IPCs divide but rapidly declines in BrdU labeling, indicating that they do not amplify 

the neuronal lineage (Lugert et al., 2012). Moreover, through “temporal separation” of 

multiple thymidine analogs, given at different time-points (e.g., double IdU/CldU labeling 

protocol), can be used to study total cell cycle length and estimation of the G2/M, G1, and S-

phase duration (Brandt et al., 2012; Farioli-Vecchioli et al., 2014; Fischer et al. , 2014). Then, a 

combination of thymidine analogs and endogenous cell-cycle markers, including Ki67, PCNA 

(proliferating cell nuclear antigen), Cdk1 (cyclin-dependent kinase 1), pHH3 (phosphohistone 

H3), and MCM2 (mini-chromosome maintenance 2), is also advantageous to calculate cell-

cycle kinetics (Kuhn et al., 2016). Ethynyl-2’-deoxyuridine (EdU) represents an alternative 
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thymidine analog that allows detection using so-called “click chemistry” (Zeng et al., 2010), 

avoiding the DNA denaturation step for detecting BrdU, thereby preserving other epitopes and 

increasing reproducibility. BrdU labeling highlighted some limitations from dose-dependent 

cytotoxicity to possible artifacts in DNA-repair incorporation (Taupin, 2007; Llorens-Martín 

and Trejo, 2011). Besides birth-dating, immunofluorescence and fluorescence-based imaging 

technology are common strategies to visualize, identify, and quantify adult NSCs and their 

progeny in the adult brain (Figure 9). Various molecular biomarkers expressed at different cell 

stages during the progressions of adult hippocampal neurogenesis are used. For example, 

detection of neural stem/progenitor cells is usually achieved by GFAP, Sox2, Nestin , and 

BLBP, and their multiple labeling helps to identify different subtypes (Gebara et al., 2016; 

Berg et al., 2018). However, these immunohistological approaches have the disadvantage of 

not mark cells in live tissue. The advent of genetically encoded fluorescent proteins and 

improved transgenic mouse models make it possible to label live cells (Dhaliwal and Lagace, 

2011). In the constitutive gene-expression reporter mice (Figure 9), transgenic mouse lines 

are generated with a transgene construct in which fluorescent-protein reporters (e.g. , green 

fluorescent protein, GFP; or red fluorescent protein, Discosoma sp. derived, DsRed) are 

combined to the regulatory elements of a cell-type-specific gene (e.g., GFAP). With this 

design, reporter protein expression depends on the endogenous activity of the cell type-

specific promoter (Dhaliwal and Lagace, 2011). The power of genetically encoded fluorescent 

reporters in adult neurogenesis studies can be observed in Couillard-Despres’ report (2006) , 

which investigated the fundamental properties of newborn neuronal precursors in aged and 

young mice taking advantage of the DCX-specific expression pattern. By performing 

electrophysiological analysis on DCX-DsRed brains, it was found that newborn GCs are 

continuously generated in aged mice, although at a lower rate. However, these newborn 

neuronal precursors share the same physiological properties , such as the high excitability of 

those found in younger animals, with important implications in contrasting age-related 

neuronal loss and cognitive declines by stimulating neurogenesis (Couillard-Despres et al., 

2006). At present, it has become more common to use conditional and inducible transgenic 

mice (Figure 9) in which the genetic manipulation and the expression of the reporter gene are 

usually permanent and occur in all progeny of the recombined cell (Dhaliwal and Lagace, 

2011). The first created Cre/loxP system (Orban et al. , 1992) is only conditional, meaning that 
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Cre enzyme (i.e., cyclization recombination, a member of the integrase family of 

recombinases) is expressed under the control of a cell- or tissue-specific promoter (e.g., 

Nestin-Cre mouse line). By crossing Cre-mice with mice carrying a conditional allele of a 

gene flanked by two loxP sites (“floxed” allele), double-transgenic conditional offspring 

originate with target cells expressing both Cre and loxP recombination sequences. Then, site-

specific DNA recombination of target floxed gene occurs, allowing fate-mapping analysis, 

loss- or gain-of-function studies to inactivate or activate a target floxed gene (Dhaliwal and 

Lagace, 2011). However, in the conditional Cre/loxP system, many promoter genes expressing 

Cre are already existent in embryonic or perinatal brains, making it difficult to examine the 

process of adult neurogenesis independently from development (Dhaliwal and Lagace, 2011). 

To overcome the Cre recombination in the embryo and early postnatal mice, CreER inducible 

transgenic mice have been developed in which Cre is linked to estrogen receptor (ER) gene, 

allowing the temporal control of recombination through treatment with an estrogen ligand, 

such as tamoxifen (Dhaliwal and Lagace, 2011). To further limit the background of Cre 

activity and enhance the sensitivity to tamoxifen, mutant ligand-binding domains of the ER, 

ERT2, were developed (Indra et al. , 1999; Casanova et al. , 2002). Different publications 

described the power of the inducible CreERT2-LoxP transgenic system to study adult 

neurogenesis in the same period. For example, Carlén and coworkers (2006) enabled the 

visualization of adult NSC/progenitors and their progeny by crossing Nestin-CreERT2 mice 

with Z/EG recombination reporter mice, which express β-gal before, and GFP after Cre-

mediated recombination upon five daily tamoxifen injections in adult mice (Carlén et al., 

2006). Similarly, another report showed high recombination efficiency in both the SVZ and 

SGZ in the Nestin-CreERT2 ⁄R26R-YFP mice (Lagace et al., 2007). Then, Mori and 

colleagues (2006) designed a GLAST-CreERT2 mouse line that highlighted the great potential 

of this inducible system for both fate mapping and functional analysis of astroglial cells in 

adult brains. They first characterized Cre expression's specificity under the locus of GLAST 

(astrocyte-specific L-glutamate/L-aspartate transporter) in astrocytes and radial glia by using 

classic GLAST-Cre/GFP mice. Then, upon tamoxifen administration, they investigate the cell-

type specificity of inducible Cre-mediated recombination in different adult brain regions. This 

new mouse line, GLAST-CreERT2xR26R, targeted many of the astrocytes and adult NSCs in 

the dentate gyrus (Mori et al. , 2006). Another report demonstrated that Cdk5 (cyclin-
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dependent kinase 5) is critica l for adult hippocampal neurogenesis by using inducible and 

conditional deletion of Cdk5 gene from either adult NSC and immature neurons in adult DG 

(Lagace et al., 2008). To this aim, inducible and conditional Nestin-CreERT2, R26R-YFP, and 

floxed Cdk5 transgenic mice were cross-breed to create Cdk5 knockout mice (nKO Cdk5).  

Upon the administration of the estrogen ligand tamoxifen, CreERT2 recombines DNA loxP 

sites progenitors, allowing YFP expression and Cdk5 deletion only in DG nestin-expressing 

progenitors of adult mice (Lagace et al., 2008). Moreover, they investigated the loss-of-

function of Cdk5 in adult hippocampal neurogenesis , finding that Cdk5 has an essential role in 

the survival, but not proliferation, of adult-born hippocampal (Lagace et al., 2008). These 

examples showed the power and usefulness of the conditional and inducible CreERT2-LoxP 

system to study the dynamic and complex aspects of adult hippocampal neurogenesis , 

allowing the in vivo manipulation of endogenous genes in specific cells subtypes at a precise 

developmental stage. 

In addition to transgenesis-based approaches, viral vectors represent another tool to study 

adult neurogenesis. The viral approach has the main advantage of localizing genetic 

manipulation in a precise and small brain area using stereotaxic injection, resulting in local 

cell transduction (Enikolopov et al., 2015). An intrahippocampal stereotaxic injection of viral 

vectors is necessary to manipulate adult DG neurogenesis and target only DG niche cells.  

However, stereotaxic injection and virus delivery are quite invasive, increasing the risk of 

unwanted trauma and neuroinflammation (Enikolopov et al., 2015). Several viral vectors exist 

regarding infection efficiency, expression levels, duration of expression, time to start the 

expression, host cell toxicity, and host cell preference. Adeno-associated virus  (AAV) is a 

non-pathogenic and non-enveloped virus that is a member of the parvovirus family. It is 

naturally replication-deficient, impeding the integration into the host genome. Recombinant 

AAV vectors can transduce both dividing and non-dividing cells, and stable transgene 

expression is possible for years in postmitotic cells, while viral vector dilution occurs in 

dividing cells (Kotterman et al., 2015). Some AAV variants, such as wild-type AAV2/AAV6 

serotype or AAVr3.45, characterize the transduction in adult DG NSCs in vivo (Kotterman et 

al., 2015). Another type of viral vector used to transduce neural cells is the lentivirus (LV) of 

the Retroviridae family, having an RNA genome, resulting in reverse transcription of cDNA 

that migrates to the nucleus integrating into the genome of host cells, irrespectively of their 
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mitotic or postmitotic state. Injection of lentiviral vectors expressing fluorescent reporters (i.e., 

LV PGK-GFP) in the DG of the adult hippocampus allows an efficient, strong, and long-term 

labeling of self-renewing adult NSCs and their progeny (Suh et al., 2018). 

Moreover, to target only adult progenitors in a proliferative state, retroviral vectors (RV) 

have been engineered to integrate into the host genome only during mitosis (M-phase) when 

the nuclear membrane breakdown occurs (Enikolopov et al. , 2015). After integration, the 

infected host cells and their progeny carry the reporter transgene. The high precision of RV 

targeting allows birth-dating and clonal analysis and a high potential for the physiological 

analysis of the progeny in adult neurogenesis (Enikolopov et al. , 2015). Retroviral labeling 

through RV expressing GFP enables the functional study of GFP+ newborn DG neurons, 

investigating their morphological and electrophysiological properties (van Praag, 2002; Gao et 

al., 2007). Moreover, a retrovirus-driven Cre strategy is a broad and valuable tool to 

manipulate dividing cells in adult DG (Rolando et al., 2016; Sun et al. , 2018). Developing an 

RV-mediated single-cell knockout technique in adult new neurons in vivo further shows the 

power of RV-mediated strategy in adult hippocampal neurogenesis (Tashiro et al., 2007). 

Notably, the two studies described in Chapters II and III of this thesis took advantage of 

most of the methods described above, including immunofluorescence labeling coupled to 

confocal microscopy analysis, inducible and conditional CreERT2-LoxP system, and RV-Cre 

genetic approach to answer specific questions on adult hippocampal neurogenesis. 



 

42 
 

 

 

Figure 9. Animal models used to visualize and manipulate gene expression during adult hippocampal  

neurogenesis. Stage-specific markers are shown for each cell type. Mice references: Nestin-GFP (Mignone et al., 

2004); Hes5-GFP (Basak and Taylor, 2007); Sox2-GFP (Couillard-Despres et al., 2006); POMC-GFP (Overstreet 

et al., 2004); Ascl1/Mash1-GFP (Leung et al., 2007); DCX-dsRed (Wang et al., 2007); Nestin-CreER (Balordi 

and Fishell, 2007; Dranovsky et al., 2011); GFAP-CreER (Favaro et al., 2009); GLAST-CreER (Mori et al., 

2006); Gli1-CreER (Ahn et al., 2004); Ascl1-CreER (Kim et al., 2011); Dcx-CreER (Cheng et al., 2011); Sox2-

CreER (Favaro et al., 2009); Hes5-CreER (Lugert et al., 2012); NeuroD1- CreER (Aprea et al., 2014). [modified 

from Bonaguidi et al., 2012] 
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1.3 Neuroinflammation in the central nervous system 

For many years the concept of “immune privilege” in the central nervous system (CNS) 

persisted as indispensable for damage limitation during inflammation in a sensitive organ with 

inadequate regenerative capacity. This notion came to light in the mid-20
th

 century based on 

Medawar's seminal experiments (1948) describing the brain’s relative tolerance to graft 

(Medawar, 1948). Immune privilege has been attributed to various tissue properties of the 

CNS, including the presence of physical barriers (e.g., the blood-brain barrier and the blood-

cerebrospinal fluid), the absence of conventional lymphatic vessels, and the lack of major 

histocompatibility complex (MHC) class II-expressing antigen-presenting cells (APCs) such 

as dendritic cells (Perry, 1998). Actually, the immune system is abundantly widespread in the 

CNS, as evidenced by the presence of macrophages and dendritic cells in meninges, choroid 

plexus, and blood-brain-barrier, as well as microglia within the brain parenchyma. Moreover, 

the complex neuro-immune crosstalk critically emerged under physiological but mainly 

pathological conditions (Galea et al. , 2007; Ransohoff and Brown, 2012; Forrester et al., 

2018). The peripheral inflammatory response of the innate immune system occurring under 

various hazardous stimuli usually leads to a mirrored immune response within the CNS, 

referred to as neuroinflammation. Different degree of neuroinflammation exists depending 

on the context, duration, and persistence of primary stimulus or insult. If the inflammatory 

response enables the resolution of inflammation in time to avoid significant and permanent 

cell death within the brain, then brain homeostasis is restored. If neuroinflammation is 

extremely strong or prolonged, then cell death within the CNS results in irreversible loss of 

function (McCusker and Kelley, 2013). 

It came to light that neuroinflammation and its inflammatory mediators act as extrinsic 

cues altering the adult hippocampal neurogenic niche, ending with impaired neurogenesis 

(Ekdahl et al. , 2003; Monje et al. , 2003; Fujioka and Akema, 2010; Kohman and Rhodes, 

2013). Interestingly, most of the neurodegenerative disorders in the CNS are associated with 

ongoing inflammation and dysfunctions of adult hippocampal neurogenesis (Taupin, 2010). In 

the following paragraphs, I give an overview of the process of neuroinflammation in the CNS 

and its cellular and molecular mediators , focusing on its effect on adult hippocampal 

neurogenesis. 
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1.3.1 Immune-to-brain communication pathways following peripheral inflammation 

The activation of immune cells in response to pathogens and tissue injury commonly 

elicits inflammation, and this immune response follows a stereotypical sequence of events. 

Once a local innate immune signaling occurs in the periphery, outside the brain, the activated 

proinflammatory cascade delivers inflammatory information to the brain using humoral and 

neuronal communication pathways (Dantzer et al., 2008). Several murine models of 

neuroinflammation arose to investigate changes occurring in the inflamed CNS. The 

lipopolysaccharide (LPS)-induced neuroinflammation model is one of the most used in 

rodents (Catorce and Gevorkian, 2016; Batista et al., 2019). LPS is an immunogenic cell wall 

component of Gram-negative bacteria (e.g., Escherichia coli, Salmonella enterica, 

Helicobacter pylori) and a potent inducer of proinflammatory cytokines such as TNFα, IL-1β, 

and IL-6 (Moreillon and Majcherczyk, 2003). Systemic administration of LPS often occurs by 

intraperitoneal injection (i.p.) to achieve an inflammatory response in mice. However, LPS-

induced inflammatory symptoms depend on dose and time, ranging from sickness behaviors 

(i.e., fatigue, social withdrawal, cognitive dysfunction, and loss of motivation) and depressed 

mood to chronic neuroinflammation and progressive neurodegeneration (Qin et al. , 2007; 

Dantzer et al., 2008; Batista et al. , 2019). Immune sentinel cells located throughout the body 

(e.g., peritoneal macrophages within the peritoneal cavity; Kupffer cells within the liver; giant 

cells and histiocytes within connective tissue; dust cells and alveolar macrophages within 

lungs; and osteoclasts within bone) (Douglas and Musson, 1986), first respond to the 

infectious agents by pattern-recognition receptors (PRRs). PRRs distinguish two classes of 

molecules: pathogen-associated molecular patterns (PAMPs) as non-self-molecules and 

damage-associated molecular patterns (DAMPs) as self-molecules associated with cell 

components or released proteins during cell damage or death (Newton and Dixit, 2012; 

McCusker and Kelley, 2013). The Toll-like receptor (TLR) family is a primary form of PRRs 

with specific members expressed in neuronal cells in the CNS (Konat et al., 2006; Lehnardt, 

2010). In addition, several kinds of stem and progenitor cells (e.g., mesenchymal, 

hematopoietic, placental, and neural stem cells) express TLRs, which can determine stem cell 

behavior depending on the conditions, including basal motility, self-renewal, differentiation 

potential, and immunomodulation (Sallustio et al. , 2019). So far, 13 different TLRs have been 

identified in mice and 10 in humans with distinct specificities to recognize general classes of 
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PAMPs or DAMPs (Roach et al., 2005). Their activation mostly results in the recruitment of 

the adapter protein Myd88 (myeloid differentiation primary response gene 88), which calls for 

intracellular enzymes that initiate a cascade to activate the NF-kB (nuclear factor kappa-light-

chain-enhancer of activated B cells) pathway (Newton and Dixit, 2012). Interestingly, NF-kB 

is a "rapid-acting" primary transcription factor involved in the first response to harmful 

cellular stimuli. NF-kB nuclear translocation directly regulates the transcription of genes 

involved in immune responses, including pro-inflammatory cytokines such as TNFα, IL-1β, 

and type II interferon (IFNγ). In addition, alternative adaptor molecules resulted in transducing 

signals via a MyD88-independent pathway to express interferon (IFN)-inducible genes 

following TLR4 activation (Takeda and Akira, 2004; Kielian, 2006). After TLRs activation 

and transduction of inflammatory signals, the neural and humoral pathways provide direct 

input to the brain (Dantzer et al., 2008; McCusker and Kelley, 2013). In the neural pathway 

(also referred to as BBB-independent pathway), peripherally produced PAMPs and cytokines 

activate primary afferent nerves, such as the vagal nerves, during abdominal and visceral 

infections (Bluthe et al., 1994) and the trigeminal nerves during oro-lingual infections (Romeo 

et al., 2001). Indeed, pioneer studies found that LPS i.p. injection caused a rapid increase in c-

fos immunoreactivity, a marker of neuronal activation, within the primary and secondary areas 

of projection of the vagus nerve (Wan et al. , 1993). Similarly, the trigeminal nerve activated 

neurons within the hypothalamus known to control feeding behavior (Malick et al., 2001). 

Vagotomy experiments (i.e., surgically removing the vagus nerve) greatly reduced the 

sickness response to LPS indicating the vagal nerve as direct neural input of the infection to 

the brain.; however, the persistence of few signs of sickness suggested an additional pathway 

(Bluthé et al., 1996; Quan, 2008). Indeed, even after vagotomy, LPS i.p. injection increased 

IL-1β levels within the brain (Van Dam et al., 2000), likely related to the ability of the LPS to 

increase cytokine levels in circulating plasma (Gaykema et al., 2000; Hansen et al., 2000). In 

the humoral pathway (also referred to as BBB-dependent pathway), circulating PAMPs reach 

the brain at the level of the choroid plexus and the circumventricular organs where 

macrophage-like cells reside and express the TLRs (Quan, 2008). PAMPs bind to the TLRs, 

producing and releasing pro-inflammatory cytokines by macrophage-like cells (Newton and 

Dixit, 2012; Yang and Zhou, 2019). Since the circumventricular organs place outside the 

BBB, these cytokines reach the brain in different ways like volume diffusion in the 
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extracellular space (Vitkovic et al., 2000), cytokines transporters at the BBB (Banks, 2005), 

and IL-1 receptors located on perivascular macrophages and endothelial cells lining the brain 

vessels (Konsman et al., 2004). Although the prevalent concept that BBB disruption is 

essential to reach CNS, the non-disruptive BBB changes are evident underlying the BBB role  

as a signaling modulator within the neuro-immune crosstalk (Quan, 2008; Varatharaj and 

Galea, 2017; Banks, 2019). Finally, once peripheral factors and signals get into the brain, 

inflammatory signals are propagated by cytokine production from the immune brain resident 

microglia, principal players in neuroinflammation(McCusker and Kelley, 2013; Yang and 

Zhou, 2019). In this context, it is noteworthy that the hippocampus is a highly vascularized 

area in the brain, particularly in the SGZ, where neuronal, glial, and endothelial precursors 

divide into tight clusters associated with the vasculature (Palmer et al., 2000). In the so-called 

hippocampal vascular niche, microglia reside and act as a sensor of extrinsic cues under 

physiological and pathological conditions (Palmer et al., 2000; Leiter et al., 2016). 

1.3.2 Neuro-immune crosstalk in the adult neurogenic niche  

Glial cells constitute a significant fraction of the mammalian brain (Herculano-Houzel, 

2014) and, through their processes, interact with neurons, immune cells, and vasculature, 

mediating the neuro-immune crosstalk in the CNS (Figure 10). Glial cells include astrocytes, 

microglia, and oligodendrocyte lineage cells as their major components and play distinct roles 

under neuroinflammatory conditions (Yang and Zhou, 2019). In the adult hippocampal 

neurogenic niche, the largest niche-resident populations with immune properties are microglia 

and astrocytes (Barres, 2008; Russo et al., 2011; Lana et al., 2017; Yang and Zhou, 2019; 

Araki et al., 2020). 

Microglia are distinct from other brain cells because they embryonically derive from the 

mesoderm; specifically, immature macrophages located in the yolk sac enter the CNS during 

hematopoiesis, proliferate, and afterward, differentiate in microglia (Ajami et al., 2007; 

Ginhoux et al., 2010; Gomez Perdiguero et al. , 2015). Microglial cells are always active in 

“surveying” the adult neurogenic niche with their long and thin cellular processes 

continuously scanning the tissue microenvironment (Nimmerjahn et al., 2005). In the last 

years, a considerable interest increased in characterizing the molecular signature of microglia 

at the single-cell levels under healthy and disease conditions (Li et al., 2019a; Stratoulias et 
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al., 2019). Notably, DG microglia exhibit unique properties and heterogeneity compared with 

microglia in other brain areas (Jinno et al., 2007; Lana et al., 2017; Kreisel et al., 2019; Diaz-

Aparicio et al. , 2020; Tan et al., 2020). For example, DG microglia express unique 

transcriptome and exceptional responsiveness to VEGF, a well-known angiogenic and 

neurogenic factor in the DG (Kreisel et al., 2019). The transcriptome of VEGF-induced DG 

microglia showed upregulation of both anti-inflammatory/M2 (e.g., Axl, Clec7a, SPP1) and 

pro-inflammatory/M1 (e.g., IL1β, MHC class II, TNF, CD68) genes underlying a unique MG 

behavior to provide a suitable “neurogenic niche” for the development of newborn DG cells 

(Kreisel et al. , 2019). Notably, Sierra and colleagues revealed a unique phagocytic process of 

DG microglia, showing that the removal of apoptotic cells triggers neurogenic modulatory 

factors to maintain the homeostasis of the adult hippocampal neurogenic niche (Diaz-Aparicio 

et al., 2020). Indeed, knockout mice deficient for two phagocytic receptors, the purinergic 

receptor P2Y12 and the tyrosine kinases of the TAM family Mer (MerTK)/Axl. (i.e., P2Y12 

KO and MerTK/Axl KO mice models), exhibited disrupted adult hippocampal neurogenesis. 

Moreover, the secretome of DG phagocytic microglia reduces the production of newborn 

neurons (Diaz-Aparicio et al. , 2020). The intriguing results of Sierra’s group strengthen 

microglia as a sensor of DG parenchyma and local cell death to balance proliferation and 

survival in the adult DG neurogenic niche. 

Microglia are more sensitive to hazardous challenges; thus, they quickly and early activate 

in the timeline of inflammation, secreting inflammatory molecules to trigger astrocyte  

reactions. Activated microglia shows phenotypical characteristics like enlarged cell bodies, 

shorter, thicker, and more cellular processes, higher motility, and increased Iba-1 

immunoreactivity (Stence et al., 2001; Davalos et al., 2005; Nimmerjahn et al., 2005; Norden 

et al., 2016). Under pathologic conditions, astrocytes  contribute to innate and adaptive 

immune responses, and, similar to microglia, astrocytes undergo a significant transformation 

becoming reactive and displaying enlarged cytoskeleton, extended processes, increased GFAP 

expression, and glial scar formation (Ransohoff and Brown, 2012; Yang and Zhou, 2019; 

Zhou et al., 2019). Interaction, communication, and cooperation between microglia and 

astrocytes amplify the inflammatory signals to improve immune performance (Norden et al., 

2016; Lana et al., 2017; Liu et al. , 2020). Notably, the neuroinflammatory response is a 

complex cascade of molecular and cellular changes that also involve neurons. Interestingly 
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studies of Lana and coworkers focused on the cross-talk between microglia-astrocyte-neuron 

in the hippocampus under health and disease (Lana et al., 2021). In particular, they 

demonstrated that these triads are mainly present in the hilus of DG relating to the phagocytic 

process and that astrocytes and microglia differentially respond to the same insult in the three 

hippocampal areas (i.e., CA1, CA3, and DG) (Lana et al., 2017). Considering the neuro-glia-

immune crosstalk, also adult NSCs and neuronal lineage cells  express receptors and ligands 

related to the innate and adaptive immune responses, including TLRs, cytokine and chemokine 

receptors, major histocompatibility complex I (MHC I), cell adhesion molecules like cadherin 

and integrin (Rolls et al., 2007; Tran et al., 2007; Carpentier and Palmer, 2009; Covacu et al., 

2009). For example, the characterization of chemokine receptors CXCR4 and CCR2 in the DG 

revealed coexpression with several neural progenitors markers (i.e., nestin, TLX, and the 

Ki67) (Tran et al., 2007). Under pathological conditions, neural progenitor cells upregulate 

chemokine receptors to sense chemokines and differentiate properly for repair purposes (Tran 

et al., 2007). Moreover, adult hippocampal NSCs and progenitors also express TLR4 and 

TLR2 both in vitro and in vivo, giving them the ability to respond to LPS directly and other 

inflammatory ligands (Rolls et al., 2007; Covacu et al., 2009). For instance, TLR2-deficient 

mice have impaired adult hippocampal neurogenesis, whereas the absence of TLR4 resulted in 

enhanced NSC/progenitor proliferation and neuronal differentiation (Rolls et al., 2007). Both 

activation of TLR2 and TLR4 in NSCs and progenitor cells induced the NF-κB-mediated gene 

transcription via MyD-88-dependent and independent pathways. Therefore, adult neural stem 

and progenitor cells seem to adapt their proliferative and differentiation capabilities upon 

sensing inflammatory molecules through TLRs and via a cross-talk with immune-competent 

cells (Rolls et al., 2007).  

The detrimental effect of neuroinflammation on adult neurogenesis is well documented, 

although data on the cellular processes involved are still largely obscure. Ekdahl and 

coworkers (2003) demonstrated that activated microglia proliferate by intracortical infusion of 

LPS while BrdU-positive newborn neurons double-labeled for the neuron-specific marker 

NeuN decrease in the SGZ/GCL of adult rat hippocampus (Ekdahl et al., 2003). Remarkably, 

Monje and colleagues (2003) showed that even a single i.p. injection of LPS in adult rats 

induced an immune signaling cascade resulting in microglial activation and neurogenesis 

reduction by quantification of BrdU-positive cells that co-express the early neuronal marker 
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DCX in the SGZ/GCL (Monje et al. , 2003). Interestingly, both studies found a significant 

negative correlation between the number of activated microglia expressing ED1 marker (also 

referred to as CD68, a lysosome protein indicator for phagocytic activity) in the neurogenic 

zone and the number of BrdU-positive newborn neurons (Ekdahl et al., 2003; Monje et al., 

2003). These and other studies showed that LPS-derived inflammatory cascade inhibits 

neuronal maturation and survival rather than directly influencing the NSC proliferative 

activity (Monje et al., 2003; Bastos et al., 2008; Ekdahl et al., 2009). Nevertheless, Fujioka 

and Akema (2010) found that peripheral LPS administration quickly reduced the number of 

cells labeled with BrdU one day before sacrifice without affecting the number of BrdU 

proliferating cells labeled 7 or 28 days before and TUNEL positive apoptotic cells. These 

results suggested that LPS acutely suppresses neurogenesis in the adult DG by inhibiting 

neural precursors proliferation without enhancing cell death (Fujioka and Akema, 2010). In 

another study, Sierra and colleagues (2010) showed no significant NSC/progenitor 

proliferation changes either at 8 or 22 hours after LPS treatment. However, a decreased 

survival of 2-day-old IdU-positive cells (thymidine/BrdU analog) increased apoptosis and a 

concomitantly increased phagocytic activity by microglia (Sierra et al., 2010). Finally, LPS-

induced detrimental effect on hippocampal neurogenesis persists long-term upon a single i.p.  

LPS injection, including a decrease in the number of DCX-positive newborn neurons, their 

volume, and their dendritic spines, followed by spatial memory deficits (Valero et al. , 2014). 

Altogether, these conflicting data may result from many variables in the specific LPS-derived 

neuroinflammatory model used in the different studies: in particular, the route through which 

LPS reaches the brain tissue (systemic administration vs. intracerebral infusion), LPS bacterial 

serotype (from Escherichia coli to Salmonella typhimurium), protocols (single vs. multiple 

administration; different LPS doses), animal model (rat vs. mouse), murine strain and genetic 

background, as well as age and gender (Catorce and Gevorkian, 2016; Lopes, 2016; Erickson 

et al., 2018; Meneses et al., 2018). 
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Figure 10. A simplified schematic illustration of the neuro-immune crosstalk between neurons, 

astrocytes, and microglia in the CNS under physiological and pathological conditions. Healthy neurons can 

communicate and regulate the activation of their neighboring glial cells. Meanwhile, both astrocytes and 

microglia help maintain the neuronal activity and the homeostasis of adult neurogenesis (AN). Under various 

diseased conditions, this homeostasis is broken so that neurons lose their controlling ability and deliver damage 

signals to glial cells, which may exacerbate neuronal damage through inflammation. [modified from Tian L. et 

al., 2012] 
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1.3.2.1 Microglial cells activation and polarization 

The classical characterization of microglia by Pío del Río Hortega (1919) described 

microglia in two states: resting in the healthy CNS and activated in the diseased CNS (Sierra 

et al., 2016). Today, microglia are always active in a surveillance state, never in a quiescent or 

resting state, to play its central role of immune sentinel cell of the CNS. Therefore, the term 

“activation” simplifies the complex transformation of microglia featured by a range of many 

intermediate activated stages (Ransohoff, 2016; Prinz et al. , 2019). Nevertheless, two different 

categories of activated microglia still widely exist, referred to as M1/M2 microglial 

polarization. The M1 classical activation involves pro-inflammatory mediators (e.g., TNFα, 

IL-6, IL-1β, and IFNγ cytokines; iNOS enzyme; ROS molecules; MHC II, CD86 markers), 

whereas M2 alternative activation consists of anti-inflammatory ones (e.g., IL-4, IL-13, IL-10, 

TGF-β cytokines; Arg1 enzyme; YM1, FIZZ1 markers)(Orihuela et al., 2016; Ransohoff, 

2016). Taking advantage of single-cell advanced technologies (e.g., single-cell RNA-

sequencing [scRNA-seq], single-cell mass spectrometry [cytometry by time of flight, CyTOF],  

and two-photon microscopy), a high degree of microglial heterogeneity recently emerged 

throughout different brain regions, pre- and postnatal development, adult homeostasis , and 

distinct pathologies (Li et al., 2019a; Masuda et al., 2019; Priller and Prinz, 2019; Prinz et al., 

2019; Tan et al., 2020). 

Single intraperitoneal injection of moderate LPS (dose: 0.5 - 1 mg/kg) represents a broad 

and suitable model for understanding the basic timeline of neuroinflammation following 

microglial activation (Norden et al. , 2016). Microglia, firstly activated via TLR4 by LPS 

challenge, during the acute activation phase (at 2–4 h after LPS challenge), release 

proinflammatory mediators including IL-1β, TNF-α, and CCL2 (Norden et al. , 2016). Notably, 

in this phase, microglia also trigger an early and weak expression of the anti-inflammatory IL-

10 cytokine ready for the subsequent resolution phase. This early activated microglia still 

display a ramified and unchallenged morphology (Norden et al., 2016). Meanwhile, the 

activation of astrocytes to LPS via TLRs is almost dependent on the presence of microglia 

(Holm et al. , 2012; Liddelow et al. , 2017). Indeed, in the absence of functional microglia, 

astrocytes are quite incapable of responding to inflammatory mediators both in vitro and in 

vivo (Holm et al., 2012; Liddelow et al. , 2017). Following activation of reactive astrocytes to 
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microglia-released factors, astrocytes induce a cytokine expression without any apparent 

morphological alterations. Finally, this acute activation phase achieves individual sickness 

behavior during infection, displaying depressed locomotor activity, decreased exploratory, 

social, and sexual behavior, reduced food and water intake, and impaired learning and memory 

(Dantzer, 2001; Dantzer et al., 2008; Norden et al., 2016; Batista et al., 2019). 

Then, in the transition phase (Figure 11), by 12 h after LPS, the expression of anti-

inflammatory regulatory genes such as IL-4Ra, IL-10, YM-1 reaches a peak in microglia. At 

the same time, astrocytes display the highest level in the expression of pro-inflammatory 

cytokines and chemokines (e.g., IL-1β, CCL2, and TNF-α), but still without changes in their 

morphology. The acute activation and transition phases may correspond more generally to the 

classical activation/M1 state, where microglia potentiate phagocytic activity, increase the 

expression of many immune receptors. Moreover, in this phase, microglia increase phagocytic 

oxidase (PHOX), inducible nitric oxide synthase (iNOS), as well as the increased generation 

of nitric oxide (NO), the primary cytotoxic mediator in acute and chronic inf lammatory 

responses (Norden et al., 2016; Orihuela et al., 2016). 

Then, upon the inflammatory stimuli is over, a distinct molecular and cellular response 

attempts to restore tissue homeostasis. At this point, during the alternative activation/M2 state, 

microglia change their phenotype and promote the blockade of the immune response and the 

initiation of specific programs aimed at repairing the damaged tissue (Martinez et al., 2009). 

In this resolution phase (Figure 11), by 24–48 h after LPS, microglial pro-inflammatory 

cytokines and chemokines return to baseline levels, while the expression of some regulatory 

genes such as IL-10 and YM-1 remain at high levels. Interestingly, microglia-derived IL-10 

stimulates astrocytic TFG-β providing negative feedback on microglia, attenuating 

inflammation (Norden et al. , 2016). Thus, in the resolution of the inflammatory response, 

reactive astrocytes modulate microglial activation. For example, GABAergic astrocytes 

secrete GABA sensed by GABAceptive microglia, suppressing the reactive inflammatory 

response of astrocytes and microglia (Lee et al. , 2011). Moreover, many astrocytic-derived 

soluble factors regulate microglial levels of ROS preventing excessive inflammatory 

microglial responses (Min et al., 2006). Notably, inflammatory mediators account for trophic 

effects and tissue-remodeling functions, including remodeling of the extracellular matrix 
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(Dzyubenko et al. , 2018), angiogenesis (Muramatsu et al. , 2012), and in neural stem cell 

niches, adult neurogenesis (Battista et al., 2006; Mathieu et al., 2010; Araki et al., 2020). 

In conclusion, the response of glial cells to inflammatory stimuli is finely regulated by a 

well-timed synthesis of pro-inflammatory and anti-inflammatory molecules for an early 

response in the presence of insults before returning to a surveying stage as the immune 

emergency is over (Figure 11). Failure of such homeostatic mechanisms usually results in 

chronic neuroinflammation in which an excessive, prolonged, or asynchronous immune 

activation leads to severe pathological consequences, ranging from chronic pain and epilepsy 

to neurodegeneration and psychiatric disorders (Perry et al., 2007; Jha et al., 2012; Liaury et 

al., 2012; Perry and Holmes, 2014; Batista et al., 2019; Araki et al., 2020). 

 

 

Figure 11. Time course of microglial and astrocyte activation upon LPS-induced sickness behavior.  

The table summarizes the molecular and morphological alterations of microglia and astrocytes after the 

peripheral LPS challenge. Activation, transition, and resolution are the three phases illustrated. [modified from 

Norden et al., 2016]  
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1.3.2.2 Pro- and anti-inflammatory mediators  

Inflammatory mediators are pleiotropic and multifunctional; indeed, a dynamic and 

continuously shifting balance between pro-inflammatory cytokines and anti-inflammatory 

components exist (Mathieu et al., 2010; Yang and Zhou, 2019; Araki et al., 2020). 

Tumor necrosis factors (TNFs) are a family of cytokines known to cause apoptosis. 

Although TNF-α is overexpressed under inflammation and mainly acts like pro-inflammatory 

and neurotoxic cytokines, it is also present in the brain under healthy conditions. In the context 

of adult hippocampal neurogenesis, the effect of TNF-α in healthy and diseased conditions 

depends on the type of TNF receptors (TNF-Rs) involved (Pickering and O’Connor, 2007).  

For example, TNF-α produced by astrocytes enhances synaptic efficacy by increasing surface 

expression of AMPA receptors in both cultured hippocampal neurons and hippocampal slices, 

while a soluble form of TNF-R1 functions as a TNF-α antagonist (Beattie et al., 2002). Other 

reports demonstrated that the signaling through TNF-R1 abolishes neuronal progenitor 

proliferation and neurogenesis, whereas binding of TNF-α to TNF-R2 improves the 

proliferation and survival of newly formed hippocampal neurons (Cacci et al., 2005; Iosif et 

al., 2006). Moreover, blocking TNF-α by an antagonist antibody reduces the number of striatal 

and hippocampal neuroblasts generated after stroke, suggesting a possible neuroprotective 

action of TNF-α-mediated via TNF-R2 (Heldmann et al. , 2005). Exposure of hippocampal 

neural progenitor cells to TNF-α during differentiation but not proliferation leads to a 

detrimental neurogenic effect mediated through increased expression of Hes1, a transcription 

factor that negatively regulates neurogenesis by antagonizing pro-neuronal genes (Keohane et 

al., 2010). 

Interleukin-1 (IL-1) and its single receptor (IL-1R) are constitutively expressed in the 

hippocampus (Ban et al., 1991; Pickering and O’Connor, 2007). Similar to TNF-α, 

endogenous IL-1β shows physiological neuromodulator roles in the adult brain, positively 

modulating hippocampal LTP, learning, and memory processing (Schneider et al., 1998; 

Depino et al., 2004). However, in pathological conditions, DG progenitor cells highly express 

IL-1R that mediate the decrease of cell proliferation via the NFkB signaling pathway showing 

a critical role as an anti-neurogenic mediator (Ja and Duman, 2008). In vivo conditional loss-

of-function of MyD88 in nestin-positive hippocampal cells promotes astrogliogenesis through 
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the inhibition of TLR2 signaling only in the presence of sustained IL-1β expression. In 

contrast, MyD88 deficiency does not alter the cell fate in the absence of inflammation. These 

results show a MyD88-independent and indirect negative effect of sustained IL-1β on adult 

hippocampal neurogenesis (Wu et al., 2013). Finally, elevated levels of IL-1β in the bra ins of 

patients affected by neurodegenerative diseases alert the immune system. Indeed, in early 

amyloid pathogenesis, IL-1β overexpression reprograms the molecular and cellular profile of 

microglia in such a way to enhance amyloid plaque clearance (Rivera-Escalera et al., 2019). 

Interleukin-6 (IL-6) is a small multifunctional protein and is the ligand of membrane-

bound IL-6 receptor (mIL-6R) in the “classical signaling” or the soluble form IL-6 receptor 

(sIL-6R) in the “trans-signaling” (Gadient and Otten, 1997), and of the membrane-bound β-

subunit glycoprotein 130 (gp130), ubiquitously expressed (Wolf et al. , 2014). In the classical 

signaling, IL-6 binds to IL-6R and gp130 receptors leading to IL-6-signal transduction, which 

includes activation of JAK/STAT, ERK, and PI3K signal transduction pathways (Wolf et al., 

2014). sIL-6R is formed physiologically either by proteolysis of the extracellular domain of 

mIL-6R or by alternative splicing of the IL-6R mRNA (Wolf et al., 2014). In contrast to 

classical signaling with anti-inflammatory features, sIL-6R trans-signaling is responsible for 

the pro-inflammatory effects of IL-6 (Scheller et al. , 2011). This pleiotropic cytokine plays 

either detrimental and beneficial roles in various neurological conditions (Campbell et al., 

2014; Codeluppi et al., 2014; Rothaug et al. , 2016). In the GFAP-IL6 transgenic mouse model, 

astrocytes drive the production of IL-6, and GFAP-IL6 mice exhibit a localized 

neuroinflammatory and neurodegenerative disorder associated with a decreased adult 

hippocampal neurogenesis (Vallières et al. , 2002; Campbe ll et al., 2014). Blocking trans-

signaling via a soluble form of gp130 (sgp130) rescues neurogenesis (Campbell et al. , 2014). 

In spinal cord injury, IL-6 is beneficial for recovery after injury (Codeluppi et al., 2014). It 

seems that IL-6 plays different roles depending on the timeline of inflammation, localization, 

and production levels. Indeed, even though there is no serum circulating IL-6 after spinal cord 

injury, a high level of IL-6 mRNA was detected in astrocytes, neurons, and microglia, 

suggesting that these cells locally secrete IL-6 in the recovery phase (Codeluppi et al. , 2014). 

Moreover, IL-6 trans-signaling participates in a neuroprotective and pro-regenerative 

phenotype of repopulating microglia in hippocampal DG neurons (Willis et al., 2020). Finally, 

IL-6, as a neuro-immunoregulatory cytokine, modulates inflammatory mediators by inhibit ing 
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the effect of IFN-γ, IL-1β, and TNFα in glial cells (Shrikant et al., 1994; Van Wagoner et al., 

1999) and regulates hippocampal adenosine A1 receptors under excitotoxicity with a 

beneficial impact on neuronal survival (Biber et al., 2008). 

Interleukin-4 (IL-4) and its functional IL-4 receptor (IL-4R) are present on 

hippocampal DG GCs, and their activated signaling cascade exerts an anti-inflammatory effect 

by down-regulating both IL-1R and IL-1β expression (Nolan et al. , 2005). Interestingly, 

decreased hippocampal IL-4 concentration occurs in age-related and LPS-induced impairment 

of LTP, and the rescue of IL-4 levels results in the maintenance of LTP with beneficial 

cognitive functions (Nolan et al., 2005). Another study showed that vasoactive intestinal 

peptide (VIP), a neuropeptide released by DG interneuron, induces microglia-derived IL-4, 

promoting the proliferation of neuronal progenitors (Nunan et al., 2014). In Alzheimer’s 

disease APP1/PS1 mouse model, external and force expression of IL-4 into the hippocampus 

results in reduced glial activation, amyloid-β peptide oligomerization and deposition, and 

enhanced neurogenesis (Kiyota et al., 2010). By in vitro analysis on neural progenitor cells, 

IL-4 administration promotes a neuroprotective microglia phenotype that correlates with the 

down-regulation of TNF-α and the up-regulation of insulin-like growth factor 1 (IGF-1) 

signaling pathway (Butovsky et al., 2006). Interestingly, IL-4-stimulated microglia induce 

oligodendrogenesis, whereas IFN-γ-activated microglia promotes DG neurogenesis from adult 

NSCs/progenitor cells (Butovsky et al. , 2006). Finally, the hippocampal-BDNF-signaling 

pathway acts through IL-4R for successful learning and reference memory (Brombacher et al., 

2020).  

Transforming growth factor-β (TGF-β) is constitutively expressed at low levels in the 

adult CNS and up-regulated in glial cells under inflammatory conditions (Finch et al. , 1993). 

TGF-β acts as an anti-inflammatory cytokine that inhibits the synthesis of pro-inflammatory 

mediators such as TNF-α, prostaglandins , and NO, thus promoting the resolution of 

inflammation (Mathieu et al. , 2010). TGF-β is also an endogenous neurotrophic factor 

exerting neuroprotective roles (Boche et al. , 2003; Battista et al., 2006). TGF-β1 mRNA 

expression was reported to increase in response to signals from dying cells within the 

SGZ/GCL of hippocampal DG during aging, thus protecting neurons from the progression of 

the apoptotic cascade (Bye et al., 2001). Other studies demonstrated that TGF-β1 expression 
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levels are context-dependent, determining differential roles in adult hippocampal neurogenic 

niche from maintaining stem cell quiescence to neuronal differentiation, maturation, and 

survival of newborn neurons (Daynac et al., 2014; Kandasamy et al., 2014). Indeed, in the 

healthy DG, a persistent expression of TGF-β1 is required for homeostasis, while in the 

diseased or aged DG, elevated TGF-β1 levels induce cell cycle arrest, blocking proliferation 

and driving the disease/age-related declines in neurogenesis (Daynac et al., 2014; Kandasamy 

et al., 2014). Moreover, in animals deprived of their adrenal gland as a model to identify 

factors modulating neurogenesis, microglia activation occurs following a positive correlation 

between increased neurogenesis, activated microglia, and elevated TGF-β expression in the 

GCL of DG (Battista et al., 2006). Finally, in Alzheimer’s disease, the hyperphosphorylation 

of tau protein impairs the TGF-β signaling pathway, compromising its neuroprotective action 

and contributing to neurodegeneration (Baig et al., 2009). 

In conclusion, pro-and anti-inflammatory cytokines play differential roles in healthy and 

diseased brains. Their regulation is rigorously controlled, and their final positive or negative 

contribution to the neurogenic niche depends on their concentration, balance, the secreting-cell 

type, and the parallel action of other secreted factors in the microenvironment. 

1.3.3 Inflammation and neuroprotection 

Neuroprotection can be defined as the challenge to preserve cellular and molecular 

homeostasis in the brain, resulting in the overall maintenance of cognitive function 

(Ehrenreich et al., 2001). Neuroprotection implies protecting neural functions, preventing cell 

death, restoring functional activities in damaged neurons, and maintaining neuronal numbers 

(Ehrenreich et al., 2001). Two categories of neuroprotection mainly exist prophylactic and 

therapeutic. Prophylactic neuroprotection means the prevention of functional loss before it 

occurs. Therefore, this prevention depends on the knowledge and identification of 

predictors/risk factors (e.g., genetic or environmental) about the pathogenesis of brain 

dysfunction to modulate the disease-related signaling pathways. On the contrary, therapeutic 

neuroprotection acts when the damage is ongoing and promotes safeguard and recovery of 

remained functions as much as possible (Ehrenreich et al., 2001). An example of endogenous 

neuroprotection happens in the “preconditioning or tolerance” phenomenon, which was 

introduced firstly in 1964 by Janoff (Janoff, 1964). This term indicates a weak stimulus 
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resulting in protection against more deleterious secondary insults. Indeed, the first insult below 

the threshold primes the system and reprograms an adaptive response involving multiple genes 

of cellular defense/survival strategies (Stenzel-Poore et al. , 2007). In the endotoxin (e.g., LPS) 

preconditioning, repeated low-dose exposures to endotoxins lead to neuroprotective function 

characterized through a unique microglia phenotype leading to enhanced anti-inflammatory 

function or repair allowing protection from the hyper-inflammatory conditions associated with 

CNS injury (Rosenzweig et al. , 2007; Chen et al., 2012; Schaafsma et al., 2015; Norden et al., 

2016). 

Endogenous neuroprotection naturally occurs in the local synthesis of steroids by the 

brain. Indeed, the brain is a steroidogenic organ as it expresses all the molecules and enzymes 

necessary for converting cholesterol into steroids, such as progesterone, testosterone, and 

estradiol (Arevalo et al., 2015). These neurosteroids regulate different neurobiological 

processes and physiological parameters, such as cognition, stress and anxiety, body 

temperature, blood pressure, feeding, and sexual behaviors. Moreover, neurosteroids provide 

endogenous neuroprotective cues in different animal models of neuroinflammation, 

neurodegeneration, cognitive decline, and mood disorders (Garcia-Segura and Balthazart, 

2009; Arevalo et al. , 2015). Among steroidal hormones, estrogens play a pivotal role in CNS 

as neuroactive, neurotrophic , and neuroprotective hormones (Behl, 2002; Bustamante-

Barrientos et al., 2021). Endogenous estrogens are cholesterol-derived sex hormones 

consisting of one benzene ring, a phenolic hydroxyl group, and a ketone group (estrone, E1), 

or one (17β-estradiol, E2), two (estriol, E3), or three (estretrol, E4) hydroxyl groups; 17β-

estradiol/E2 is the most prevalent and potent form of circulating estrogen, also in human 

(Behl, 2002). Extra-gonadal sites of estrogen biosynthesis exist, and in the CNS, astrocytes, 

neurons, and ependymal cells can synthesize estradiol (Acaz-Fonseca et al., 2014; Larson, 

2018). Notably, ER ligands consist of five main categories: endoestrogens, phytoestrogens 

(non-steroidal compounds produced by plants like isoflavones), xenoestrogens (non-natural 

synthetic chemical compounds with estrogenic effects like bisphenol-A), selective estrogen 

receptor modulators (SERMs, like tamoxifen), and metalloestrogens ( inorganic compounds in 

the form of heavy metal ions like aluminum, Al
3+

) (Fuentes and Silveyra, 2019). Binding to 

estrogen receptors (ERs), ERα and ERβ, and G-protein coupled ER1 (GPER1), inducing a 

direct or indirect genomic signaling to change the expression pattern of several genes (Figure 
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12) (Fuentes and Silveyra, 2019). In the direct genomic signaling, once activated, classical 

ERs dissociate from heat shock protein, dimerize, translocate to the nucleus, inducing 

transcriptional changes in estrogen-responsive genes to induce/repress transcription. In the 

indirect genomic signaling, the membrane-bound receptor GPER1 induces cytoplasmic events 

such as modulation of membrane-based ion channels, second-messenger cascades (such as 

CREB, MAPK, and PI3K), and transcription factors. Moreover, ligand-independent ER 

signaling also exists (Figure 12), mainly activated by phosphorylation on specific residues 

(e.g., serine and tyrosine) in the receptors themselves or their association with coregulators , 

integrators of signals controlling gene expression and transcriptional activity. The ER-

independent mechanism needs many regulatory molecules, including kinases (e.g., PKA, 

PKC, MAPK), inflammatory cytokines (e.g., interleukin-2), cell adhesion molecules (e.g., 

heregulin), cell cycle regulators (e.g., RAS p21 protein activator) (Fuentes and Silveyra, 

2019). 

Several reports demonstrated that estrogenic compounds play critical roles in brain 

homeostasis, particularly in neurogenesis, gliogenesis, and regulation of the 

neuroprotection/neurodegeneration balance (Tanapat et al. , 2005; Hajszan et al., 2007; Barha 

et al., 2009; Mahmoud et al., 2016; Larson, 2018; Bustamante-Barrientos et al., 2021). Finally, 

evidence of the distribution of ERα, ERβ, and GPER1 in the adult DG highlighted the 

estrogenic effects on adult DG neurogenesis. Indeed, by in situ hybridization, detection of 

ERα and ERβ mRNA occurs on proliferating (i.e., Ki-67+) and differentiating cells of 

neuronal phenotype (i.e., DCX+) in the SGZ/GCL of adult DG in rats (Isgor and Watson, 

2005). Moreover, BrdU-labelled cells showed protein expression of ERα and ERβ in the 

SGZ/GCL of rats treated with estradiol (Perez-Martin et al. , 2003). Finally, NSC from the 

embryonic and adult brains are immunoreactive for both ERα and ERβ, and western blot and 

RT-PCR analyses confirmed the presence of ERs in adult NSCs in rat hippocampus 

(Brännvall et al., 2002). GPER-expressing cells are also localized in the SGZ/GCL of adult 

DG (Brailoiu et al., 2007; Duarte-Guterman et al., 2015; Waters et al., 2015). 
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Figure 12. Genomic and non-genomic estrogen signaling pathways. There are different estrogen-

mediated signaling mechanisms. (1) Direct genomic signaling: estrogen binds to ERs. (2) Indirect genomic sig- 

naling. (3) ER-independent: estrogen exerts antioxidant effects in an ER-independent manner. (4) Estrogen 

independent: ligand-independent genomic events. [modified from Fuentes & Silveyra, 2019] 
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1.3.3.1 Selective estrogen receptor modulators (SERMs) 

The selective estrogen receptor modulators (SERMs) represent one of the five categories 

of ER ligands (Fuentes and Silveyra, 2019). SERMs are born for clinical use since mimicking 

estrogenic properties but avoiding the endoestrogen-derived actions within reproductive 

organs, such as the estrogen-like stimulation of the uterus and its relation with endometrial and 

breast cancer risk (Bryant, 2002; Martinkovich et al., 2014). SERMs show functional duality 

acting as estrogen agonists or estrogen antagonists in a tissue-specific manner (Bryant, 2002; 

Martinkovich et al. , 2014). Moreover, their distinct profiles depend on the tissue-specific 

expression of ER subtypes (i.e., ERα, ERβ, and GPER), differential ERs conformational 

changes induced by ligand binding, and diversified tissue-specific recruitment to ER of co-

activators and co-repressors (Martinkovich et al., 2014). Tamoxifen is one of the most 

important SERMs. It is a first-generation, approved by the Food and Drug Administration 

(FDA) in 1977 as a pioneering drug for treating and preventing women with ER-positive 

breast cancer (Jordan, 2003). Indeed, tamoxifen acts as an antagonist in breast tissue 

representing the selected treatment for ER-positive breast, reducing cancer cell proliferation 

through NCoR and SMRT co-repressor proteins (Jordan, 2003; Martinkovich et al. , 2014). On 

the other hand, tamoxifen acts as an estrogen agonist on the reproductive, skeletal, 

cardiovascular, and CNS systems (Riggs and Hartmann, 2003). Notably, in the CNS, 

tamoxifen exerts neuroprotective actions in different animal models of neural dysfunction 

such as traumatic spinal cord injury, cranial irradiation, stroke, experimental autoimmune 

encephalomyelitis (EAE) model for multiple sclerosis, Parkinson’s and Alzheimer’s disease 

model, cognitive and mood disorders like anxiety and depression (DonCarlos et al., 2009; 

Arevalo et al. , 2011, 2012, 2015; Acaz-Fonseca et al., 2014; Baez-Jurado et al. , 2019). 

Tamoxifen can cross the BBB and distribute into brain tissues binding to ERs with high 

affinity (Lien et al. , 1991; Pareto et al., 2004). Tamoxifen-dependent brain protection ensues 

by reducing the neuroinflammatory responses (Tian et al. , 2009; Franco Rodríguez et al., 

2013; Wang et al. , 2017); by repairing demyelinated lesions through the induction of 

oligodendrocyte progenitors differentiation (Gonzalez et al., 2016); by reducing lipid 

peroxidation, ROS production and ROS-mediated mitochondrial dysfunctions (Moreira et al., 

2005; Zhang et al., 2007); by directly inhibiting microgliosis and astrogliosis (Barreto et al., 

2009; Arevalo et al., 2012; Colón and Miranda, 2016); and, by decreasing the infiltration of 
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leukocytes into injury zone (Wei and Ma, 2014). Tamoxifen acts as a “therapeutic” 

neuroprotective action with various beneficial effects on learning and memory. For example, 

in the experimental subarachnoid hemorrhage (SAH) model produced by needle insertion into 

the brain to generate an aneurysm, tamoxifen showed anti-inflammatory effects promoting 

neurological function and behavioral recovery after SAH (Sun et al. , 2013). In particular, by 

western-blot analysis, tamoxifen inhibits protein levels of TLR4, NF-κB, and intercellular 

adhesion molecule-1 (ICAM-1); and, by ELISA assay, tamoxifen decreases the concentration 

of downstream molecules such as IL-1β, TNF-α, IL-6 in the rat brain after SAH (Sun et al., 

2013). Notably, tamoxifen develops a better performance in morris water maze (MWM) trials, 

indicating that downregulation of TLR4/NF-κB signaling improves the SAH-induced spatial 

working memory dysfunction (Sun et al., 2013). Similarly, microglia and astrocytes express 

TLR4 on their plasma membrane, and upon LPS-derived neuroinflammation, tamoxifen 

inhibits the LPS/TLR4/NF-kB- induced transcription of pro-inflammatory chemokines and 

cytokines, and thus the reactive phenotypes of glial cells (Ghisletti et al. , 2005; Suuronen et 

al., 2005; Tapia-Gonzalez et al. , 2008; Barreto et al. , 2009; Cerciat et al. , 2010; Arevalo et al., 

2011, 2012). 

Finally, tamoxifen is a classic “pro-drug” and thus requires metabolic activation to elicit 

pharmacological activity. By the action of the cytochrome P450 enzyme in the liver, active 

metabolites derived, including N-desmethyl-tamoxifen (NDM), 4-hydroxy-tamoxifen (4-OH-

Tam), tamoxifen-N-oxide, a-hydroxy-tamoxifen, and N-didesmethyl-tamoxifen (Goetz et al., 

2008; Valny et al., 2016; Jahn et al., 2018). Moreover, tamoxifen and its active metabolites 

bind to ERs with different affinities; for example, 4-OH-Tam possesses a much higher affinity 

for ERs and is 30- to 100-fold more potent than tamoxifen (Goetz et al., 2008; Valny et al., 

2016; Jahn et al. , 2018). They also show different pharmacokinetic profiles depending on the 

single or multiple tamoxifen administration and its concentration (Goetz et al. , 2008; Valny et 

al., 2016; Jahn et al. , 2018). In conclusion, tamoxifen pharmacology in the brain depends on 

many factors ranging from cell-type-specific ERs expression, CNS pathology to hepatic 

cytochrome enzyme activity. 
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1.3.3.2 Tamoxifen activation of Cre-Lox system and its possible side effects  

Several reports investigated the pharmacokinetics and metabolism profile of tamoxifen in 

adult mouse brains in the last years. Indeed, the knowledge of tamoxifen metabolism is of 

great importance for genetic fate-mapping studies using the tamoxifen-inducible Cre-loxP 

system, a molecular technique that controls site-specific DNA recombination in different 

regions of the brain (Valny et al., 2016; Jahn et al., 2018). Different protocols of tamoxifen 

administration for inducible DNA recombination showed that after a single intraperitoneal 

(i.p.) injection, the bioactivity of tamoxifen and its metabolites are between 4 and 24 hours 

post-injection. In contrast, after repeated injections over three consecutive days, the peak 

concentration in the brain happens from 4 hours up to 5 days later. In general, minor and 

irrelevant levels of all metabolites were measured after one week (Valny et al. , 2016; Jahn et 

al., 2018). Considering the prominent role of tamoxifen as an activator of the Cre-LoxP 

system and as an ER-agonist in the brain resulting in therapeutic neuroprotection, some reports 

investigated the basal effects of tamoxifen under physiological conditions in animal studies. 

Chen and colleagues (2002) investigated the effect of tamoxifen (Tam) on spatial information 

in mice by morris water maze (MWM) testing after a single i.p. injection of tamoxifen at the 

doses of 1–10 mg/kg in female SWISS mice (age not indicated). This study demonstrated that 

Tam-treated mice (i.p., 30 min before test) have no apparent effects on learning but induces a 

significant impairment in memory retrieval, in which adult hippocampal neurogenesis is 

critically involved (Chen et al. , 2002). Afterward, Vogt and colleagues (2008) investigated the 

consequences of tamoxifen-dependent inducible Cre-LoxP protocol on mouse behaviors; 

specifically, C57BL/6 male mice (8 weeks-age-old) were i.p. injected twice a day with 100 μl 

(i.e., 1 mg/day) for 5 consecutive days. After a latency period of 4 weeks, mice performed 

MWM, T-maze, and Fear conditioning tests displaying regular locomotion, exploration, 

anxiety-related behavior, learning, and memory. However, the Forced swim test data showed a 

significant increase in depression-like despair behavior even 4 weeks after tamoxifen 

treatment (Vogt et al., 2008). These results do not exclude earlier but transient effects during 

or immediately after the treatment period of tamoxifen, as observed after 30 min by Chen 

(Chen et al. , 2002). More recently, another group investigated the sub-acute impact of short-

term tamoxifen administration on adult hippocampal neurogenesis and behavior, testing the 

open field, the elevated plus-maze, and the MWM tasks (Rotheneichner et al. , 2017). This 
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study exploited 5 month-old nestin-CreERT2/R26R-YFP transgenic mice in which tamoxifen 

(100mg/kg bodyweight; 10mg/ml stock solution) was daily i.p. injected daily for 5 days in 

parallel to BrdU injections (50mg/kg bodyweight; 10mg/ml stock solution). Saline and corn-

oil vehicle were used as controls. Behavioral tests were performed from day 8 to 12, and 

cellular analysis occurred after a latency time of 10 days from the last injection of tamoxifen 

(Rotheneichner et al., 2017). Behavioral analyses showed no significant differences between 

groups. No differences occurred by the quantification of cell proliferation (PCNA+ cells), cell 

survival (BrdU+ cells), and dendritic arborization (DCX+ cells), as well as by cellular analysis 

on fate and maturation rate of the newborn neurons (%DCX+/BrdU+, DCX+NeuN+/BrdU+, 

and NeuN+/BrdU+ cells) within the SGZ/GCL of adult DG. Thus, from this study, the use of 

tamoxifen to induce the Cre/loxP system shows no persisting effects on adult hippocampal 

neurogenesis and behaviors (Rotheneichner et al., 2017). However, it is noteworthy that adult 

hippocampal neurogenesis changes rapidly during aging with a substantial decline in 5-6 

month-old mice (Kuhn et al. , 1996, 2018; Ben Abdallah et al., 2010; Seib and Martin-Villalba, 

2015). This timeline of neurogenesis results in widely used 2-3 month-old mice, named 

young-adult mice, in adult hippocampal neurogenesis studies. Therefore, considering the early 

age-related decline of neurogenesis, the study of Rotheneichner (2017) showed a critical 

aspect in using 5-month middle-aged mice. 

Adverse effects of tamoxifen on adult neurogenesis and behaviors have been recently 

reported using inducible Cre/loxP protocol in adult mice. For example, Li X. and colleagues 

(2019) investigated tamoxifen acute and chronic effects on three different depression mouse 

models (i.e., social defeat/learned helplessness/isolation models). C57BL/6 male mice 

received a single Tam i.p. injection (75 mg/kg/day) once a day for 7 days starting at 8 weeks-

age-old (Li et al., 2019b). Behavioral tests followed 3 days after the last injection and showed 

that tamoxifen could alter locomotor activity in the open field test (i.e., decrease in the 

velocity, vertical movement number, and vertical movement time). Moreover, data from the 

elevated plus-maze test (i.e., lower total distance traveled, less open arm time , and fewer open 

arm entries) and the forced swimming test (i.e., less immobility time) revealed increased 

anxiety and anti-depressive behavior (Li et al. , 2019b). To analyze the chronic effects of 

tamoxifen, mice underwent behavioral tests after 4 weeks from the last injection. They showed 

a more depressive behavior spending more immobility time in the forced swimming test, while 
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tamoxifen slightly influenced locomotor activity, social interaction, and anxiety (Li et al., 

2019b). Another study revealed the long-lasting adverse effects of tamoxifen in pre and 

postnatal neurogenesis (Lee et al., 2020). Interestingly, a single prenatal exposure to tamoxifen 

dramatically changes the genomic profile of cells in the cerebral hemisphere and has a long-

lasting impact on cortical neurogenesis, patterning, and neural circuit formation in per inatal 

and postnatal offspring (Lee et al., 2020). Moreover, considering the adult mouse brain, 3- to 

4-week-old C57BL/6 male mice were i.p. injected with tamoxifen (2 mg/animal/day) once a 

day for 5 consecutive days. After a latency period of 5 days from the last injection, tamoxifen 

significantly reduced the number of BrdU- and Ki67-labeled proliferating cells both in the 

SVZ and in the DG (Lee et al., 2020).  

In conclusion, although these reports above employed different protocol designs, side 

effects of tamoxifen treatment emerged in healthy mice underlying that care must be taken 

when using the Tam-induced CreER/LoxP system for neural lineage tracing and genetic 

manipulation studies. Notably, the study reported in Chapter III of this thesis adds another 

piece of the puzzle, investigating the anti-inflammatory and neuroprotective effects of 

tamoxifen pretreatment on adult hippocampal neurogenesis in LPS-induced 

neuroinflammation mouse models. 
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Aim of the study 

In the last years, the research on neuroinflammation and neuroprotection is driving the 

efforts of many scientists to figure out the complex molecular and cellular mechanisms 

underlying the immune-to-brain communication and the neuro-to-gliogenesis balance within 

the adult hippocampal neurogenic niche. Until now, significant evidence emerged to give a 

better and broader framework of the process of adult hippocampal neurogenesis under 

physiological and pathological conditions. However, the mechanisms which regulate the 

crosstalk among cell-intrinsic/-extrinsic cues, neuroinflammation/neuroprotection, adult 

neurogenesis/gliogenesis are still largely unknown. 

To address this issue, I developed and characterized a mouse model of neuroinflammation 

by peripherally injecting the endotoxin lipopolysaccharide (LPS) to study the outcomes at the 

molecular and cellular level, focusing on the adult neurogenic niche of the hippocampal 

dentate gyrus. 

To the best of my knowledge, few data exist on cell-intrinsic factors that drive the early 

cell-fate decision of adult hippocampal NSCs under neuroinflammation; here, I chose to focus 

on the transcription factor COUP-TFI that was found to be involved in the development of the 

hippocampal formation and is highly expressed in the adult dentate gyrus, including in the 

neural progenitor cells. Thereby, a key question of my thesis was to investigate COUP-TFI as 

a potential cell-intrinsic regulator of adult neurogenesis to understand its function in the 

healthy tissue and upon neuroinflammation. A second main focus of my thesis was on the 

effects exerted by tamoxifen, a molecule widely used in association with inducible CreERT2-

LoxP mouse technology, to study the dynamics/potential of adult neural stem cells and whose 

anti-inflammatory/neuroprotective function could impact on the regulation of adult 

neurogenesis. 

Specific aims of this thesis were: 

1) Understand if the transcription factor COUP-TFI is involved in the regulation of adult 

DG neurogenesis and unravel its implication in inflammatory conditions 
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2) Define if and how tamoxifen treatments interfere with the process of adult 

hippocampal neurogenesis in healthy conditions and upon LPS-induced neuroinflammation 

3) Unravel the role of microglia in the DG neurogenic niche response to LPS and 

tamoxifen treatments  
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          CHAPTER II
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2 COUP-TFI is a key regulator in the 

neurogenesis/astrogliogenesis balance within the 

adult DG hippocampus with relevant implications 

upon neuroinflammation 
 

In this chapter of my thesis, I describe the results obtained from the investigation of the 

expression and function of COUP-TFI in the adult DG neurogenic niche upon 

neuroinflammation. To this aim, I exploited a mouse model of neuroinflammation by 

intraperitoneally injecting the E. Coli-derived lipopolysaccharide (LPS) to induce an acute 

neuroinflammatory status in the adult mouse brain, involving the microglia reaction and 

affecting the neuro/astrogliogenesis balance in the adult DG. First, I showed the efficacy of the 

LPS-induced neuroinflammation model by the occurrence of an inflammatory response at the 

molecular and cellular level in the adult hippocampus. Next, I demonstrated that COUP-TFI 

levels were downregulated upon induced neuroinflammation, followed by increased 

astrogliogenesis. To understand whether COUP-TFI was directly involved in the cellular 

response to neuroinflammation, I manipulated its expression by targeting mitotic progenitors 

through loss- and gain-of-function experiments in vivo. Using a retroviral-based approach, 

coupled to genetic fate mapping, I found that COUP-TFI deletion in adult DG neural 

progenitors impairs neurogenesis and increases astrogliogenesis, indicating a switch of neural 

progenitors toward an astrocyte cell lineage. Finally, by complementary gain-of-function 

experiments, I showed that COUP-TFI overexpression in mitotic progenitors was sufficient to 

repress astrogliogenesis and, importantly, to rescue neurogenesis during neuroinflammation. 

Altogether, these data unravel COUP-TFI as a critical transcriptional regulator in the choice 

between neuro/astrogliogenesis within the healthy and inflamed adult hippocampus. The 

results described in this chapter are part of a publication, inserted as an appendix of this thesis  

(Bonzano, Crisci, et al., 2018). 
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2.1 Introduction 

Neurons and glial cells originate from neural stem cells (NSCs) found throughout the 

developing brain but persist only into restricted neurogenic niches of the mature brain during 

adulthood, where adult neurogenesis occurs. The subgranular zone (SGZ) of the hippocampal 

dentate gyrus (DG) is one of such neurogenic niches (Ming and Song, 2011; Kempermann et 

al., 2015). In the mouse DG, adult NSCs in the SGZ are composed of radial glia-like (RGL) 

and horizontal Type-1 cells, which are early precursor cells largely quiescent. When activated, 

NSCs can divide to self-renew and/or give rise to intermediate progenitors (IPCs or Type-2 

cells) (Song et al., 2012), which exhibit limited rounds of proliferation before generating 

neuroblasts (Type 3 cells) (Berg et al. , 2015). Only a small subset of these neuroblasts survive, 

exit the cell cycle, and eventually mature to become granule neurons in the DG (Kempermann 

et al., 2003; Lugert et al. , 2012; Bond et al. , 2015). Functional studies showed that adult DG 

neurogenesis is critical for multiple hippocampus-dependent cognitive skills, including 

learning and memory (Deng et al., 2010; Sahay et al., 2011; Christian et al., 2014). Alongside 

neurogenesis, adult NSCs also generate a small but significant astrocyte amount (Steiner et al., 

2004; Suh et al., 2007; Bonaguidi et al. , 2011; Dranovsky et al. , 2011; Encinas et al., 2011). 

Genetic and molecular programs tightly control adult neurogenesis and astrogliogenesis in the  

adult DG neurogenic niche. However, additional regulatory cell-extrinsic factors influence 

these processes either by promoting or suppressing the activity of NSCs and by affecting the 

generation of new neurons and/or astrocytes (Aimone et al., 2014). Interestingly, running 

enhances DG neurogenesis and astrogliogenesis (Steiner et al. , 2004), whereas pathological 

conditions, such as inflammation, lead to NSC dysfunction, altering the neuron/astrocyte 

production rate in favor of astrocytes (Wu et al., 2012; Woodbury et al., 2015). Despite the 

identification of many endogenous and exogenous regulators, the cell-intrinsic fate-

determining factor(s) guiding the choice between neuronal versus astrocytic fate in adult 

hippocampal neural stem/progenitor cells remains to be fully identified. Thus, the first intent 

of my Ph.D. project aims to investigate the possible involvement of the transcription factor 

COUP-TFI in the regulation of DG NSCs/progenitors fate-choice.  

COUP-TFI belongs to the chicken ovalbumin upstream promoter transcription factors 

(COUP-TFs), originally found to regulate the expression of the chicken ovalbumin gene by 
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specifically binding to its promoter (Pastorcic et al., 1986; Sagami et al., 1986). COUP-TFs 

are also named “NR2F” for subfamily 2 group F members of the steroid thyroid hormone 

superfamily of nuclear receptors (Auwerx et al., 1999) and defined as “orphan” receptors since 

no specific physiological ligand has been characterized so far. In vertebrates, two COUP-TF 

homologs have been identified, COUP-TFI (EAR3) (Miyajtma et al. , 1988) and COUP-TFII 

(ARP-1) (Ladias and Karathanasis, 1991), also known as nuclear receptor 2 family 1 and 2 

(NR2F1 and 2) (Tsai and Tsai, 1997). Among COUP-TFs, COUP-TFI shows the highest 

expression in the nervous system, acting as a transcriptional regulator both inducing and 

repressing target gene transcription (Pereira et al. , 2000). During brain development, COUP-

TFI is involved in several processes, including (i) the regulation of neuroblast migration 

(Adam et al., 2000; Alfano et al., 2011; Touzot et al., 2016; Parisot et al., 2017) , (ii) directing 

axonal elongation and arborization (Qiu et al. , 1997; Adam et al. , 2000; Armentano et al., 

2006), (iii) controlling identity and temporal competency of neuronal progenitor cells (Faedo 

et al., 2008; Naka et al., 2008; Okano and Temple, 2009; Naka-Kaneda et al., 2014), and (iv) 

establishing area-specific identity in progenitors and neurons (Armentano et al. , 2007; 

Tomassy et al. , 2010; Alfano et al., 2014; Harb et al., 2016). Moreover, COUP-TFI is involved 

in developing hippocampal formation, controlling its anatomical and functional properties 

(Flore et al. , 2017; Parisot et al. , 2017). Indeed, COUP-TFI loss-of-function during early 

developmental stages results in dysmorphic hippocampus along its dorsal-to-ventral axis 

(Flore et al., 2017) and the abnormal formation/morphogenesis of the postnatal DG (Parisot et 

al., 2017), ultimately leading to spatial memory deficits (Flore et al., 2017). Importantly, in 

humans, the haploinsufficiency of COUP-TFI leads to the Bosch-Boonstra-Schaaf optic 

atrophy-intellectual syndrome (BBSOAS), a rare autosomal-dominant disorder characterized 

by multiple clinical features that include global developmental delay, mild-to-severe 

intellectual disability, optic nerve atrophy, seizures, and autism spectrum disorder (ASD) (Al-

Kateb et al., 2013; Bosch et al., 2014; Bertacchi et al., 2019). 

Notably, COUP-TFI continues to be highly expressed in the adult brain, including the 

neurogenic niches (Dye et al., 2011; Bovetti et al. , 2013; Llorens-Bobadilla et al., 2015). In the 

SGZ/GCL of young adult mice (i.e., 2 to 3 month-old mice), COUP-TFI-immunopositive 

nuclei are observed among NSCs and throughout the neurogenic lineage, although at different 

levels (RGLs 60/70%; Type 1 cells <80%; Type 2 cells <90%; Type 3 cells, and 
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immature/mature granule neurons =100%), implying a tight regulation for this transcription 

factor in different cellular components of the adult DG niche (Figure 1). These observations 

placed the starting point of my research project on the functional role of COUP-TFI in the 

adult hippocampal NSCs.  

 

 

Figure 1. COUP-TFI is expressed in NSC/progenitor cells and in the neurogenic lineage of the adult 

hippocampus. (A) Schematic drawing of a coronal section of an adult mouse brain. The box indicates the 

hippocampus (HP), where COUP-TFI immunostaining is shown. (B) Confocal images of COUP-TFI+ cells (red) 

in an adult DG section counterstained with DAPI (white). Scale bar, 50 µm. (C) Schema illustrating COUP-TFI 

protein expression (in percentage) in different cell types of the adult DG.  
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2.2 Materials and methods 

2.2.1 Animals and housing conditions 

Adult C57BL/6J wildtype mice (2-month-old male mice; Charles River) were used for the 

analysis of COUP-TFI mRNA expression and immunofluorescence in the adult hippocampal 

neurogenic niche once evaluated the efficacy of the LPS-induced neuroinflammatory model in 

the same animals. To study the specific role of COUP-TFI in progenitors and their 

descendants in adult hippocampal neurogenic niches in vivo, COUP-TFIwt/wt;R26-YFP+/+ 

(Ctrl
RV-Cre

), COUP-TFIfl/fl;R26-YFP+/+ (COUP-TFI-cKO
RV-Cre

), and hCOUP-TFI+/wt;R26-

YFP+/+ (COUP-TFI-O/E
RV-Cre

) mice were used for loss- and gain-of-function experiments 

obtained by RV-Cre stereotaxic injections within the adult DG. For inactivation of COUP-TFI, 

COUP-TFIfl/fl animals, in which exon 3 of COUP-TFI gene is flanked by loxP sites 

(Armentano et al. , 2007), were bred with Rosa26-floxed stop-YFP reporter mice (Srinivas et 

al., 2001) to generate COUP-TFIfl/fl;R26-YFP mice, which were homozygous for COUP-

TFIfl/fl and R26-YFP. For overexpression of COUP-TFI, hCOUP-TFI+/wt animals, wherein 

CAG-S-hCOUP-TFI allele is silent due to a floxed STOP cassette inserted between the 

promoter and the transgene (Wu et al., 2010), were bred with Rosa26-floxed stop-YFP reporter 

mice to obtain hCOUP-TFI+/wt;R26-YFP+/+ mice. Control mice were obtained by breading 

Rosa26-floxed stop-YFP reporter mice with COUP-TFIwt/wt mice, in which both alleles for 

COUP-TFI were wildtype to obtain COUP-TFIwt/wt; R26-YFP+/+ mice. All mouse lines 

were maintained in a C57BL/6J genetic background and were 8-12 weeks old at the onset of 

the experiments. Both male and female transgenic mice were included in the analysis of 

COUP-TFI deletion/overexpression.  

All mice were housed in standard cages (n=2-4 mice/cage) under a 12 h light/dark cycle 

with access to food and water ad libitum. All procedures were conducted in accordance with 

the Guide for the Care and Use of Laboratory Animals of the European Community Council 

Directives (2010/63/EU and 86/609/EEC) and approved by local bioethics committees, the 

Italian Ministry of Health, and the French Ministry for Higher Education and Research. 
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2.2.2 Genotyping 

The PCR primers used for genotyping are the following: R1 (5’-

AAAGTCGCTCTGAGTTGTTAT-3’), R2 (5’-GCGAAGAGTTTGTCCTCAACC-3’), and 

R3 (5’-GGAGCGGGAGAAATGGATATG-3’) for Rosa26-floxed stop-YFP; ARM-5-3’ (5’-

CTGCTGTAGGAATCCTGTCTC-3’), and EX-3-5’ (5’-AATCCTCCTCGGTGAGAGTGG-

3’) for COUP-TFI; Tg forward (5’-GCTTTCTGGCGTGTGACC-3’), and Tg reverse (5’-

ATTAAGGGCCAGCTCATTCC-3’) for CAG-S-hCOUP-TFI. 

2.2.3 LPS treatments 

To induce a cellular/molecular cascade able to initiate an inflammatory response, the 

E.coli-derived lipopolysaccharide (LPS, SIGMA, L2880) was dissolved in a sterile 

physiological solution and injected intraperitoneally into adult mice for either 1 or 4 

consecutive days at the dose of 0.5 mg/kg/day. Saline solution (0.9%) was injected as a 

control. 

2.2.4 Retro-Cre virus stereotaxic injection in the adult DG 

Adult mice R26-YFP+/+;COUP-TFIfl/fl (COUP-TFI-cKO
RV-Cre

), R26-YFP+/+;COUP-

TFIwt/wt (Ctrl
RV-Cre

), R26-YFP+/+;hCOUP-TFI+/wt (COUP-TFI-O/E
RV-Cre

) were 

anesthetized in a constant flow of Isofluorane (3%) in oxygen, positioned in a stereotaxic 

apparatus (Stoelting) and injected with a pneumatic pressure injection apparatus 

(PicospritzerII, General Valve Corporation). The skull was exposed by an incision in the scalp 

and a small hole (about 1 mm) drilled through the skull. 1 μl of retrovirus-Cre (RV-

pMIG::Cre; titer 2.7x10
7
, Rolando et al., 2016) was injected in the DG using a sharpened glass 

capillary at the following stereotaxic coordinates: -2 mm (antero-posterior), 1.5 mm (lateral) to 

Bregma, and -2.0 mm below the surface of the skull. Mice (n=4/5 genotype/experiments) were 

killed 2, 14, or 18 days after virus infection. Brain tissue was processed and analyzed by 

immunohistochemistry as described below. 

2.2.5 Tissue collection, RNA extraction, and RT-qPCR 

Adult mice were perfused with ice-cold PBS. Hippocampi were microdissected and lysed, 

and RNA isolation was performed using the RNeasy Micro Kit (Qiagen, France). Reverse 



 

75 
 

transcription was carried out using QuantiTect kit (Qiagen, France). The qPCR reactions were 

performed in duplicates in a LightCycler480 (Roche) using QuantiTect SYBR Green PCR kit 

(Qiagen, France) and gene-specific primers (Table 1). The amount of transcripts was 

evaluated relative to the expression level of the housekeeping gene acidic ribosomal 

phosphoprotein P0 (Rplp0 or 36B4). Fold change was calculated with respect to the control 

saline-injected group. 

2.2.6 Tissue preparation 

For immunostaining experiments, adult mice were deeply anesthetized with an 

intraperitoneal injection of a mixture of ketamine (75 mg/kg; Ketavet; Gellini) and xylazine 

(30 mg/kg; Rompun; Bayer) and perfused transcardially with ice-cold 0.9% saline solution, 

followed by ice-cold 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB), pH 7.4. 

Brains were removed from the skull, postfixed for 4 hours in the same PFA solution, 

cryoprotected in a 30% sucrose solution (in 0.1 M PB, pH 7.4), OCT-embedded, frozen at -

80°C, and finally sectioned using a cryostat (Leica Microsystems). Free-floating coronal serial 

sections (40μm for retroviruses experiments, and 30μm for all other experiments) were 

collected in multi-well dishes. Sections were stored at −20°C in antifreeze solution until use.  

2.2.7 Immunofluorescence and immunohistochemistry 

Immunofluorescence (IFL) reactions for selected markers were performed on free-floating 

coronal serial sections as detailed below: sections have been incubated either overnight (o/n) 

or for 48 hours at 4°C with primary antibodies (Table 2) diluted in 0.01M PBS (pH 7.4), 0.5% 

Triton X-100, and 1% normal serum of the same species of the secondary antibody (normal 

donkey serum, NDS). Sections were washed in PBS and incubated for 1 hour at room 

temperature with secondary antibodies (Table 3) in 0.01 M PBS (pH 7.4), 0.5% Triton X-100, 

and NDS (1%). Sections were washed in 0.01M PBS (pH 7.4) and incubated for 15 minutes at 

room temperature with 4,6-diamidino-2-phenylindole (DAPI, 1 μg/ml) to label nuclei.  

Sections were washed in 0.01M PBS (pH 7.4) then mounted on gelatine coated slides, air 

dried, and coverslipped with antifade mounting medium Mowiol (4-88 reagent, Calbiochem 

475904). 
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2.2.8 Microscope analysis and cellular quantification 

Images of multiple labeled sections employing immunofluorescence were acquired with a 

TCS SP5 confocal microscope (Leica). Confocal image z-stacks were captured through the 

thickness of the slice (30/40 μm) at 1-μm optical steps with an objective 40X/1.25-0.75 (oil 

immersion lens), zoom (1.2) and resolution of 1024/1024 pixels and 100Hz (1 pixel = 0.38 

μm) comprising both upper and lower blades of the DG. Images were then analyzed with NIH 

ImageJ (http://rsb.info.nih.gov/ij) using the cell counter and channel tools plug-ins. 

For COUP-TFI ablation and overexpression experiments, marker+YFP+ cells were 

quantified through multi-stack images (50-150 YFP+ cells/slice; n=3-5 animals/genotype) 

acquired at the confocal microscope. DAPI staining was used to trace the granule cell layer  

(GCL) in DG of the hippocampus and to counterstain clustered cells and be able to 

discriminate single YFP+ cells among packaged YFP+ cells. At least three different levels 

among the rostro-caudal extension of the DG (bregma: from -1.30 to -3.80) per animal were 

analyzed, taking into account both upper and lower blades of the DG (as above). For analysis 

of GFAP+YFP+ RGL, cells were deemed to be radial if the cell body, clearly associated with 

a DAPI+ nucleus, was located in the SGZ and had a single thin radial process extending 

throughout GCL and branching into the MCL. The cell density (D) was calculated by dividing 

the total number of counted cells over the area of interest (SGZ, SGZ+GCL, or MCL) and 

expressed as the mean number of cells per squared millimeters (cells/mm
2
; n=3-5 

animals/genotype). 

2.2.9 Statistical analysis 

Statistical comparisons were conducted using two-tailed unpaired Student’s t-test or one-

way ANOVA and the Bonferroni post-hoc test when appropriate (in Microsoft Excel and 

GraphPad Prism8). For unpaired Student’s t-test, Levene’s test was conducted to compare 

variances, and Welch’s correction was applied in case of unequal variance distribution. 

Significance was established at p < 0.05. Cell counts are presented as mean ± SD and are 

derived from at least three different animals/groups or genotypes.  
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Table 1. List of primers 

Gene Forward Reverse 

IL1A TGCAGTCCATAACCCATGATC ACAAACTTCTGCCTGACGAG 

IL1β  ACGGACCCCAAAAGATGAAG TTCTCCACAGCCACAATGAG 

TNFα CTTCTGTCTACTGAACTTCGGG CAGGCTTGTCACTCGAATTTTG 

IL6 CAAAGCCAGAGTCCTTCAGAG GTCCTTAGCCACTCCTTCTG 

DCX CAGTCAGCTCTCAACACCTAAG CATCTTTCACATGGAATCGCC 

COUP-TFI 

(NR2F1) 
AACTGGCCTTACATGTCCATC ATCATACCAGCATCCCCAAAG 

GFAP GAAAACCGCATCACCATTCC CTTAATGACCTCACCATCCCG 

Rplp0 (36B4) ACCCTGAAGTGCTCGACATC AGGAAGGCCTTGACCTTTTC 

Table 2. List of primary antibodies  

Primary Antibodies 

Antigen name Host Dilution Source Catalogue n° 

COUP-TFI Mouse 1:500 R&D System PP-H8132-10 

COUP-TFI Rabbit 1:700 M. Studer’s Lab - 

DCX Goat 1:1500 Santa Cruz Biotechnology Sc-8066 

GFAP Goat 1:200 Abcam ab53554 

GFAP Rabbit 1:2000 Dako Z 0334 

GFP Chicken 1:1000 AvesLab GFP-1020 

Table 3. List of secondary antibodies  

Secondary Antibodies 

Antigen name Host Dilution Source Catalogue n° 

AlexaFluor488 

Anti-Chicken 
Donkey 1:400 Jackson ImmunoResearch 703-545-155 

AlexaFluor488 

Anti-Rabbit 
Donkey 1:400 Jackson ImmunoResearch 711-545-152 

AlexaFluor647 

Anti-Mouse 
Donkey 1:600 Jackson ImmunoResearch 715-605-151 

AlexaFluor647 

Anti-Rabbit 
Donkey 1:600 Jackson ImmunoResearch 711-605-152 

Cy3 Anti-Goat Donkey 1:800 Jackson ImmunoResearch 705-165-147 
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2.3 Results 

2.3.1 LPS-induced neuroinflammation leads to impaired neurogenesis coupled to 

COUP-TFI downregulation within the adult DG 

Neuroinflammation severely affects adult neurogenesis and increases astrocyte production 

in the adult hippocampal DG (Monje et al., 2003; Wu et al., 2012; Kohman and Rhodes, 

2013). However, little is known about the mechanisms underlying these processes and the 

modifications occurring in the NSC/progenitor pool.  

With the final aim to identify novel cell-intrinsic regulators involved in controlling 

neurogenesis and astrogliogenesis within the adult hippocampus upon neuroinflammation, I 

acutely administrated the E. coli-derived lipopolysaccharide (LPS) by intraperitoneal (i.p.) 

injection to initiate an inflammatory response in adult wild type mice that were sacrificed the  

day after the injection (Figure 2A). 

The occurrence of inflammatory response was demonstrated by RT-qPCR analysis on 

hippocampal tissue extracts, which showed a strong transcript increase of the pro-

inflammatory cytokines interleukin-1b (IL-1b), interleukin-1A (IL-1A), and tumor necrosis 

factor-a (TNFa) in the hippocampi of LPS-treated mice compared with control saline-injected 

mice at 1-day post-injection (1dpi). In contrast, interleukin-6 (IL-6) showed no differences 

(Figure 2B). In parallel, I also evaluated the expression profile of genes expressed by neuronal 

and astroglial cell types, and I found that LPS treatment downregulated the expression of the 

immature neuronal markers doublecortin (DCX) and upregulated the glial fibrillary acid 

protein (GFAP) (Figure 2C). No statistically significant differences were observed in the 

expression of the bHLH transcription factor NeuroD expressed by immature hippocampal 

neurons (Figure 2C). Next, to integrate the molecular analysis obtained from the whole 

hippocampus following acute treatment, I switched to a prolonged treatment to evaluate the 

cellular responses to neuroinflammation occurring in the DG. To this aim, I treated adult mice 

once a day for 4 consecutive days with LPS (d1–d4)  and performed the analyses at 1dpi 

(Figure 3A). I found a reduced number of DCX+ immature newborn neurons (Figures 3B-C) 

and an increase in GFAP+ astrocytes within the GCL of LPS-treated mice compared to saline 

controls (Figures 3D-E). These results are in line with previously reported data concerning an 

alteration in newborn neuron/mature astrocyte ratio during neuroinflammation (Wu et al., 
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2012) and thus validated the efficacy of our LPS-induced neuroinflammation at one (LPS 24h) 

and four days (LPS 4d) protocols.  

The next step was to analyze whether and how COUP-TFI expression was affected by 

neuroinflammation (Figure 4). Interestingly, I found that COUP-TFI was downregulated in 

LPS 24h treated mice (Figures 4A-B), indicating a direct response of this transcriptional 

regulator to inflammation in the adult hippocampus. To identify changes in COUP-TFI 

expression at the cellular level in mice treated for 4 days with LPS, I analyzed COUP-TFI 

immunostaining focusing on the adult DG RGL cell pool on day 5, thus discriminating adult 

NSC cells by their radial glia-like morphology (Figures 4C). I found a decrease of GFAP+ 

RGL cells expressing COUP-TFI in the DG of LPS-treated mice (Sal, 75.56 ± 3.966% vs. 

LPS, 58.19 ± 1.977%) (Figures 4D-E). Moreover, I observed that DCX+ immature newborn 

neurons (100% COUP-TFI+ in a healthy condition; Figure 1) were never be found negative 

for COUP-TFI either in saline or LPS-treated mice (qualitative data). 

Thus, based on the selective COUP-TFI downregulation in RGL cells upon LPS-derived 

inflammatory insult, we hypothesized that COUP-TFI could be directly involved in changes in 

the RGL cell behavior that could contribute to the altered neurogenesis and astrogliogenesis 

observed within the DG upon neuroinflammation. 
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Figure 2. A single LPS administration results in an altered hippocampal transcripts profile. (A) 

Experimental design for transcript expression analysis on hippocampal tissue extracts. (B and C) Changes in pro -

inflammatory cytokines (B), neuronal (DCX, NeuroD), and glial (GFAP) gene transcripts (C) in the hippocampi 

of LPS-treated mice, revealed by RT-qPCR. n = 5 mice/treatment; technical replicates = 2. Data are presented as 

fold change ± SD. Student’s t-test *p<0.05, ***p<0.001. 

 

Table F2 

  Unpaired Student’s t-test, two-tailed (α < 0.05) 

Figure Parameter Groups Statistics P 

2B TNFα Sal vs LPS t(8) = 10.35 P < 0.0001 

2B IL-1β Sal vs LPS t(8) = 8.296 P < 0.0001 

2B IL-1A Sal vs LPS t(7) = 2.855 P = 0.0245 

2B IL-6 Sal vs LPS t(8) = 0.4022 P = 0.6981 

2C DCX Sal vs LPS t(8) = 2.424 P = 0.0416 

2C NeuroD Sal vs LPS t(8) = 1.634 P = 0.1409 

2C GFAP Sal vs LPS t(7) = 2.582 P = 0.0364 
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Figure 3. LPS-induced neuroinflammation reduces newborn neurons , and increases astrocytes within the 

adult inflamed DG. (A) Experimental design for immunofluorescence analysis on the DG. (B) Confocal images 

of DCX+ (white) cells in the DG of saline (control) and LPS-treated mice. (C) DCX+ cell density in the DG of 

LSP-treated mice versus saline. (D) Confocal images of GFAP+ (green) cells in the DG of saline and LPS-treated 

mice. Arrowheads show mature-shaped astrocytes. (E) GFAP+ astrocyte density in the DG of LPS-treated mice 

versus saline. n=5 mice/treatment. Cell nuclei are counterstained with DAPI (blue). GCL, granule cell layer; 

SGZ, subgranular zone. Data are presented as mean ± SD Scale bars: B, D, 50μm. Student’s t -test *p<0.05, 

**p<0.01. 

 

Table F3 

  Unpaired Student’s t-test, two-tailed (α < 0.05) 

Figure Parameter Groups Statistics P 

3C Cell density of DCX+ cells Sal vs LPS t(5) = 4.045 P = 0.0099 

3E Cell density of GFAP+ astrocytes Sal vs LPS t(8) = 3.269 P = 0.0114 
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Figure 4. Acute neuroinflammation leads to COUP-TFI downregulation within the adult DG.  (A) 

Experimental design for transcript expression analysis on hippocampal tissue extracts. (B) Changes in COUP-TFI 

gene transcripts in the hippocampi of LPS-treated mice revealed by RT-qPCR. n = 5 mice/treatment; technical 

replicates = 2. (C) Experimental design for immunofluorescence analysis on the DG. (D) Confocal images of 

GFAP+ (green) RGLs either positive (+) or negative (neg) for COUP-TFI (red) in DG sections of saline- and 

LPS-treated mice. Cell nuclei are counterstained with DAPI (blue). Arrowheads indicate radial cell processes. 

Scale bar, 10 µm. (E) Quantification of COUP-TFI+ nuclei among GFAP+ RGL cells (RGLs) in saline (75.56 ± 

3.966%, n=257/353 double+ cells out of 3 mice) and LPS-treated mice (58.19 ± 1.977%, n=220/379 double+ 

cells out of 3 mice). Data are presented as fold-change ± SD (B) and mean ± SD (E). Student’s t-test: *p < 0.05 

and **p < 0.01. 

 

Table F4 

  Unpaired Student’s t-test, two-tailed (α < 0.05) 

Figure Parameter Groups Statistics P 

4B COUP-TFI mRNA expression Sal vs LPS t(8) = 2.256 P = 0.0540 

4E % COUP-TFI+/ GFAP+ RGLs Sal vs LPS t(4) = 6.790 P = 0.0025 
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2.3.2 Genetic inactivation of COUP-TFI in mitotic progenitors of adult DG impairs 

neurogenesis by promoting an astroglial fate  

To investigate COUP-TFI function in adult neurogenic progenitors, we adopted a loss-of-

function approach coupled with fate mapping under healthy conditions. In particular, to target 

mitotically active cells, I injected a retrovirus expressing Cre-recombinase (RV-Cre) (Rolando 

et al., 2016) in the DG of two transgenic mouse lines. The Rosa26-YFP;COUP-TFIfl/fl mice, 

derived from the interbreeding of COUP-TFIfl/fl mouse line (Armentano et al. , 2007) with 

Rosa26-YFP reporter line (Srinivas et al., 2001) and injected with RV-Cre at postnatal day 60 

(P60), were named COUP-TFI-cKO
RV-Cre

 (i.e., cKO
RV-Cre

); they allowed the fate mapping of 

dividing progenitor cells that had undergone selective COUP-TFI deletion by retroviral 

transduction. In parallel, COUP-TFI wild-type mice carrying the Rosa26-YFP reporter 

transgene and injected with RV-Cre were used as controls (Ctrl
RV-Cre

) (Figure 5A). 

Two days after retroviral injection (i.e., 2dpi, Figure 5B), I quantified the densities of 

YFP+ cells in the DG of the two experimental groups and found no significant difference 

(Figure 5C) demonstrating comparable levels of recombination in Ctrl and COUP-TFI-cKO 

mice. Then, the genetic inactivation of COUP-TFI was evaluated by analyzing the YFP+ cells 

that were immunopositive for COUP-TFI. As shown in Figure 5D, the percentage of double 

COUP-TFI+YFP+ cells dramatically dropped in cKO
RV-Cre

 mice (from 92.23% to 6.64%). An 

in-depth analysis taking into account the different phenotypes among YFP+ cells (i.e., GFAP+ 

RGL and horizontal stem cells, GFAP-DCX- progenitors, DCX+ progenitors/neuroblasts, and 

GFAP+ astrocytes) revealed that at this time, the large majority of  YFP+ cells were DCX+ 

progenitors/neuroblasts, and there were no differences between cKO
RV-Cre

 and Ctrl
RV-Cre

 mice 

(Figure 5E). These data, obtained at 2dpi, showed that RV-Cre targeted and recombined the 

population of interest (i.e., neuronal committed progenitors) correctly, representing a good 

model to investigate the effect of COUP-TFI deletion. 

To explore possible changes in the fate of the cellular progeny derived from the mitotically 

active progenitor population, a longer survival time after RV-Cre injection was chosen (i.e., 18 

dpi; Figure 6A). In line with the previous short-term survival time experiment, no significant 

changes were observed in the total YFP+ cells within the SGZ/GCL area between cKO
RV-Cre

 

and Ctrl
RV-Cre 

mice (Figures 6B). However, differently from the 2dpi protocol, in the DG of 
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mice belonging to the 18dpi protocol, I observed that the YFP+ population was almost equally 

composed of DCX+ immature newborn neurons and GFAP+ astrocytes in Ctrl
RV-Cre 

mice, 

while, on the contrary, COUP-TFI deletion impaired neurogenesis by promoting 

astrogliogenesis in cKO
RV-Cre

 (Figures 6C). Moreover, a fold change analysis showed an 

increase in double GFAP+YFP+ astrocytes (red) and an equivalent reduction in double 

DCX+YFP+ newborn neurons (pink) in cKO
RV-Cre

 compared with Ctrl
RV-Cre 

mice (Figures 6E). 

These findings indicate that COUP-TFI is needed for neurogenesis and strongly suggest its 

direct involvement in repressing an astroglial fate in dividing neurogenic progenitors of the 

adult DG. 
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Figure 5. In vivo targetting of COUP-TFI LOF in adult DG neurogenic progenitors by retroviral vector. 

(A) Experimental strategy used for COUP-TFI loss-of-function in dividing DG neural progenitors by Cre-

expressing retrovirus (RV-Cre) stereotaxic injection. (B) Short RV-Cre injection protocol. Confocal image 

showing YFP + (green) cells recombined following RV-Cre injection in a DG section counterstained with DAPI 

(blue). Scale bar, 100μm. (C) Quantification of YFP+ cells in COUP-TFI-cKO
RV-Cre 

and Ctrl
RV-Cre 

DG (2dpi). (D) 

Quantification of COUP-TFI+ nuclei among YFP+ cells in COUP-TFI-cKO
RV-Cre

 and Ctrl
RV-Cre 

DG at 2dpi (92.23 

± 7.178%, n=125/136 in Ctrl
RV-Cre

 and 6.646 ± 2.186%, n=8/130 in COUP-TFI-cKO
RV-Cre

). (E) Histograms 

reporting quantification of different cell phenotypes among YFP+ cells in both Ctrl
RV-Cre 

and COUPTFI-cKO
RV-Cre 

DG at 2 dpi. a, Ctrl
RV-Cre

 4.0 ± 1.5% vs. cKO
RV-Cre

 4.8 ± 3.7%; b, Ctrl
RV-Cre 

0.46 ± 0.93% vs cKO
RV-Cre 

0.99 ± 

1.7%; c, Ctrl
RV-Cre 

17.2 ± 6.3% vs cKO
RV-Cre 

9.9 ± 7.0%; d, Ctrl
RV-Cre 

54.5 ± 11.3 vs cKO
RV-Cre 

65.5 ± 9.3%; e, 

Ctrl
RV-Cre 

19.0 ± 9.7% vs cKO
RV-Cre 

12.6 ± 3.7%; f, Ctrl
RV-Cre 

2.0 ± 2.9% vs cKO
RV-Cre 

6.1 ± 2.5%. n=3/4 animals 

per genotype. Data are presented as mean ± SD.; Student’s t-test ***p<0.001. 
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Table F5 

  Unpaired Student’s t-test, two-tailed (α < 0.05) 

Figure Parameter Groups Statistics P 

5C 
Cell density of 

YFP+ population 

CtrlRV-Cre 

vs COUP-TFI-cKORV-Cre 
t(5) = 0.2635 P = 0.8027 

5D 
% COUP-TFI+/ 

YFP+ population 

CtrlRV-Cre 

vs COUP-TFI-cKORV-Cre 
t(5) = 19.56 P < 0.0001 

5E 
%GFAP+RGLs/ 

YFP+ population 

CtrlRV-Cre 

vs COUP-TFI-cKORV-Cre 
t(5) = 0.4165 P = 0.6943 

5E 
%GFAP+horizontal/ 

YFP+ population 

CtrlRV-Cre 

vs COUP-TFI-cKORV-Cre 
t(5) = 0.5339 P = 0.6163 

5E 
%GFAP-DCX-progenitors/ 

YFP+ population 

CtrlRV-Cre 

vs COUP-TFI-cKORV-Cre 
t(5) = 1.445 P = 0.2081 

5E 

%DCX+progenitors 

and neuroblasts/ 

YFP+ population 

CtrlRV-Cre 

vs COUP-TFI-cKORV-Cre 
t(5) = 1.372 P = 0.2283 

5E 
%GFAP+ astrocytes/ 

YFP+ population 

CtrlRV-Cre 

vs COUP-TFI-cKORV-Cre 
t(5) = 1.065 P = 0.3356 

5E 
%unknown/ 

YFP+ population 

CtrlRV-Cre 

vs COUP-TFI-cKORV-Cre 
t(5) = 1.929 P = 0.1116 
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Figure 6. COUP-TFI deletion in adult DG neurogenic progenitors impairs neurogenesis and increases 

astrogliogenesis. (A) Experimental design for RV-Cre injection and analysis of newborn cell phenotype at 18dpi. 

(B) Quantification of total YFP+ cells within the SGZ/GCL of Ctrl
RV-Cre

 and COUP-TFI-cKO
RV-Cre

 DG. (C) 

Histograms reporting quantification of different cell phenotypes among YFP+ cells in both Ctrl
RV-Cre

 and 

COUPTFI-cKO
RV-Cre

 DG at 18 dpi. a, Ctrl
RV-Cre

 4.8 ± 2.8% vs. cKO
RV-Cre

 5.7 ± 2.6%; b, Ctrl
RV-Cre

 3.8 ± 2.6% vs 

cKO
RV-Cre

 3.6 ± 2.0%; c, Ctrl
RV-Cre

 38.9 ± 0.9% vs cKO
RV-Cre

 13.7 ± 9.0%; d, Ctrl
RV-Cre

 48.1 ± 2.3 vs cKO
RV-Cre

 

72.6 ± 13.3%; e, Ctrl
RV-Cre

 4.6 ± 2.8% vs cKO
RV-Cre

 4.1 ± 2.6%. (D) Confocal images of multiple staining for YFP 

(green), DCX (magenta), GFAP (red), and DAPI counterstaining (blue) in sections from COUP-TFI-cKO
RV-Cre

 

and Ctrl
RV-Cre

 DG. A, newborn astrocyte; N, newborn neuron; R, RGL cell. Empty arrowheads indicate astrocyte 

cell bodies, and full arrowheads indicate neurons. GCL, granule cell layer. Scale bars, 20 µm. (E) The histogram 

shows the fold change in the densities of newborn GFAP+YFP+ astrocytes (red) and DCX+YFP+ newborn 

neurons (pink) within the SGZ/GCL of COUP-TFI-cKO
RV-Cre

 mice compared with Ctrl
RV-Cre

 mice. n = 3/4 

animals per genotype. GCL, granule cell layer. Data are presented as mean ± SD (B, C) and fold-change ± SD 

(E). Student’s t-test: *p < 0.05, ***p<0.001.  
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Table F6 

  Unpaired Student’s t-test, two-tailed (α < 0.05) 

Figure Parameter Groups Statistics P 

6B 
Cell density of 

YFP+ population 

CtrlRV-Cre 

vs COUP-TFI-cKORV-Cre 
t(4) = 0.4697 P = 0.6630 

6C 
%GFAP+RGLs/ 

YFP+ population 

CtrlRV-Cre 

vs COUP-TFI-cKORV-Cre 
t(4) = 0.3901 P = 0.7164 

6C 
%GFAP+horizontal/ 

YFP+ population 

CtrlRV-Cre 

vs COUP-TFI-cKORV-Cre 
t(4) = 0.1053 P = 0.9212 

6C 
%DCX+ neurons/ 

YFP+ population 

CtrlRV-Cre 

vs COUP-TFI-cKORV-Cre 
t(5) = 7.157 P = 0.0008 

6C 
%GFAP+ astrocytes/ 

YFP+ population 

CtrlRV-Cre 

vs COUP-TFI-cKORV-Cre 
t(4) = 3.159 P = 0.0342 

6C 
%unknown/ 

YFP+ population 

CtrlRV-Cre 

vs COUP-TFI-cKORV-Cre 
t(4) = 0.2235 P = 0.8341 
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2.3.3 COUP-TFI overexpression rescues altered neuron-to-astrocyte generation upon 

neuroinflammation 

Results obtained from COUP-TFI loss-of-function experiments recalled our previously 

described findings of COUP-TFI downregulation within the adult DG upon acute LPS-

induced neuroinflammation (Figure 4). Therefore, because COUP-TFI seemed necessary to 

suppress astrogliogenesis favoring neurogenesis in adult neurogenic progenitors, we wondered 

whether forcing COUP-TFI expression under a neuroinflammatory condition could prevent 

enhanced astrogliogenesis and rescue neurogenesis.  To this aim, I performed a 

complementary COUP-TFI gain-of-function experiment by injecting the retrovirus RV-Cre in 

the DG of adult COUP-TFI-O/E
RV-Cre

 mice, a Rosa26-YFP;lox-stop-lox-hCOUP-TFI 

transgenic line overexpressing a third COUP-TFI allele in mitotically active neurogenic 

progenitors and their lineage upon Cre-mediated inducible recombination (Wu et al. , 2010). In 

parallel, Rosa26-YFP reporter mouse line, wildtype for COUP-TFI, was also injected with 

RV-Cre as controls (Ctrl
RV-Cre

) (Figure 7A). Then, one day later, I treated mice with saline 

(only for controls) or LPS (both controls and COUP-TFI overexpressing mice) for four days 

(i.e., Ctrl
RV-Cre

+Sal, Ctrl
RV-Cre

+LPS, and O/E
RV-Cre

+LPS; Figures 7B). Two weeks after the RV-

Cre injection, I found comparable densities of YFP+ recombined cells within the SGZ/GCL 

compartment of saline- or LPS-treated Ctrl
RV-Cre

 and LPS-treated COUP-TFI-O/E
RV-Cre

 mice 

(Figure 7C). By quantifying the percentage of newborn immature neurons and astrocytes, the 

LPS-induced phenotype was confirmed by data showing decreased neurogenesis and increased 

astrogliogenesis within LPS-treated Ctrl
RV-Cre

 mice compared to the saline ones (Figure 7D-E). 

Notably, in LPS-treated COUP-TFI-O/E
RV-Cre 

mice, newborn neurons were found more 

abundant while astrocytes were reduced than LPS- and saline-treated Ctrl
RV-Cre 

(Figures 7D 

and 7E). Indeed, LPS-treated Ctrl
RV-Cre

 mice showed a 2-fold increase in GFAP+YFP+ 

astrocytes (red) and a reduction in DCX+YFP+ newborn neurons (pink) versus saline-treated 

Ctrl
RV-Cre

 animals (Figures 7G). Thus, in the overexpressing mice, LPS-induced effects were 

completely reverted by COUP-TFI gain-of-function (Figures 7G) within the adult inflamed 

DG. 

These data demonstrate that forced COUP-TFI expression in adult neurogenic progenitors 

is sufficient to rescue the imbalance in newborn neuron-to-astrocyte ratio during 

neuroinflammation.  
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Figure 7. Forced COUP-TFI expression rescues altered neuron-to-astrocyte generation upon 

neuroinflammation. (A) Experimental strategy to induce COUP-TFI gain of function in diving neural 

progenitors by Cre-expressing retrovirus (RV-Cre) stereotaxic injection in LPS treated mice. (B) Experimental 

design for analyzing newborn cell phenotype on inflamed RV-Cre injected COUP-TFI-O/E DG. (C) 

Quantification of YFP+ cells within the SGZ/GCL of Ctrl
RV-Cre

+Saline, Ctrl
RV-Cre

+LPS, and COUP-TFI-O/E
RV-
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Cre
+LPS mice. One-way ANOVA: F(2,8) = 1.4546, p = 0.2892, with Bonferroni post-hoc-test: CtrlRV-

Cre+Saline versus Ctrl
RV-Cre

+LPS versus COUP-TFI-O/E
RV-Cre

+LPS, p > 0.05. (D) Quantification of GFAP+ 

newborn astrocytes on the YFP cell pool within the SGZ/GCL in Ctrl
RV-Cre

+Saline, Ctrl
RV-Cre

+LPS, and COUP-

TFI-O/E
RV-Cre

+LPS DG at 14dpi (one-way ANOVA F(2;8)= 96.83, p<0.0001 followed by Bonferroni post hoc 

test). (E) Quantification of DCX+ newborn neurons on the YFP cell pool within the SGZ/GCL in Ctrl
RV-

Cre
+Saline, Ctrl

RVCre
+ LPS, and COUP-TFI-O/E

RV-Cre
+LPS DG at 14dpi (one-way ANOVA F(2;8)= 63.51, 

p<0.01, followed by Bonferroni post hoc test). (F) Confocal images of DG sections immunostained for YFP 

(green), DCX (magenta), and GFAP (red) in Ctrl
RV-Cre

+Saline, Ctrl
RV-Cre

+LPS, andCOUP-TFI-O/E
RV-Cre

+LPS 

mice. A, newborn astrocyte; N, newborn neuron. Scale bar, 50 µm. (G) Histogram showing the fold change in 

densities of newborn GFAP+YFP+ astrocytes (striped pattern) and DCX+YFP+ newborn neurons (checkerboard 

pattern) within the SGZ/GCL of Ctrl
RV-Cre

+LPS and COUP-TFI-O/E
RV-Cre

+LPS mice normalized to Ctrl
RV-

Cre
+Saline. n = 3/4 animals per genotype. Data are presented as mean ± SD (C, D, and E) and fold-change ± SD 

(G). One-way ANOVA followed by Bonferroni post hoc test. *p < 0.05, ***p<0.001. 

 

Table F7 

 One-way ANOVA (α < 0.05)  Bonferroni post hoc test 

Fig. Parameter Statistics P Ctr+Sal 

vs  

Ctrl+ LPS 

Ctrl+Sal 

vs 

O/E+LPS 

Ctrl+LPS 

Vs 

O/E+LPS 

7C 
Cell density of 

YFP+ population 
F(2,8) = 1.455 P = 0.2892 P = 0.8658 P > 0.9999 P = 0.4105 

7D 
%DCX+neurons 

/YFP+ population 
F(2,8) = 63.51 P < 0.0001 P = 0.0127 P = 0.0002 P < 0.0001 

7E 
%GFAP+astrocytes

/YFP+ population 
F(2,8) = 96.83 P < 0.0001 P = 0.0001 P = 0.0007 P < 0.0001 
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2.4 Discussion 

The continuous addition of newly formed and functional DG granule neurons into the 

existing circuitry over a lifetime implies that adult hippocampal neurogenesis represents an 

extreme form of plasticity in the adult brain strongly associated with learning and memory 

(Gonçalves et al., 2016; Toda and Gage, 2018). In addition to new granule neurons, adult DG 

NSCs/progenitors give rise to new astrocytes which migrate into the granule cell layer, the 

hilus, and the molecular layer, and whose functional significance and underlying mechanisms 

of generation are not as well characterized (Bonaguidi et al., 2011; Encinas et al., 2011; Bond 

et al., 2015). Interestingly, the decision-making process of adult NSCs/progenitors to become 

a neuron or an astrocyte is subject to dynamic modulation dependent on the animal’s behavior, 

experience, and emotional/biological status (Aimone et al., 2014). Among the different 

stimuli, neuroinflammation contributes to impaired hippocampal neurogenesis, which is 

paralleled by increased generation of astrocytes, observed in mouse models (Kohman and 

Rhodes, 2013); this imbalance could contribute to the inflammation-associated cognitive 

decline, possibly by remodeling neural circuits and acting on memory consolidation (Valero et 

al., 2014). Thus, understanding NSC/progenitor cell-intrinsic responses to inflammation might 

be crucial not only to elucidate the mechanisms of how NSCs/progenitors react to tissue 

damage, but also to shed light on the regulatory functions occurring in physiological 

conditions. Although significant progress has been made in understanding extrinsic and 

intrinsic cues regulating adult NSC/progenitor cell activity in vertebrates, little was known on 

the transcriptional program controlling astroglial versus neuronal fate choice of adult 

hippocampal NSCs/progenitors. 

The data reported in this chapter, together with complementary data obtained in the 

laboratory, contributed to unraveling an unexpected role for the transcriptional regulator 

COUP-TFI in balancing neuro- and astrogliogenesis within the adult DG in physiologic and 

pathologic conditions (Bonzano, Crisci, et al., 2018).  

First, based on the observation that COUP-TFI was downregulated in RGL cells upon 

neuroinflammation, we hypothesized that it could be related to the increase in astroglia at the 

expense of newborn neurons observed in the adult DG upon inflammation, implying a possible 

function of COUP-TFI in NSCs/progenitors in the control of cell-fate choice. Indeed, by using 
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in vivo retroviral-based COUP-TFI loss-of-function experiments, I found that COUP-TFI 

inactivation in DG neurogenic progenitors prompted these cells to acquire an astroglial fate. 

These data support complementary findings obtained in the laboratory (by S. Bonzano) on the 

loss of COUP-TFI function by using the tamoxifen (Tam)-inducible form of Cre-recombinase 

(CreERT2) under Glast transcriptional control (i.e., Glast-CreERT2 mouse line) to delete 

COUP-TFI in adult RGL cells and their progeny. Indeed, the loss of COUP-TFI in the RGL 

cell pool severely impaired neurogenesis (without altering NSC/progenitor proliferation and/or 

newborn cell survival) and promoted astrogliogenesis within the adult DG (Bonzano, Crisci, et 

al., 2018).  

Altogether, by using two different loss-of-function approaches, and genetic fate mapping, 

we demonstrated that COUP-TFI is necessary to inhibit an astroglial fate and drive adult 

NSCs/progenitors toward a neuronal lineage into the hippocampal neurogenic niche. The 

persistence of neurogenesis within the adult brain has been suggested to result from the action 

of several neurogenic factors counteracting a pro-gliogenic environment (Götz et al. , 2016). In 

this perspective, COUP-TFI might exert its neurogenic function by cell-intrinsically repressing 

a ‘‘default’’ astrogliogenic fate within the adult neurogenic niche. Interestingly, the retroviral-

based approach targeted the mitotically active population of the SGZ, which is mainly 

composed of IPCs or Type-2 cells, indicating they might still be multipotent, as also recently 

suggested (Harris et al., 2018) and need COUPTFI to restrict their potential to a neuronal fate.  

Notably, through the retroviral-based gain-of-function approach, I also demonstrated that 

forced COUP-TFI expression in mitotically active progenitors is sufficient to prevent LPS-

induced astrogliogenesis, further supporting the implication of COUP-TFI in the fate-choice of 

neural progenitors and suggesting that modulating COUP-TFI expression protects 

NSCs/progenitors from inflammatory insults.  Thus, COUP-TFI may act as a molecular 

”sensor” in the adult DG neurogenic niche by responding to external cues and allowing 

multipotent NSCs/progenitors to take either an astroglial or a neuronal lineage. Understanding 

how NSCs/progenitors can integrate environmental signals via COUP-TFI and/or other factors 

and identify the molecular pathways downstream of their activity deserve further 

investigation.  
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The published paper (Bonzano, Crisci, et al, 2018) includes all the data reported in this 

chapter, and it is presented as an appendix of the Ph.D. thesis. 

As a final note, it is noteworthy that in the gain-of-function experiments, the retroviral-

based approach was the only method reliable to manipulate in vivo transgenic mouse lines 

under LPS-induced inflammatory conditions. Indeed, the use of tamoxifen to induce the 

COUP-TFI overexpression on the Glast-CreERT2 mouse line interfered with the inflammatory 

response (not shown) and thus was not used here. However, this observation inspired me to 

investigate further the effects of tamoxifen on the DG neurogenic niche; the data obtained are 

described in the following Chapter III. 
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          CHAPTER III
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3 Tamoxifen exerts direct and microglia-mediated 

regulation on the adult mouse hippocampal 

neurogenic niche preventing the detrimental 

effects of LPS-induced neuroinflammation  
 

3.1 Abstract  

Tamoxifen is a selective estrogen receptor modulator used in experimental animal research 

to activate the CreERT2-LoxP system, an essential tool for genetic manipulation in vivo that is 

widely exploited to investigate the dynamics and potential of neural stem cells (NSCs) within 

the mouse brain. In the adult hippocampal dentate gyrus (DG), NSCs generate neurons and 

astrocytes in a tightly regulated process that is affected by neuroinflammation and could be 

influenced by tamoxifen. Here we report that lipopolysaccharide (LPS)-induced 

neuroinflammation beside unbalancing neuron/astrocyte generation in the adult DG, also alters 

adult NSCs. Moreover, we show that a two-day tamoxifen treatment moderately enhanced the 

expression of inflammatory mediators within the hippocampus both in basal condition and 

upon LPS-induced neuroinflammation. Such treatment was sufficient to prevent the microglia 

activation and the alterations in the DG neurogenic niche observed in LPS-treated mice. We 

provide evidence that the consequences of LPS and tamoxifen treatments imply both direct 

effect on NSCs and newborn neurons and indirect microglia-mediated actions on NSCs and 

astrocytes, as demonstrated upon depletion of microglia through PLX5622 treatment. While 

tamoxifen alone did not alter DG NSCs and neuron/astroglio-genesis, our study points to a 

strong protective role of tamoxifen against neuroinflammation-induced gliosis and reduced 

neurogenesis. These effects need to be considered when using tamoxifen-inducible CreER 

systems. 
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3.2 Introduction 

The hippocampal dentate gyrus (DG) is one of few sites where neurogenesis (i.e. , the 

generation and functional integration of new neurons) occurs in adulthood within the 

mammalian brain due to the occurrence of adult neural stem cells (NSCs) (Bonaguidi et al., 

2012; Bond et al., 2015; Kempermann et al., 2015). In adult mice, radial glial-like (RGL) 

NSCs, located in the subgranular zone (SGZ) of the DG, give rise to both neurons and 

astrocytes (Bonaguidi et al., 2011; Encinas et al., 2011; Song et al., 2012; Kempermann et al., 

2015; Berg et a l., 2018). The balanced generation of neurons and astrocytes in the adult 

healthy DG is regulated by cell-intrinsic factors in RGL/progenitors (Bonaguidi et al. , 2011; 

Encinas et al., 2011; Bonzano et al. , 2018) and is influenced by multiple environmental or 

physio-pathological factors that can increase (e.g., enriched environment or voluntary 

exercise) or decrease (e.g., aging, stress, and neurodegenerative diseases) the production and 

integration of adult-born neurons (Steiner et al., 2004, 2008; Dranovsky et al., 2011; Aimone 

et al., 2014; Sierra et al., 2015; Gebara et al., 2016; Beccari et al. , 2017). Such factors often 

display opposite effects on astrogliogenesis, as in the case of aging and neuroinflammation, 

which leads to enhanced production of astrocytes (Wu et al., 2012; Zonis et al., 2013; 

Woodbury et al., 2015; Pérez-Domínguez et al., 2017; White et al., 2020). Adult DG 

neurogenesis plays a key role in cognitive processes such as memory, learning , and mood 

control (Deng et al., 2010; Gonçalves et al., 2016). Several studies on animal models and 

human patients suggest that impairments in cognitive functions observed in multiple 

neurological diseases and disorders, like depression, epilepsy, and Alzheimer's disease (AD), 

are associated with dysregulated adult DG neurogenesis (Sahay et al. , 2011; Snyder et al., 

2011; Baptista and Andrade, 2018; Toda et al. , 2019). Moreover, neuroinflammation, a 

common feature of many neurodegenerative disorders associated with astrogliosis (Perry et 

al., 2010), is sufficient to affect adult DG neurogenesis (Ekdahl et al., 2003; Monje et al., 

2003; Fujioka and Akema, 2010; Kohman and Rhodes, 2013). Beside astrocytes, one of the 

key cell types involved in the neuroinflammatory response and thereby contributing to the 

pathophysiology of neurodegenerative diseases are microglia. In the healthy adult DG, 

microglial cells act by "surveying" the neurogenic niche to maintain homeostasis and fine-tune 

adult neurogenesis, being responsible for multiple functions, including phagocytosis of 

cellular debris and synaptic pruning (Ekdahl, 2012; Sierra et al., 2014; Diaz-Aparicio et al., 
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2020); however, their specific role in mediating dysfunctional neurogenesis upon 

neuroinflammation remains largely unknown. 

Transgenic animals bearing the tamoxifen-inducible CreERT2-LoxP system are a useful 

tool for manipulating gene expression in specific cell types in a temporally controlled manner 

(Hirrlinger et al., 2006; Mori et al., 2006; Valny et al., 2016; Jahn et al., 2018). These models 

have been widely exploited in studies of adult neurogenesis and astrogliogenesis to label and 

analyze the dynamics of adult RGLs and their progeny within the adult DG (Zhang et al., 

2010; Bonaguidi et al. , 2011; Dranovsky et al., 2011; Encinas et al. , 2011; Kim et al. , 2011; 

Yang et al. , 2015; Moura et al., 2020; Bottes et al., 2021; Harris et al. , 2021). In these models, 

Cre-recombination is induced by the administration of tamoxifen which belongs to the first 

generation of selective estrogen receptor modulators (SERMs), initially produced in the '60s as 

an anti-cancer drug (Jordan, 2003). Tamoxifen is a mixed agonist/antagonist of the estrogen 

receptor that crosses the blood-brain barrier (Lien et al. , 1991; Pareto et al., 2004), reaching 

the nervous system. Although no persisting effects on adult DG neurogenesis have been 

reported upon tamoxifen activation of Cre-recombinase (Rotheneichner et al., 2017), a recent 

study showed long-lasting adverse effects of tamoxifen on neurogenesis in embryonic and 

adult brains (Lee et al., 2020). On the other hand, tamoxifen has been reported to exert anti-

inflammatory and neuroprotective therapeutic activity in different pathologies , including 

spinal cord injury (Tian et al., 2009; Colón and Miranda, 2016), retinal diseases (Wang et al., 

2017), and aneurysmal subarachnoid hemorrhage (Sun et al., 2013) where its neuroprotective 

effect was correlated with a decreased microglial activation and reduced production of 

inflammatory mediators (Tian et al. , 2009; Sun et al. , 2013; Wang et al. , 2017). Thus, 

tamoxifen treatments used to activate the Cre recombinase could interfere with adult DG 

neurogenesis in animal models of neuroinflammation. 

Here, we investigated the effects of a two-day tamoxifen administration on the adult DG 

neurogenic niche in healthy mice and in a lipopolysaccharide (LPS)-induced model of 

neuroinflammation (Cardona et al. , 2006; Norden et al. , 2016). Focusing on the granule and 

subgranular zone of the adult DG, we investigated how these treatments impacted on 

microglia, astroglia, RGL/progenitor cells , and newborn neurons, identified by specific 

immunofluorescent stainings. Finally, to specifically address the role of microglia in 
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mediating LPS and/or tamoxifen effects on the adult DG neurogenic niche, we extended such 

analysis in mice depleted of microglia following chronic treatment with PLX5622, an inhibitor 

of the colony-stimulating factor 1 receptor (CSF1R). 
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3.3 Materials and methods 

3.3.1 Animals 

Experiments were performed on adult C57BL/6J and C57BL/6N mice aged P60 to P90 at 

the onset of each experiment. Mice were housed under a 12-hour light/dark cycle as groups of 

three to five animals per cage in an environmentally controlled room with access to food and 

water ad libitum. Experiments were designed to minimize the number of animals used (N=65 

total animals used for the study, both sexes). Mice were randomized from each group. All 

experimental procedures were conducted in accordance with the Guide for the Care and Use of 

Laboratory Animals of the European Community Council Directives (2010/63/EU and 

86/609/EEC) and approved by local bioethics committees, the Italian Ministry of Health, and 

the French Ministry for Higher Education and Research (authorization number 864/2018-PR 

to SDM and 2019042614306844 to WK) 

3.3.2 Drug treatments (i.e., administration of tamoxifen, LPS, PLX5622) 

The following groups were used for molecular and cellular analyses of various 

hippocampal cell populations at shorter (forty-eight hours post injections; 48 hpi) and longer 

(seven days post injections, 7dpi) chase periods between two treatments. For all short-chase 

experiments (Figures 1-3), tamoxifen (Tam; T-5648, Sigma-Aldrich) was dissolved in corn oil 

(C8267, Sigma-Aldrich) and used as a pretreatment by daily intraperitoneal (i.p.) injections of 

2.5 mg/mouse/day, for two consecutive days. Tamoxifen administration was then followed, 

after 48 hours, by daily i.p. injections of either E. coli-derived lipopolysaccharide (LPS; 0.5 

mg/kg/day) for four consecutive days (L2880, Sigma-Aldrich) in the Tam+LPS group or 

saline physiological solution as a control (Sal; 0.9%) in the Tam+Sal group. The other two 

groups, named Sal or LPS solely, were injected with Tam vehicle (i.e., corn oil) followed by 

either saline or LPS, respectively. For the analysis of the effect of tamoxifen pretreatment on 

neuroinflammation elicited at a longer chase period (Figure 4), mice named L-Tam+LPS were 

injected with LPS (0.5 mg/kg/day) seven days after tamoxifen injections (7dpi), once a day for 

four consecutive days, and compared to the mice that received only LPS (i.e., LPS group). All 

experimental groups were then sacrificed one day after the last LPS or Sal injection for 
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analyses. A sample size of at least three mice was randomly assigned to each experimental 

group, and the number of animals used for each experiment is specified in figure legends. 

Pharmacologic ablation of brain microglia was obtained by administration of the CSF1R 

inhibitor PLX5622 (Plexxikon, Inc.; Berkley, CA) formulated at 1200 parts per million (ppm) 

into standard rodent diet AIN-76A (12% fat, caloric density 3.86kcal/g; Research Diets, Inc. 

(New Brunswick, NJ). Animals were fed ad libitum with either the PLX5622 formulated diet 

or a standard chow diet (AIN-76A) starting from five days before receiving the first Tam/corn 

oil injection and for the entire duration of the experiment. 

3.3.3 Tissue preparation and sectioning 

For immunofluorescence analysis, mice were deeply anesthetized with a mixture of 

tiletamine/zolazepam (80 mg/kg, Zoletil 100, Virbac Corporation, France) by i.p. injection, 

and perfused transcardially with ice-cold 0.9% saline solution, followed by ice-cold 4% 

paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB), pH 7.4. Brains were removed from 

the skull and postfixed for 4 hours in the same PFA solution at 4°C. Post-fixation was 

followed by a cryopreservation step with a 30% sucrose solution in 0.1 M PB pH 7.4 at 4 °C 

for 48 hours. Then, the two hemispheres were separated and embedded in optimal cutting 

temperature compound (OCT, Killik, Bio-Optica), frozen, and stored at −80 °C until 

sectioning. One hemisphere was then cut with a cryostat (Leica Microsystems), and serial 

free-floating 30μm-thick coronal sections were collected in multi-well dishes and stored at 

−20°C in antifreeze solution (30% ethylene glycol, 30% glycerol, 10% PB: 189 mM 

NaH2PO4, 192.5 mM NaOH; pH 7.4) until use. 

3.3.4 Multiple immunofluorescence labeling 

Brain sections were rinsed in phosphate buffer solution (PBS, 0.01M, pH 7.4) and pre-

incubated at room temperature (RT) for 1 h in PBS containing  10%  of the normal sera that 

matched the host species of the secondary antibodies (i.e., normal donkey serum, NDS; 

Jackson ImmunoResearch, 017-000-121) and 0.5% Triton X-100 (Sigma- Aldrich T8787) for 

blocking unspecific bindings. Then slices were incubated with primary antibodies (Table A) 

diluted in PBS containing 0.5% Triton X-100 and 1% NDS at 4°C for 48 hours. After three 

rinses in PBS, slices were incubated with fluorochrome-conjugated secondary antibodies 
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(Table A) in PBS for 1,5 h at RT.  Sections were finally counterstained with the nuclear dye 

4′,6-diamidino-2-phenylindole (DAPI; 1:1000; Sigma-Aldrich, D9542) for 15 minutes at RT 

and coverslipped with the anti-fade mounting medium Mowiol (4-88 reagent, Calbiochem 

475904). 

3.3.5 Confocal microscopy 

Confocal images were acquired with a TCS SP5 confocal microscope (Leica 

Microsystems). Images were captured as z-stacked focal planes through the thickness of the 

slice (30 μm) at 1-μm optical steps with an oil-immersed Plan-Apochromat 40X/1.25 

objective, zoom 1.0, and resolution of 1024/1024 pixels and 100Hz (1 pixel = 0.38 μm) 

comprising both upper and lower blades of the hippocampal DG. 

3.3.6 Cell counting and morphometric analyses  

For cell quantification, images were analyzed with NIH ImageJ (https://imagej.nih.gov/ij/) 

using the cell counter and channel tool plugins. At least three different levels along the 

rostrocaudal DG axis were analyzed, and the cell density was calculated by dividing the total 

number of counted cells over the area of interest (MCL, SGZ+GCL, or Hilus) and expressed 

as the mean number of cells per squared millimeters (cells/mm
2
). Microglia cells were 

visualized by Iba1 expression and counted separately in each DG region (MCL, SGZ/GCL, 

and Hilus). For DCX and NeuroD1 analysis, immunopositive cells were counted in the SGZ 

and deep GCL area, where DAPI staining was used to trace the granule cell layer in DG and 

counterstain clustered cells discriminating single marker+ cells among packaged marker+ 

cells. For analysis of GFAP+ RGL, cells were deemed radial if the cell body, clearly 

associated with a DAPI+ nucleus, was located in the SGZ and had a single thin radial process 

extending throughout GCL and branching into the MCL (Gebara et al., 2016). 

For microglia morphological analyses, tridimensional reconstruction of Iba1+ cells was 

performed in z-multi-stack with NIH ImageJ using Simple Neurite Tracer (SNT) plugin upon 

manual image editing (i.e., subtract background and grayscale attribute filtering). Then, 

manual 3D reconstruction was finalized with the filling tool to measure morphological 

parameters: the territory area as the convex hull area, where the convex hull is the smallest 

convex polygon (that with all interior angles smaller than 180◦) containing the whole-cell 

https://imagej.nih.gov/ij/
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shape (Fernández-Arjona et al., 2017), and the total number of branches including their 

different levels [i.e., the degree of ramification quantified by counting the number of segments 

at each level up to level 5 (Figure S1F); (Raj et al., 2014)].  

3.3.7 Tissue collection, RNA extraction, and RT-qPCR 

For whole-hippocampus RT-PCR, mice were sacrificed by cervical dislocation, and 

hippocampi were microdissected and quickly frozen in liquid nitrogen and stored at − 80 °C 

until further processing. Total RNA was extracted from brain homogenate using RNeasy 

Micro Kit (Qiagen, France) following the manufacturer's protocol. Reverse transcription was 

carried out using the QuantiTect kit (Qiagen, France). The qPCR reactions were performed in 

duplicates in a LightCycler480 (Roche) using QuantiTect SYBR Green PCR kit (Qiagen, 

France) and gene-specific primers (Table B). The number of transcripts was evaluated relative 

to the expression level of the housekeeping gene acidic ribosomal phosphoprotein P0 (Rplp0 

or 36B4). Fold change was calculated with respect to the control saline-injected group. 

3.3.8 Statistics 

Results were presented as mean ± s.d. and derived from at least three different 

animals/group. A two-tailed independent t-test was performed to compare the differences 

between two groups; moreover, an F-test of equality of variances was conducted to compare 

variances, and Welch's correction was applied in case of unequal variance distribution. Two-

way analysis of variance (ANOVA) with Dunnett's multiple comparisons test was used for 

qPCR analyses to compare each means with the saline-control mean. Then, for cellular 

analyses, Student-Newman-Keuls' post hoc test was used for multiple comparisons of unequal 

sample sizes regardless of rows and columns. Data distribution was assumed to be normal 

with the Shapiro-Wilk test (alpha=0.05). The confidence interval was expressed with 95% 

confidence. The statistical significance was defined as follows: *p<0.05, **p<0.01, and 

***p<0.001. All statistical analyses were performed using Microsoft Excel and Graphpad 

Prism 8 software. For cell countings, outliers were identified with Tukey's method following 

1.5xIQR (Interquartile range) rule. 
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Table A. List of primary and secondary antibodies  

Antigen name Host Dilution Source Catalog number 

Primary Antibodies 

Iba1 Rabbit 1:1000 Wako 019-19741 

DCX Goat 1:1500 
Santa Cruz 

Biotechnology 
Sc-8066 

NeuroD1  Goat 1:400 
Santa Cruz 

Biotechnology 
Sc-1804 

GFAP Goat 1:200 Abcam ab53554 

GFAP Mouse 1:700 Immunological Science MAB12029 

S100β Rabbit  1:10000 SWANT 37A 

Ki67 Rabbit 1:1000 Abcam ab15580 

 

Secondary Antibodies 

AlexaFluor488 Anti-

Ms 
Donkey 1:400 

Jackson 

ImmunoResearch 
715-545-151 

AlexaFluor488 Anti-

Rb 
Donkey 1:400 

Jackson 

ImmunoResearch 
711-545-152 

AlexaFluor647 Anti-

Rb 
Donkey 1:600 

Jackson 

ImmunoResearch 
711-605-152 

Cy3 Anti-Gt Donkey 1:800 
Jackson 

ImmunoResearch 
705-165-147 

 

Table B. List of primers 

Gene Forward (5’-3') Reverse (5’-3') 

TNFα CTTCTGTCTACTGAACTTCGGG CAGGCTTGTCACTCGAATTTTG 

IL1β  ACGGACCCCAAAAGATGAAG TTCTCCACAGCCACAATGAG 

IL6 CAAAGCCAGAGTCCTTCAGAG GTCCTTAGCCACTCCTTCTG 

IL4R ATTGTCTACTCAGCCCTTAC CAGCAGCCACAGCAAGGACT 

TGFb TGATACGCCTGAGTGGCTGTCT CACAAGAGCAGTGAGCGCTGAA 

Rplp0 (36B4) ACCCTGAAGTGCTCGACATC AGGAAGGCCTTGACCTTTTC 
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3.4 Results 

3.4.1 Tamoxifen modulates the expression of inflammatory cytokines within the adult 

mouse hippocampus 

Tamoxifen has been reported to exert neuroprotective actions on CNS in various 

experimental or clinical conditions, including anti-inflammatory activity (Baez-Jurado et al., 

2019). Here, we investigated whether a short tamoxifen treatment, as used for inducible DNA 

recombination based on the CreERT2-LoxP system (Rolando et al., 2012; Yang et al. , 2015; 

Bonzano et al., 2018), can modulate inflammatory signaling in the adult mouse hippocampus. 

To this end, we treated young adult mice with tamoxifen or its vehicle (i.e., corn-oil) once a 

day over two consecutive days, followed by an intraperitoneal (i.p.) injection of E. coli-

derived lipopolysaccharide (LPS, as pro-inflammatory stimulus) or saline solution (as control),  

48 hours later and repeated for four days (Figure 1A). 

The expression level of selected pro-inflammatory (i.e., IL-1 β, IL-6, TNFα) and anti-

inflammatory (IL-4R, TGFβ) genes was quantified by RT-qPCR six days after the tamoxifen 

treatment in the presence or absence of LPS treatment. Results showed a general up-regulation 

for all inflammatory genes in the hippocampi of treated mice, compared to control groups 

(Sal; Figure 1B-F). In particular, the increase in the expression level of IL-1β was statistically 

significant following LPS treatment (i.e., LPS and Tam+LPS groups) compared with control 

saline-injected mice (Sal; Figure 1B). Unexpectedly, IL-1β expression increased in Tam+Sal 

treated mice (Figure 1B) which also showed augmented levels of IL-6 (Figure 1D), and a 

tendency to increase in TNFα (P=0.059; Figure 1C), suggesting tamoxifen per se can 

positively modulate pro-inflammatory molecules. In parallel, we also found a positive effect of 

tamoxifen on the expression of the anti-inflammatory genes IL-4R (Figure 1E) and TGFβ  

(Figure 1F), both in the absence and presence of LPS treatment.  These observations indicate 

that tamoxifen confers a unique inflammatory signature to the adult hippocampus , likely 

involving glial cell activation. 
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Figure 1. Tamoxifen induces changes in the expression of pro- and anti-inflammatory mediators 

within the adult mouse hippocampus. (A) Experimental design. Veh. (Vehicle, i.e., corn oil), Tam (Tamoxifen, 

2.5 mg/mouse/day), Sal (saline solution 0.9%), and LPS (E. coli-derived lipopolysaccharide, 0.5 mg/kg). 

Treatments were administered by intraperitoneal injections. (B-F) Histograms showing fold changes in IL1β (B), 

TNFα (C), IL6 (D), IL4R (E), and TGFβ (F) gene transcripts in the hippocampi of mice injected with LPS alone 

(LPS) or treated with tamoxifen before Sal (Tam+Sal)  or LPS (Tam+LPS) injections normalized to control 

hippocampi of mice injected with Saline (Sal).  TNFα, tumor necrosis factor alfa; IL1β, interleukin 1 beta; IL6, 

interleukin 6; IL4R, interleukin 4 receptor; TGFβ, transforming growth factor-beta. n=5-6 mice/group; technical 

replicates = 2. Data are presented as box plots with whiskers indicating minimum-maximum range; median and 

media values are shown as a horizontal line and a cross symbol. Two-way ANOVA followed by Dunnett's 

multiple comparison test: *p< 0.05, **p<0.01. See statistical table S1. 
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3.4.2 Tamoxifen alters the morphology of hippocampal DG microglial cells  and 

prevents their increase upon LPS treatment  

Microglial cells play an active role in the brain neuroinflammatory response by the early 

release of cytokines associated with changes in their morphology (Chen et al., 2012; Walker et 

al., 2014; Morganti et al., 2016; Norden et al., 2016). In the adult hippocampus, microglia 

contribute to the microenvironment of the DG neurogenic niche, modulating adult 

neurogenesis (Sierra et al., 2010; Ekdahl, 2012; Gebara et al., 2013; Diaz-Aparicio et al., 

2020; Zhang et al., 2020). To understand the possible impact of tamoxifen on microglia, we 

performed a detailed analysis of this cell population in situ, focusing on the DG. The timing 

and protocol of tamoxifen pretreatment combined with LPS or saline i.p. injections were the 

same as in the previous experiment (Figure 1A). The day after the last LPS treatment, animals 

were perfused, and the brain tissue was processed for immunofluorescence staining for the 

cytoplasmic microglia marker Iba1 (Ito et al. , 1998), followed by confocal laser scanning 

microscopy coupled to morphometric analyses (Figure 2).  

We first assessed the cell density of Iba1+ microglia within the DG and found an increase 

in LPS-injected mice compared to controls that was prevented by tamoxifen in Tam+LPS 

mice, while tamoxifen alone (i.e., Tam+Sal) did not alter microglial cell density (Figure 2A, 

B). Similar results emerged confining the analysis to the DG granule cell layer (GCL) (Figure 

S1B), and a similar trend was observed as well for the molecular cell layer (MCL) and the 

hilus (Figure S1A, C). We next analyzed the percentage of area covered by the Iba1+ signal 

(i.e., microglia fractional area) in the DG of the different groups (Figure S1D). No statistically 

significant difference was observed in the microglia fractional area comparing LPS to Sal 

group (Figure 2C). In contrast, a net reduction was found in both Tam+Sal and Tam+LPS 

groups compared to Sal and LPS groups, respectively (Figure 2C). However, no differences 

were found in the soma size of microglial cells among the four groups (Figure S1E). 

To disclose possible morphological alterations at a single cellular resolution, we exploited 

the three-dimensional reconstruction of individual Iba1+ cells (Figure 2D) (Davis et al., 2017). 

Analysis of the territory area, calculated as the smallest convex polygon containing the whole 

microglia cell shape (Fernández-Arjona et al., 2017), revealed a net reduction in LPS 

compared to Sal group (Figure 2E). However, no differences were observed by comparing Sal 
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and LPS groups with Tam+Sal and Tam+LPS groups, respectively (Figure 2E). In contrast, a 

statistically significant reduction was found in the total number of branches per cell in 

tamoxifen-treated groups (Figure 2F), mainly due to decreased secondary and tertiary 

branches in Tam+Sal and Tam+LPS versus Sal and LPS groups, respectively (Figure S1F). 

The total number of branches per cell was similar in LPS and Sal groups (Figure 2F), with a 

slight increase in the secondary branches in LPS treated mice (Figure S1F). 

Overall, these data indicate that a two-day-long tamoxifen treatment is sufficient to alter  

microglial cells in the DG by preventing their increase upon LPS-induction and reducing the 

morphological complexity of their processes both in unchallenged and reactive microglia. 

According to pharmacokinetic studies in mice, tamoxifen and its active metabolites are 

completely degraded to negligible levels in the brain within 7 days (Valny et al. , 2016; Jahn et 

al., 2018). We run a new experiment comparing LPS-injected mice with mice that received 

tamoxifen (single i.p. injection for two consecutive days) one week before LPS injections (i.e. , 

Long-chase; L-Tam+LPS) (Figure S2A). Interestingly enough, quantification of Iba1+ 

microglia on L-Tam+LPS treated mice revealed a reduction in microglia numbers and 

fractional area compared to LPS group (Figure S2B-D), indicating that the consequences of 

tamoxifen treatment extend behind its bioavailability. 
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Figure 2. Tamoxifen alters hippocampal DG microglia activation upon LPS treatment. (A-F) Refers to the 

experimental design shown in Figure 1A. (A) Representative confocal images depict microglia immunopositive 

for Iba1 (yellow) in the DG of the four experimental groups. Cell nuclei are counterstained with DAPI (blue). 

Insets show high-magnification images of Iba1+ microglial cells  (arrows) for each DG subregion (ML, molecular 

layer; GCL, granule cell layer; Hilus). (B) Quantification of Iba1+ microglial cell density within the DG of the 

four experimental groups. (C) Percentage of the area covered by Iba1+ microglial cells within the DG of the four 

experimental groups. (D) Representative binarized max projections of 3D-reconstructed Iba1+ microglial cells 

within the DG of the four experimental groups. Scale bar, 10 µm. (E, F) Quantification of the territory area 

occupied by a single microglial cell (E) and the total number of branches per cell (F) of 3D-reconstructed 

microglial cells within the DG of the four experimental groups. n=3-5 mice/group (B, C). n = 15-18 

cell/treatment (E, F) out of 3 mice/group. Scale bars, 50 µm (A; low magnification), 10 µm (A, and D; high 

magnification). Data are presented as mean ± SD (B, C) and box plots with whiskers indicating a minimum-

maximum range (E, F). Two-way ANOVA followed by a Student-Newman-Keuls (SNK) multiple comparison 

test: *p< 0.05, **p<0.01, ***p<0.001. See also Figure S1 and the statistical values in tables S2 and S3. 
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3.4.3 Tamoxifen counteracts the LPS-induced dysregulation on adult DG neurogenesis 

Alongside microglial cells, astrocytes are actively involved in the brain tissue response to 

inflammatory challenges (Norden et al., 2016; Lana et al., 2017; Yang and Zhou, 2019). To 

assess the possible effects of tamoxifen on the astroglial population within the DG neurogenic 

niche, we quantified glial fibrillary acidic protein-positive (GFAP+) astrocytes in the deep 

GCL and subgranular zone (SGZ; Figure 3A, B). The density of GFAP+ astrocytes was 

increased in LPS mice compared to Sal control mice (Figure 3B) , and tamoxifen abolished 

such an increase in Tam+LPS mice (Figure 3B). A similar yet attenuated response was 

observed in the long-chase protocol (Figure S2A, E), where a tendency to a reduced number of 

GFAP+ cells was found in L-Tam+LPS versus LPS mice (P= 0,0526; Figure S2E). We further 

analyzed GFAP+ astrocytes by S100β immunostaining and found that, on average, nearly 70% 

of GFAP+ astrocytes in each group were double-positive for S100β (magenta in Figure 3B). 

RGL cells in the SGZ express GFAP and, for a small fraction, also S100β (Gebara et al., 

2016) (Figure 3A, C). Analysis of GFAP+ RGL cells identified based on specific 

morphological features (see Materials and Methods) revealed an increase in LPS-treated mice, 

which was prevented by tamoxifen in the Tam+LPS group (Figure 3C). In line with these 

results, reduced numbers of GFAP+ RGL cells were observed in L-Tam+LPS versus LPS 

mice in the long-chase protocol (Fig. S2F). To unravel possible changes in the number of 

proliferating cells in the GCL and SGZ upon LPS and/or tamoxifen treatment , we quantified 

the cell proliferation marker Ki67 (Kee et al., 2002). We did not find differences by comparing 

the density of Ki67+ cells among the different groups (Figure S3A, B). More specifically, no 

changes were observed in GFAP+/Ki67+ RGL in the SGZ (Figure S3C, D), suggesting that 

the number of active RGL cells was not altered by either LPS or tamoxifen treatment. 

Next, we investigated the possible effects of tamoxifen on DG neurogenesis, using 

Doublecortin (DCX) and the bHLH transcription factor NeuroD1 as markers to identify 

intermediate progenitors and postmitotic immature neurons (Steiner et al., 2006; Gao et al., 

2009) (Figures 3D, F). Quantification of DCX+ cell density in the DG revealed a reduction in 

LPS group compared to Sal group (Figure 3D, E). This effect was neutralized by tamoxifen in 

Tam+LPS mice in which DCX+ cell density was higher compared to LPS group and similar to 

Sal group (Figure 3E). Notably, higher DCX+ cell density compared to LPS group was also 



 

111 
 

found in L-Tam+LPS mice (Figure S2G). Nevertheless, tamoxifen alone did not alter per se 

the DCX+ cell population; indeed, DCX+ cell density was comparable in Sal and Tam+Sal 

groups (Figure 3E). The observed modulation of DG neurogenesis upon tamoxifen treatment 

in LPS injected mice was confirmed by analyzing NeuroD1+ cells (Figure S3E, F). We next 

coupled Ki67 immunostaining to cell-type-specific markers to discriminate between type 2a 

progenitors (i.e., Ki67+/NeuroD1-/GFAP-) and type 2b progenitors and neuroblasts 

(NeuroD1+/Ki67+/GFAP-), and we did not find any changes in their numbers (Figures S3G 

and 3F, G). Conversely, the number of NeuroD1+ cells negative for Ki67 (NeuroD1+/Ki67-; 

i.e., postmitotic immature neurons) was reduced in LPS group but not in Tam+LPS group, in 

which NeuroD1+/Ki67- cell numbers were comparable to control mice (Figures 3F, H).  

Overall, these findings demonstrate that tamoxifen counteracts the LPS-induced 

dysregulation in the DG neurogenic niche, rescuing control conditions for astrocytes, RGL 

cells, and newborn immature neurons. 
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Figure 3. Tamoxifen counteracts the LPS-induced dysregulation of neuro-glia balance within the adult 

DG neurogenic niche. (A-H) Refers to the experimental design shown in Figure 1A. (A) Confocal images of 

double immunofluorescence for S100β (magenta) and GFAP (green) in the SGZ/GCL of DG in coronal sections. 

Insets show high-magnification images of GFAP+ radial glia like-cells (RGL), both S100β negative (empty white 

arrowheads) and S100β positive (empty pink arrowheads), and GFAP+ astrocytes (Astro) both S100β negative 

(full white arrowheads) and S100β positive (full pink arrowheads). (B, C) Quantification of astrocytes (B) and 

RGL cells (C) positive for GFAP within the SGZ/GCL of the DG in the four experimental groups. Densities of 

double-labeled GFAP+S100β+ are depicted in pink in the column graph. (D) Representative confocal images of 

intermediate progenitors and immature neurons positive for DCX (white) in the DG of mice injected with saline 

(Sal) or LPS alone and mice treated with tamoxifen before Sal (Tam+Sal)  or LPS (Tam+LPS) injections. (E) 

Quantification of DCX+ neurogenic progenitors and immature neurons within the SGZ/GCL of the DG in the 

four experimental groups. (F) Confocal images of double immunofluorescence for immature neuronal marker 
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NeuroD1 (cyan) and the proliferative marker Ki67 (red) in the DG of Sal, LPS, Tam+Sal, and Tam+LPS mice. 

Full arrowheads show double NeuroD1+Ki67+ nuclei; empty arrowheads show NeuroD1+ nuclei negative for 

Ki67. (G, H) Quantification of double NeuroD1+Ki67+ mitotic neurogenic progenitors (G) and NeuroD1+Ki67- 

postmitotic immature neurons (H) within the GCL/SGZ of the four experimental groups; both cell populations 

(G, H) are negative for GFAP. DG subgranular zone (SGZ)/granule cell layer (GCL) is delimited by dotted lines. 

Cell nuclei are counterstained with DAPI (blue). n=3-5 mice/group. Scale bars, 50 µm (A and D; low 

magnification), 25 µm (F; low magnification), and 10 µm (insets A; high magnification). Data are presented as 

mean ± SD. Two-way ANOVA followed by a Student-Newman-Keuls' (SNK) multiple comparison test. *p< 

0.05, **p<0.01. See also Figure S3 and the statistical values in Tables S5 and S6. 
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3.4.4 Newborn neurons and RGL cells respond to LPS-challenge and tamoxifen 

treatment in microglia-depleted mice 

Our data indicate that LPS and tamoxifen treatments impact multiple cellular components 

of the SGZ/GCL. However, it remains unclear to which extent the observed effects are due to 

microglia-mediated responses. To get a deeper insight into the role of microglia in this 

context, we exploited a pharmacological strategy to deplete microglia in the CNS by oral 

administration of Plexxikon (PLX)5622, an inhibitor of the colony-stimulating factor 1 

receptor (CSF1R), which is essential for microglia survival (Elmore et al., 2014; Green et al., 

2020). The effectiveness of the PLX5622 treatment was qualitatively assessed in a first 

experiment by Iba-1 immunofluorescence in the DG of mice that received a 5-day treatment, 

revealing a drastic reduction in Iba1+ microglia compared to control mice (Figure S4A, B). 

Therefore, we designed a new experimental protocol, introducing a 5-day PLX5622 

pretreatment before starting tamoxifen or vehicle administration, followed after 2 days by LPS 

or Saline injections (i.e., from d2 to d5, Figure S4C). Mice were maintained under continuous 

PLX5622 treatment throughout the whole experiment to avoid the repopulation of microglia 

(i.e., from -d6 to d6) (Huang et al., 2018). Thus, the day after the last Sal or LPS injection, 

only rare Iba1-immunopositive cells were observed in the DG of PLX treated mice (Figure 

4A). Although scattered Iba1+ cells in the MCL were still responsive to LPS (Figure 4B), no 

significant changes occurred in the GCL and Hilus (Figure 4C, D), and their overall reduction 

was in a range between 86% and 97% (Figure 4B-D), confirming a significant depletion of 

microglia in the DG of PLX5622 treated mice. We next analyzed DCX+ cells in the DG of 

microglia-depleted mice and found a decreased cell density in LPS group compared to Sal 

group, which was prevented by tamoxifen in Tam+LPS group (Figure 4E, F). Intriguingly, a 

similar response was observed in GFAP+ RGL cells, with a decrease in LPS compared to Sal 

group (Figure 4G, H), indicating that in the condition of microglia depletion, LPS effects on 

RGL cells are opposite to that found in the presence of microglia (Figure 3C). In any case, 

tamoxifen pretreatment abolished the LPS effects, leading to numbers of GFAP+ RGL cells  

comparable to controls (Figures 4G, H). Finally, no differences were observed in the number 

of GFAP+ astrocytes among groups (Figures 4G, I). 

Overall, these findings indicate that microglial cells are needed to elicit the changes 

observed in DG astrocytes upon LPS and tamoxifen treatments and are involved in the 
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modulation of RGL cells, but they are dispensable for the effects produced by those treatments 

on DG newborn neurons. 

  



 

116 
 

Figure 4. Tamoxifen counteracts LPS-induced newborn neuron and RGL cell depletion in PLX microglia-

depleted mice. (A) Representative confocal images  are depicting the remaining Iba1+ microglial cells (yellow; 

arrows) in the PLX-treated DG of the four experimental groups shown in A. (B-D) Quantification of Iba1+ 

microglia cell density within the MCL (B), GCL (C), and Hilus (D) of PLX-treated four experimental groups (ref. 

to Figure S4C for the experimental design) compared to control ones fed without PLX (dotted line). (E) Confocal 

images of neuroblasts/immature neurons positive for DCX (white) in the DG of PLX-treated mice of four 

experimental groups. (F) Quantification of DCX+ neurogenic progenitors and immature neurons within the 

SGZ/GCL of the PLX-microglia depleted DG in the four experimental groups. (G) Confocal images of double 

immunofluorescence for S100β (magenta) and GFAP (green) in the SGZ/GCL of the PLX-microglia depleted 

DG. Empty arrowheads indicate the radial process of GFAP+ radial glia-like cells, while full arrowheads indicate 

the soma of GFAP+ astrocytes. (H, I) Quantification of RGL cells (H) and astrocytes (I) positive for GFAP 
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within the SGZ/GCL of the PLX-microglia depleted DG in the four experimental groups. Densities of double-

labeled GFAP+S100β+ are depicted in pink in the column graph. DG subgranular zone (SGZ)/granule cell layer 

(GCL) is delimited by dotted lines. Cell nuclei are counterstained with DAPI (blue). n=4 mice/group. Scale bars, 

50 µm (A, E, and G; low magnification). Data are presented as mean ± SD. Two-way ANOVA followed by a 

Student-Newman-Keuls' (SNK) multiple comparison test. *p< 0.05, **p<0.01. See also Figure S4 and the 

statistical table S7. 
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3.5 Discussion 

Tamoxifen, the first-generation SERM used for breast cancer treatment, displays multiple 

activities depending on the cell type, developmental stage, or pathological condition. For 

instance, long-lasting adverse effects of tamoxifen treatments on neurogenesis were recently 

reported in prenatal and postnatal brains (Lee et al., 2020). In contrast, beneficial anti-

inflammatory and neuroprotective activities were documented in adult microglia and neural 

cells, respectively (Zhao et al., 2005; Tapia-Gonzalez et al. , 2008; DonCarlos et al. , 2009; 

Arevalo et al., 2012; Baez-Jurado et al., 2019). Tamoxifen is also used as an activator of the 

CreERT2 fusion protein to mediate inducible genetic manipulation in vivo (Hayashi and 

McMahon, 2002; Hirrlinger et al. , 2006; Mori et al., 2006; Valny et al., 2016; Jahn et al., 

2018). Conditional Cre system allows recombination of floxed target genes in a time-

controlled manner in specific cell types and has been instrumental in the last decades for the 

genetic labeling and manipulation of adult NSC/progenitor cells but also microglial cells to 

dissect the underlying dynamic and molecular control (Dhaliwal and Lagace, 2011; Imayoshi 

et al., 2011; Semerci and Maletic-Savatic, 2016; Kaiser and Feng, 2019; Diaz-Aparicio et al., 

2020). However, such studies might be impacted indirectly by tamoxifen effects on cell 

proliferation, differentiation or through tamoxifen-dependent modification of 

neuroinflammatory signaling. 

In this study, we asked whether a two-day tamoxifen administration, which has been 

previously used to efficiently recombine adult NSC/progenitor cells in inducible Glast-

CreERT2 transgenic mice (Rolando et al. , 2012; Yang et al., 2015; Bonzano et al., 2018) , 

influences the adult DG neurogenic niche of the mouse hippocampus in basal conditions and 

upon LPS-induced neuroinflammation. Our data revealed that tamoxifen treatment alone did 

not affect the adult DG, considering radial-glia NSCs, proliferating progenitors , as well as 

differentiated NeuroD+ and DCX+ immature neurons or GFAP+ and GFAP+/S100b+ 

astrocytes within the SGZ/GCL of adult mice. This observation is in line with a previous 

report (Rotheneichner et al., 2017) but in contrast with the detrimental effects of tamoxifen 

administration in embryonic and adolescent brains outlined by a recent study reporting long-

lasting alterations on neurogenesis (Lee et al., 2020). In particular, this latter study revealed 

that a tamoxifen treatment with a 2mg/animal dose per day, lasting five days, reduced 
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proliferating cells in the postnatal DG. Similar effects were reported on the subventricular 

zone (i.e., the other main neurogenic niche of the adult brain) following two tamoxifen 

injections at a 1mg/animal dose per day. Thus, while dosage and/or protocol of tamoxifen 

administration is unlikely to explain the discrepancy between this study and our data, animal 

age can account for a significant difference. In our case and the study by Rotheneichner and 

colleagues, experiments were performed on fully mature adult mice (i.e., aged from two to 

five months), while the experiments by Lee and colleagues used adolescent mice (i.e., three- to 

four-week-old mice) to account for their studies of adult neurogenesis (Rotheneichner et al., 

2017; Lee et al. , 2020). Age differences might be relevant considering recent reports 

indicating a change in the dynamics and behaviors of DG NSCs between juvenile and adult 

life (Harris et al., 2021; Ibrayeva et al., 2021), which could imply different susceptibility to 

tamoxifen.  

The systemic administration of LPS is a reliable method to elicit a rapid innate immune 

response in the brain, whose effects at the cellular and molecular levels vary according to the 

experimental protocol (Norden et al. , 2016; Batista et al. , 2019). Our results showed that 

systemic administration of a low dose of LPS for four consecutive days leads to overall 

moderate changes in the mRNA expression of inflammatory markers in the hippocampi of 

LPS-treated mice, with a significant increase of the pro-inflammatory cytokine IL-1β. These 

data are consistent with a previous study showing that repeated LPS challenge elicits a less 

severe inflammatory molecular profile in the brain than the response observed following an 

acute single-dose LPS challenge (Norden et al., 2016). Yet, the quantitative data on the cell 

population and changes in the morphology of hippocampal DG microglial cells support their 

clear activation upon LPS treatment, both in terms of increased proliferation and more 

complex morphology (Stence et al. , 2001; Madore et al., 2013; Norden et al. , 2016; 

Fernández-Arjona et al. , 2017). Moreover, we found a decrease in DCX+ immature neurons 

and increased numbers of GFAP+ astrocytes and RGL cells following LPS, indicating reduced 

DG neurogenesis and increased astrogliogenesis. While the LPS effects on adult DG 

neurogenesis and astrogliogenesis are in agreement with previous reports (Ekdahl et al. , 2003; 

Monje et al. , 2003; Fujioka and Akema, 2010; Zonis et al. , 2013; Valero et al., 2014; 

Chesnokova et al., 2016; Bonzano et al., 2018; Melo-Salas et al. , 2018; Perez-Dominguez et 

al., 2019), to the best of our knowledge, the LPS-induced increase found in the RGL cell 
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population has not been reported before. Interestingly, we found that the increased number of 

astrocytes and GFAP+ RGL NSCs observed in LPS-treated mice was critically dependent on 

the activity of microglia, as such effects were lost in microglia-depleted mice. Notably, in the 

absence of microglia, the LPS treatment elicited an opposite result on RGL cells, significantly 

reducing their number, revealing a direct, possibly cell-autonomous, adverse effect of LPS on 

these NSCs. Therefore, we propose that LPS-induced neuroinflammation modulates NSC 

number through two competing mechanisms – an indirect microglia-dependent activity that 

dominates and masks a direct LPS negative regulation of GFAP+RGL cell number.  

The idea of a double direct/indirect regulation on NSCs is further supported by the 

observed effects of tamoxifen counteracting LPS-associated changes in the DG neurogenic 

niche both in presence and absence of microglia. Tamoxifen effects are classically mediated 

by activation of the nuclear ERs and/or the membrane-bound G-protein-associated estrogen 

receptor (GPR30) (Arevalo et al. , 2015; Baez-Jurado et al. , 2019). The expression of both 

receptors by microglia and astrocytes have been documented and reported to be involved in 

the inflammatory response, a powerful regulator of adult hippocampal neurogenesis (Garcia-

Ovejero et al., 2005; Sierra et al., 2008; Arevalo et al., 2012; Leiter et al., 2016; Correa et al., 

2019; Vicidomini et al., 2020). However, ER and GPR30 are also expressed by adult DG 

NSC/progenitor cells, as well as by DG immature and mature granule neurons (Isgor and 

Watson, 2005; Mazzucco et al., 2006; Brailoiu et al., 2007; Hajszan et al., 2007), raising the 

possibility that tamoxifen may directly regulate the response of these cells to LPS.  

Accordingly, in the absence of microglia, tamoxifen prevented the LPS-induced reduction of 

both GFAP+RGL NSCs and DCX+ newborn neurons. On the other hand, microglia depletion 

completely abrogated the effects of LPS and LPS+tamoxifen on astrocyte numbers, indicating 

a microglia-mediated response. Thus, our data suggest the co-existence of both mechanisms of 

action by tamoxifen and their differential contribution in controlling the neuron/astroglia 

balance in the adult DG upon neuroinflammation. 

Alterations in cell proliferation, cell fate, and/or cell death during tamoxifen/LPS 

interventions are among the possible mechanisms underlying dynamic changes in the DG 

neurogenic niche. The concomitant and proportional increase of GFAP+RGL and 

GFAP+S100b+ astrocytes upon LPS-induction suggest an increased proliferation of NSCs and 
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possibly their increased differentiation towards astrocytes. Instead, the observed decrease in 

DCX+ newborn neurons could derive from the altered cell cycle of intermediate progenitors 

and/or defective survival of newborn neurons. Although our data showed unchanged numbers 

of proliferating cells in the DG, 24 h after the last LPS injection, we cannot exclude the 

existence of a transitory phase of altered NSC and/or intermediate progenitor proliferation at 

earlier steps during LPS-treatment. Accordingly, a previous study described a detrimental 

effect of inflammation after a single LPS injection on cell cycle progression of type 2 

intermediate progenitors, which may contribute to the decrease in the birth rate of DG neurons 

(Melo-Salas et al., 2018). On the other hand, our data showing a reduction in DCX+ 

postmitotic cells upon LPS treatment point to an impairment in cell survival of newborn 

neurons that may contribute to overall reduced neurogenesis. Thus, beneficial tamoxifen 

effects in LPS treated mice possibly reflect the prevention of microglia-mediated 

neuroinflammation and consequent stimulation of astrogliogenesis as well as direct 

neuroprotective activity in NCSs and newborn neurons. 

The exact molecular mechanisms mediating the role of tamoxifen in preventing adverse 

effects of neuroinflammation in the DG deserves further investigation. However, our data 

suggest that they are not mediated by pure anti-inflammatory actions at the level of cytokine 

signaling. Indeed, an increased expression of pro-inflammatory cytokines at 24hrs after 

ceasing LPS administration, which attained significance only for IL1b, was enhanced in 

tamoxifen pretreated mice as reflected by augmented expression of IL1b, TNFa, and IL6, 

concomitant with an increase of the anti-inflammatory IL4R and TGFb signaling. Changes in 

microglia number and morphology more faithfully reflected beneficial activities of tamoxifen 

and were consistent with preventing microglia activation in response to LPS. It remains to be 

investigated whether microglia trophic support known to play a role in the control of 

proliferation, survival, and differentiation of different neural progenitors (Frost and Schafer, 

2016) may be directly involved in microglia-dependent beneficial effects of tamoxifen. 

In conclusion, these findings imply major limitations in investigating microglia, adult 

NSCs and their progeny using the CreERT2-loxP transgenic mouse systems associated with 

pathological models involving neuroinflammation. Besides, the tamoxifen actions might 

interfere with models of the experimental autoimmune encephalomyelitis -EAE- and the 
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toxin-mediated models of demyelination (Procaccini et al. , 2015; Kipp et al., 2017; Chu et al., 

2019), as well as various models of neurodegenerative diseases associated with 

neuroinflammation (Dawson et al., 2018; Batista et al., 2019). Here we demonstrated that 

tamoxifen treatment counteracted the LPS-induced dysregulation in adult DG neurogenesis 

not only at short intervals (i.e., forty-eight hours chase) but also at longer intervals (i.e., seven 

days chase), when the levels of tamoxifen and its metabolites was found negligible within 

brain and blood (Valny et al. , 2016; Jahn et al., 2018). These data indicate a long-lasting effect 

of tamoxifen and highlight the need for thorough control to be designed on a case-by-case 

basis when using transgenic animals bearing the tamoxifen-inducible CreERT2-LoxP system. 
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3.6 Supplementary figures 

 

Figure S1. Microglial cell density and morphometric parameters in the DG. Related to Figure 2. (A-B-

C) Quantification of Iba1+ microglial cell density within the MCL (A), GCL (B), and Hilus (C) of the four 
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experimental groups (ref. to Figure 1A for the experimental design). (D) Representative binarized images of 

Iba1+ microglial cells in coronal sections of the Sal, LPS, Tam+Sal, and Tam+LPS DG, are used to measure the 

microglia fractional area (ref. to Figure 2C). Scale bar, 50 µm. (E) Quantification of Iba1+ microglial cell soma 

size within the DG. (F) Histograms are reporting quantification of different levels of branches per 3D-

reconstructed microglial cell within the DG of each experimental group. An example of a 3D-reconstructed cell 

with branch order highlighted with different colors is shown on the right. DG, dentate gyrus; MCL, molecular 

cell layer; GCL, granule cell layer; Sal, saline; LPS, lipopolysaccharide; Tam, tamoxifen. n = 3-5 mice/group (A, 

C). n = 15-18 cell/group (C) out of three mice/group. Data are presented as mean ± SD. Two-way ANOVA 

followed by a Student-Newman-Keuls' (SNK) multiple comparison test. **p<0.01, ***p<0.001. See statistical 

values in table S5. 
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Figure S2. The effects of tamoxifen on the DG are long-lasting. (A) Experimental design. Tam 

(Tamoxifen, 2.5 mg/mouse/day) and LPS (E. Coli-derived lipopolysaccharide, 0.5 mg/kg/day). Treatments were 

administered by intraperitoneal injections. (B) Representative confocal images depicting microglia 

immunopositive for Iba1 (yellow) in the DG of the two experimental groups shown in A. Insets show high-

magnification images of Iba1+ microglia (arrows) for each DG sub-region (MCL, molecular cell layer; GCL, 

granule cell layer; Hilus). Cell nuclei are counterstained with DAPI (blue). Scale bars, 50 µm (insets scale bar, 10 

µm). (C-D) Quantification of Iba1+ microglial cell density (C) and area coverage (D) within DG coronal 

sections. (E-F-G) Quantification of neurogenic progenitors and immature neurons positive for DCX (E), GFAP+ 

astrocytes (F), and GFAP+ radial glial cells (RGLs) (G) within the SGZ/GCL subregions of the DG. n = 4-5 

mice/group. Data are presented as mean ± SD. Student's t-test. *p< 0.05. See the statistical table S6. 
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Figure S3. LPS and/or Tamoxifen do not alter the proliferative activity in the DG. Related to Figure 3. 

(A) Confocal images of NeuroD1+ (cyan) nuclei within the SGZ/GCL of DG of four experimental groups (ref. to 

Figure 1A for the experimental design). (B) NeuroD1+ cell density in the SGZ/GCL of Sal, LPS, Tam+Sal, and 

Tam+LPS DG. (C) Confocal image of a radial glia-like (RGL) cell double-labeled for GFAP (green) and Ki67 

(red) located in the SGZ of the adult DG. (D) Quantification of the total number of Ki67+ cells within the 

SGZ/GCL of each group. (E) Confocal images of Ki67+ (red) nuclei within the SGZ/GCL of DG of four groups. 

(F-G) Quantification of double GFAP+Ki67+ RGLs (F) and GFAP-NeuroD1-Ki67+ cells (G) in the SGZ of four 

experimental groups. DG subgranular zone (SGZ)/granule cell layer (GCL) is delimited by dotted lines. Cell 

nuclei are counterstained with DAPI (blue). n=3/5 mice/group. Scale bars, 50 µm (A, and E; low magnification) 

and 10 µm (C; high magnification). Data are presented as mean ± SD. Two-way ANOVA followed by a Student-

Newman-Keuls' (SNK) multiple comparison test. *p< 0.05. See the statistical table S7. 
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Figure S4. Depletion of microglia upon PLX treatment in the adult DG. Related to Figure 4. (A) 

Experimental design to assess the effect of five days of PLX5622 treatment  on the adult brain in mice. (B) 

Confocal images depicting Iba1+ microglial cells in control DG coronal section (i.e., without PLX treatment) and 

PLX-microglia depleted DG after five days of treatment (PLX 5d) as shown in A. Scale bars, 50 µm. (C) 

Experimental design. Mice were provided ad libitum access to chow containing PLX5622 (Plexxikon 5622, 1200 

ppm formulated in AIN-76A standard rodent diet), starting from five days before receiving the first Tam/Veh. 

injection and for the entire duration of the experiment. Veh. (Vehicle, i.e., corn oil), Tam (Tamoxifen, 2.5 

mg/mouse/day), Sal (saline solution 0.9%), and LPS (E. coli-derived lipopolysaccharide, 0.5 mg/kg) were 

administered by intraperitoneal injections. n=2 mice/group in A and B; n=4 mice/group in C. 
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3.7 Supplementary tables 

Table S1. Statistical table related to Figure 1. 

 Two-way ANOVA (α < 0.05) Dunnett's post hoc test 

Figure Parameter Factors Statistics P Sal vs LPS Sal vs Tam+Sal Sal vs Tam+LPS 

1B IL-1β Pretreatment 

x treatment 

Fpretr x treat (1,18) = 4.612 

Fpretr (1,18) = 3.295 

Ftreat (1,18) = 9.321 

P = 0.0456 

P = 0.0862 

P = 0.0068 

P = 0.0066 

(**) 

P = 0.0303 

(*) 

P = 0.0078 

(**) 

1C TNFα Pretreatment 

x treatment 

Fpretr x treat (1,17) = 1.112 

Fpretr (1,17) = 6.449 

Ftreat (1,17) = 2.401 

P = 0.3063 

P = 0.0212 

P = 0.1397 

P = 0.2270 

(ns) 

P = 0.0595 

(ns) 

P = 0.0304 

(*) 

1D IL-6 Pretreatment 

x treatment 

Fpretr x treat (1,18) = 1.700 

Fpretr (1,18) = 14.42 

Ftreat (1,18) = 2.125 

P = 0.2087 

P = 0.0013 

P = 0.1621 

P = 0.1806 

(ns) 

P = 0.0054 

(**) 

P = 0.0043 

(**) 

1E IL4R Pretreatment 

x treatment 

Fpretr x treat (1,18) = 3.187 

Fpretr (1,18) = 10.64 

Ftreat (1,18) = 1.388 

P = 0.0911 

P = 0.0043 

P = 0.2541 

P = 0.1422 

(ns) 

P = 0.0059 

(**) 

P = 0.0149 

(*) 

1F TGFβ Pretreatment 

x treatment 

Fpretr x treat (1,18) = 2.190 

Fpretr (1,18) = 6.499 

Ftreat (1,18) = 3.069 

P = 0.1562 

P = 0.0201 

P = 0.0968 

P = 0.1020 

(ns) 

P = 0.0275 

(*) 

P = 0.0184 

(*) 

IL-1β, interleukin-1β; TNFα,  tumor necrosis factor-α; IL-6, interleukin-6; IL-4R, interleukin-4 receptor; TGFβ, transforming growth factor-β. 

Pretreatment = Vehicle or Tamoxifen (Tam) administration; Treatment = Saline (Sal) or Lipopolysaccharide (LPS) injection.  
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Table S2. Statistical table related to Figure 2. 

  Two-way ANOVA (α < 0.05) Student-Newman-Keuls' post hoc test 

Figure Parameter 
(refers to Iba1+ microglia) 

Factors Statistics P Sal vs LPS 
 

Sal vs 
Tam+Sal 

Sal vs 
Tam+LPS 

LPS vs 
Tam+Sal 

LPS vs 
Tam+LPS 

Tam+Sal vs 
Tam+LPS 

2B Cell density 

in DG 

Pretreatment x 

treatment 

Fpretr x treat (1,12) = 4.225 

Fpretr (1,12) = 17.19 
Ftreat (1,12) = 15.79  

P = 0.0623 

P = 0.0014 
P = 0.0018 

P < 0.001 

(***) 

P > 0.05  

(ns) 

P > 0.05 

(ns) 

P < 0.001 

(***) 

P < 0.01 

(**) 

P > 0.05 

(ns) 

2C Area coverage Pretreatment x 

treatment 

Fpretr x treat (1,12) = 0.5632 

Fpretr (1,12) = 29.37 
Ftreat (1,12) = 2.536  

P = 0.4674 

P = 0.0002 
P = 0.1373 

P > 0.05 

(ns) 

P < 0.05 

(*) 

P < 0.05 

(*) 

P < 0.01 

(**) 

P < 0.01 

(**) 

P > 0.05 

(ns) 

2E Territory area Pretreatment x 

treatment 

Fpretr x treat (1,61) = 1.988 

Fpretr (1,61) = 0.4045 
Ftreat (1,61) = 17.63 

P = 0.1637 

P = 0.5271 
P < 0.0001 

P < 0.001 

(***) 

P > 0.05 

(ns) 

P < 0.05 

(*) 

P < 0.01 

(**) 

P > 0.05 

(ns) 

P > 0.05 

(ns) 

2F Branches per cell Pretreatment x 
treatment 

Fpretr x treat (1,61) = 0.3907 
Fpretr (1,61) = 33.49 
Ftreat (1,61) = 3.030 

P = 0.5342 
P < 0.0001 
P = 0.0868 

P > 0.05 
(ns) 

P > 0.001 
(***) 

P < 0.01 
(**) 

P < 0.001 
(***) 

P < 0.01 
(**) 

P > 0.05 
(ns) 

Pretreatment = Vehicle or Tamoxifen (Tam) administration; Treatment = Saline (Sal) or Lipopolysaccharide (LPS) injection. 
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Table S3a. Statistical table related to Figure 3. 

  Two-way ANOVA (α < 0.05) Student-Newman-Keuls' post hoc test 

Figure 
Parameter 

(refers to SGZ/GCL) 
Factors Statistics P 

Sal vs LPS 

 

Sal vs 

Tam+Sal 

Sal vs 

Tam+LPS 

LPS vs 

Tam+Sal 

LPS vs 

Tam+LPS 

Tam+Sal vs 

Tam+LPS 

3B 
Cell density of 
GFAP+ astrocytes 

Pretreatment 
x treatment 

Fpretr x treat (1,12) = 0.8484 
Fpretr (1,12) = 9.888 
Ftreat (1,12) = 4.001  

P = 0.3751 
P = 0.0085 
P = 0.0686 

P < 0.05 
(*) 

P > 0.05 
(ns) 

P > 0.05 
(ns) 

P < 0.05 
(*) 

P < 0.05 
(*) 

P > 0.05 
(ns) 

 
GFAP+S100b+ 
astrocytes 

 Fpretr x treat (1,12) = 2.163 
Fpretr (1,12) = 7.279 

Ftreat (1,12) = 1.922 

P = 0.1671 
P = 0.0194 

P = 0.1909 

P > 0.05 
(ns) 

P > 0.05 
(ns) 

P > 0.05 
(ns) 

P > 0.05 
(ns) 

P > 0.05 
(ns) 

P > 0.05 
(ns) 

 
GFAP+S100b- 
astrocytes 

 Fpretr x treat (1,12) = 0.1134 

Fpretr (1,12) = 1.918 
Ftreat (1,12) = 1.539 

P = 0.7421 

P = 0.1913 
P = 0.2385 

P > 0.05 
(ns) 

P > 0.05 
(ns) 

P > 0.05 
(ns) 

P > 0.05 
(ns) 

P > 0.05 
(ns) 

P > 0.05 
(ns) 

3C 
Cell density of 

GFAP+ RGLs 

Pretreatment 

x treatment 

Fpretr x treat (1,12) = 3.856 
Fpretr (1,12) = 13.93 

Ftreat (1,12) = 2.466  

P = 0.0732 
P = 0.0029 

P = 0.1423 

P < 0.05 

(*) 

P > 0.05 

(ns) 

P > 0.05 

(ns) 

P < 0.01 

(**) 

P < 0.01 

(**) 

P > 0.05 

(ns) 

 
GFAP+S100b+ 
RGLs 

 

Fpretr x treat (1,12) = 0.6959 

Fpretr (1,12) = 2.891 
Ftreat (1,12) = 3.362 

P = 0.4205 

P = 0.1148 
P = 0.0916 

P > 0.05 
(ns) 

P > 0.05 
(ns) 

P > 0.05 
(ns) 

P > 0.05 
(ns) 

P > 0.05 
(ns) 

P > 0.05 
(ns) 

 
GFAP+S100b- 

RGLs 
 

Fpretr x treat (1,12) = 2.848 

Fpretr (1,12) = 9.993 
Ftreat (1,12) = 0.7686 

P = 0.1173 

P = 0.0082 
P = 0.3979 

P > 0.05 

(ns) 

P > 0.05 

(ns) 

P > 0.05 

(ns) 

P < 0.05 

(*) 

P < 0.05 

(*) 

P > 0.05 

(ns) 

3E Cell density of 
DCX+ cells 

Pretreatment 
x treatment 

Fpretr x treat (1,9) = 27.12 
Fpretr (1,9) = 6.445 

Ftreat (1,9) = 0.08233 

P = 0.0006 
P = 0.0318 

P = 0.7807 

P < 0.01 
(**) 

P > 0.05 
(ns) 

P > 0.05 
(ns) 

P > 0.05 
(ns) 

P < 0.01 
(**) 

P < 0.05 
(*) 

3G Cell density of 
NeuroD1+Ki67+ cells 

Pretreatment 
x treatment 

Fpretr x treat (1,12) =0.1916 
Fpretr (1,12) = 0.02381 

Ftreat (1,12) = 0.1916 

P = 0.6694 
P = 0.8799 

P = 0.6693 

P > 0.05 
(ns) 

P > 0.05 
(ns) 

P > 0.05 
(ns) 

P > 0.05 
(ns) 

P > 0.05 
(ns) 

P > 0.05 
(ns) 

3H Cell density of 

NeuroD1+Ki67- cells 

Pretreatment 

x treatment 

Fpretr x treat (1,8) =10.84 

Fpretr (1,8) = 2.504 
Ftreat (1,8) = 0.5416 

P = 0.0110 

P = 0.1522 
P = 0.4828 

P < 0.05 

(*) 

P > 0.05 

(ns) 

P > 0.05 

(ns) 

P > 0.05 

(ns) 

P < 0.05 

(*) 

P > 0.05 

(ns) 

Pretreatment = Vehicle or Tamoxifen (Tam) administration; Treatment = Saline (Sal) or Lipopolysaccharide (LPS) injection (Ref . to Figure1A for the experimental design). 
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Table S3b. Statistical table related to Figure 3. 

Figure Parameter 

(refers to SGZ/GCL) 

Sal 

(Mean ± SD%) 

LPS 

(Mean ± SD%) 

Tam+Sal 

(Mean ± SD%) 

Tam+LPS 

(Mean ± SD%) 

3B 
% S100β+ astrocytes/ 
GFAP+ population 

70.50 ± 4.16% 72.58 ± 6.86% 74.32 ± 6.80% 68.82 ± 5.92% 

3B 
% S100β- astrocytes/ 
GFAP+ population 

29.50 ± 4.16% 28.59 ± 6.72% 25.68 ± 6.80% 31.18 ± 5.92% 

3C 
% S100β+ RGL cells/ 

GFAP+ population 
9.10 ± 5.44% 14.52 ± 7.68% 7.33 ± 2.41% 8.99 ± 6.37% 

3C 
% S100β- RGL cells/ 

GFAP+ population 
90.90 ± 5.44% 89.89 ± 4.72% 92.67 ± 2.41% 91.01 ± 6.37% 

Table S4a. Statistical table related to Figure 4. 

  Two-way ANOVA (α < 0.05) Student-Newman-Keuls' post hoc test 

Figure Parameter Factors Statistics P Sal vs LPS 
 

Sal vs 
Tam+Sal 

Sal vs 
Tam+LPS 

LPS vs 
Tam+Sal 

LPS vs 
Tam+LPS 

Tam+Sal vs 
Tam+LPS 

4B Cell density of 

Iba1+ microglia 
in MCL 

Pretreatment x 

treatment 

Fpretr x treat (1,12) = 9.129 

Fpretr (1,12) = 0.008593 
Ftreat (1,12) = 3.227 

P = 0.0106 

P = 0.9277 
P = 0.0977 

P < 0.05 

(*) 

P > 0.05  

(ns) 

P > 0.05  

(ns) 

P > 0.05  

(ns) 

P > 0.05  

(ns) 

P > 0.05  

(ns) 

4C Cell density of 
Iba1+ microglia 
in GCL 

Pretreatment x 
treatment 

Fpretr x treat (1,12) = 5.336 
Fpretr (1,12) = 0.6334 
Ftreat (1,12) = 1.736 

P = 0.0395 
P = 0.4416 
P = 0.2122 

P > 0.05  
(ns) 

P > 0.05  
(ns) 

P > 0.05  
(ns) 

P > 0.05  
(ns) 

P > 0.05  
(ns) 

P > 0.05  
(ns) 

4D Cell density of 
Iba1+ microglia 
in Hilus 

Pretreatment x 
treatment 

Fpretr x treat (1,12) = 1.038 
Fpretr (1,12) = 1.328 
Ftreat (1,12) = 0.2342 

P = 0.3284 
P = 0.2717 
P = 0.6371 

P > 0.05  
(ns) 

P > 0.05  
(ns) 

P > 0.05  
(ns) 

P > 0.05  
(ns) 

P > 0.05  
(ns) 

P > 0.05  
(ns) 

4F Cell density of 
DCX+ cells 
in SGZ/GCL 

Pretreatment x 
treatment 

Fpretr x treat (1,12) = 5.181 
Fpretr (1,12) = 4.082 
Ftreat (1,12) = 3.502 

P = 0.0420 
P = 0.0662 
P = 0.0859 

P < 0.05 
(*) 

P > 0.05  
(ns) 

P > 0.05 
(ns) 

P < 0.05 
(*) 

P < 0.05 
(*) 

P > 0.05 
(ns) 

4H Cell density of 
GFAP+ RGLs 

in SGZ/GCL 

Pretreatment x 
treatment 

Fpretr x treat (1,12) = 2.631 
Fpretr (1,12) = 8.587 

Ftreat (1,12) = 7.236 

P = 0.1308 
P = 0.0126 

P = 0.0197 

P < 0.05 
(*) 

P > 0.05  
(ns) 

P > 0.05 
(ns) 

P < 0.01 
(**) 

P < 0.05 
(*) 

P > 0.05 
(ns) 

4I Cell density of 
GFAP+ astrocytes 

in SGZ/GCL 

Pretreatment x 
treatment 

Fpretr x treat (1,12) = 1.145 
Fpretr (1,12) = 2.115 

Ftreat (1,12) = 0.1143 

P = 0.3056 
P = 0.1715 

P = 0.7412 

P > 0.05  
(ns) 

P > 0.05  
(ns) 

P > 0.05 
(ns) 

P > 0.05  
(ns) 

P > 0.05  
(ns) 

P > 0.05 
(ns) 

Pretreatment = Vehicle or Tamoxifen (Tam) administration; Treatment = Saline (Sal) or Lipopolysaccharide (LPS) injection (Ref. to FigureS4C for 

the experimental design). 
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Table S4b.  Statistical table related to Figure 4. 

Parameter 

(refers to counterparties treated without PLX) 
Sal LPS Tam+Sal Tam+LPS 

%  change of Iba1+ PLX-treated microglia in DG -95.21 ± 0.015% -89.18 ± 0.029% -88.70 ± 0.030% -92.16 ± 0.031% 

%  change of Iba1+ PLX-treated microglia in MCL -96.62 ± 0.020% -86.68 ± 0.061% -86.02 ± 0.031% -88.43 ± 0.146% 

%  change of Iba1+ PLX-treated microglia in GCL -95.69 ± 0.033% -91.51 ± 0.041% -91.60 ± 0.014% -95.38 ± 0.005% 

%  change of Iba1+ PLX-treated microglia in Hilus -91.27 ± 0.041% -95.80 ± 0.033% -91.51 ± 0.067% -92.64 ± 0.042% 

Table S5. Statistical table related to Figure S1. 

  Two-way ANO VA (α < 0.05)  Student-Newman-Keuls' post hoc test 

Figure  Parameter 

(refers to Iba1+ 

microglia) 

Factors Statistics P  Sal vs 

LPS 

 

Sal vs 

Tam+Sal 

Sal vs 

Tam+LPS 

LPS vs 

Tam+Sal 

LPS vs 

Tam+LPS 

Tam+Sal vs 

Tam+LPS 

S1A Cell density 

in MCL 

Pretreatment x 

treatment 

Fpretr x treat (1,12) = 0.4866 

Fpretr (1,12) = 3.664 

Ftreat (1,12) = 14.56  

P = 0.4987 

P = 0.0798 

P = 0.0025 

 P < 0.01 

(**) 

P > 0.05  

(ns) 

P > 0.05 

(ns) 

P < 0.01 

(**) 

P > 0.05 

(ns) 

P > 0.05 

(ns) 

S1B Cell density 

in GCL 

Pretreatment x 

treatment 

Fpretr x treat (1,12) = 7.587 

Fpretr (1,12) = 12.77 
Ftreat (1,12) = 0.9199  

P = 0.0175 

P = 0.0038 
P = 0.3564 

 P < 0.05 

(*) 

P > 0.05  

(ns) 

P > 0.05 

(ns) 

P < 0.05 

(*) 

P < 0.01 

(**) 

P > 0.05 

(ns) 

S1C Cell density 

in Hilus 

Pretreatment x 

treatment 

Fpretr x treat (1,12) = 0.2526 

Fpretr (1,12) = 2.616 

Ftreat (1,12) = 1.312  

P = 0.6244 

P = 0.1318 

P = 0.2744 

 P > 0.05  

(ns) 

P > 0.05  

(ns) 

P > 0.05 

(ns) 

P > 0.05  

(ns) 

P > 0.05  

(ns) 

P > 0.05 

(ns) 

S1D Cell soma size Pretreatment x 

treatment 

Fpretr x treat (1,8) = 0.08359 

Fpretr (1,8) = 3.765 

Ftreat (1,8) = 9.707 

P = 0.7798 

P = 0.0883 

P = 0.0143 

 P > 0.05 

(ns) 

P > 0.05 

(ns) 

P > 0.05 

(ns) 

P < 0.05 

(*) 

P > 0.05 

(ns) 

P > 0.05 

(ns) 

S1F Branch order 

(levels 1-5) 

Level 

x group 

Flevel x group (12,305) = 5.389 

 Flevel (4,305) = 175.7 

Fgroup (3,305) = 26.35 

P < 0.0001 

P < 0.0001 

P < 0.0001 

Level 1 P > 0.05 

(ns) 

P > 0.05 

(ns) 

P > 0.05 

(ns) 

P > 0.05 

(ns) 

P > 0.05 

(ns) 

P > 0.05 

(ns) 

     Level 2 P < 0.05 

(*) 

P < 0.001 

(***) 

P < 0.001 

(***) 

P < 0.001 

(***) 

P < 0.001 

(***) 

P > 0.05 

(ns) 

Level 3 P > 0.05 

(ns) 

P < 0.001 

(***) 

P < 0.01 

(**) 

P < 0.001 

(*** 

P < 0.01 

(**) 

P < 0.01 

(**) 

Level 4 P > 0.05 
(ns) 

P > 0.05 
(ns) 

P > 0.05 
(ns) 

P > 0.05 
(ns) 

P > 0.05 
(ns) 

P > 0.05 
(ns) 

Level 5 P > 0.05 

(ns) 

P > 0.05 

(ns) 

P > 0.05 

(ns) 

P > 0.05 

(ns) 

P > 0.05 

(ns) 

P > 0.05 

(ns) 

Pretreatment = Vehicle or Tamoxifen (Tam) administration; Treatment = Saline (Sal) or Lipopolysaccharide (LPS) injection.  
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Table S6. Statistical table related to Figure S2. 

  Unpaired Student’s t-test, two-tailed (α < 0.05) 

Figure Parameter Groups Statistics P 

S2C Cell density of Iba1+ microglia in DG LPS vs L-Tam+LPS t(7) = 3.050 P = 0.0186 (*) 

S2D Area covered by Iba1+ microglia in DG LPS vs L-Tam+LPS t(7) = 2.982 P = 0.0205 (*) 

S2E Cell density of DCX+ cells in SGZ/GCL LPS vs L-Tam+LPS t(6) = 2.761 P = 0.0328 (*) 

S2F Cell density of GFAP+ astrocytes in SGZ/GCL LPS vs L-Tam+LPS t(6) = 2.409 P = 0.0526 (ns) 

S2G Cell density of GFAP+ RGLs in SGZ/GCL LPS vs L-Tam+LPS t(6) = 2.677 P = 0.0367 (*) 

Ref. to Figure S2A for the experimental design. 

Table S7. Statistical table related to Figure S3. 

  Two-way ANOVA (α < 0.05) Student-Newman-Keuls' post hoc test 

Figure Parameter 

(refers to SGZ/GCL) 

Factors Statistics P Sal vs 

LPS 
 

Sal vs 

Tam+Sal 

Sal vs 

Tam+LPS 

LPS vs 

Tam+Sal 

LPS vs 

Tam+LPS 

Tam+Sal vs 

Tam+LPS 

S3B Cell density of 

Ki67+ cells 

Pretreatment 

x treatment 

Fpretr x treat (1,12) 

=0.001919 
Fpretr (1,12) = 0.001042 

Ftreat (1,12) = 1.761 

P = 0.9658 

P = 0.9748 
P = 0.2093 

P > 0.05 

(ns) 

P > 0.05 

(ns) 

P > 0.05 

(ns) 

P > 0.05 

(ns) 

P > 0.05 

(ns) 

P > 0.05 

(ns) 

S3D Cell density of 
GFAP+Ki67+ cells 

Pretreatment 
x treatment 

Fpretr x treat (1,12) =0.06942 
Fpretr (1,12) = 2.497 

Ftreat (1,12) = 1.810 

P = 0.7966 
P = 0.1401 

P = 0.2034 

P > 0.05 
(ns) 

P > 0.05 
(ns) 

P > 0.05 
(ns) 

P > 0.05 
(ns) 

P > 0.05 
(ns) 

P > 0.05 
(ns) 

S3F Cell density of 
NeuroD1+ cells 

Pretreatment 
x treatment 

Fpretr x treat (1,8) =16.59 
Fpretr (1,8) = 3.983 

Ftreat (1,8) = 1.047 

P = 0.0036 
P = 0.0811 

P = 0.3361 

P < 0.05 
(*) 

P > 0.05 
(ns) 

P > 0.05 
(ns) 

P > 0.05 
(ns) 

P < 0.05 
(*) 

P > 0.05 
(ns) 

S3G Cell density of 
GFAP-NeuroD1-Ki67+ 

cells 

Pretreatment 
x treatment 

Fpretr x treat (1,12) =0.4113 
Fpretr (1,12) = 0.6115 

Ftreat (1,12) = 2.180 

P = 0.5334 
P = 0.4494 

P = 0.1655 

P > 0.05 
(ns) 

P > 0.05 
(ns) 

P > 0.05 
(ns) 

P > 0.05 
(ns) 

P > 0.05 
(ns) 

P > 0.05 
(ns) 

Pretreatment = Vehicle or Tamoxifen (Tam) administration; Treatment = Saline (Sal) or Lipopolysaccharide (LPS) injection (Ref . to Figure1A for the experimental design). 
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Concluding remarks and future perspectives 

In the last years, several studies have contributed to the idea that the dynamics of adult 

neurogenesis within the hippocampal DG results from a complex interaction among the 

intrinsic cellular components of the neurogenic niche, signals arising from the brain-immune 

system, and a plethora of environmental cues both under physiological and pathological 

conditions (Aimone et al., 2014; Rodríguez-Iglesias et al., 2019; Toda et al., 2019; Araki et al., 

2020; Bonafina et al., 2020; Vicidomini et al., 2020; Denoth-Lippuner and Jessberger, 2021). 

In this scenario, my work contributed on one side to the characterization of the neuro-

gliogenic response to neuroinflammation occurring within the SGZ/GCL of the adult 

hippocampal DG, revealing a new role for the transcriptional regulator COUP-TFI in the cell 

fate choice of NSC/neural progenitors and clarifying the specific modulatory role played by 

microglia. On the other side, the results reported in this thesis contributed to elucidate 

tamoxifen’s effects on the adult DG neurogenic niche during neuro inflammation, focusing on 

its neuroprotective role and challenging the tamoxifen-inducible Cre-ERT2/loxP system 

coupled to neuroinflammatory models. 

My thesis presented and discussed the outcomes achieved during my Ph.D., answering 

three specific questions: 1) understand if the transcription factor COUP-TFI is involved in the 

regulation of adult DG neurogenesis and unravel its implication in inflammatory conditions 2) 

define if and how tamoxifen treatments interfere with the process of adult hippocampal 

neurogenesis in healthy conditions and upon LPS-induced neuroinflammation 3) unravel the 

role of microglia in the DG neurogenic niche response to LPS and tamoxifen treatments. 

The choice to focus on the COUP-TFI function in the neurogenic region of the adult 

hippocampus was based on the initial observation that its expression was downregulated in the 

hippocampus upon neuroinflammation.  We assumed that transcription factors as COUP-TFI, 

critically involved during the early phase of brain development, might be recruited to play 

critical and possibly unique functions in adult brain plasticity mechanisms, including 

regulation of adult neurogenesis. Then, by studying the neurogenic process taking place in the 

adult hippocampus, we showed that COUP-TFI is a key regulator involved in the decision-

making process of NSC/progenitor cells to differentiate towards a neuronal rather than an 
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astroglial lineage within the healthy and inflamed adult DG (Chapter II; second author in 

Bonzano, Crisci et al. , 2018). We showed that COUP-TFI is expressed in adult 

NSC/progenitor cells and upregulated in neuronal committed cells under physiological 

conditions where neurogenesis is favored at the expense of astrogliogenesis in the adult DG. 

Intriguingly, we demonstrated that COUP-TFI downregulation occurs in adult 

NSC/progenitors upon LPS-induced neuroinflammation with a concomitant reduction of 

neurogenesis and increased astrogliogenesis within the adult DG. Finally, forced COUP-TFI 

expression rescues neurogenesis upon neuroinflammation. Our results indicate that COUP-TFI 

manipulation in neuronal-committed cells changes their cell competence, revealing that these 

cells are still partially multipotent and need COUP-TFI to maintain their neuronal fate 

specification and maintenance. Therefore, COUP-TFI may represent one of the neurogenic 

fate determinants whose presence and up-regulation from adult NSCs to their progeny is 

needed to counteract the gliogenic environment of the adult brain (Götz et al., 2016). A future 

perspective resides in elucidating the COUP-TFI targets and molecular mechanism of action, 

for example, by genome-wide analyses through RNAseq. One report already identified the 

miR-17/106-p38 axis as a key effector of COUP-TFI in the developing CNS and hypothesized 

that epigenetic modification is an essential program behind the competence change (i.e., from 

neurogenic to gliogenic) orchestrated by COUP-TFs in embryonic neural progenitors (Naka-

Kaneda et al., 2014). Another group showed COUP-TFI as a modulator of MAPK/ERK, AKT, 

and β-catenin signaling pathways, possibly targeting Fgfr3 (fibroblast growth factor receptor 

3) at the early stages of cortical development (Faedo et al., 2008). However, the upstream and 

downstream effectors mediating the role of COUP-TFI in the control of the neurogenic 

competence within the adult DG neurogenic niche remain unknown. 

Besides the LPS-induced neuroinflammation model exploited in our study, an Alzheimer’s 

disease (AD)-like phospho-tau accumulation mouse model also showed COUP-TF1 mRNA 

downregulation and GFAP mRNA upregulation, suggesting a switch of NSC-derived 

neurogenesis toward astrogliosis (Zheng et al., 2020). Moreover, aging is characterized by 

chronic, low-grade inflammation, which naturally develops in the elderly, also defined as 

“inflammaging” (Franceschi et al., 2018), implying impaired neurogenesis (Kuhn et al., 1996, 

2018; Encinas and Sierra, 2012; Kempermann, 2015). Interestingly, our unpublished 

observations by immunofluorescence analysis suggest that COUP-TFI staining is 
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downregulated in the aged hippocampus, concomitantly with decreased neurogenesis (starting 

from 6/12-month-old, i.e., middle age). Therefore, we hypothesize that a forced COUP-TFI 

up-regulation may restore the correct neuro-gliogenic balance during aging, suggesting 

COUP-TFI as a potential target to counteract the neurogenic decline associated with  

neurodegenerative and cognitive disorders. 

During the second part of my Ph.D. project, the choice to investigate tamoxifen’s effects 

on the adult DG neurogenic niche derived from observations I made during my initial 

experiments aimed to induce overexpression of COUP-TFI in the Glast-CreERT2 mouse line  

under LPS-induced neuroinflammation. Unexpectedly, the use of tamoxifen failed in the 

activation of glial cells upon LPS challenge, presumably for its anti-inflammatory and 

neuroprotective role, as already reported (Baez-Jurado et al., 2019).  

By means of molecular (i.e., qRT-PCR) and cellular (i.e., immunofluorescence staining 

and confocal microscopy) analyses, we showed that tamoxifen exerts pro-neurogenic effects 

by counteracting increased astrogliogenesis and the drop in neurogenesis found in the LPS-

induced neuroinflammation model (Chapter III). Moreover, by performing a tamoxifen 

protocol that mimics that one used for the inducible CreERT2-LoxP transgenic mouse 

systems, our data revealed specific limits in using these models to study diseases associated 

with neuroinflammation. Interestingly, through the conditional microglia ablation in the adult 

mouse brain using the CSF1R kinase inhibitor PLX5622, our results revealed that post-mitotic 

neuroblasts directly respond to LPS insult and tamoxifen neurogenic prevention within the 

SGZ/GCL of adult DG; precisely, this cellular response is microglia-independent. Instead, we 

found that microglia play a key role in modulating the cellular response of glial cells to LPS 

insult. Indeed, in microglia-depleted conditions, astrocytes do not respond to LPS-induced 

inflammation lacking astrogliosis, while adult radial glia-like cells (RGLs) behave differently, 

decreasing in numbers. However, RGLs still directly respond to tamoxifen neuroprotection 

without microglia. Therefore, a combination of both direct and indirect effects act in 

regulating the response to the different cellular components of the DG neurogenic niche. 

Future research should address the underlying signaling pathways involved in tamoxifen 

action on adult NSCs, and their progeny within the adult inflamed DG, identifying potential 

targets against neurogenic declines. Other reports already emphasized the neuroprotective 
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effect of tamoxifen under several brain pathologies showing an interaction between 

tamoxifen/ERs and LPS/TLRs signaling pathways (Tapia-Gonzalez et al. , 2008; Tian et al., 

2009; Sun et al. , 2013; Gonzalez et al. , 2016; Wang et al. , 2017; Baez-Jurado et al., 2019), but 

convincing evidence of these molecular interactions on adult DG neurogenesis is still missing. 

Finally, our findings demonstrated that tamoxifen per se might influence the 

microenvironment of the neurogenic niche changing the microglia phenotype and the 

expression of some inflammatory molecules. Indeed, we observed a general up-regulation of 

pro-and anti-inflammatory cytokines in the hippocampus of tamoxifen-treated mice, paralleled 

by a less-complex morphology DG microglia (i.e., fewer secondary and tertiary branches) 

compared to saline control and LPS inflamed microglia. Similarly, another study showed that 

DG microglia activated by the vascular endothelial growth factor (VEGF) upregulated both 

pro- and anti-inflammatory genes, but despite this inflammatory phenotype, VEGF-induced 

DG microglia supported neurogenesis (Kreisel et al., 2019). Interestingly, VEGF induction 

also depends on ERs and their ligands (Mueller et al. , 2000; Jesmin et al., 2010; Barouk et al., 

2011; Liang et al., 2013), suggesting a possible correspondence with the effects observed in 

tamoxifen-induced DG microglia. 

In conclusion, the data I have collected during the Ph.D. represent new and crucial 

information on adult DG neurogenesis , particularly under inflammatory conditions. Moreover, 

the results reported in my thesis open new perspectives for future research aimed to unravel 

the mechanisms underlying COUP-TFI and tamoxifen in adult DG neurogenic niche and their 

potential target to act against the neurogenic decline in pathological conditions. A possible 

relationship between tamoxifen effects on DG neurogenesis, the regulation of COUP-TFI 

expression, and its implication on the adult NSC dynamics and on the neurogenic versus 

astrogliogenic balance are also of considerable interest. 

The results showed in this thesis highlight some fundamental issues in the field of adult 

hippocampal neurogenesis, such as the multicompetence of adult NSCs and progenitors and 

their fate determinants, the interplay between microglia, neurons, and astrocytes in the adult 

DG neurogenic niche, and a reduced suitability of the most popular transgenic mouse model 

used to study adult neurogenesis (i.e., tamoxifen-inducible CreERT2-LoxP mouse lines) under 

inflammatory conditions. 
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SUMMARY

In the dentate gyrus (DG) of the mouse hippo-
campus, neurogenesis and astrogliogenesis persist
throughout life. Adult-born neurons and astrocytes
originate from multipotent neural stem cells (NSCs)
whose activity is tightly regulated within the neuro-
genic niche. However, the cell-intrinsic mechanisms
controlling neuron-glia NSC fate choice are largely
unknown. Here, we show COUP-TFI/NR2F1 expres-
sion in DGNSCs and its downregulation upon neuro-
inflammation. By using in vivo inducible knockout
lines, a retroviral-based loss-of-function approach
and genetic fate mapping, we demonstrate that
COUP-TFI inactivation in adult NSCs and/or mitotic
progenitors reduces neurogenesis and increases
astrocyte production without depleting the NSC
pool. Moreover, forced COUP-TFI expression in
adult NSCs/progenitors decreases DG astroglio-
genesis and rescues the neuro-astrogliogenic
imbalance under neuroinflammation. Thus, COUP-
TFI is necessary and sufficient to promote neuro-
genesis by suppressing astrogliogenesis. Our data
propose COUP-TFI as a central regulator of the
neuron-astroglia cell fate decision and a key
modulator during neuroinflammation in the adult
hippocampus.

INTRODUCTION

Once considered limited to the embryonic and perinatal periods,

neural stem cells (NSCs) persist in two discrete regions of the

adult mammalian brain: the subventricular zone (SVZ) lining the

lateral ventricles and the subgranular zone (SGZ) of the hippo-

campal dentate gyrus (DG) (Kempermann et al., 2015). Within

the adult SGZ, NSCs are mostly quiescent, show a typical radial

morphology, and are referred to as radial glia-like (RGL) or type 1

stem cells. Upon activation, a RGL cell can divide symmetrically

to produce two RGL cells or asymmetrically to self-renew and

generate a differentiated progeny. In the latter case, RGL cells

can give rise to rapidly dividing intermediate progenitors

(type 2; IPCs), which generate neuroblasts and eventually exit

the cell cycle to differentiate into mature granule cells (GCs)

(Bondet al., 2015;Kempermannet al., 2015). AdultDGneurogen-

esis plays acrucial role in learning andmemory, and it is regulated

by several factors, including stress, inflammation, environmental

enrichment, and voluntary physical activity (Kempermann, 2015).

Alongside neurogenesis, astrogliogenesis allows a continuous

production of astrocytes in the adult DG, either by RGL asym-

metric division (i.e., maintaining the RGL cell pool) or by direct

differentiation implying a depletion in the RGL cell pool (Bona-

guidi et al., 2011; Encinas et al., 2011). Astrocytes are key con-

stituents of the neurogenic niche and play fundamental roles in

the regulation of NSCs/progenitors by promoting neurogenesis

(Barkho et al., 2006; Song et al., 2002). Interestingly, running en-

hances DG neurogenesis, as well as astrogliogenesis (Steiner

et al., 2004), whereas pathological conditions, such as inflamma-

tion, lead to NSC dysfunction, altering the neuron-astrocyte pro-

duction rate in favor of astrocytes (Woodbury et al., 2015; Wu

et al., 2012). This highlights the importance of a tight control of

neuronal versus astroglial cell fate decision, most probably

linked to intrinsic regulation in the NSC/progenitor pool. How-

ever, the nature of a transcriptional program underlying this func-

tion is still unknown.

COUP-TFI (also called NR2F1) is a nuclear hormone receptor

acting as a strong transcriptional regulator whose functions

range from the control of embryonic NSC behavior (Naka-Ka-

neda et al., 2014; Naka et al., 2008) to the regulation of cell migra-

tion in the neocortex and developing DG (Alfano et al., 2011; Ber-

tacchi et al., 2018; Parisot et al., 2017). Cortical depletion of

COUP-TFI during early stages results in abnormal motor skill
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behavior and spatial memory deficits (Flore et al., 2016; Tomassy

et al., 2010), and haploinsufficiency of COUP-TFI in patients

leads to global developmental delay, intellectual disabilities,

and optic atrophy (Al-Kateb et al., 2013; Bosch et al., 2014; Ber-

tacchi et al., 2018). COUP-TFI continues to be expressed in the

adult CNS, including neurogenic niches (Bovetti et al., 2013; Llo-

rens-Bobadilla et al., 2015), but its functional role in adult NSCs is

unknown.

Here, we examined the expression and function of COUP-TFI

in the adult DG neurogenic niche. First, we showed that COUP-

TFI levels were downregulated upon induced neuroinflammation

followed by increased astrogliogenesis. Next, to assess whether

COUP-TFI was directly involved in this process, we genetically

manipulated COUP-TFI by targeting adult NSCs and/or mitotic

progenitors through loss- and gain-of-function experiments

in vivo. By using two independent conditional inducible mouse

transgenic lines and a retroviral-based approach, coupled to ge-

netic fate mapping, we found that COUP-TFI deletion in NSCs

and/or committed neurogenic progenitors decreased hippocam-

pal neurogenesis and increased astrogliogenesis, indicating a

switch of NSCs/progenitors toward a gliogenic commitment.

Finally, complementary gain-of-function experiments showed

that COUP-TFI overexpression in adult DG NSCs/progenitors

was sufficient to repress astrogliogenesis and, importantly, to

rescueneurogenesis during inflammation.Overall, thesedataun-

ravel a key role for COUP-TFI as a transcriptional regulator in the

decision-making process of generating either newneurons or as-

trocytes within the healthy and inflamed adult hippocampus.

RESULTS

Acute Neuroinflammation Leads to COUP-TFI
Downregulation within the Adult DG
Neuroinflammation severely affects adult neurogenesis and in-

creases astrocyte production in the adult hippocampal DG (Koh-

man and Rhodes, 2013; Monje et al., 2003; Wu et al., 2012).

However, little is known about the mechanisms underlying this

process within the DG NSC/progenitor pool. With the goal of

identifying novel cell-intrinsic regulators responding to neuroin-

flammation and involved in controlling neurogenesis and/or

astrogliogenesis within the adult hippocampus, we acutely

administrated the E. coli-derived lipopolysaccharide (LPS) by

intraperitoneal (i.p.) injection to initiate an inflammatory response

(Figure 1A). The occurrence of an inflammatory response was

confirmed by a strong transcript increase of the pro-inflamma-

tory cytokines interleukin-1b (IL-1b), interleukin-1A (IL-1A), and

tumor necrosis factor a (TNFa) in the hippocampi of LPS-treated

mice compared with control saline-injected mice at 1 day post-

injection (Figure 1B). In parallel, LPS treatment downregulated

the expression of the immature neuronal markers doublecortin

(DCX) and NeuroD and upregulated the glial fibrillary acid protein

(GFAP) (Figure 1C), in line with an alteration in the newborn

neuron/astrocyte ratio, as previously reported during neuroin-

flammation (Wu et al., 2012). Interestingly, we also found that

the nuclear receptor COUP-TFI was downregulated in LPS-

treatedmice (Figure 1C), indicating a direct response of this tran-

scriptional regulator to inflammation in the adult hippocampus.

Figure 1. Acute Neuroinflammation Leads

to COUP-TFI Downregulation within the

Adult DG

(A) Experimental design for transcript expression

analysis on hippocampal tissue extracts.

(B and C) Changes in pro-inflammatory cytokines

(B), neuronal (DCX, NeuroD), glial (GFAP), and

COUP-TFI gene transcripts (C) in the hippocampi

of LPS-treated mice revealed by RT-qPCR (n = 5

mice/treatment; technical replicates = 2).

(D) Experimental design for immunofluorescence

analysis on the DG.

(E) Confocal images of GFAP+ (green) RGLs either

positive (+) of negative (neg) for COUP-TFI (red) in

DG sections of saline- and LPS-treated mice. Cell

nuclei are counterstained with DAPI (blue). Arrow-

heads indicate radial cell processes. Scale bar,

10 mm.

(F) Quantification of COUP-TFI+ nuclei among

GFAP+ RGL cells (RGLs) in saline (n = 257 of 353

double+ cells out of three mice) and LPS-treated

mice (n = 220 of 379 double+ cells out of three

mice).

Error bars indicate SEM. Student’s t test:

*p < 0.05, **p < 0.01, and ***p < 0.001. See also

Figure S1.
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To identify changes in COUP-TFI at the cellular level, we

treated adult mice once a day for 4 consecutive days with LPS

(d1–d4) and analyzed COUP-TFI protein expression in the hippo-

campal RGL cell pool at day 5 (Figures 1D and 1E). In accor-

dance with transcript downregulation (Figure 1C), we found a

decrease of GFAP+ RGL cells expressing COUP-TFI in LPS-

treated DG (Figures 1E and 1F). As expected, we also found a

reduced number of DCX+ immature newborn neurons and an

expansion of GFAP+ astrocytes within the GCL of LPS-treated

mice (Figures S1A–S1D). Thus, on the basis of COUP-TFI down-

regulation in RGL cells upon inflammatory insult, we hypothe-

sized that COUP-TFI could be directly involved in the imbalance

in neuron to astrocyte generation within the DG.

COUP-TFI Is Expressed in NSCs and in the Neurogenic
Lineage of the Adult DG
To understand whether COUP-TFI could act as a potential regu-

lator of neuron versus astroglia RGL cell commitment, we first

investigated its cell type-specific distribution in the DG of the

adult hippocampus (Figure 2). COUP-TFI protein expression

was analyzed in the granule cell layer (GCL) and neurogenic

SGZ along the entire DG anteroposterior axis by using a series

Figure 2. COUP-TFI Is Expressed in NSCs and in the Neurogenic Lineage of the Adult DG

(A) Schematic drawing of a coronal section of an adult mouse brain. The box indicates the hippocampus (HP), where COUP-TFI immunostaining is shown.

(B) Confocal images of COUP-TFI+ cells (red) in an adult DG section counterstained with DAPI (white).

(C) Confocal images of the DG immunostained for COUP-TFI (red) and different cell type-specific markers of the adult hippocampal neurogenic lineage (green,

blue). Double-labeled cells are shown at higher magnifications (bottom) as single color channel images.

(D) Quantification of COUP-TFI+ cells among the pools of DG cells expressing different markers listed on the x axis (>200 cells/marker).

(E) Confocal images illustrating differences in COUP-TFI levels in radial BLBP+ stem cells (arrow) versus NeuroD+ neuronal-committed cells (arrowheads).

(F) Dot plot reporting the intensity of COUP-TFI immunolabeling in BLBP+ RGL cells (n = 24 double+ cells) and NeuroD+ neuronal progenitors (n = 40 double+

cells).

N = 3 adult mice. GCL, granule cell layer; MCL, molecular cell layer; SGZ, subgranular zone. Error bars indicate SEM. Scale bars, 50 mm (B) and 10 mm (insets in B;

C and E). Student’s t test: ***p < 0.001. See also Figure S2.
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Figure 3. COUP-TFI Depletion in Adult RGL Cells Impairs DG Neurogenesis

(A) Schema illustrating COUP-TFI deletion (red crossed circles) in the cell progeny (green) derived from Glast-expressing cells (yellow) in the DG upon tamoxifen

(TAM) induction in COUP-TFI-icKOGlast adult mice.

(B) Experimental design to assess the early consequences of COUP-TFI loss-of-function in the Glast-lineage (see C and D).

(C) Confocal images of double immunostaining for YFP (green) and NeuroD (red) in CtrlGlast and COUP-TFI-icKOGlast DG.

(D) Quantification of double NeuroD+YFP+ cells in CtrlGlast and COUP-TFI-icKOGlast DG.

(E) Experimental design for long-term effects of COUP-TFI loss-of-function in the Glast-lineage (see F–K).

(F, H, and J) Confocal images of NeuroD+ (F, red), DCX+ (H, red), and NeuN+ (J, red) double-positive for YFP (green) in CtrlGlast and COUP-TFI-icKOGlast DG at

Tam2w (F and H) and Tam7.5w (J).

(G, I, and K) Quantification of double NeuroD+YFP+ (G), DCX+YFP+ (I), and NeuN+YFP+ (K) cells in CtrlGlast and COUP-TFI-icKOGlast DG.

(L) Experimental design used to label a cohort of newborn cells with BrdU in TAM-treated mice in the Glast-lineage (see M and N).

(M) Confocal images of newborn neurons triple-positive for BrdU (red), YFP (green), and DCX (gray) at 3 and 17 days post BrdU injection (dpi) in CtrlGlast DG.

(legend continued on next page)
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of cell stage-specific markers combined with morphological

analysis (Figures 2A–2D and S2). In the SGZ, more than 60%

of all RGL cells, identified by their radial morphology and BLBP

expression (Steiner et al., 2004), and the large majority of double

GFAP+Nestin+ RGL cells (DeCarolis et al., 2013) co-expressed

COUP-TFI (Figures 2C and 2D). Non-radial BLBP+ cells, ac-

counting for horizontal type 1 and neuronal committed type 2a

progenitors, and Ascl1+ cells, including activated stem cells

and type 2a progenitors (Andersen et al., 2014; Lugert et al.,

2010, 2012), also largely expressed COUP-TFI (Figures 2C and

2D). Thus, in the adult SGZ, COUP-TFI is localized in active

NSCs and neurogenic progenitors, as further supported by co-

expression with the proliferative marker Ki67+ (Figure S2B).

Finally, the use of neuron-specific markers revealed that virtually

all late neuronal progenitors (type 2b), neuroblasts, and imma-

ture neurons, labeled by NeuroD or DCX (Gao et al., 2009;

Steiner et al., 2006), as well as NeuN+ mature neurons (Ming

and Song, 2005), were also COUP-TFI+ (Figures 2C and 2D).

However, the intensity of COUP-TFI immunofluorescence was

doubled in NeuroD+ cells compared with BLBP+ RGL cells (Fig-

ures 2E and 2F), suggesting an upregulation of COUP-TFI

expression in neuronal committed cells. Overall, these data

reveal that COUP-TFI is widely expressed in the SGZ/GCL

throughout the neurogenic lineage, although at different levels,

implying tight regulation for this transcription factor in different

cellular components of the adult DG niche.

COUP-TFI Depletion in Adult RGL Cells Impairs DG
Neurogenesis
To directly investigate COUP-TFI function in the adult hippo-

campal neurogenic niche, we adopted a genetic loss-of-function

approach coupled to fate mapping in adult RGL cells. The

COUP-TFIfl/fl mouse line (Armentano et al., 2007) was crossed

with mice carrying the tamoxifen (TAM)-inducible form ofCre-re-

combinase (CreERT2) under Glast transcriptional control (Mori

et al., 2006) and to a Rosa26-YFP reporter line (Srinivas et al.,

2001) (Figure S3A). The resulting progeny was named COUP-

TFI-icKOGlast and allowed fate mapping of RGL cells that had

undergone selective COUP-TFI deletion (Figure 3A). Glast-

CreERT2 mice carrying the R26-YFP reporter transgene, but

wild-type for COUP-TFI, were used as controls (CtrlGlast).

First, we assessed the early effects of COUP-TFI loss in the

adult RGL cells by treating COUP-TFI-icKOGlast and CtrlGlast

mice for 5 consecutive days with TAM and analyzing the DG

3 days after (Figure 3B). Notably, the drastic drop in COUP-TFI

expression in mutants (Figures S3B and S3C) was associated

with a decrease in double NeuroD+YFP+ neuronal committed

progenitors and neuroblasts (Figures 3C and 3D). However,

COUP-TFI loss did not affect the densities of either the total re-

combined YFP+ population or double GFAP+YFP+ RGL cells

within the DG of mutant mice compared with controls (Figures

S3D–S3F). Moreover, mice injected i.p. with BrdU the day before

analysis (Figure S3G) showed no significant differences in the

density of double BrdU+YFP+ cells in COUP-TFI-icKOGlast DG

versus CtrlGlast (Figures S3H and S3I), indicating no alteration in

NSC/progenitor proliferation. Thus, these data suggest that

COUP-TFI normally promotes neurogenesis within adult hippo-

campal NSCs without affecting their proliferation rate.

Next, we shortened TAM treatment to 2 days, to achieve

mosaic recombination of RGL cells within a wild-type environ-

ment and to assess the effect of COUP-TFI deletion at longer

survival time (Figure 3E). The large majority of recombined

YFP+ cells failed to express COUP-TFI after 2 weeks (d14) and

7.5 weeks (d53) (Figure S3J), confirming COUP-TFI Cre-induced

deletion. The recombined YFP+ population expressing NeuroD

or DCX was significantly reduced in COUP-TFI-icKOGlast mice

comparedwith controls at d14 (Figures 3F–3I), similar to the den-

sity of double NeuN+YFP+ mature neurons quantified at d53

(Figures 3J and 3K). Accordingly, the percentage of NeuroD+,

DCX+, andNeuN+ cells among the YFP+ population significantly

dropped in mutant DG (Table S1), supporting diminished neuro-

genesis upon COUP-TFI inactivation in the adult hippocampal

RGL cell lineage.

To further address a possible defect in newborn neuron sur-

vival upon COUP-TFI deletion, mutant and control mice were

treated for 2 days with TAM and injected 11 days later with

BrdU (Figure 3L). DG were analyzed 3 days post-BrdU injection

(dpi), during the peak of newborn BrdU+ cells (Steiner et al.,

2004), and 17 dpi, after the early selection phase and when sur-

viving newborn cells reach stable levels (Encinas et al., 2011)

(Figure 3L). No significant differences were found in the density

of double BrdU+YFP+ cells at both time points (Figures S3K

and S3L). Moreover, double BrdU+YFP+ cells at 17 dpi corre-

sponded to nearly 25% of that found at 3 dpi in both CtrlGlast

and COUP-TFI-icKOGlast (Figure S3M), indicating no alteration

in newborn cell survival during this critical period. However, the

number of DCX+ cells among the double BrdU+YFP+ population

significantly decreased in COUP-TFI-icKOGlast compared with

CtrlGlast at both survival times (Figures 3M and 3N). This effect

was specific tomutated YFP+ cells, as BrdU+ YFP negative cells

(i.e., not recombined) showed no differences in the percentage

ofDCX+cells inCOUP-TFI-icKOGlast versusCtrlGlast (FigureS3N).

Taken together, these data demonstrate that loss of COUP-TFI

in the RGL cell pool severely impairs neurogenesis in the adult

DG, without altering NSC/progenitor proliferation and/or

newborn cell survival.

Loss of COUP-TFI Function Promotes Astrogliogenic
Potential in Adult DG RGL Cells
In addition to neurogenesis, new astrocytes are continuously

generated from RGL cells in the adult DG (Bonaguidi et al.,

2011; Steiner et al., 2004). We thus hypothesized that the

observed reduction of newborn neurons upon COUP-TFI inacti-

vation (Figures 3 and S3) could entail increased astrogliogenesis.

(N) Pie charts reporting the fraction of BrdU+YFP+ cells that are DCX+ (dark yellow) at 3 and 17 dpi in CCtrlGlast andCOUP-TFI-icKOGlastDG (3 dpi: n = 142 of 176

cells,CtrlGlastmice; n = 108 of 207 cells, COUP-TFI-icKOGlast mice; 17 dpi: n = 57 of 68 cells,CtrlGlastmice; n = 45 of 76 cells,COUP-TFI-icKOGlastmice; Student’s

t test: p < 0.001 at 3 dpi, p < 0.05 at 17 dpi).

N = 3 or 4 animals per genotype. Arrows indicate double-labeled cells. Scale bars, 50 mm (C, F, H, and J; lowmagnification), 10 mm (C; high magnification), 25 mm

(M; low magnification), and 10 mm (M; high magnification). Error bars indicate SEM. Student’s t test: *p < 0.05. See also Figure S3.
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For this purpose, we tested the expression of NFIA, a nuclear

factor associated with astroglial commitment during develop-

ment (Kang et al., 2012; Subramanian et al., 2011), in RGL cells

and proliferating progenitors of the DG 3 days after TAM-driven

recombination (Figures 4A–4D). In CtrlGlast mice, about 60% of

all YFP+ RGL cells expressed NFIA (Figure 4B), in a largely mutu-

ally exclusive pattern to COUP-TFI (Figures S4A and S4B). This

fraction increased to 80% in COUP-TFI-icKOGlast mice (Fig-

ure 4B). In addition, mutant mice also showed an expansion of

MCM2+YFP+ proliferating progenitors expressing NFIA (Figures

4C and 4D). Because no changes in the RGL and proliferative

pool cell size were observed (Figures S3F and S3I), these

data suggest a switch of COUP-TFI-deficient NSC/progenitor

commitment toward an astroglial fate. Accordingly, at this time

point, the density of YFP+ astrocytes expressing the mature

astroglial marker S100B was comparable between genotypes

(Figures S4C and S4D), indicating no direct differentiation of

RGL cells into astrocytes.

We next moved to the long-term protocol (Figure 3E) to follow

astrocyte differentiation within the YFP+ recombined pool. The

majority of YFP+ astrocytes, double-positive for GFAP or

S100B, showed cell bodies within the middle/outer GCL and

multiple branches reminiscent of a mature astrocyte bushy

morphology (Figures 4E and 4F, white arrowheads). Some of the

YFP+ astrocytes depicting a polarized shape, but with a thick

and short apical process branching mainly inside the GCL, were

also identified in the SGZ (Figures 4E and 4F, pink arrowheads).

Careful quantification of double GFAP+YFP+ and S100B+YFP+

astrocytes indicated a huge expansion of these cells upon

COUP-TFIdeletion in theGlast lineage (Figures 4G and 4H),which

occurred without depletion of the RGL cell pool (Figures S4E and

S4F). This suggested that a direct differentiation of RGL cells into

astrocytes was unlikely to take place. To evaluate whether astro-

cytes were derived instead through cell divisions, we analyzed

BrdU-injected mice at 17 dpi (Figure 3L) and confirmed a higher

percentage of mature astrocytes among the BrdU+YFP+ cells in

COUP-TFI-icKOGlast DG compared with controls (Figure 4I).

Beside the RGL cell population, we also observed that the

Glast-CreERT2 line triggered recombination in mature astro-

cytes (expressing Sox2, GFAP, and S100B; Seri et al., 2004;

Steiner et al., 2004; Venere et al., 2012), which are scattered in

the DG GCL, hilus, and molecular cell layer (MCL), where

COUP-TFI is also expressed (Figures S4G and S4H). Thus,

COUP-TFI depletion in mature astrocytes could directly

contribute to the observed increase in DG astrogliogenesis,

possibly by ‘‘re-awakening’’ astrocyte proliferative capabilities

in vivo. We thus checked their ability to re-enter the cell cycle

by a short-term BrdU injection protocol (1 dpi) after TAM-depen-

dent recombination (Figure S4I). In both CtrlGlast and COUP-TFI-

icKOGlast DG, GFAP+YFP+ astrocytes localized in the GCL and

MCL failed to incorporate BrdU, and all proliferating cells were

confined to the stem cell niche (Figure S4J). In addition, no

differences in the density of double GFAP+YFP+ astrocytes

were found between mutant and control hippocampal CA1 re-

gions, where normally COUP-TFI is highly expressed (Figures

S4K–S4M). Finally, no proliferating Ki67+ astrocytes were also

detected (Figure S4N), thus excluding hippocampal mature

astrocyte re-activation in COUP-TFI-icKOGlast mice.

Overall, these findings indicate that loss of COUP-TFI in RGL

cells and their progeny promotes an astrogliogenic fate at the

expense of a neurogenic one. Thus, COUP-TFI acts primordially

in the fate decision between neuronal and astroglial lineages

within adult NSCs/progenitors.

COUP-TFI Is Necessary in Adult DG Progenitors to
Promote Neurogenesis by Repressing Astrogliogenesis
To further demonstrate a direct role for COUP-TFI in repressing

astroglial fate in the adult DG niche, COUP-TFI function was

exclusively deleted in activated NSCs and early committed

neurogenic progenitors (type 2a) by taking advantage of the

Ascl1-CreERT2mouse line (Figures 5A, 5B, S5A, and S5B) (Bat-

tiste et al., 2007). Ten days after TAM administration, only rare

triple GFAP+Sox2+YFP+ mature astrocytes (Figures 5C and

5E), accounting for less than 3% of the YFP+ population (Table

S1), were observed in CtrlAscl1 mice, demonstrating a predomi-

nantly neurogenic fate of the Ascl1 lineage. Notably, COUP-

TFI-icKOAscl1 DG showed a drastic increase in YFP+ Ascl1-

derived astrocytes (Figures 5D and 5E; Table S1). These cells,

unambiguously distinguishable from RGL cells, showed a polar-

ized morphology, with their soma localized mostly in the deep

GCL (Figure 5D, left). We also observed some YFP+ astrocytes

in the most superficial GCL depicting a mature morphology (Fig-

ure 5D, right) and expressing S100B (Figure 5F). A significant

decrease in DG YFP+ neuroblasts/immature neurons, both in

terms of double DCX+YFP+ cell density and as percentage of

DCX+ cells among the YFP+ population, was also assessed in

COUP-TFI-icKOAscl1 mice compared with control ones (Figures

5G and 5H; Table S1). This indicates that COUP-TFI is necessary

to promote neurogenesis by repressing an astroglial fate not only

in NSCs but also in neurogenic type2a progenitors.

To further confirm a cell-intrinsic role of COUP-TFI in driving

cell fate choice in neurogenic progenitors, we directly targeted

mitotically active cells by stereotaxically injecting a retrovirus ex-

pressing Cre-recombinase (RV-Cre) (Rolando et al., 2016) in the

DG of either Rosa26-YFP;COUP-TFIfl/fl mice (cKORV-Cre) or, as

controls, in the Rosa26-YFP reporter line alone (CtrlRV-Cre) (Fig-

ures 5I and S5C). Two days after retroviral injection, densities

of YFP+ cells were similar in the two genotypes (Figure S5D),

while the percentage of double COUP-TFI+YFP+ cells dramati-

cally dropped in cKORV-Cre mice (Figure S5E). At this time, the

large majority of YFP+ cells were progenitors/neuroblasts, and

there were no differences between cKORV-Cre and CtrlRV-Cre

mice (Figure S5F). Remarkably, at longer survival time (i.e., 18

dpi; Figure 5J), we observed an increase in double GFAP+YFP+

astrocytes and an equivalent reduction in double DCX+YFP+

newborn neurons in cKORV-Cre compared with CtrlRV-Cre

mice, with no changes in the total amount of YFP+ cells (Figures

5K–5N and S5G). These findings strongly support a direct

involvement of COUP-TFI in repressing an astroglial fate in

neurogenic progenitors.

ForcedCOUP-TFI Expression Prevents Astrogliogenesis
in the Healthy DG and Rescues Altered Neuron-to-
Astrocyte Generation upon Neuroinflammation
To understand whether COUP-TFI is not only necessary

but also sufficient to suppress astrogliogenesis in adult
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Figure 4. Loss of COUP-TFI Function Promotes Astrogliogenic Potential in Adult DG RGL Cells

(A–D) Refer to experimental strategy shown in Figure 3B.

(A) Confocal images of double immunofluorescence for YFP (green) and NFIA (red) in CtrlGlast and COUP-TFI-icKOGlast DG. Full arrowheads show double

YFP+NFIA+ RGL cells; empty arrowheads show YFP+ RGL cells negative for NFIA.

(B) Quantification of NFIA+ nuclei among YFP+ RGL cells within the GCL/SGZ of CtrlGlast and COUP-TFI-icKOGlast mice (n = 89 of 162 YFP+ cells in CtrlGlast;

n = 90 of 115 YFP+ cells in COUP-TFI-icKOGlast).

(C) Confocal image of triple-labeled YFP (green), NFIA (red), and MCM2 (cyan) cells in COUP-TFI-icKOGlast DG.

(D) Quantification of NFIA+ cells among double MCM2+YFP+ proliferating progenitors within the GCL/SGZ of CtrlGlast and COUP-TFI-icKOGlast DG (n = 16 of 273

YFP+ cells in CtrlGlast; n = 54 of 222 YFP+ cells in COUP-TFI-icKOGlast).

(E–H) Refer to experimental strategy shown in Figure 3E.

(E) Confocal images of double GFAP+YFP+ astrocytes in CtrlGlast and COUP-TFI-icKOGlast DG at Tam2w and Tam7.5w.

(F) Confocal images of mature double S100B+YFP+ astrocytes in CtrlGlast and COUP-TFI-icKOGlast at Tam7.5w.

(G and H) Quantification of double GFAP+YFP+ (G) and S100B+YFP+ (H) mature astrocytes within the SGZ/GCL in CtrlGlast and COUP-TFI-icKOGlast at Tam2w

and Tam7.5w.

(I) Histogram showing the fraction of newborn S100B+ astrocytes among all BrdU+YFP+ cells within the SGZ/GCL of CtrlGlast and COUP-TFI-icKOGlast at 17 dpi

(refers to protocol in Figure 3L; n = 4 of 198 in CtrlGlast; n = 15 of 217 in COUP-TFI-icKOGlast).

In (E) and (F), white arrowheads indicate bushymature astrocytes, while pink arrowheads indicate more polarized astrocytes, whose cell bodies are located in the

SGZ. N = 3 or 4 mice/genotype/time point. Error bars indicate SEM. Scale bars, 50 mm (A and E), 10 mm (C), and 10 mm (A and E insets). Student’s t test: *p < 0.05,

**p < 0.01, and ***p < 0.001. See also Figure S4.
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Figure 5. COUP-TFI Is Necessary in Adult DG Progenitors to Promote Neurogenesis by Repressing Astrogliogenesis

(A) Schema illustrating COUP-TFI deletion (red crossed circles) in the cell progeny (green) derived from Ascl1-expressing cells (yellow) in the DG upon TAM

induction in COUP-TFI-icKOAscl1 mice.

(B) Experimental design to assess the effects of COUP-TFI deletion in the Ascl1-lineage (see C–H).

(C and D) Confocal images showing triple GFAP+Sox2+YFP+ newborn astrocytes in the DG of CtrlAscl1 (C) and COUP-TFI-icKOAscl1 (D) mice. DAPI counter-

staining (blue).

(E) Quantification of GFAP+Sox2+YFP+ newborn astrocytes within the SGZ/GCL of CtrlAscl1 and COUP-TFI-icKOAscl1 DG.

(F) Confocal image of a mature S100B+YFP+ astrocyte in the GCL of COUP-TFI-icKOAscl1 DG.

(G) Confocal images of DG sections stained for DCX (red) and YFP (green) in CtrlAscl1 and COUP-TFI-icKOAscl1 mice.

(H) Quantification of DCX+YFP+ newborn neurons within the SGZ/GCL of CtrlAscl1 and COUP-TFI-icKOAscl1 DG.

(I) Experimental strategy used for COUP-TFI loss-of-function in dividing DG neural progenitors by Cre-expressing retrovirus (RV-Cre) stereotaxic injection

(see K–N).

(J) Experimental design for RV-Cre injection and analysis of newborn cell phenotype.

(legend continued on next page)
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NSCs/progenitors, we adopted a gain-of-function approach us-

ing Glast-CreERT2;Rosa26-YFP;lox-stop-lox-hCOUP-TFI mice

(COUP-TFI-O/EGlast). In these mice, COUP-TFI is overexpressed

in RGL cells and their lineage upon Cre-mediated inducible

recombination (Figures 6A and S6A) (Alfano et al., 2014; Parisot

et al., 2017;Wu et al., 2010). Twoweeks after TAM treatment, the

density of GFAP+YFP+ astrocytes within the SGZ/GCL of

COUP-TFI-O/EGlast was reduced by half compared with controls

(Figures 6C and 6D; Table S1). This likely reflects impaired astro-

gliogenesis upon COUP-TFI overexpression. Indeed, while in

control animals GFAP+YFP+ astrocytes within the SGZ/GCL

doubled between 2 and 14 days after TAM, the density of astro-

cytes in theCOUP-TFI-O/EGlast mice at 14 days was comparable

with that of controls at 2 days after TAM (Figures S6B–S6D).

Moreover, we did not observe changes between genotypes in

the total YFP+ population and YFP+ RGL cells (Figures S6E

and S6F), as well as in YFP+ astrocytes outside of the DG neuro-

genic compartment (i.e., MCL; Figure S6G). On the whole, these

data point to reduced astrogliogenesis in the presence of high

COUP-TFI expression in RGL cells and their progeny.

Neurogenesis did not significantly change in COUP-TFI-O/

EGlast DG (Figures 6E and 6F). However, we found an increase

in the density of caspase-3+NeuroD+YFP+ cells in mutant DG

compared with controls, indicating induced apoptosis in

newborn neurons that accounted for all DG caspase-3+YFP+

cells (Figures S6H–S6J). Considering high endogenous COUP-

TFI protein levels in neuronal progenitors/neuroblasts (Figures

2E and 2F), its forced overexpression might induce an apoptotic

pathway within the neuronal lineage.

In light of our previously described COUP-TFI downregulation

within the adult DG upon acute LPS-induced neuroinflammation

(Figure 1), we finally wondered whether forcing COUP-TFI

expression in this condition could prevent enhanced astroglio-

genesis and rescue neurogenesis. To this aim, we stereotaxically

injected the retrovirus RV-Cre in the DG of adult COUP-TFI-O/

ERV-Cre and relative controls (CtrlRV-Cre) and treated mice with

LPS 1 day later for 4 days (Figures 6G, 6H, and S6K–S6M).

Two weeks after RV-Cre injection, we found comparable den-

sities of YFP+ recombined cells within the SGZ/GCL compart-

ment of saline- or LPS-treated CtrlRV-Cre and LPS-treated

COUP-TFI-O/ERV-Cre mice (Figure 6I). However, LPS-treated

CtrlRV-Cre mice showed a 2-fold increase in GFAP+YFP+ astro-

cytes and a reduction in DCX+YFP+ newborn neurons versus

saline-treated CtrlRV-Cre animals (Figures 6J and S6K–S6M).

Notably, LPS-induced effects were completely reverted by

COUP-TFI gain-of-function (Figures 6J and S6M). Indeed, the

percentages of newborn astrocytes and neurons were respec-

tively lower and higher in LPS-treated COUP-TFI-O/ERV-Cre

mice compared with both LPS- and saline-treated CtrlRV-Cre

(Figures S6K and S6L). These data demonstrate that forced

COUP-TFI expression in adult neural progenitors is sufficient to

rescue the imbalance in newborn neuron-to-astrocyte ratio dur-

ing neuroinflammation.

DISCUSSION

The lifelong production and integration of new DG granule neu-

rons are considered an extreme form of plasticity in the adult

brain, which contributes to learning and memory (Gonçalves

et al., 2016). Adult DG NSCs give rise to newborn neurons, but

they also produce astrocytes, whose function and generation

are not as well characterized (Bond et al., 2015). The fate choice

between a neuron and an astrocyte in NSCs is subject to dy-

namic modulation through extrinsic signals. Indeed, decreased

neurogenesis paralleled by increased generation of astrocytes

is a feature observed in mouse models of neuroinflammation

(Kohman and Rhodes, 2013); this imbalance could contribute

to the inflammation-associated cognitive impairments, possibly

by remodeling neural circuits and acting on memory consolida-

tion (Valero et al., 2014). Thus, understanding NSC cell-intrinsic

responses to inflammation might be crucial not only to elucidate

themechanisms of how NSCs react to tissue damage but also to

shed light on the regulatory functions occurring in physiological

conditions.

Although significant progress has been made in understand-

ing extrinsic and intrinsic cues regulating adult NSC activity in

vertebrates, little was known on the transcriptional program

controlling astroglial versus neuronal fate choice of adult hippo-

campal NSCs/progenitors. In this study, we unraveled an unex-

pected role for the transcriptional regulator COUP-TFI in

balancing neuro- and astrogliogenesis within the adult DG. First,

we showed that this transcription factor is widely expressed in

the healthy DG and that its protein level increases from radial

NSCs to neuronal committed progenitors/neuroblasts, in accor-

dance with a recent DG single-cell gene expression analysis (Ar-

tegiani et al., 2017). Furthermore, through loss- and gain-of-

function approaches, we provided evidence that COUP-TFI is

both necessary and sufficient to inhibit an astroglial fate and to

drive adult NSCs/progenitors toward a neuronal lineage in the

hippocampal neurogenic niche. This is supported by the

increased expression of the pro-astrogliogenic transcription fac-

tor NFIA not only in NSCs but also in mitotically active progeni-

tors of COUP-TFI-icKOGlast DG. Moreover, loss of COUP-TFI

function directly in DG progenitors prompted these cells to ac-

quire an astroglial fate indicating they might still be multipotent,

as also recently suggested (Harris et al., 2018) and need COUP-

TFI to restrict their potential to a neuronal fate. We thus hypoth-

esized that the increase in astroglia at the expense of newborn

neurons observed in the adult DG upon inflammation could be

related to COUP-TFI downregulation. Reduced COUP-TFI levels

(K and L) Confocal images of multiple staining for YFP (green), DCX (magenta), GFAP (red), and DAPI counterstaining (blue) in sections fromCOUP-TFI-cKORV-Cre

(K) and CtrlRV-Cre (L) DG. A, newborn astrocyte; N, newborn neuron; R, RGL cell.

(M) Histogram showing the fold change in densities of newborn GFAP+YFP+ astrocytes (striped pattern) and DCX+YFP+ newborn neurons (checkerboard

pattern) within the SGZ/GCL of COUP-TFI-cKORV-Cre mice compared with CtrlRV-Cre mice.

(N) Quantification of total YFP+ cells within the SGZ/GCL of CtrlRV-Cre and COUP-TFI-cKORV-Cre DG. Student’s t test: p = 0.6630.

N = 3 or 4 animals per genotype. Empty arrowheads indicate astrocyte cell bodies, full arrowheads indicate neurons and arrows indicate cellular processes. Error

bars indicate SEM. MCL, molecular cell layer. Scale bars, 10 mm (C, D, and F), 50 mm (G), and 20 mm (K and L). Student’s t test: *p < 0.05. See also Figure S5.
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Figure 6. ForcedCOUP-TFI Expression Prevents Astrogliogenesis in theHealthyDGandRescues AlteredNeuron-Astroglia Generation upon

Neuroinflammation

(A) Schema illustrating COUP-TFI overexpression (red circles) in the cell progeny (green) derived from Glast-expressing cells (yellow) in the DG upon TAM in-

duction in COUP-TFI-O/EGlast adult mice.

(B) Experimental design to assess the effects of COUP-TFI overexpression in the Glast-lineage (see C–F).

(C) Confocal images of DG sections immunostained for YFP (green) and GFAP (red) with DAPI counterstaining (blue) in CtrlGlast and COUP-TFI-O/EGlast mice.

(D) Quantification of double GFAP+YFP+ astrocytes within the SGZ/GCL of CtrlGlast and COUP-TFI-O/EGlast DG at Tam2w.

(E) Confocal images of DG sections immunostained for YFP (green) and DCX (red) with DAPI counterstaining (blue) in CtrlGlast and COUP-TFI-O/EGlast mice.

(legend continued on next page)

338 Cell Reports 24, 329–341, July 10, 2018



would release a normally strong repression of a gliogenic fate in

NSCs and progenitors. Indeed, our data showed that forced

COUP-TFI expression in mitotically active progenitors is suffi-

cient to prevent LPS-induced astrogliogenesis, revealing a po-

tential role for COUP-TFI in protecting the adult neural niche

from inflammatory insults.

The persistence of neurogenesis within the adult brain has

been suggested to result from the action of several neurogenic

factors counteracting a gliogenic environment (Götz et al.,

2016). In this perspective, we propose that COUP-TFI might

exert its neurogenic function by cell-intrinsically repressing a

‘‘default’’ astrogliogenic fate within the adult neurogenic niche.

A transcriptional repressive role for COUP-TFI has also been

described during pallial, subpallial (Alfano et al., 2014; Faedo

et al., 2008; Lodato et al., 2011; Tomassy et al., 2010), and eye

development (Inoue et al., 2010; Tang et al., 2010) in the mouse,

but also in C. elegans and Drosophila (Mlodzik et al., 1990; Zhou

and Walthall, 1998). In this study, we demonstrate that COUP-

TFI acts as molecular ‘‘sensor’’ in the adult DG neurogenic niche

by responding to external cues and allowing multipotent NSCs/

progenitors to take either an astroglial or a neuronal lineage. Un-

derstanding how NSCs/progenitors can integrate environmental

signals via COUP-TFI and/or other factors, and identifying the

molecular pathways downstream of their activity deserves

further investigations.

EXPERIMENTAL PROCEDURES

Animals and Treatments

All experiments were performed on 2- to 4-month-old C57BL/6J mice

of both genders (Charles River). Glast-CreERT2+/wt;R26-YFP+/+;COUP-

TFIfl/fl (COUP-TFI-icKOGlast), Glast-CreERT2+/wt;R26-YFP+/+;COUP-TFIwt/

wt (CtrlGlast), Ascl1-CreERT2+/wt;R26-YFP+/wt;COUP-TFIfl/fl (COUP-TFI-

icKOAscl1), Ascl1-CreERT2+/�;R26-YFP+/wt;COUP-TFIwt/wt (CtrlAscl1), and

Glast-CreERT2+/�;R26-YFP+/+;hCOUP-TFI+/wt (COUP-TFI-O/EGlast) were

used for in vivo loss- and gain-of-function experiments obtained upon TAM

(2.5 mg/mouse/day) administration. Subgroups of these mice also received

the thymidine analog 5-bromo-2-deoxyuridine (BrdU; 100 mg/kg; two i.p. in-

jections, 8 hr apart for the 3 and 17 dpi survival experiments, or three i.p. injec-

tions, 2 hr apart the day before sacrifice for the proliferation experiment). R26-

YFP+/+;COUP-TFIfl/fl (COUP-TFI-cKORV-Cre), R26-YFP+/+;COUP-TFIwt/wt

(CtrlRV-Cre), and R26-YFP+/+;hCOUP-TFI+/wt (COUP-TFI-O/ERV-Cre) were

used for loss- and gain-of-function experiments obtained by RV-Cre stereo-

taxic injections within the adult DG. For neuroinflammation experiments,

mice received E. coli-derived LPS (0.5 mg/kg/day) or saline solution (0.9%)

as a single i.p. injection for 1 day or 4 consecutive days. Mice were housed un-

der standard laboratory conditions. See the Supplemental Experimental Pro-

cedures. All procedures were conducted in accordance with the Guide for

the Care and Use of Laboratory Animals of the European Community Council

Directives (2010/63/EU and 86/609/EEC) and approved by local bioethics

committees, the Italian Ministry of Health, and the French Ministry for Higher

Education and Research.

Tissue Collection, RNA Extraction, and RT-qPCR

Hippocampi from adult mice perfused with ice-cold PBS were microdissected

and lysed. RNA isolation, cDNA synthesis, and RT-qPCR were performed ac-

cording to the manufacturer’s instructions. See the Supplemental Experi-

mental Procedures.

Microscope Analysis and Cell Counting

Representative images showing COUP-TFI in situ hybridization (ISH) and

immunohistochemistry (IHC) were taken on a Nikon microscope coupled to

Neurolucida software. Images of double- or triple-immunolabeled sections

were acquired using a TCS SP5 confocal microscope (Leica), and multi-stack

images were then analyzed with ImageJ (NIH). At least three different levels

along the rostro-caudal DG axis were analyzed and cell densities are ex-

pressed as cells per square millimeter. See the Supplemental Experimental

Procedures.

Statistical Analysis

Statistical comparisons were conducted using two-tailed unpaired Student’s t

test or one-way ANOVA and the Bonferroni post-hoc test when appropriate (in

Microsoft Excel and GraphPad Prism5). For unpaired Student’s t test, Lev-

ene’s test was conducted to compare variances, and Welch’s correction

was applied in case of unequal variance distribution. Significance was estab-

lished at p < 0.05. Cell counts are presented as mean ± SEM (n R 3 animals

per each quantification).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

six figures, and one table and can be found with this article online at https://

doi.org/10.1016/j.celrep.2018.06.044.
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