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ABSTRACT 
 

Depression is a high prevalent and recurrent neuropsychiatry disorder that has a huge impact in 

patient’s life. Despite the large number of studies focusing on the pathophysiology of depression, the 

exact underlying mechanisms are still poorly characterized. In the recent years, we have witness the 

emerging of distinct hypothesis to explain the pathogenesis of depression, including the crucial 

involvement of adult neural plasticity on brain adaptation. Accordingly, neuroplastic events as for 

example alterations in the morphology of neural cells, epigenetic modifications and the genesis of 

neural cells in the adult brain and particularly in the hippocampal dentate gyrus (DG), are of upmost 

importance in the emergence and treatment of depression. Considering the high prevalence of 

recurrence in depression and that, after remission of a first episode of depression, patients are more 

prone to undergo new depressive episodes later in life, it is surprising to note that the processes 

responsible for the re-appearance of depressive symptoms are notoriously unexplored. In this 

context, we propose to determine the involvement of adult neuroplastic mechanisms in the 

precipitation of relapse or recurrent episodes of depression, including the long-term effects of the 

potentiation of neural plasticity promoted by an initial treatment with typical antidepressants (ADs). 

For that purpose, we designed an experimental protocol to mimic the process of recurrence in adult 

rats through repeated exposure to the well-established unpredictable chronic mild stress (uCMS) 

protocol. Summarily, after a first exposure to uCMS that included an effective AD treatment with 

fluoxetine or imipramine, and a stress-free period to achieve remission, animals were re-exposed to 

uCMS to promote the re-appearance of depressive-like symptoms. Although repeated exposure to 

chronic stress has promoted the return of behavioral alterations including anxiety-like behavior and 

cognitive deficits, interestingly, was unable to evoke anhedonic-like phenotype. Treatment with ADs 

induced distinctive neuroplastic and behavioral alterations. Specifically, once re-exposed to uCMS, 

and similarly to non-treated, animals initially treated with the selective serotonin reuptake inhibitor 

(SSRI) fluoxetine presented anxiety- and anhedonic-like behavior and cognitive deficits. These 

behavioral impairments occurred in parallel with an abnormal potentiation of adult-born neurons 

formation and a dendritic atrophy of pre-existing granule neurons in the DG. In contrast, 

administration of the tryciclic agent imipramine produced a protective effect in the response to 

chronic stress re-exposure, as no particular behavioral deficits were observed. Of notice, this 

protective action was associated to an increased dendritic arborization of granule neurons and to a 

normalization of the stress-induced decrease in adult hippocampal neurogenesis. In particular, the 
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involvement of neurogenesis in the effects of the different ADs was further corroborated by co-

administration of the cytostatic drug methylazoxymethanol (MAM) that induced cell proliferation 

arrest. Accordingly, co-treatment with MAM prevented the behavioral deficits observed in fluoxetine-

treated animals and the protective effect induced by treatment with imipramine. In light of these 

evidences, it is plausible to suggest that the impact of the initial AD treatment on adult neural 

plasticity determines susceptibility or resilience to later recurrent depressive episodes. 

Additionally, given the relevance of the processes of adult neural plasticity in the DG, also for the 

context of recurrence in depression, we performed a study to better characterize these events. 

Despite the prominent number of studies recognizing the heterogeneity of the hippocampus and the 

occurrence of plastic mechanisms along its septotemporal axis, the specificities of these events in 

other subregions of the DG are poorly described. Thus, we characterized the survival of adult-born 

neurons and glial cells at different subregions of the DG, particularly along its transversal axis, in 

basal conditions and after uCMS exposure. Accordingly, in basal conditions, was observed an 

increased survival of adult-born neurons and glial cells in the suprapyramidal blade, region that was 

particularly affected by the effects of chronic stress on the survival of adult-born neurons. Survival of 

adult-born glial cells was not preferentially affected in a specific DG subregion. Noticeably, these 

regional-specific alterations occurred in parallel with specific cognitive tasks. These evidences 

suggest a basal regional distinction of the adult cytogenesis process together with a regional-specific 

susceptibility to chronic stress along the DG transverse axis. 

Together, the present work represents a step forward in the knowledge of the mechanisms of neural 

plasticity and their involvement in the pathophysiology of depression, particularly in the context of 

recurrence. Furthermore, we consider that this study may constitute the trigger for following works in 

the understanding of recurrence in depression and ultimately contribute to the development of novel 

ADs able to efficiently prevent or, at least decrease, the prevalence of recurrence in depression. 
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RESUMO 
 

A depressão é uma doença neuropsiquiátrica recorrente e com elevada prevalência que têm um 

grande impacto na vida dos pacientes. Apesar de existirem diversos estudos focados na 

patofisiologia da depressão, os mecanismos associados ainda estão pouco caraterizados. Nos 

últimos anos temos presenciado ao emergir de diferentes teorias para explicar a patogénese da 

depressão, incluindo o crucial envolvimento da plasticidade neural adulta na capacidade de 

adaptação do cérebro. De acordo com esta teoria, alterações morfológicas em células neurais, 

modificações epigenéticas e a génese de células neurais no cérebro adulto e em particular no giro 

denteado do hipocampo, são de grande importância para o aparecimento e tratamento da 

depressão. Tendo em conta a elevada prevalência da recorrência na depressão e que, depois da 

remissão de um primeiro episódio depressivo, os pacientes estão mais suscetíveis a experienciar 

novos episódios depressivos, é surpreendente o facto dos processos responsáveis pelo 

reaparecimento dos sintomas depressivos estarem notoriamente pouco explorados. Assim, 

determinamos o envolvimento dos mecanismos neuroplásticos no adulto na precipitação de 

episódios de recaída e recorrência em depressão, incluindo os efeitos a longo-prazo da potenciação 

da plasticidade neural através do tratamento inicial com antidepressivos (ADs). Nesse sentido, 

desenhamos um protocolo experimental de forma a mimetizar o processo de recorrência em ratos 

adultos através de repetida exposição ao protocolo de stress crónico imprevisível (uCMS). 

Resumidamente, depois de uma primeira exposição ao protocolo de uCMS que incluiu um 

tratamento AD eficaz com fluoxetina e imipramina e um período sem stress para promover a 

remissão, os animais foram re-expostos a uCMS para promover o re-aparecimento de sintomas do 

tipo depressivo. Apesar da re-exposição a stress crónico ter promovido o regresso de alterações 

comportamentais incluindo do tipo ansioso e défices cognitivos, curiosamente, não produziu 

fenótipo do tipo anedónico. Por seu lado, o tratamento com ADs promoveu distintas alterações 

comportamentais e neuroplásticas. Especificamente, uma vez exposto a uCMS, e de forma 

semelhante aos não tratados, animais inicialmente tratados com fluoxetina, um inibidor seletivo da 

recaptação da serotonina, apresentaram comportamento do tipo anedónico e ansioso, bem como 

défices cognitivos. Estas alterações comportamentais ocorreram em paralelo com uma potenciação 

anormal da formação de novos neurónios e uma atrofia dendrítica nos neurónios granulares pre-

existentes no giro dentado (DG). Em oposição, a administração do AD imipramina produziu um 

efeito protetor na resposta à re-exposição ao stress, dado que nenhum défice comportamental foi 
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observado. De salientar que esta ação protetora parece associada com um aumento da arborização 

dendrítica de neurónios granulares e à normalização da neurogénese hipocampal no adulto, 

diminuída por ação do stress. Em particular, o envolvimento da neurogénese nos efeitos dos 

diferentes ADs foi confirmado através da co-administração do composto citostático 

metilazoximetanol (MAM) que inibe a proliferação celular. O co-tratamento com MAM impediu o 

aparecimento de défices comportamentais nos animais tratados com fluoxetina, bem como o efeito 

protetor promovido pelo tratamento com imipramina. Tendo em conta estas evidencias, é plausível 

sugerir que o impacto do tratamento inicial com ADs na plasticidade neural pode determinar a 

susceptibilidade ou resiliência dos animais a recorrentes episódios depressivos. 

Adicionalmente, tendo em conta a relevância dos processos de plasticidade neural no DG adulto, 

nomeadamente em recorrência na depressão, realizamos um novo estudo para melhor 

compreender estes eventos. Apesar do elevado número de estudos reconhecendo a 

heterogeneidade do hipocampo e a ocorrência de mecanismos de plasticidade ao longo do eixo 

septo-temporal, as particularidades destes eventos noutras subregiões do DG estão pouco descritas. 

Assim sendo, caracterizamos a sobrevivência de novos neurónios e células da glia em diferentes 

subregiões do DG adulto, particularmente ao longo do seu eixo transversal, em condições basais e 

após exposição a uCMS. De acordo com os resultados obtidos, em condições basais, verificou-se 

um aumento na sobrevivência de neurónios e células da glia na porção suprapiramidal, região esta 

particularmente afectada pelos efeitos do stress crónico na sobrevivência dos novos neurónios. A 

sobrevivência de novas células da glia não foi afectada preferencialmente em nenhuma subregião 

especifica do DG. De salientar, estas alterações ocorreram em paralelo com défices em 

determinadas tarefas cognitivas. Estes resultados sugerem uma distinção regional do processo 

citogénico, bem como uma especificidade regional na susceptibilidade ao stress crónico ao longo do 

eixo transversal do DG adulto. 

Em suma, este trabalho representa um avanço no conhecimento dos mecanismos de plasticidade 

neural e do seu envolvimento na patofisiologia da depressão, em especial no contexto de 

recorrência. Para além disto, este estudo pode representar um gatilho para futuros trabalhos que 

permitam uma melhor compreensão da recorrência na depressão e, em última análise, contribuir 

para o desenvolvimento de novos ADs capazes de eficazmente prevenir, ou pelo menos, diminuir a 

prevalência de recorrência na depressão. 
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THESIS LAYOUT 
!
CHAPTER I provides a general introduction into the research theme and a state of the art 

concerning the structural organization and the function of the hippocampal dentate gyrus, the 

mechanisms of neural plasticity in the adult brain and their involvement in the pathophysiology of 

depression. In this first chapter, we also raise the major questions addressed in this thesis. 

 

CHAPTER II consists on the article entitled “Adult hippocampal neuroplasticity triggers 

susceptibility to recurrent depression”, published in Translational Psychiatry. In this article, using an 

experimental protocol to mimic, in rats, the process of recurrence in depression, we showed that 

alterations in adult hippocampal neuroplasticity promoted by antidepressants to revert the 

behavioral effects of chronic stress exposure determine the response to a further stress exposure 

later on. 

 

CHAPTER III constitutes a submitted manuscript entitled “Chronic stress targets neurogenesis 

preferentially in the suprapyramidal blade of the dorsal dentate gyrus”. This study characterizes the 

survival of adult-born neurons and glial cells along the transverse axis of the dentate gyrus, in basal 

conditions and after exposure to chronic stress. We observed that, in basal conditions, adult-

generated neurons are preferentially located in the subgranular zone and suprapyramidal subregions 

of the dentate gyrus. Exposure to chronic stress preferentially decreased the survival of adult-born 

neuron in the suprapyramidal blade. 

 

CHAPTER IV represents an integrative overview of the results and conclusions of this thesis and 

indicates possible complementary experiments and following studies to be performed in the future. 

 

APPENDICES 

A. Published abstract: P.4.c.004 “Adult neuroplasticity as a pathological trigger of 

recurrence in depression” (2015) Alves ND. et al. European 

Neuropsychopharmacology, Volume 25, S564 - S565; 
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1. Hippocampal Dentate Gyrus 

1.1. Structural Organization 

The adult dentate gyrus (DG) is a subregion of the limbic system and of the hippocampus 

organization (Figures 1a and 1b), which also includes the curved cornu ammonis (CA) and their 

subdivisions, CA1, CA2 and CA3. Mainly composed by granule neurons, hilar mossy cells and 

gamma-aminobutyric acid (GABA)ergic interneurons (Amaral et al., 2007), the rodent DG forms a V-

shaped structure situated around the tip of the CA3 subregion, and can be subdivided into three 

layers: the molecular (ML) or stratum moleculare, the granular cell layer (GCL) or stratum 

granulosum, that together form the fascia dentate, and the hilus or polymorphic layer (Figure 1c). 

The ML, the most superficial DG layer, is mainly composed by a neuropil of dendrites from granule 

neurons and afferent axons, but also some neurons, mainly inhibitory (Gall, 1990). This layer can be 

further subdivided into the outer molecular layer (OML), the middle molecular layer (MML) and the 

inner molecular layer (IML). This anatomical organization is similar between rodents and primates. 

The GCL is a dense and homogeneous structure composed by 6-8 rows of granule neurons, oriented 

towards the ML (Amaral and Witter, 1989; Claiborne et al., 1990) and also includes inhibitory 

GABAergic interneurons and axonal extrinsic inputs. The hilus, originally named H5 (Rose, 1926) or 

CA4 region (Lorente De Nó, 1934), besides axons from granule neurons also contains other 

GABAergic and excitatory (glutamatergic) neurons. Between the GCL and the hilus is located the 

subgranular zone (SGZ), the inner margin of the GCL. This narrow layer of cells, that include neural 

stem cells (NSCs) and progenitor cells, is known to provide a microenvironment that favors the 

generation and development of neural cells, typically called as hippocampal neurogenic niche. 
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Figure 1. Anatomical organization of the hippocampal dentate gyrus. (a) Sagittal plane of 
the human and rodent brain and the particular localization of the hippocampus. (b) Anatomical 
representation of the hippocampus and its subregions. (c) Dentate granule neuron and the different 
subdivisions of the hippocampal dentate gyrus. Abbreviations: CA1, CA2 and CA3, cornu ammonis 
1, 2 and 3; DG, dentate gyrus; IML, inner molecular layer; GCL, granular cell layer; ML, molecular 
layer; MML, middle molecular layer; OML, outer molecular layer; SGZ, subgranular zone. 
 

1.2 Cellular Composition 

1.2.1 Granule Neurons 

Granule neurons are glutamatergic and represent the main and the most numerous, by far, cell type 

of the hippocampal DG (Amaral et al., 1990). There are approximately 390’000 in the mice 

(Stanfield and Cowan, 1979) and around one million granule cells in each hemisphere of the rat DG 

(Boss et al., 1985; Amaral et al., 1990), while in humans the number is 15 times higher (Amaral et 

al., 2007). Typically, granule neurons present an elliptical dendritic tree (Gall, 1990; Treves et al., 

2008) and, from the apical pole of its granule cell body, a main cone-shaped tree of spiny apical 

dendrites extends into the ML, where they bifurcate (Claiborne et al., 1990; Amaral and Witter, 

1995) (Figure 1c). All dendritic trees are covered with spines, with variable number, being 

described to present approximately ± 2 spines per µm. The axon, or mossy fiber, that emerges from 

the basal pole, forms collateral branches in the hilus and establishes main synapses in the 

hippocampal CA3 region. The pattern of molecular expression in granule neurons varies with cell 

age and with its position in the GCL (Hodge et al., 2013). 

Granule neurons are glutamatergic cells with some peculiar and characteristic features that include 

a sparse pattern of electrophysiological activity, low firing probability, diminished coding capacity and 
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powerful connections (Jung and McNaughton, 1993; Chawla et al., 2005; Danielson et al., 2016). 

The low firing rate of granule neurons along with the high density of neurons in the GCL turns 

difficult to record electrophysiological activity in the DG; however, single-unit extracellular recordings 

revealed that DG granule neurons present sparse mean rates below 0.5 Hz, and as low as 0.01 Hz 

(Goncalves et al., 2016a). In contrast to other hippocampal regions that present 30–40% of place 

firing (O'Keefe and Nadel, 1978), granules neurons in the DG present a low firing probability, as only 

around 2–4% are activated by input signals in any given environment (Jung and McNaughton, 1993; 

Chawla et al., 2005; Leutgeb et al., 2007). Furthermore, granule neurons exhibit stable place fields, 

i.e., an ability to change their firing rate according to alterations of the surrounding environment 

(Jung and McNaughton, 1993; Leutgeb et al., 2007; Goncalves et al., 2016a), which is determinant 

to execute some specific cognitive functions. 

 

Connectivity  

In light of the canonical trisynaptic circuit, the DG is considered as the main entrance of neuronal 

activity in the mammalian hippocampus (Heinemann et al., 1992; Lothman et al., 1992). Initially, 

DG granule neurons, the main excitatory neuronal cell population of the DG, receive afferent 

synaptic inputs predominantly from the perforant path, composed by pyramidal axons originated 

from the layer II of both lateral and medial entorhinal cortex (EC). Then, DG granule neurons provide 

excitatory input through their axonal projections to CA3 pyramidal neurons (via mossy fibers) 

establishing the so-called boutons and, finally, from here to the hippocampal CA1 (Schaffer 

collaterals) to close the trisynaptic loop (Figure 2). In addition to the EC, the hippocampal DG also 

receives inputs from other brain regions: acethylcholinergic inputs from the medial septum and the 

nucleus of the diagonal band of Broca, dopaminergic inputs from the ventral tegmental area (VTA) 

(Du et al., 2016), serotonergic projections from the raphe nucleus (brain stem), but also from 

supramammilary nucleus (hypothalamus), locus coeruleus (Amaral and Witter, 1995). Within the 

hippocampal structures, DG granule neurons also receive commissural inputs from the contralateral 

hippocampus (associational/commissural fibers), feedback inputs from CA3 (Vivar et al., 2012), 

glutamatergic inputs from mossy cells, and GABAergic inputs from interneurons of the GCL, ML and 

the hilus. In total, DG granule neurons establish a complex neuronal circuit with several brain 

regions having around 6’000 to 7’000 glutamatergic terminals (Desmond and Levy, 1985; 

Claiborne et al., 1990). Curiously, the DG has significantly more principal neurons than their input 

and output regions. According to computational studies, each granule neuron is able to target ∼15 
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CA3 pyramidal neurons, while a single CA3 pyramidal neurons receives synaptic input from ∼72 

granule neurons (Witter, 2010). Therefore, the probability of a CA3 pyramidal neuron to receive 

consecutive inputs from two active granule neurons is very low (McNaughton and Morris, 1987; 

Amaral et al., 1990), which contributes to its diminished capacity of coding. 

 

 

Figure 2. Hippocampal anatomy and local network know as the trisynaptic circuit. 
Representation (a) and scheme (b) of the hippocampal trisynaptic circuit. Firstly, granule neurons 
in the hippocampal dentate gyrus receive afferent inputs, via the perforant path, from the layer II of 
the lateral and medial entorhinal cortex. Next, granule neurons project to the CA3 pyramidal neurons 
via mossy fibers and ultimately, CA1 neurons receive inputs from the CA3 by the Schaffer 
collaterals, by the contralateral hippocampus through associational/commissural fibers or direct 
inputs from the perforant path. To close the hippocampal synaptic loop, CA1 pyramidal neurons 
project back to the entorhinal cortex. Abbreviations: DG, dentate gyrus; CA1, CA2 and CA3, cornu 
ammonis 1, 2 and 3; LEC, lateral entorhinal cortex; MEC, medial entorhinal cortex. 
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Function 

The hippocampal DG and their granule neurons are strongly associated with different and essential 

cognitive functions that include learning, spatial navigation and episodic memory, which are 

particularly mediated by the hippocampal trisynaptic circuit (Amaral et al., 2007; Jonas and Lisman, 

2014), previously described. In the particular case of episodic memory, the storage and recall of 

memories from an incomplete or degraded cue of their representation, occurs through a process 

termed as pattern completion, mediated by the CA3 hippocampal region (O'Reilly and McClelland, 

1994; McClelland and Goddard, 1996). However, the capacity of memory storage is limited and 

susceptible to interference in case the different stored patterns are similar to each other 

(McNaughton and Morris, 1987; Rolls, 2013). Thus, it is fundamental to convert relatively identical 

inputs into substantially different outputs in a process recognized to specifically depend on the 

function of the DG and granule neurons (Scharfman and Myers, 2016). Basically, to encode a new 

event, the DG generates neuronal representations of contexts, also known as “engrams” or cell 

ensembles (Chawla et al., 2005), which size is determined by lateral inhibition in the hilus (Stefanelli 

et al., 2016). Then, after storing a pattern, it is critical to determine whether a sensory stimulus is 

considered as the same or different from others, previously acquired. For that, the DG engages a 

computation process, termed as pattern separation, to orthogonalize similar events, in which 

granule neurons receive overlapping inputs from the EC and provide to the CA3 less correlated 

outputs (Leutgeb et al., 2007; Nakashiba et al., 2012; Neunuebel and Knierim, 2014; Yamada and 

Jinno, 2014; Scharfman and Myers, 2016). This process particularly benefits from the peculiar 

properties of the granule neurons, as previously described, that contribute to the formation of unique 

representations of input patterns, making them sparser and facilitating its storage and retrieval in 

CA3 (Jung and McNaughton, 1993; Pernia-Andrade and Jonas, 2014). The function of DG on 

pattern separation also profits from the process of remapping. Accordingly, and similarly to place 

cells in the CA1 and CA3 regions (O'Keefe and Dostrovsky, 1971; O’Keefe and Nadel, 1978), the 

firing of granule cells varies at any given neuronal representation change in response to a, even if 

small, alteration of the external environment (Jung and McNaughton, 1993; Nitz and McNaughton, 

2004; Leutgeb et al., 2007; Schmidt et al., 2012; GoodSmith et al., 2017). Importantly, the 

implication of granule neurons in pattern separation has been confirmed by different approaches 

including in vivo electrophysiological recordings and optogenetic silencing (Leutgeb et al., 2007; 

Nakashiba et al., 2012; Neunuebel and Knierim, 2014; Danielson et al., 2016; GoodSmith et al., 

2017). In humans, it was also observed using functional magnetic resonance imaging (fMRI) studies 
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(Bakker et al., 2008; Berron et al., 2016). Despite the critical role of granule neurons for the process 

of pattern separation, other neural cell types as hilar mossy cells have been recently implicated in 

the process. This topic will be addressed in the next section. 

Besides their involvement in cognitive behaviors, granule neurons are also known to mediate other 

brain functions including exploratory behavior and emotional behaviors, namely anxiety and fear 

learning (Kheirbek et al., 2013) and memory (Liu et al., 2012), but also to intermediate depression-

like behavior and anhedonia (Ramirez et al., 2015). Granule neurons may be involved in cognitive or 

emotional behaviors depending on their locations in the DG (Moser and Moser, 1998). 

 

1.2.2 Hilar Mossy Cells 

In the dentate hilus, neurons can also be found as hilar mossy cells, so-called due to their 

localization and appearance similar to a cell covered in moss (Amaral, 1978; Amaral et al., 2007; 

Scharfman and Myers, 2012; Scharfman, 2016) (Figure 3). Their dendrites typically spread at the 

hilus and can also extend into the ML (Scharfman, 2016). Besides their exclusive localization at the 

hilus, hilar mossy cells present other distinctive characteristics, as the preferential use of glutamate 

as primary neurotransmitter (Soriano and Frotscher, 1994), the local and distal axon projections, 

primarily to the IML (Scharfman and Myers, 2012) and the presence of proximal dendrites with a 

vast number of complex and large spines (thorny excrescences) (Amaral, 1978; Ribak et al., 1985; 

Frotscher et al., 1991; Scharfman, 2016). In contrast to other cells of the hilus, hilar mossy cells 

selectively stain for the glutamate receptors 2 or 3 (GluR2/3) (Henze and Buzsaki, 2007), calretinin 

(in mice) and do not express the GABA synthetic enzyme glutamic acid decarboxylase (GAD). It is 

estimated that the number of hilar mossy cells in the rat dentate hilus is of 30’000 hilar mossy cells 

(Amaral, 1978; Buckmaster and Jongen-Relo, 1999). 

 

Connectivity  

Hilar mossy cells are highly excitable cells, being considered as the glutamatergic interneurons of 

the DG (Henze and Buzsaki, 2007). They receive major excitatory inputs from a small number of 

granule neurons via mossy fibers collaterals, CA3 pyramidal cells (Ishizuka et al., 1990; Jinde et al., 

2013; Scharfman, 2016), inhibitory inputs from local interneurons (Nakazawa, 2017), but also from 

entorhinal inputs (Scharfman, 1991) and diverse subcortical neuromodulatory inputs (Scharfman, 

2016). Additionally, hilar mossy cells provide monosynaptic inputs to granule neurons at the ML, 



! 9 

through its distal associational and commissural axonal projections and disynaptic inhibitory inputs 

via local interneurons (Scharfman, 1995; Larimer and Strowbridge, 2008; Scharfman, 2016).  

The recent advance of techniques has allowed to revise the importance of mossy cells and, 

nowadays, are considered as key player in the hippocampal trisynaptic circuitry, particularly by 

mediating the disynaptic recurrent loop with the DG and the disynaptic feedback loop from the CA3 

region to the DG (Scharfman, 1994, 2007; Myers and Scharfman, 2009). Furthermore, recent 

studies in behaving animals reported that in contrast to granule neurons that present sparse activity 

with only one place field in a given environment, mossy cells fire frequently and exhibit multiple 

place fields in different environments (Danielson et al., 2017; GoodSmith et al., 2017; Senzai and 

Buzsaki, 2017). Also, in light of this, it has been hypothesized that the higher and promiscuous 

activity of mossy cells could be related to a preferential innervation of mossy cells by distinctive cells 

such as CA3c pyramidal neurons, semilunar granule cells and/or young adult-born granule neurons 

(Nakazawa, 2017). In the last, the higher activity could be related to the higher activity and diffuse 

firing of newly-born granule neurons than their mature counterparts (Danielson et al., 2016). 

 

Function 

In consequence of their distinct and divergent synaptic profile, hilar mossy neurons present two 

main functional contributions, apparently contradictory. In one hand, the excitation of distal granule 

neurons, through direct inputs (Scharfman, 1995), is relevant for cognitive functions as pattern 

separation. However, on the other hand, they are also able to activate GABA interneurons that inhibit 

local granule neurons, which is also ideal for the pattern separation function by maintaining their 

sparse activity (Jinde et al., 2012; Scharfman and Myers, 2012; Scharfman, 2016). Recently, 

elegant and fundamental studies promoted a step in the understanding of the functional contribution 

of mossy cells to the process of pattern separation. Accordingly, and in agreement to previous 

reports, the importance of the disynaptic inhibition of mossy cell on granule cells to pattern 

separation was confirmed in awaking animals by a strong spatial remapping of mossy cells’ firing 

fields during random foraging in distinct contexts (Danielson et al., 2017; GoodSmith et al., 2017; 

Senzai and Buzsaki, 2017). In consequence, it has been supported a view that the DG function in 

which pattern separation results from a joint activity of granule neurons and mossy cells. 
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1.2.3 Interneurons 

The hippocampal DG also includes a heterogeneous population of neurons designated as 

interneurons that use GABA as the major neurotransmitter (Freund and Buzsaki, 1996). These cells 

can be found throughout the DG, being present in higher densities at the OML, and in the hilus 

(Houser, 2007) (Figure 3). They are highly concentrated in the hilus, where 30’000 cells were 

identified and at least 21 types of interneurons, which can be distinguished by their morphology and 

electrophysiological properties (Amaral, 1978; Buckmaster and Jongen-Relo, 1999; Morgan et al., 

2007). Interestingly, interneurons and mossy cells can be found in the dentate hilus in 

approximately equal numbers (Houser, 2007). Besides GABA, common markers of dentate 

interneurons include parvalbumin, calbindin, somatostatin and calretinin (Molgaard et al., 2014). 

 

Connectivity 

Inhibitory dentate interneurons receive inputs from granule neurons, mossy cells (Jinde et al., 2013) 

and CA3 pyramidal cells (Scharfman, 2007), and project mainly to DG granule neurons (Houser, 

2007). Interestingly, they are typically subdivided according to the site of innervation in granule 

neurons, if targets the soma (perisomatic) or the dendrite (dendritic). Perisomatic interneurons can 

be further divided into those that end in cell bodies and proximal dendrites (basket cells) or those 

that project exclusively to the axon initial segments (chandelier or parvalbumin-expressing (PV) axo-

axonic cells) of granule neurons (Houser, 2007). Dendritic interneurons include those that reside in 

hilar region as hilar perforant path-associated cells [HIPP cells; (Han et al., 1993; Freund and 

Buzsaki, 1996; Katona et al., 1999)] and the hilar commissural-association pathway-related cells 

[HICAP cells; (Freund and Buzsaki, 1996)], molecular layer perforant path-associated cells [MOPP 

cells; (Han et al., 1993)] that reside in the ML and a spiny and calretinin-positive hilar cells (Gulyas 

et al., 1996). In addition to target granule neurons, dentate interneurons are able to establish 

synaptic projections with mossy cells and with identical or different types of interneurons (Morgan et 

al., 2007). Nevertheless, each specific class of interneurons presents a distinct profile of preferential 

projections (Morgan et al., 2007). In divergence to other interneurons, PV cells preferentially 

contacts to other PV cells in the hilus (Acsady et al., 2000). Dentate interneurons also exhibit 

projections outside the DG, including to the CA3 (Sik et al., 1997) and the subiculum (Buckmaster 

and Schwartzkroin, 1995a). 
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Function 

The main function of inhibitory dentate interneurons is to maintain low firing rates of dentate granule 

neurons essential for their behavioral-dependent tasks (Buckmaster and Schwartzkroin, 1995b; 

Jinde et al., 2013). 

 

1.2.4 Glial Cells  

Apart from neurons, the central nervous system (CNS) also contains glial cells, a group of cells that 

contain astrocytes, oligodendrocytes and microglia cells. Next, will be described in detail, the main 

characteristics and function of glial cells, particularly astrocytes and microglial cells. 

1.2.4.1 Astrocytes 

Astrocytes are specialized glial cells described to be the most numerous cellular type in the 

mammalian brain. Typically, astrocytes present a ramified and star-shaped structure composed by  

± 9 nm filaments exclusively constituted by the glial fibrillary acid protein (GFAP) (Eng, 1985), which 

is the prototypical marker of astrocytes. Other generic astrocytic markers include Vimentin, 

glutamate transporter 1 (GLT-1), glutamate/aspartate transporter (GLAST) and the aldehyde 

dehydrogenase H1A1 (ALDH1A1). Although primarily considered as a homogenous population, 

astrocytes are morphological distinct and functionally diverse throughout different CNS regions (Ben 

Haim and Rowitch, 2017). Specifically in the DG, astrocytes can present radial or horizontal 

morphologies, classified according to the orientation of their processes. In the case of horizontal 

astrocytes, their processes occur parallel to the border between the hilus and the SGZ. Additionally, 

astrocytes in the DG are protoplasmic, with a radial morphology and fewer fibrils, and can be further 

classified according to their location (Kosaka and Hama, 1986). Astrocytes are known to connect 

with other glial cells and, at the synaptic level, to intermediate the communication between pre- and 

post-synaptic structures and establishing the so-called tripartite synapse (Araque et al., 1999; Perea 

et al., 2009) (Figure 3). Also, strategically, end-feets of some astrocytes fill the gaps between 

endothelial cells of the vasculature, altering their permeability and regulating blood flow (Abbott et 

al., 2006). 

 

Function 

In contrast to neurons, astrocytes are electrically silent, despite their critical functions in the 

regulation of neuronal activity and function. Initially considered to have a merely supportive role 
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(Oliveira et al., 2015), astrocytes are now recognized to play important roles in brain homeostasis, 

through the regulation of the extracellular levels of ions and neurotransmitters, in waste removal and 

in the production of growth factors, cytokines and extracellular matrix proteins (Kettenmann and 

Ransom, 2004; Oliveira et al., 2015). Over the last years, it has been well documented a neuron-

glial communication, which is known to be bidirectional, through a determinant involvement of 

astrocytes in neuronal circuit development (Clarke and Barres, 2013), neuronal energy supply 

(Schousboe and Waagepetersen, 2006; Iadecola and Nedergaard, 2007), and in the regulation of 

neuronal excitability, synaptic transmission and plasticity, through the release of diverse substances 

also referred as gliotransmitters (Honsek et al., 2012; Pannasch et al., 2014; Croft et al., 2015). In 

addition, resident and fully differentiated astrocytes in hippocampus also participate in processes of 

synaptogenesis (Newman, 2003) and in the generation and integration (Krzisch et al., 2015) of 

adult-born granule neurons through the release of growth and neurotrophic factors (Seri et al., 2001; 

Song et al., 2002; Horner and Palmer, 2003; Ueki et al., 2003; Barkho et al., 2006; Ashton et al., 

2012; Sultan et al., 2015; Moss et al., 2016). In light of these described roles of astrocytes in the 

CNS, it is not surprising that astrocytic dysfunction may significantly affect neuronal network function 

and, ultimately, promote behavioral alterations including in cognition (Suzuki et al., 2011; Fields et 

al., 2014; Lima et al., 2014) and emotion (Banasr and Duman, 2008; Banasr et al., 2010). In fact, 

modifications in astrocytic normal functioning as increased tonic GABA release may contribute to 

learning and memory impairments (Jo et al., 2014; Wu et al., 2014). In turn, and of interest, 

enrollment in cognitive tasks may also promote morphological and molecular alterations in 

astrocytes at the DG (Choi et al., 2016). 

 

1.2.4.2 Microglia 

In the adult CNS parenchyma, 5-10% of the total cells constitute a glial cell type that manifest 

immune identity, termed as microglial cells. These cells typically exhibit a small soma with long and 

thin ramified processes, however in pathological conditions, microglial cells are mobilized to sites of 

lesion or injury, leading to phenotypic changes that represent microglial activation. In the process, 

microglial cells adopt a less ramified morphology with fewer and thicker processes that allows to 

easily adapt and react to a novel environment (Mosser et al., 2017). Nevertheless, the activation of 

microglial cells is a progressive and dynamic process that depends on the context and brain region. 

As so, microglial processes function as homeostatic sensors of the brain parenchyma (Davalos et 
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al., 2005; Nimmerjahn et al., 2005), extending or retracting their processes according to their 

required function (Mosser et al., 2017). Microglial dynamics is regulated by different modulatory 

systems including adenosine A2A receptors (A2AR) (Orr et al., 2009; Gomes et al., 2013; Gyoneva 

et al., 2014; George et al., 2015), which are involved in the control of fear, cognition (Gevaerd et al., 

2001; Prediger et al., 2005; Dall'Igna et al., 2007; Cunha et al., 2008; Batalha et al., 2013; Kaster 

et al., 2015; Li et al., 2015) and emotional stress-induced alterations (El Yacoubi et al., 2001; 

Cunha et al., 2006; Gomes et al., 2011; Batalha et al., 2013; Ardais et al., 2014; Coelho et al., 

2014; Wei et al., 2014; Kaster et al., 2015). Curiously, there are gender-specific differences in the 

basal morphology of microglial cells in the brain. Accordingly, in females, microglial cells present a 

more complex morphology denoted by a higher number and longer processes than males (Schwarz 

et al., 2012; Lenz and McCarthy, 2015). Such differences are associated to steroid hormones (Lenz 

and McCarthy, 2015) and may vary according to the brain region (Schwarz et al., 2012). The gender 

differences in microglial morphology begin early in brain development and impact on spine density, 

expression of immune factors (Schwarz et al., 2012) and behavior (Lenz et al., 2013; Bollinger et 

al., 2016). Moreover, abnormalities in the morphology of microglial cells including decreased 

(Kreisel et al., 2014) or increased (Hinwood et al., 2013) microglial processes or impaired 

mobilization to the injury site (Gyoneva et al., 2014) have been associated to pathological conditions, 

particularly emotional and cognitive alterations (Prediger et al., 2005). 

At the hippocampal DG, microglial cells are randomly distributed throughout the DG, however 

particularly located in the ML and the PL borders of the GCL (Dalmau et al., 1998; Wirenfeldt et al., 

2003; Moga et al., 2005; Jinno et al., 2007; Shapiro et al., 2009) (Figure 3). 

 

Function 

Microglial cells constitute a sub-population of resident macrophages that remove compromised or 

dying cells by phagocytosis (Thanos et al., 1994; Hirt et al., 2000). However, and in contrast to 

other macrophages present in the CNS, microglial cells are able to interact directly with neurons, 

synapses or other glial cells (Mosser et al., 2017). At the synaptic level, microglial cells have a 

critical role in the regulation of synaptic contacts (Kettenmann et al., 2013; Schafer et al., 2013; Wu 

et al., 2015b), governing synaptic formation (Lim et al., 2013; Parkhurst et al., 2013; Cristovao et 

al., 2014; Miyamoto et al., 2016) and pruning (Paolicelli et al., 2011). Additionally, the action of 

synaptic maturation indirectly benefits by their capacity to mobilize other cells, and particularly 

astrocytes, which, as previously described, constitute important modulators of synaptogenesis 
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(Ullian et al., 2004; Ji et al., 2013). Of notice, the involvement of microglial cells in synaptic 

remodeling may interfere with brain functioning and behavior (Kettenmann et al., 2013; Salter and 

Beggs, 2014). 

Particularly in the DG, microglial cells are mainly known to mediate the degeneration of granule 

neurons in a so-called process “microglia-associated granule cell death” (Ribak et al., 2009). As so, 

and in addition to their surveillance function, microglia cells in the DG promote the “renewal” of 

dentate granule neurons by removing compromised cells, which is required for the integration of 

newborn cells (Ribak et al., 2009). Also, microglial cells are able to maintain the homeostasis of the 

neurogenic process through the clearance of apoptotic corpses of newborn cells by phagocytosis 

(Sierra et al., 2010). Of notice, the morphology of microglial cells, adjacent and within the GCL, is 

heterogeneous, probably due to the different stages along the cell death process (Ribak et al., 

2009). 

 

1.2.4.3 Oligodendrocytes 

Oligodendrocytes in CNS, as in the DG, are responsible for the production of myelin sheets that 

wraps around neuronal axons (Figure 3) increasing the velocity of action potential conduction and 

providing axonal stability, which contributes to an higher speed of neural processing (Purves et al., 

2001). 
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Figure 3. Diversity of the neural cell types in the dentate gyrus and specific functions. 
(a) Representation of the localization, connections and function of the different neural cell types 
present at the hippocampal dentate gyrus. (b) Oligodendrocytes wrapping neuronal axons. (c) 
Tripartite synapse that include pre- and post-synaptic neurons and astrocytes. Abbreviations: CA3, 
cornu ammonis 3; GABA, gama-aminobutyric; GCL, granular cell layer; ML, molecular layer; SGZ, 
subgranular zone. 
 

1.2.5 Hippocampal Septotemporal Axis 

The hippocampus can be longitudinally distinguished according to the septotemporal axis (Figure 4 

a) into septal (posterior in primates, dorsal in rodents) and temporal portions (anterior in primates, 

ventral in rodents), but also in potential intermediate zones of the hippocampus. In rodents, the 

septal portion is situated in the dorsal part of the forebrain and located more anteriorly than the rest 

of the hippocampus; the temporal portion is situated in the ventral part of the forebrain and is more 

caudal or posterior. 

 

Connectivity 

Along the septotemporal axis, the hippocampus presents distinct topographical gradients of 

connectivity with its target regions, including the EC, nucleus accumbens (NAc), amygdala, 

hypothalamus and the lateral septum (Strange et al., 2014). The dorsolateral-to-ventromedial 

gradient in the EC corresponds to the hippocampal dorsoventral axis (Dolorfo and Amaral, 1998; 
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Witter et al., 2000; van Strien et al., 2009). On the other hand, the hippocampal ventral-to-dorsal 

axis is associated to the medial-to-lateral axis of the amygdala (Pitkanen et al., 2000; Kishi et al., 

2006) and NAc (Groenewegen et al., 1987). Concerning the hippocampus-amygdala connectivity, it 

is important to note that reciprocal connections are particularly confined to direct inputs through the 

ventral hippocampal pole (Maren and Fanselow, 1995; Pikkarainen et al., 1999; Pitkanen et al., 

2000; Petrovich et al., 2001; Kishi et al., 2006). Together, these evidences suggest a preferential 

and stronger connection between the amygdala and ventral hippocampus. The connection with the 

lateral septum, the major output of the hippocampus, exhibits a dorsoventral topographical gradient, 

which is also maintained from the lateral septum to the hypothalamus (Risold and Swanson, 1996). 

!
Function 

In addition to the distinct connectivity of the dorsal and ventral hippocampal poles (Fanselow and 

Dong, 2010; Strange et al., 2014), evidences suggesting that the performance of spatial memory 

was associated to the dorsal pole (Moser et al., 1995), while lesions in the ventral (but not in the 

dorsal) triggered alterations in stress response and emotional behavior (Henke, 1990), lead to the 

proposal that the dorsal and ventral poles present distinct functional roles (Moser and Moser, 1998). 

Subsequent studies had proved and reinforced the functional segregation of the hippocampus along 

its septotemporal axis (Bannerman et al., 2004; Fanselow and Dong, 2010; Strange et al., 2014). 

Accordingly, the dorsal hippocampus is primarily associated to cognitive performance and 

particularly in tasks that required spatial and context processing as it primarily targets associational 

cortical regions (Fanselow and Dong, 2010). For example, the activity in the dorsal pole is especially 

linked to spatial memory (Pothuizen et al., 2004), learning (Kim and Fanselow, 1992) and 

navigation or exploration (Maguire et al., 1998; Maguire et al., 2006; Buzsaki and Moser, 2013). On 

the other hand, further studies associated the ventral pole to locomotion (Bast et al., 2001; Zhang et 

al., 2002; Peleg-Raibstein and Feldon, 2006), perception, imagination and episodic memory 

(Zeidman and Maguire, 2016), but particularly in emotional behaviors including anxiety (Kjelstrup et 

al., 2002), fear (Bast et al., 2001; Maren and Holt, 2004; Rogers and Kesner, 2006; Hunsaker and 

Kesner, 2008) and fear memory (Maren and Fanselow, 1995), social behavior (Bannerman et al., 

2004; Felix-Ortiz and Tye, 2014), reward-seeking (Royer et al., 2010; Viard et al., 2011; Ruediger et 

al., 2012) and affective states (Pitkanen et al., 2000; Bannerman et al., 2004; Segal et al., 2010). 

Such functional relevance of the ventral hippocampus in the context of emotion-related behaviors is 

particularly associated to the, previously mentioned, direct connectivity to amygdala, NAc, and 
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hypothalamus. Additionally, the ventral hippocampal pole presents higher susceptibility to stress 

(Henke, 1990; Pinto et al., 2015). Importantly, this functional dissociation was also observed in 

humans using fMRI (Strange et al., 1999; Nadel et al., 2013). 

 

 

 

Figure 4. Anatomical distinction of the hippocampal dentate gyrus along the 
septotemporal and transverse axis. (a) Localization of the hippocampus in a sagittal section of 
the rat brain. Coronal sections of hippocampal dentate gyrus (DG) and its segregation along the 
septotemporal axis into the dorsal (b) and ventral (c) DG poles. (d and e) Distinction of 
hippocampal DG along its transverse axis into the suprapyramidal and infrapyramidal blades. 
Abbreviations: C, caudal; D, dorsal; R, rostral; V, ventral. 
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1.2.5.1 Dentate Gyrus – Septotemporal Axis 

In the murine hippocampus, the DG can also be differentiated into the dorsal and ventral DG 

(Figure 4 b and c). These regions vary in terms of its anatomical organization (Ashton et al., 1989; 

Grivas et al., 2003; Liagkouras et al., 2008), synaptic connections, electrophysiological properties 

and gene expression profile (Thompson et al., 2008; Fanselow and Dong, 2010). 

 

Connectivity 

The connectivity along the DG septotemporal axis respects gradient mapping and organization of the 

hippocampal septotemporal axis. Particularly, the dorsolateral-to-ventromedial gradient of in the EC 

is associated to the DG septotemporal axis (Witter et al., 2000; van Strien et al., 2009; Strange et 

al., 2014). 

 

Function 

The heterogeneity of the DG was also found to contribute to a distinct functional dissociation of the 

dorsal and ventral poles (Strange et al., 2014). Despite a mutual implication in the process of 

pattern separation, and similarly to the hippocampus, the dorsal DG is preferentially associated to 

cognitive-related behaviors, particularly spatial memory formation and acquisition, while the ventral 

DG is involved in emotional-related behaviors (Bannerman et al., 2004; McHugh et al., 2011). 

 

1.2.5.2 Dentate Gyrus –  Transverse Axis 

The DG can be further divided across a transverse axis (Figure 4 d and e), into the suprapyramidal 

(dorsal or lateral portion) and infrapyramidal blades (ventral or medial portion), located above or 

below the CA3 region, respectively, and the tip of the V-shaped DG structure that connects the two 

blades, known as apex or crest (Amaral et al., 2007; Wu et al., 2015a). Interestingly, it has been 

described that, in the adult hippocampal DG, the cellular structure and physiology of granule 

neurons is known to differ along its transverse axis. During development, the establishment of 

granule neurons in the suprapyramidal blade occurs first than in the infrapyramidal blade (Frotscher 

et al., 2007). In adulthood, granule neurons from the suprapyramidal blade present a larger 

dendritic tree and with more segments (total dendritic length: supra DG: ± 3’500 µm; infra DG: (± 

2’800 µm) (Desmond and Levy, 1982, 1985; Claiborne et al., 1986) and wider dendritic spreads 

(Claiborne et al., 1990) in comparison to the infrapyramidal blade [reviewed by (Rahimi and 
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Claiborne, 2007) and (Schmidt et al., 2012)]. Additionally, granule neurons from the suprapyramidal 

blade present higher spine density (number of spines per µm: supra DG: ± 1.6; infra DG: ± 1.3) 

(Desmond and Levy, 1982, 1985; Hama et al., 1989). The composition of the supra- and 

infrapyramidal blades also differs in the density of different cell types. For example, the ratio of 

granule neurons to basket cells is 1:180 and 1:100 in the dorsal infra- and suprapyramidal blades, 

respectively, while in the ventral DG is 1:300 in the infra- and 1:150 in the suprapyramidal blade 

(Seress and Pokorny, 1981). In terms of neuronal activity, it has been observed an increased 

activation in the suprapyramidal blade than in the infrapyramidal blade (Schmidt et al., 2012). In 

concordance, the activity of granule neurons in the infrapyramidal blade remains unaltered after 

presentation to a novel environment (Chawla et al., 2005; Ramirez-Amaya et al., 2006; 

Vazdarjanova et al., 2006; Satvat et al., 2011). Both blades also differ in terms of excitability 

(Chawla et al., 2005; Ramirez-Amaya et al., 2005), response to stimulation (Scharfman et al., 2002) 

and gene expression pattern (Kanatsou et al., 2015). 

 

Connectivity 

The connectivity of the DG also varies along its transverse axis. Projections from the perforant path 

target differently the DG blade depending on the projections’ origin (Schmidt et al., 2012). While 

projections from the medial EC are greater in the infrapyramidal blade, if coming from the lateral EC 

they are greater in the suprapyramidal blade (Squire, 1992; Tamamaki, 1997; Schmidt et al., 

2012). Moreover, in projections originated in several subcortical regions that include the septal 

nucleus, supramammilary nucleus, locus coeruleus, and raphe nucleus, the suprapyramidal blade 

receives twice more projections than the infrapyramidal blade (Wyss et al., 1979; Schmidt et al., 

2012). Additionally, and concerning the projection from the DG to the CA3 region, the infrapyramidal 

blade preferentially targets the proximal, whereas the suprapyramidal blade particularly projects to 

the distal CA3 (Witter, 2010; Schmidt et al., 2012). 

 

Function 

The heterogeneity of granule cells along the transverse axis suggests a distinct functional 

contribution of granule neuron in the infra- and suprapyramidal blades. In fact, given that spatial 

demanding tasks increase the activity only in the supra- rather the infrapyramidal blade (Chawla et 

al., 2005; Pace et al., 2005; VanElzakker et al., 2008; Snyder et al., 2009a; Satvat et al., 2011), it 



! 20 

has been suggested a more pronounced contribution of the suprapyramidal blade to pattern 

separation, as for other behavioral function that depend on the activity of the DG. 
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2. Adult Neural Plasticity 

The adult mammalian brain is nowadays considered a highly plastic structure, giving its capacity to, 

through multiple and dynamic mechanisms, overcome internal (e.g. genetic susceptibility) and 

external insults (e.g. stress) that may perturb its homeostasis. Among the different forms of neural 

plasticity, the generation of new neural cells (cytogenesis), the remodeling of neuronal 

cytoarchitecture and epigenetic modifications are recognized important mechanisms. These 

processes are known to occur throughout the brain, but also known to be particularly relevant in the 

hippocampus and the DG. For instance, in response to environmental and external stimuli, brain 

cells can alter their morphology, which are reversible through the action of specific intrinsic and 

extrinsic factors. This morphological plasticity is of significant importance in the context of stress-

related disorders (Sousa and Almeida, 2012). Moreover, at the synaptic level, neuronal cells display 

intrinsic capacity to rearrange and adapt when facing a deleterious stimulus. Accordingly, neurons 

may experience suppression of their synaptic connections, or form new contacts, in a process 

termed as synaptogenesis. Interestingly, the action of synaptic plasticity may be exerted not only in 

pre-existing neural cells, but also in newborn neuronal cells generated during adulthood.! Additionally, 

it has emerged in the recent literature the concept that the surrounding environment may interfere 

in the process of gene expression, without alterations on deoxyribonucleic acid (DNA) sequence, in a 

phenomenon termed as epigenetics. Of interest, epigenetics modifications triggered through distinct 

processes, such as DNA methylation and hydroxymethylation, represent some of the regulatory 

mechanisms that promote the activation or suppression of the expression of a given gene. In the 

brain, this type of epigenetic modifications represents an additional form of plasticity or neural 

adaptation (Mateus-Pinheiro et al., 2011). 

 

For the context of this thesis, we will focus in more detail on the process of adult cytogenesis in the 

hippocampus and its regulatory mechanisms. 

 

2.1 Adult Cytogenesis 

Considered one of the most robust forms of plasticity in the adult mature brain, and particularly in 

the hippocampus, adult cytogenesis comprises the continuous generation of newborn and 

specialized neural cells (Kaplan and Hinds, 1977; Amaral and Witter, 1995) from local NSCs. These 
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cells present peculiar and distinct characteristics that allow for the generation of new cells, and 

reside in specialized microenvironments that contribute for their maintenance. Next, these NSCs 

properties will be described into more detail. 

 

2.1.1 Adult Neural Stem Cells 

Adult NSCs represent a population of cells capable to self-renewal to maintain their population and 

give rise to differentiated neural cells. Also designated as type-1 progenitors (Filippov et al., 2003) or 

quiescent neural progenitors (QNPs), adult NSCs can be further classified based on their distinctive 

morphology as radial glia-like (RGL) cells (Bonaguidi et al., 2011) or non-radial glial cells (Suh et al., 

2007; Lugert et al., 2010). Derived from the ventral germinative ventricular zone, embryonic NSCs 

migrate during development along the septotemporal axis of the hippocampus to form the SGZ (Li et 

al., 2013) retaining multipotency and the ability for self-renewal until adulthood (Bonaguidi et al., 

2011). However, and in contrast to the NSCs in the developing brain, which are continuously 

proliferating and occasionally differentiate (Urban and Guillemot, 2014), adult NSCs include a 

population of quiescent cells that divide only upon activation, either symmetrically (self-renewal, 

generating two identical NSCs) or asymmetrically (generating another NSC and a neural progenitor 

cell) (Gage, 2000; Temple, 2001; Ma et al., 2009a). As so, NSCs can shift between an inactive 

(quiescent) and an activated state (mitotic active) (Lugert et al., 2010; Bonaguidi et al., 2011; 

Encinas et al., 2011).  

Also in contrast to embryonic stem cells, adult NSCs are confined to a complex and stable cellular 

niche with unique properties that confers a proper enriched microenvironment to favor their 

quiescent state and the maintenance at undifferentiated states (Morrison and Spradling, 2008), and 

that includes the close relationship of NSCs with the vasculature, the proximity to other neural cells, 

immune cells and macrophages, as well as the extracellular matrix (Urban and Guillemot, 2014; 

Kempermann et al., 2015).  

Importantly, and although the activation of NSCs is indispensable to proceed for differentiation, 

quiescence is essential to counteract the neural differentiation and to maintain a NSCs reservoir able 

to be activated, in case of demand (Walter et al., 2010). In physiological conditions, the choice for 

activation or quiescence of NSCs is assured by the action of different factors or signaling 

mechanisms (Mu et al., 2010; Ming and Song, 2011; Faigle and Song, 2013; 

Beckervordersandforth et al., 2015). Of notice, in vivo adult NSCs are able to remain for long 
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periods of time at the G0 phase (Doetsch et al., 1999), which allows NSCs to resist metabolic 

stress, maintain tissue homeostasis and prevent stem cell exhaustion (Orford and Scadden, 2008; 

Simons and Clevers, 2011). 

 

The characteristic radial glia-like morphology of NSCs was firstly described, in 2001, by Seri and 

colleagues that identified proliferating cells in the hippocampus that co-expressed the glial marker 

GFAP and presented processes oriented radially (Seri et al., 2001). These radial NSCs exhibit a 

triangular soma and a long and strong apical/radial prominent process that, in the hippocampal DG, 

reaches the GCL and their ramified branches prolong until the inner ML. They also present small 

horizontally oriented processes throughout the SGZ (Kosaka and Hama, 1986; Seri et al., 2004). 

Although pronounced morphological and functional differences exist between NSCs and mature 

astrocytes, in fact they share common features and that includes the endfeet on the vasculature in 

the SGZ (Filippov et al., 2003), the expression of the astrocytic marker GFAP and 

electrophysiological properties. Adult NSCs also typically express other markers as Nestin, Vimentin, 

GLAST, brain lipid-binding protein (BLBP) and the sex-determining region Y-box 2 (Sox-2), however, 

their expression is distinct among the adult neurogenic niches (Ming and Song, 2011). 

In addition to radial NSCs, it has been proposed the existence of non-radial NSCs in the SGZ, that 

are characterized by the absence of radial processes, with some containing parallel extensions to 

the GCL (Suh et al., 2007). These are also quiescent NSCs, that when activated are able to generate 

newborn neurons and astrocytes, but also other radial NSCs (Suh et al., 2007). In vivo clonal 

analysis revealed that radial NSCs can also generate non-radial NSCs (Bonaguidi et al., 2011). Non-

radial NSCs have a higher proliferative capacity than radial NSCs, however they are not permanently 

in cell-cycle (Suh et al., 2007; Lugert et al., 2010). They similarly express Sox2, but not GFAP 

(Lugert et al., 2010). 

 

Regarding adult NSCs activation, throughout the years several models have been proposed to 

describe the contours of NSCs cell division. Some claim that, once activated and through a rapid 

succession of asymmetric divisions, NSCs irreversibly exit their quiescent state (not able to re-enter 

the cell-cycle) to be directly converted into newborn cells (Encinas et al., 2011). Interestingly, this 

‘‘disposable stem cell model’’ is reported to explain the age-related decline of the adult hippocampal 

neurogenesis, expressed by a decreased availability of hippocampal stem cells and of new neurons. 

Such observation also corroborates the observed increase in hippocampal astrocytes with age 
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(Pilegaard and Ladefoged, 1996; Mouton et al., 2002; Encinas et al., 2011). In contrast, others 

suggest that NSCs can alternatively be at their active cell-cycle state or quiescent, and that after 

asymmetric division, they are able to return to quiescence (Bonaguidi et al., 2011). Furthermore, 

Bonaguidi and colleagues also described that an activated NSC may undergo three distinct modes of 

self-renewal (symmetric, neurogenic, and astrogenic), which contributes to a complex and 

heterogeneous profile of NSCs in the adult hippocampus (Bonaguidi et al., 2011). In concordance, 

the heterogeneity among the population of NSCs was recently clearly demonstrated (Shin et al., 

2015; Gebara et al., 2016). Moreover, a clear evidence of the diversity of NSCs is reflected on the 

distinct progeny among different neurogenic niches. Nevertheless, it is still not clear whether such 

heterogeneity is related to their intrinsic differences and/or due to a differential impact of the local 

niche. Also matter of debate (Encinas et al., 2011) is the notion that NSCs may also divide 

symmetrically, extending significantly the pool of NSCs (Bonaguidi et al., 2011). Accordingly to the 

same authors, while some NSCs present capacity of self-renewal and multilineage differentiation, 

others display unipotent differentiation and many of which differentiate even without undergoing self-

renewal (Bonaguidi et al., 2011). Of notice, the maintenance of hippocampal NSCs by self-renewal 

is believed to be critical to ensure the continuous generation of newborn hippocampal neural cells 

without depleting the NSC pool, and the consequent loss of regenerative capacity of adult 

hippocampus (Ehm et al., 2010; Mira et al., 2010; Gao et al., 2011). However, it was recently 

demonstrated that the population of NSCs has limited self-renewal capacity and may lead to the 

depletion of stem cells over time (Barbosa et al., 2015; Calzolari et al., 2015). Basically, during 

multiple rounds of self-renewal, a single NSC is confronted with several fate choices that impact in 

the NSCs pool, including direct differentiation (reduction), symmetric self-renewal and multipotency 

(expansion), quiescence and asymmetric self-renewal (maintenance) that ultimately impact on the 

size of the NSC population (Bonaguidi et al., 2011; Dranovsky et al., 2011). 

 

In consequence of different steps of maturation and differentiation, NSCs can originate adult-born 

glutamatergic granule neurons (neurogenesis) and glial cells (gliogenesis), including astrocytes 

(astrogliogenesis) and oligodendrocytes (oligodendrogenesis) (Lugert et al., 2010; Bonaguidi et al., 

2011). Next, we will review in more detail each one of these processes. 
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2.1.2 Adult Neurogenesis 

Contrarily to what was previously assumed by Ramon y Cajal (Ramon y Cajal, 1928), Altman and 

Das firstly revealed, using 3H-thymidine autoradiographic labeling studies, that the de novo 

generation of neurons persists in the adult brain (Altman and Das, 1965). However, and in contrast 

to the embryonic development, neurogenesis in the adult mammals is restricted to specific brain 

areas, known as neurogenic niches. Currently, the most described and consensual adult neurogenic 

niches in rodents are the subventricular zone (SVZ) of the lateral ventricles and the SGZ in the 

hippocampal DG (Ming and Song, 2011). In humans, however, adult neurogenesis is restricted to 

the hippocampus (Eriksson et al., 1998; Bergmann et al., 2012; Spalding et al., 2013). Despite the 

higher similarity in the neurogenic processes occurring in the SVZ and in the hippocampal SGZ, 

there are some particular features, including the distinct characteristics of the local NSCs that may 

contribute to the different cellular specification. Whereas in the SVZ, NSCs may generate adult-born 

neurons for the olfactory bulb (OB) and oligodendrocytes for the corpus callosum, in the adult 

hippocampal SGZ, newly neurons and astrocytes are produced. Furthermore, it is observed a 

regional-specific generation of distinct neuronal types. While NSCs in the SVZ give rise to GABAergic 

interneurons and periglomerular neurons in OB, the SGZ of the DG exclusively generates 

glutamatergic granule neurons (Zhang et al., 2008; Ming and Song, 2011).  

In the recent years, several studies suggested the existence of adult neurogenic niches in other brain 

regions as the neocortex (Altman and Das, 1965; Kaplan, 1981; Gould et al., 1999a; Dayer et al., 

2005; Tamura et al., 2007), striatum (Bedard et al., 2002; Dayer et al., 2005; Bedard et al., 2006; 

Ernst et al., 2014), hypothalamus (Huang et al., 1998; Kokoeva et al., 2005; Xu et al., 2005; Pierce 

and Xu, 2010; Ti-Fei and Oscar, 2011) and amygdala (Bernier et al., 2002; Fowler et al., 2002). 

However, these observations are still controversial, as several studies failed to confirm such findings 

(Kornack and Rakic, 2001; Bhardwaj et al., 2006; Koketsu et al., 2006) or the neurogenic process 

in these areas only occurred in response to stimuli or through pharmacological manipulations 

(Gould, 2007). Additionally, it is still questionable the functional relevance of adult-generated 

neurons in these areas (Gould, 2007; Feliciano et al., 2015). 

 

2.1.2.1 Adult Hippocampal Neurogenesis 

In the hippocampal DG, granules neurons are being continuously generated postnatally and during 

adulthood (Ninkovic et al., 2007; Imayoshi et al., 2008). The adult rat DG produces daily around 
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10’000 new granule neurons (Cameron and McKay, 2001), more and faster than in mice (Snyder et 

al., 2009b). In the human hippocampus, 700 new neurons are added per day, in each hippocampi, 

which contributes to the turnover of around one-third of the granule neurons in the DG throughout 

life (Spalding et al., 2013). Interestingly, it corresponds to a turnover rate of approximately 1.75% 

per year that remarkably resembles the neurogenic capacity of mice DG (Knoth et al., 2010). 

 

Neurogenic process 

The adult-generation of newborn neurons encompasses several consecutive and distinct steps, next 

described: the proliferation of stem and progenitors or precursor cells, critical periods of survival, 

migration and differentiation, and ultimately the integration into the pre-existing network. These 

sequential steps are governed by environmental signals that initiate and/or modulate gene 

expression cascades, which are orchestrated in a cell autonomous way (Marr et al., 2010). Briefly, 

the neurogenic process begins with the activation of the NSC in the SGZ, which through asymmetric 

division, gives rise to type-2 cells. These cells divide actively and are responsible for the amplification 

of the pool of progenitors. Then, type-2 cells undergo further lineage commitment resulting in a 

transient postmitotic cell, the type-3 cells (Figure 5). 

The different populations of neuronal precursors and immature neurons are next described in more 

detail. 

 

Amplifying Neural Progenitor Cells (type-2) 

Derived from both radial or non-radial cells, amplifying neural progenitor cells (ANPs) correspond to 

the cell population typically located in the SGZ, with the most proliferative capacity in the adult DG 

(Kronenberg et al., 2003; Lugert et al., 2010; Bonaguidi et al., 2011; Encinas et al., 2011). ANPs 

are also named as type-2 cells, intermediate progenitor cells (IPCs), transient amplifying progenitors 

(TAPs) or neuronal progenitor cells (NPCs). In contrast to NSCs or type-1 cells, these precursor cells 

no longer present morphologic similarities to radial cells, possessing only small tangential 

processes. Type-2 cells can be divided into two subsets: type-2a, which still express Sox-2 and glial 

markers as GFAP and type-2b that evidence the first indication of commitment to the neuronal 

lineage (Kronenberg et al., 2003; Steiner et al., 2004) and start to express the neuronal markers 

including the T-box brain protein 2 (Tbr2, also known as Eomes) (Hodge et al., 2012), polysialylated-

neural cell adhesion (PSA-NCAM), neurogenic differentiation factor 1 (NeuroD1), that precedes PSA-
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NCAM expression, Prox1 and doublecortin (DCX) (Kempermann et al., 2015). Of notice, type-2 cells 

preferentially incorporate the exogenous proliferation marker bromodeoxyuridine (BrdU). 

Interestingly, under certain conditions, type-2 cells can re-enter the cell-cycle (on average 2.5 times), 

therefore acting also as type-1 cells (Suh et al., 2007; Bonaguidi et al., 2011). 

 

Neuroblasts (type-3) | Immature neurons 

Neuroblasts or type-3 cells correspond to a population of (slow) proliferative late precursor cells 

committed to neuronal fate, which precedes the exit from the cell-cycle and the formation of 

postmitotic immature neurons with long dendrites (Kempermann et al., 2015). Their morphology is 

highly variable, changing from horizontal to vertical orientation and varying in terms of length and 

complexity which reflect their developmental transitions (Dokter and von Bohlen und Halbach, 

2012). Type-3 proliferative cells are typically characterized by the expression of DCX, which starts, 

before as type-2b, and extends through cell-cycle exit, to a period of postmitotic maturation that last 

for 2-3 weeks, being absent in differentiated granule neurons (Kempermann et al., 2015). This 

period of DCX expression also includes the processes of migration and neurite elongation (DCX is 

typically detected in dendrites and axons (Nacher et al., 2001; Ribak et al., 2004)). Classically, type-

3 cells migrate a short distance into the inner GCL, where ultimately will be integrated as new 

neurons (Kempermann et al., 2003). Importantly, the final location in which adult-generated 

neurons are integrated may determine their functional significance. Of notice, and despite the 

prominent expression, it was recently proposed that DCX is not required for the normal neuronal 

development in the adult hippocampus (Merz and Lie, 2013). Additionally, DCX-expressing cells are 

highly distinct and have been classified into different subtypes (named from A to F) according to 

their dendritic morphology and proliferative (A and B), intermediate (C and D) or postmitotic (E and 

F) stages (Plumpe et al., 2006). During the adult hippocampal neurogenic process, the period of 

expression of DCX almost completely overlap with the expression of the marker PSA-NCAM and 

NeuroD1. These cells exit the cell-cycle as immature neurons. Short after, DCX expression coincides 

with the expression of the postmitotic markers as calretinin, a calcium-binding protein, and the 

neuronal nuclei (NeuN) (Brandt et al., 2003). 

 

Once exited the cell-cycle, newborn immature neurons experience two distinct phases of maturation, 

the early and late postmitotic maturation that occur in a sequential and precise manner. Briefly, the 

early postmitotic phase, that take place immediately after cell-cycle exit, includes the dendritic and 
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axonal elongation and a critical period of survival (Kempermann et al., 2015). In fact, even before 

the establishment of functional connections, postmitotic cells undergo a selective period of survival, 

where neurons, if not recruited into function, can be eliminated. Within days, the number of newborn 

cells (NeuN-expressing) decreases significantly (approximately in two thirds) by apoptotic cell death 

(Biebl et al., 2000; Kuhn et al., 2005). Of notice, most of the regulation in the neuronal survival 

occurs at this stage and not at the expansion phase (Kempermann et al., 2006). Importantly, the 

apoptotic corpses of these newborn neurons are rapidly phagocytized by inactivated microglia 

located at the neurogenic niche (Sierra et al., 2010).  

Interestingly, the survival rate depend on specific hippocampal functional stimuli and can be 

enhanced by distinct external stimuli, including exposure to an enrichment environment or training 

in hippocampal-dependent tasks (Gould et al., 1999b; Dobrossy et al., 2003). After this critical 

period, only few selected cells are able to survive and continue the process of maturation 

(Kempermann et al., 2003). In the late postmitotic maturation phase, newborn cells experience 

dendritic formation, spine development and synaptogenesis (Sun et al., 2013; Kempermann et al., 

2015). The different steps of neuronal maturation are next described accordingly to their temporal 

sequence. 

 

Postmitotic Maturation 

After the first postmitotic week, adult-born neurons experience axonal elongation. At day 7, axons are 

found in the hilus and reach the CA3 region by days 10–11 (Zhao et al., 2006). Shortly after, and 

even prior to spine formation, adult-born neurons receive the first glutamatergic input from hilar 

mossy cells (Deshpande et al., 2013; Chancey et al., 2014). Around the same period, inputs arise 

from the ML and the first long-range connections (from the medial septum and the nucleus of the 

diagonal band of Broca) that provide cholinergic innervation. After 14 days of development, 

precursor neurons start to exhibit GABA and glutamate post-synaptic currents (Esposito et al., 2005; 

Overstreet Wadiche et al., 2005; Ge et al., 2006). The formation of spines only occurs at day 16 

(Zhao et al., 2006), in a process mediated by local astrocytes (Sultan et al., 2015). Depolarizing 

GABA is essential for the maturation (Ge et al., 2007) and synaptic integration of adult-born neurons 

(Ge et al., 2006), and contributes to the formation of functional glutamatergic connections that 

occurs around post-mitotic day 17 (Chancey et al., 2013). During the third week, inputs from the EC 

are also established. Once adult-born neurons develop their own glutamatergic machinery and 

establish enough glutamatergic contacts, GABA currents switch to excitatory (Tozuka et al., 2005). 
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Noticeably, the very first synaptic (excitatory) input occurs on type-2 cells from inhibitory 

interneurons in the SGZ and the hilus (Tozuka et al., 2005; Wang et al., 2005). Later, inputs emerge 

from the CA3 back-projection, a seemingly transient input from mature granule neurons from the DG 

and from the subiculum (Faulkner et al., 2008; Toni et al., 2008). After one month, adult-born 

neurons are completely developed and integrated in the neuronal circuitry, and are able to receive 

incoming synaptic inputs, produce fire action potentials and establish functional synapses. As so, 

they are recognized as mature adult-born granule cells and typically express the marker calbindin. It 

is estimated that the entire process of adult neurogenesis takes around 4-7 weeks (Zhao et al., 

2006) (Figure 5). 

 

2.1.2.2 Regional-specific differences of the hippocampal neurogenic 
process 

In light of the morphological and structural heterogeneity of the hippocampus, the process of the 

neurogenesis in the DG can also present some regional-specific alterations, evident along the 

septotemporal and the transverse hippocampal axis. 

 

Septotemporal axis 

In the recent years, studies had revealed several variances in the adult neurogenic process at the 

adult dorsal and ventral DG (Tanti and Belzung, 2013). In fact, the adult neurogenic process 

appears to be favored in the adult dorsal DG as denoted by an higher generation (Snyder et al., 

2009a; Jinno, 2011; Snyder et al., 2011b) and faster maturation of adult-born neurons, in 

comparison to the ventral DG (Snyder et al., 2012). Apparently, this is not attributed to a different 

rate of elimination of newborn cells by apoptosis in DG poles (Sierra et al., 2010). Instead, this 

higher neurogenic activity appears to be linked to an increased basal network activity of the dorsal 

DG (Piatti et al., 2011), suggesting adult neurogenesis as a highly activity-dependent process. 

 

Transverse axis 

Concerning the transverse axis of the hippocampal DG, few studies have pinpointed basal regional-

specific differences in the neurogenic process. Some contradictory studies have been reporting 

either increased neurogenesis in the suprapyramidal blade in comparison to the infrapyramidal 

blade (Ambrogini et al., 2000; Kempermann et al., 2003; Ramirez-Amaya et al., 2006; Dranovsky et 
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al., 2011; Jinno, 2011), or that the infrapyramidal blade present a higher rate of cell proliferation 

(Snyder et al., 2009a) and survival (Snyder et al., 2012) of adult-born neurons. 

 

Additionally, it has been proposed that the different time of development of the DG subregions may 

also interfere in the capacity of these regions to generate and integrate newborn neurons (Bekiari et 

al., 2015). Accordingly, the dorsal and the infrapyramidal portions of the DG, as the first subregions 

to be developed (Schlessinger et al., 1975), may provide an environment that favor a continuous 

and a more demanding neurogenic process, in comparison to the ventral and infrapyramidal blades, 

next developed. Furthermore, the reported deviations of the adult neurogenic process either along 

the septotemporal or transverse most likely contribute to a functional discrimination among the 

different DG subregions. 

 

2.1.2.3 Adult-born Granule Neurons 

!
Electrophysiological properties 

In terms of electrophysiological properties, fully mature adult-born neurons (with approximately 7 

weeks-old) are indistinguishable from their mature neighbors (Esposito et al., 2005; Laplagne et al., 

2006; Aimone et al., 2010). Nevertheless, precursor neurons, experience a critical period in their 

process of maturation (between the four and the sixth week of age) where they exhibit unique 

properties. As the balance between inhibition and excitation governs the response to external inputs, 

the low input specificity exhibited by immature neurons, in this particular period, make them more 

prone to respond to incoming stimuli than local and resident neurons (Marin-Burgin et al., 2012). 

Likewise, these precursor neurons present a higher excitability and an enhanced synaptic plasticity 

[as they are more prone to long-term potentiation (LTP)], in comparison to their pre-existing granule 

counterparts. These particular but transient properties of immature adult-born neurons represent an 

advantage in the competition with pre-existing neurons for excitatory synaptic connections (Tashiro 

et al., 2006; Toni et al., 2007), making them responsive to a wide range of input stimuli and to 

quick reinforce active connections (Marin-Burgin et al., 2012). Together, the peculiar characteristics 

of immature neurons significantly contribute to an increased plasticity of the hippocampal DG. As 

they mature, the electrophysiological activity of adult-born neurons decreases due to an increasingly 

modulation from inhibitory interneurons at the DG and the hilus. This phenomenon leads to a switch 

from the low input specificity of newborn neurons towards highly specific responsiveness (Marin-



! 31 

Burgin et al., 2012). At the end of the maturation process, fully mature adult-born neurons (with 

approximately 7 weeks-old) present a sparse activity typical of mature DG granule neurons (Aimone 

et al., 2010; Marin-Burgin et al., 2012; Danielson et al., 2016). 

 

Connectivity  

The connective profile of mature adult-born neurons in the hippocampal DG is similar to pre-existing 

granule neurons as their axons take part of the mossy fiber tract (Romer et al., 2011) and are able 

to establish synaptic inputs with interneurons and mossy cells from the hilus (Goncalves et al., 

2016a). Interestingly, the connectivity of adult-born neurons can be shaped by the animal’s 

behavioral experience (Bergami et al., 2015). Concomitantly, it has been described that exposure to 

environmental factors, including running, and exposure to enriched environment or intensive 

cognitive demands during neuronal maturation, in the period of higher neuronal plasticity, may 

change the timing of integration into the hippocampal networks and/or shape connectivity of adult-

born neurons (Zhao et al., 2006; Piatti et al., 2011; Bergami et al., 2015; Goncalves et al., 2016b). 

Such alterations may ultimately result in altered functions of adult-born neurons in the DG. Some 

authors consider such plasticity prompted by the generation of adult-born neurons as an evolved 

trait that confers adaptation to a continuously changing environment (Kempermann, 2012). 

 

Function  

The functional relevance of adding newborn neurons to the adult brain has been a matter of debate 

along the recent years (Deng et al., 2010; Kempermann, 2012; Bergmann and Frisén, 2013; 

Christian et al., 2014). In addition to an involvement in behavioral tasks as mature DG granule 

neurons, (immature) adult-born neurons, that present the particular electrophysiological 

characteristics during specific stages of maturation, are preferentially recruited and produce a high 

impact in the circuitry, promoting a unique contribution to information processing and influence 

different behaviors as cognitive and emotional (Schmidt-Hieber et al., 2004; Ge et al., 2007; Marin-

Burgin et al., 2012; Wu et al., 2015a). In terms of cognitive performance, ablation studies revealed 

the relevance of adult-born neurons for spatial reference memory (Dupret et al., 2008), while deficits 

in neurogenesis may also impact on pattern separation (Leutgeb et al., 2007; Leutgeb and Leutgeb, 

2007; Bakker et al., 2008; Clelland et al., 2009; Arruda-Carvalho et al., 2011; Denny et al., 2012; 

Niibori et al., 2012). Furthermore, was recently demonstrated an important role of adult-generated 

neurons in the process of forgetting (Akers et al., 2014). In addition, they have been also implicated 
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in the manifestation of anhedonic- (Perera et al., 2011; Snyder et al., 2011a) and anxiety-like 

behavior (Bessa et al., 2009a; Revest et al., 2009; Fuss et al., 2010). 

 

Additionally, giving the heterogeneity of the DG along the septotemporal and transverse axis, it is 

plausible that, despite their common origin, adult-born neurons may present distinct properties and 

specific functional relevance depending on where they are integrated (O'Leary and Cryan, 2014; 

Bekiari et al., 2015; Wu et al., 2015a). As so, and giving the primary involvement of the dorsal 

hippocampus in learning and memory-related tasks that require spatial navigation, exploration and 

locomotion (Fanselow and Dong, 2010), the continuous addition of newly mature and functional 

adult-born granule neurons in the dorsal hippocampal DG has been proved to be particularly 

decisive for spatial pattern separation (Clelland et al., 2009; Aimone et al., 2010; Sahay et al., 

2011; Kheirbek et al., 2013; Bekiari et al., 2015). 

Furthermore, the presence of “highly plastic” and “hyperexcitable” immature neurons in the dorsal 

DG has a distinctive role in new memory encoding and consolidation (Aimone et al., 2010; Bekiari et 

al., 2015). On the other hand, the generation of newborn granule neurons in the ventral DG is more 

associated to the regulation of emotional behavior (Bannerman et al., 2004; Fanselow and Dong, 

2010; Wu et al., 2015a).  

 

2.1.3 Adult Gliogenesis 

Glial cells start to be generated in the brain during late embryogenesis and continue throughout the 

postnatal period, in a process defined as gliogenesis (Rowitch and Kriegstein, 2010; Guerout et al., 

2014). The production of new glial cells can either originate new astrocytes (astrogliogenesis) or 

oligodendrocytes (oligodendrogliogenesis). The process of adult oligodendrogenesis particularly 

occurs through the differentiation of a small fraction of oligodendrocytes precursor cells (generated 

during development and maintained in the adult CNS) and from adult NSCs located in the SVZ (El 

Waly et al., 2014). On the other hand, astrogliogenesis, in the adult brain, mainly occurs due to the 

local division of mature astrocytes (Ge et al., 2012; Rusznak et al., 2016). In contrast to neurons 

and oligodendrocytes, adult glial cells retain the ability to proliferate (Rusznak et al., 2016). In fact, 

adult astrocytes present features of NSCs as they are perpetuating themselves and exhibit 

multipotency (Rusznak et al., 2016). Nevertheless, astrocytes do not proliferate in the healthy adult 

brain, but only in particular condition as after brain injury (Rusznak et al., 2016). Nevertheless, 
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adult-born astrocytes can also generated in the adult hippocampal niche (Banasr and Duman, 

2007). 

 

2.1.3.1 Adult Hippocampal Gliogenesis 

In addition to the generation of new neurons, resident NSCs in the hippocampal SGZ are also able to 

generate new glial cells, either new astrocytes or oligodendrocytes (Gage et al., 1998; Rietze et al., 

2000; Cameron and McKay, 2001; Gage, 2002; Santarelli et al., 2003). 

In comparison with the neurogenic process, adult hippocampal gliogenesis is about ten times less 

frequent (Steiner et al., 2004), but still represents around 20% of the newly differentiated population 

of cells in the DG (Cameron and McKay, 2001; Gage, 2002). 

 

2.1.3.1.1 Adult Hippocampal Astrogliogenesis 

The generation of adult-born astrocytes in the hippocampal DG is nowadays well documented 

(Bonaguidi et al., 2011; Encinas et al., 2011). Nevertheless, some steps underlying the process are 

not consensual. It is assumed that resident NSCs can generate astrocytes by two independent 

paths, either expanding the NSCs population (Dranovsky et al., 2011) through asymmetric cell 

division (Bonaguidi et al., 2011) or direct differentiation (Encinas et al., 2011). Bonaguidi and 

colleagues proposed, similarly to the astrocytic differentiation in the developing DG (Brunne et al., 

2010), the existence of an intermediated stage (transition astroglial, TA) between the activation of 

NSCs and their differentiation into astrocytes (Bonaguidi et al., 2011). However, and despite other 

similarities as the direct conversion of the QNPs into astrocytes, the embryonic and the adult 

astrocytic generation substantially differ in terms of duration. While during embryonic development 

the astrogliogenic process takes several days, in the adult hippocampus it may last for months, in 

addition to a long period of quiescence (Kriegstein and Alvarez-Buylla, 2009; Encinas et al., 2011). 
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Figure 5. Adult hippocampal neurogenesis and astrogliogenesis. Schematic representation 
of the adult hippocampal niche and the sequential steps of the neurogenic and astrogliogenic 
processes. Resident neural stem cells (type-1 cells or radial glia-like cells) in the subgranular zone 
(SGZ) of the hippocampal dentate gyrus (DG), through asymmetric division, give rise to type-2 cells 
(which can be distinguished into type-2a and type-2b) that migrate to the granular cell layer (GCL) 
and later originate type-3 cells (or neuroblasts). After existing the cell-cycle, immature neurons 
differentiate into mature granule neurons. A neural stem cell can also be converted into an astroglial 
progenitor that intermediates the differentiation into a mature astrocyte. The specific cellular 
markers typically used to identify each different stage are also represented. Abbreviations: BLBP, 
brain lipid-binding protein; CA1/3, cornu ammonis 1/3; DCX, doublecortin; DG, dentate gyrus; GCL, 
granular cell layer; GFAP, glial fibrillary acidic protein; GLAST, glutamate/aspartate transpoter; 
Prox1, prospero homeobox 1; PSA-NCAM, polysialylated neural cell adhesion molecule; NeuN, 
neuronal nuclei; NeuroD1, neurogenic differentiation factor 1; RGL, radial glia-like cell; SGZ, 
subgranular zone; Sox-2, sex-determining region Y-box 2; Tbr2, T-box brain protein 2. 
 

 

 

 



! 35 

Adult-born astrocytes 

Newborn astrocytes in the adult hippocampal DG are horizontal and start to be located at the SGZ 

and GCL with few in the hilus, but close to the SGZ. Later in the maturation process, the majority (± 

85%) reaches the upper layers of the GCL, while others can be found at the ML (± 5%) and in the 

hilus close to the SGZ (Encinas et al., 2011). Both astrocyte precursors and mature adult-born 

astrocytes express GFAP, GLAST and Vimentin, while S100β only labels fully mature adult-born 

astrocytic cells (Raponi et al., 2007; Liu et al., 2010). The functional relevance of astrogliogenesis 

and the mechanisms underlying it, are still poorly understood (Rajkowska and Miguel-Hidalgo, 

2007). 

 

In addition to neurons and astrocytes, hippocampal NSCs are also able to generate a sparse 

number of adult-born oligodendrocytes (adult hippocampal oligodendrogenesis), however, this is still 

matter of intense debate (Bonaguidi et al., 2011; Encinas et al., 2011; Lugert et al., 2012; Rolando 

et al., 2016). 

 

2.1.4 Regulation of Adult Cytogenesis 

The production of newborn neural cells in the adult niches is a highly regulated and fine-tuned 

process. As so, the exposure to extrinsic and intrinsic factors is able to modulate the cytogenic 

process, remarkably responsive to the surrounding stimuli, potentiating or suppressing the 

generation of adult-born cells and orchestrate multiple steps as the quiescence, activation and 

maintenance of the NSCs population, fate specification, maturation and differentiation [reviewed in 

(Ming and Song, 2011; Bonaguidi et al., 2012; Aimone et al., 2014; Rolando and Taylor, 2014; 

Beckervordersandforth et al., 2015; Kempermann et al., 2015)]. The prominent example of 

cytogenic regulation is provided by the unique properties of the adult niches (e.g. close relationship 

with the vasculature, proximity to other neural cells, etc.) that provide the required 

microenvironment for signaling gradients of growth factors, neurotransmitters and transcription 

factors, typically produced by the surrounding cells that compose the neurogenic niche, to support 

the control of each cytogenic step (Ming and Song, 2011). For instance, astrocytes secrete 

cytokines, such as interleukins -1β and -6 that promote neuronal differentiation (Barkho et al., 2006; 

Song et al., 2012). Also, adult neurogenesis is strongly modulated by microglia and inflammation, 

with some reports showing that microglia cells release inflammatory cytokines that inhibit 
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neurogenesis (Ekdahl et al., 2003), while others demonstrated that if the balance of secreted 

molecules in the niche is anti-inflammatory neurogenesis can be enhanced (Battista et al., 2006). 

Moreover, NSCs can be found in dense clusters in close proximity to blood vessels (Palmer et al., 

2000), which allows quiescent NSCs and progenitors to communicate and receive local regulatory 

cues and factors (Balu and Lucki, 2009). Among other factors (Delgado et al., 2014), the vascular 

endothelial growth factor (VEGF), secreted by endothelial cells was shown to promote NSCs self-

renewal (Tabernero et al., 2001; Krum and Khaibullina, 2003). In fact, many aspects of stem cell 

behavior, including their quiescent and mitotic states and cell fate specification, as well as cell 

survival, are meticulously controlled (Aimone et al., 2010; Ming and Song, 2011; Rolando and 

Taylor, 2014). Regulation of NSCs by, for example, transcription factors, represents one 

fundamental mechanism for the control of NSCs behavior and function. For instance, paired box 

protein 6 (Pax6) was shown to be essential in the production and maintenance of GFAP-positive 

early progenitor cells (Maekawa et al., 2005). Others, including the achaete-scute complex homolog 

1 (Asc1/Mash1), Sox-2, Tbr2, NeuroD1 and Prox1 are expressed in specific cell-stages and 

described to promote proliferation and dictate cell fate. While Sox-2 (Steiner et al., 2006) and 

Asc1/Mash1 (Imayoshi et al., 2013) controls cells multipotency and promotes neural progenitor 

proliferation, respectively, Tbr2 was found to be crucial to expand the population of type-2 cells 

(Hodge et al., 2008; Hodge et al., 2012; Urban and Guillemot, 2014) and, together with NeuroD1 

(Gao et al., 2009) and Prox1 (Lavado et al., 2010), promote NSCs neuronal differentiation. Also, and 

of particular interest, activating protein 2γ (AP2γ, also known as Tcfap2c or Tfap2c), a transcription 

factor with reported roles during cortical neuronal development (Pinto et al., 2009), was recently 

reported to have an important function in the adult neurogenic process. The specific deletion of 

AP2γ in the adult hippocampus, using a conditional knockout mice model significantly compromised 

the generation of adult-born neurons (Mateus-Pinheiro et al., 2016). More specifically, the absence 

of AP2γ results in a decreased expression of Tbr2, a putative downstream target of AP2γ, essential 

for the expansion of the population of type-2 cells and neuronal lineage commitment (Hodge et al., 

2008; Hodge et al., 2012; Urban and Guillemot, 2014). In this context, AP2γ may represent an 

additional regulator of the adult neurogenic process, as its expression may determine either 

expansion or restriction of the type-2 cells population and, therefore, interfere with the number of 

granule neurons generated in the adult hippocampal DG. Furthermore, AP2γ deletion in the 

hippocampal DG has functional repercussions as denoted by the decreased coherence in the 

electrophysiological activity of the medial pre-frontal cortex (mPFC) and the ventral hippocampus, 
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and the impairment in different cognitive tasks (Mateus-Pinheiro et al., 2016). Of notice, absence of 

AP2γ did not evoke significant emotional alterations, as AP2γ is only present in a subset of 

neuroblasts (Mateus-Pinheiro et al., 2016). 

Growth factors and neurotrophins have also been reported to play important roles in the regulation 

of neural progenitors, being crucial determinants of neural cell fate. Various growth factors have 

been identified to stimulate the proliferation of NSCs and NPCs and, consequently the generation of 

new neurons, including the fibroblast growth factor-2 (FGF-2) (Kang and Hebert, 2015), insulin-like 

growth factor-1 (IGF-1), phosphatase and tensin homolog (PTEN) (Hill and Wu, 2009; Bonaguidi et 

al., 2011) and the VEGF (Hsieh et al., 2004). Additionally, IGF-1 was found to be relevant for the 

migration of neuroblasts in the SVZ and to promote the differentiation of NPCs into oligodendrocytes 

in the hippocampus through the inhibition of BMP signaling (Hsieh et al., 2004). Moreover, 

neurotrophic factors, particularly the brain-derived neurotrophic factor (BDNF) (Scharfman et al., 

2005), have been largely studied in the context of adult neurogenesis, and shown to promote 

progenitors proliferation and survival. 

Morphogens such as Notch (Ables et al., 2010) and Sonic hedgehog (Shh) (Favaro et al., 2009) 

have been also found to be required for NSCs self-renewal and progenitor cells proliferation, 

respectively. Other signal molecules also include bone morphogenetic protein (BMP) signaling, 

described to regulate the equilibrium between proliferation and quiescence (Bond et al., 2014), and 

Wnt signaling pathways, which induce progenitors differentiation toward the neuronal lineage (Lie et 

al., 2005). 

Additionally, the DG is enriched with inputs from many other brain regions that release different 

neurotransmitters with cytogenic impact. For example, NSCs activation can be controlled by GABA 

release from local basket interneurons (Song et al., 2012; Moss and Toni, 2013) and glutamate 

regulates the survival of newborn neurons in the adult SGZ (Tashiro et al., 2006). Moreover, the 

adult cytogenic process is remarkably responsive to environmental stimuli. Processes including 

physical exercise, task learning, environmental enrichment (van Praag et al., 1999) and seizures 

(Jessberger et al., 2007) have also been shown to potentiate the neurogenic process, particularly in 

the adult DG (Rolando and Taylor, 2014). Noticeably, also epigenetic mechanisms (Ma et al., 

2009b; Guo et al., 2011; Mateus-Pinheiro et al., 2011) have been described to interfere with the 

adult cytogenic process. 
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3. Depression 

3.1 Epidemiology 

Major depression is a serious highly prevalent and recurrent neuropsychiatric disorder that affects 

around 16% of the population worldwide, which experiences one or several episodes of depression 

during their lifetime (Hollon et al., 2006). Of notice, depression is almost twice more frequent in 

women than in men. This long-term and relapsing disorder that has a huge impact in the modern 

society, is associated with high levels of disability during the individual’s most productive years, 

diminished quality of life and elevated mortality (Spijker et al., 2004; Ustun et al., 2004; Kessler et 

al., 2005). In consequence, a recent report (March 2017) from the World Health Organization 

(WHO) reveals depression as the leading cause of ill health and disability worldwide (WHO, 2017). 

Furthermore, depression is also known to increase the risk to development other medical condition 

as cardiovascular disorders (Van der Kooy et al., 2007), stroke (Pan et al., 2011), Alzheimer’s 

disease (Ownby et al., 2006), type-2 diabetes (Nouwen et al., 2010), cancer (Currier and Nemeroff, 

2014) and osteoporosis (Cizza et al., 2009). 

 

3.2 Symptoms 

Depression is a complex and heterogeneous disorder that strongly affects patients’ life at different 

psychological and behavioral levels. Although typically associated to an emotional dysfunction, 

depression encloses a panoply of symptoms that affects other behavior dimensions including anxiety 

and cognition. However, and in contrast to other medical conditions, the criteria for the diagnosis of 

depression is not based in objective physiological alterations, particularly due to poor understanding 

and characterization of their cellular and molecular events underlying the pathophysiology of 

depression. In consequence, the diagnosis of depression is complex and based on clinical and 

subjective evidences according to the Diagnostic and Statistical Manual of Mental Disorders (DSM). 

In 2013, the American Psychiatric Association set in the DSM-V that the diagnosis for major 

depression should consider the persistent presence of some of the following symptoms: depressive 

mood or sadness and diminished interest or pleasure, two of the core symptoms of depression, 

weight or appetite changes, insomnia or hypersomnia, psychomotor agitation or retardation, fatigue 

or loss of energy, feeling of worthlessness or excessive or inappropriate guilt, diminished ability to 

think, concentrate or decide and recurrent death thinking and suicidal ideation or attempt (American 
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Psychiatric Association, 2013). The diagnosis of major depression can be made in presence of at 

least five symptoms during a 2-weeks period. Of notice, up to 20% of depression patients attempt 

suicide, and approximately a quarter of them are successful. 

 

3.3 Etiology of Depression 

Giving the heterogeneous and complex nature of depression, its origin could arise from multiple 

intrinsic or extrinsic factors and specially resulting from interactions between genetic predispositions 

and the environment (Risch et al., 2009). Together these factors perturb brain homeostasis and 

promote functional and structural abnormalities that ultimately may precipitate the establishment of 

a depressive state. In depression, several different brain areas can be affected. The PFC, amygdala 

and particularly the hippocampus are the most affected and studied brain structures in the context 

of depression. While these brain regions mainly mediate cognitive alterations as memory deficits, the 

amygdala, together with the NAc, are particularly involved in emotional symptoms as changes of 

motivation, anxiety and anhedonia (loss of pleasure or interest in usually pleasurable activities). In 

addition, the hypothalamus is also associated to the neurovegetative symptoms of depression that 

include sleep and appetite disturbances. The exposure to stress has been suggested as the most 

contributor for these structure and functional alterations and therefore the major etiological factor or 

precipitant for the development of depression (Pittenger and Duman, 2008). 

 

3.3.1 Stress 

A stressor is typically defined as a stimulus that triggers a stress response. Basically, after the 

perception of an endogenous or exogenous challenge as unpleasant, aversive or threatening, it is 

activated a physiological response composed by series of coordinated and adaptive processes to 

maintain brain homeostasis. A stress response can be initiated by exposure to different stressors 

(e.g. bereavement, unemployment, living in poverty or in a broken family, facing a threat or predator, 

etc.), which can be distinguished by their duration, predictability, uncontrollability, intensity and 

context. Thus, stressors can be acute or chronic, anticipated, unpredictable or uncontrollable, mild 

or severe and occur in or out of a context (Lucassen et al., 2014). The response to a given stressor 

can also be divided into a fast and a delayed response. The first and faster response, considered as 

“alarm reaction”, leads to the rapid activation of the autonomic nervous system that promotes the 
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release of epinephrine and norepinephrine from the adrenal medulla, which rapidly elevates the 

blood flow and pressure, basal metabolic rate and respiration (Lucassen et al., 2014). The later 

stress response involves the activation of the hypothalamic–pituitary–adrenal (HPA) axis. 

 

HPA axis 

Stress response can be regulated by different systems, however the most investigated is the HPA 

axis (Figure 6). In this classic neuroendocrine system, under stress conditions, the HPA axis is 

activated by the secretion of the corticotropin-releasing factor (or hormone: CRF/CRH) and arginine-

vasopressin (AVP) from the paraventricular nucleus (PVN) of the hypothalamus. CRF stimulates the 

synthesis and release of adrenocorticotropic hormone (ACTH) from the pituitary gland into the blood 

stream, which in turn stimulates the adrenal gland for the synthesis and secretion of glucocorticoids 

(GC; cortisol in humans and corticosterone in rodents), considered the major stress hormones. GCs 

cross the blood-brain barrier and act on the brain either slowly (genomic manner) as transcriptional 

regulators of the GC responsive genes or faster (non-genomic manner) through the binding of GC to 

high-affinity mineralocorticoid (MR) or type-1 and lower-affinity glucocorticoid receptors (GR) or type-

2 (Lucassen et al., 2014), present in neurons (Cintra et al., 1994), astrocytes (Chou et al., 1991), 

oligodendrocytes (Vielkind et al., 1990) and microglial cells (Tanaka et al., 1997). Within the 

hippocampus, the expression of these GC receptors present regional differences with GR expression 

being particularly abundant in DG and CA1 region and less prevalent in the CA3 subregion 

(Morimoto et al., 1996; Sarabdjitsingh et al., 2010), while the expression of MRs is particularly 

higher in the DG and CA3 (Medina et al., 2013). To note, their expression also varies along the 

hippocampal septotemporal axis, although conflicting patterns have been reported. In fact, while 

some authors observed a increased expression of GR in the ventral hippocampus (Lin et al., 2012), 

others reported a higher expression in the dorsal hippocampal pole and a higher MR expression in 

the ventral hippocampus (Robertson et al., 2005). Additionally, the MR expression is two-fold higher 

than GR expression in the ventral hippocampus (Robertson et al., 2005). Putative differences along 

the hippocampal transverse axis still need to be determined.  

Furthermore, the expression of GC receptors is also observed in the different developmental stages 

and cells of the adult neurogenic process (Egeland et al., 2015). Yet, the expression of GRs and MRs 

along the neurogenic process is noticeably distinct. GRs are (differently) expressed from NSCs to 

mature adult-born neurons, excepting in type-2b cells. The expression of MRs is restricted to later 

stages of the neurogenic development, being present in immature and mature adult-born neurons. 
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Besides the brain where they present a specific and selective distribution (Reul and de Kloet, 1986), 

GCs receptors are present on almost every tissue and organ in the body (Oakley and Cidlowski, 

2013). The activation of MRs and GRs through the HPA axis is able to coordinate emotional, 

cognitive, neuroendocrine and autonomic inputs, and subsequently determine the magnitude and 

the capacity to adapt and to cope with stress (Sousa et al., 2008; Pruessner et al., 2010; Harris et 

al., 2013; Medina et al., 2013; Lucassen et al., 2014). In addition to its involvement in cognitive-

related tasks, the activation of GC receptors in the hippocampus, amygdala and PFC are also 

important for the auto-regulation of the HPA axis (de Kloet et al., 2005). More specifically, the 

stimulation of hippocampal neurons, rich in corticosteroid receptors (Reul and de Kloet, 1986; van 

Eekelen et al., 1991; Patel et al., 2008), exerts an inhibitory effect in the activity of PVN neurons, 

leading to inactivation of the HPA axis (negative feedback) (McEwen et al., 1968; Gerlach and 

McEwen, 1972; Roozendaal et al., 2001; Jankord and Herman, 2008). Additionally, the activation of 

GCs in the PFC also suppresses the stress response by diminishing the secretion of ACTH and 

consequently GCs. In contrast, the activation of the amygdala positively regulates HPA axis activation 

by promoting the release of the GCs (Duvarci and Pare, 2007). The appropriate coordination of 

these regulatory events is crucial for the termination of the stress response and to reinstate 

homeostasis once a threating situation ends. 

 

Stress deleterious effects 

Despite the beneficial and protective role of the HPA axis for adaptation in response to stress, a 

dysfunction in the HPA axis could result into a deleterious or maladaptive response (Sousa and 

Almeida, 2012; Willner et al., 2013; Lucassen et al., 2014). Under a prolonged or chronic stress 

exposure, the physiological regulatory capacity of the HPA axis may be compromised leading to 

overactivation of the system and an overproduction of GCs. In consequence, the maintenance of 

elevated levels of GCs (hypercortisolemic state) for long periods of time can be harmful to different 

brain areas. In this context, stress triggers significant cellular and structural detrimental alterations, 

which can be translated into functional impairments. Many of these stress-induced effects will be 

described after in more detail. Ultimately, in specific neurodevelopmental stages or with certain 

intensity or duration, stress exposure leads to the development of mental disorders including anxiety-

related disorders, post-traumatic stress disorder (PTSD) and depression. 
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Figure 6. Impact of stress in the hypothalamic–pituitary–adrenal (HPA) axis. Stress 
induces the release of corticotropin-releasing factor (CRF) from the paraventricular nucleus (PVN) of 
the hypothalamus. Next, CRF promotes the secretion of adrenocorticotropic hormone (ACTH) into 
the blood stream, which stimulates the release of the glucocorticoids (cortisol in humans or 
corticosterone in rodents) from the adrenal gland. These hormones then interact with glucocorticoid 
(GR) and mineralocorticoid (MR) receptors on their target tissues/regions. In the brain, the 
hippocampus and the amygdala are crucial regions for the auto-regulation of the HPA axis, inhibiting 
or stimulating, respectively, the release of CRF by PVN neurons. Abbreviations: ACTH, 
adrenocorticotropic hormone; CRF, corticotropin-releasing factor. 
 

3.3.2 Mechanisms of Stress Resilience and Vulnerability 

The variability among individuals regarding the perception of stress and therefore their response to 

stress may significantly determine the vulnerability or resilience to these stress-related disorders 

(Pfau and Russo, 2015; Sapolsky, 2015). Such variation is typically considered as in the basis of 

relation between two distinct concepts, vulnerability (diathesis) and precipitation (stress). Accordingly 

to this diathesis/stress model, as the diathesis increases the level of stress required to precipitate a 

depressive episode decreases (Monroe and Simons, 1991; Willner et al., 2013). 
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3.3.3 Animal Models of Depression 

To achieve a better understanding of the molecular and cellular mechanisms underlying the etiology, 

pathophysiology, symptoms and treatment of depression, the development of suitable animal 

models is pivotal. For that, in general, animal models should meet certain validation criteria 

including the use of etiological factors (etiological validity), the presentation of behavioral and 

neurological symptoms (face validity) and show efficacy to clinical treatments (predictive validity). 

Throughout the years several models had been developed to mimic the human depressive 

symptoms in animal, however, current animals models of depression are limited in their capacity to 

recapitulate the biological mechanisms involved and to predict the efficacy of treatments in the 

depressive patients. This limitation is mainly associated to the complex and heterogeneous nature of 

the disease and the fact that etiological factors for the development of depression are still largely 

unknown. Furthermore, the absence of biomarkers able to monitor the course of the disease, limit 

the awareness of the disease to the manifestation of anatomical and behavioral features of the 

human disease. 

Despite the current absence of animal models of depression able to fully recapitulate the human 

disease, the literature suggest a huge amount of distinct paradigms such restraint or immobilization, 

maternal deprivation (Mirescu et al., 2004), social stress, early life stress, learned helplessness, 

exposure to a natural predator odor (Tanapat et al., 2001), fear conditioning and the olfactory 

bulbectomy. Moreover, it has been greatly considered chronic stress paradigms such as the 

unpredictable chronic mild stress (uCMS) and chronic unpredictable stress (CUS) protocols (Porsolt, 

2000; Willner and Mitchell, 2002). These stress paradigms have been shown to recapitulate many 

core behavioral and structural outcomes found in human depression and are sensitive to 

antidepressant (AD) treatment (Willner, 2005; Bessa et al., 2009a). More specifically, animals 

exposed to these chronic stress paradigms exhibit depressive-like symptoms that include cognitive 

deficits and emotional alterations typically observed in depressive patients (Bessa et al., 2009b). 

 

3.4 Pathophysiology of depression 

The understanding of the exact biological mechanisms underlying the onset of depression still 

remains poorly characterized. Throughout the years, several theories have emerged trying to explain 

the neuropathogenesis of depression. The initial hypothesis was formulated over 50 years ago and 

was based in the deficiency of monoamine neurotransmitters (serotonin, dopamine and 
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norepinephrine) as the cause of the main depressive symptoms [monoaminergic hypothesis 

(Bunney and Davis, 1965; Schildkraut, 1965; Delgado, 2000; Hirschfeld, 2000)]. Such 

monoaminergic deficits arise from a dysfunction of its synthesis, storage and release or disturbed 

sensitivity of their receptors (Bondy, 2002). For a long period, this was considered the only valuable 

hypothesis for the pathophysiology of depression. Later, was proposed that a depressive phenotype 

could also result from a disruption of the HPA axis and a disruption of its negative feedback [HPA 

axis dysfunction hypothesis (de Kloet et al., 2005; McLaughlin et al., 2007)]. Furthermore, and 

according to the so-called immune hypothesis, depressive symptoms may rise from a deficient 

immune function expressed by an altered content of inflammatory cytokines as IL-2 IL-6, interferon 

(IFN)-γ and tumor necrosis factor (TNF)-α (Dantzer, 2001a, b; Kim et al., 2007). More recently, it 

has been suggested that pathogenesis of depression is strongly associated to a deficit in the 

hippocampal content of critical neurotrophic factors including the BDNF and VEGF [neurotrophic 

hypothesis (Duman and Monteggia, 2006; Warner-Schmidt and Duman, 2007)]. Additionally, other 

theories have been formulated based on the nitric oxide pathway, oxidative stress or kynurenine 

pathway. Importantly, the validity of all these theories has been supported by the ability of ADs to 

reverse a depressive phenotype. Despite the large number of theories, nowadays there is still no 

consensus about the mechanisms that precipitate a depressive episode. Most likely, given the 

complex and heterogeneous nature of this disorder, its occurrence may arise from multiple factors 

and not rely in a specific dysfunction. Nevertheless, a recent growing body of studies suggests the 

involvement of adult neuroplastic events in the pathogenesis and treatment of depression (Pittenger 

and Duman, 2008). 

 

3.4.1 Neural Plasticity Hypothesis 

The recent and integrative neural plasticity hypothesis of depression postulates that the impairment 

of different forms of plasticity, required to maintain brain homeostasis, has a determinant 

involvement in the pathogenesis of stress-related disorders, such as depression (Pittenger and 

Duman, 2008). In this context, several lines of evidence revealed that exposure to chronic stress 

significantly affects adult neuroplastic events including epigenetic modifications and the generation 

and morphologic alterations of neural cells (Malberg et al., 2000; Bessa et al., 2009a). These stress-

induced neuroplastic changes strongly correlate with cognitive and emotional deficits typically 

observed in the context of depression. 
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3.4.1.1 Stress-induced changes on Neural Morphology 

Repeated or chronic exposure to stress induces significant morphologic alterations in different neural 

cell types as neurons and glial cells and in diverse stress-responsive brain regions, particularly the 

hippocampus, PFC and amygdala but also other regions as the brainstem nuclei (locus coeruleus 

and raphe), hypothalamus, dorsal and ventral striatum and the orbitofrontal cortex (OFC) (Sousa and 

Almeida, 2012). Interestingly, these areas are organized into functionally integrated networks (Pacak 

and Palkovits, 2001; Joels and Baram, 2009; Ulrich-Lai and Herman, 2009). 

 

Neurons 

Chronic stress induces significant neurotoxic effects as alterations in the neuronal morphology. 

These morphological effects are observed in different brain regions including the hippocampus, 

recognized as an area especially sensitive to stress due to their abundant expression of GRs (van 

Eekelen et al., 1991; Patel et al., 2008). Stress primarily induces profound effects in neuronal 

architecture including a decrease in dendritic arborization and spine density of dendrites in CA3 

(Watanabe et al., 1992; Magarinos et al., 1996; McLaughlin et al., 2007; Melo et al., 2015; Pinto et 

al., 2015) and CA1 (Sousa et al., 2000; Pinto et al., 2015) pyramidal neurons. These evidences 

may contribute to the observed impairment in hippocampal LTP (Diamond and Rose, 1994), 

particularly evident in the ventral hippocampus (Pinto et al., 2015), and deficits in learning and 

memory (Sousa et al., 2000). Moreover, granules neurons from the hippocampal DG also presented 

an overall significant atrophy and decreased spine density induced by chronic stress exposure 

(Bessa et al., 2009a; Aslani et al., 2014; Melo et al., 2015; Patricio et al., 2015). Of notice, stress 

produced regional-specific alterations in the morphology of hippocampal neurons. Accordingly, after 

chronic stress, CA3 and CA1 pyramidal neurons in the dorsal hippocampus present a dendritic 

retraction, while in the ventral hippocampus, by contrast, pyramidal neurons tend to present a 

neuronal hypertrophy, particularly evident in the CA3 regions (Pinto et al., 2015). Interestingly, the 

impact of stress in granule neurons respects the same distinct profile of morphological alterations 

along the hippocampal septotemporal axis (unpublished data). Accordingly, exposure to uCMS 

induces a significant atrophy of granule neurons in the dorsal DG, while it promotes an enlargement 

of the dendritic trees of granule neurons in the ventral DG (unpublished data). Still, a distinction of 

stress-induced effects on neuronal morphology along the transverse axis has not been accessed so 

far. Such region-specific alterations in neuronal morphology may contribute to a putative higher 

vulnerability of the ventral hippocampus to stress (Maggio and Segal, 2007; Pinto et al., 2015). 
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Interestingly, chronic stress was not able to alter the neuronal length and spine density of adult-

generated granule neurons. However, it significantly decreased the percentage of thin spines of 

adult-neurons in the hippocampal DG (Mateus-Pinheiro et al., 2013). 

Importantly, rather than a consequence of hippocampal cell loss also induced by stress 

(Crochemore et al., 2005; Jayatissa et al., 2008; Yu et al., 2008; Jayatissa et al., 2010), these 

alterations in hippocampal morphology may significantly account for the decreased hippocampal 

volume observed in depressed patients (Campbell et al., 2004; Videbech and Ravnkilde, 2004) and 

in rats exposed to uCMS (Delgado y Palacios et al., 2011). 

After the hippocampus, the impact of stress further progresses to the mPFC (Sousa and Almeida, 

2012), promoting significant dendritic and synaptic retraction of cingulum, prelimbic and infralimbic 

pyramidal neurons (Wellman, 2001; Radley et al., 2004; Radley et al., 2005; Radley et al., 2006; 

Cerqueira et al., 2007; Liu and Aghajanian, 2008; Bessa et al., 2009a; Shansky et al., 2009). 

Notably, the neuronal atrophy promoted by stress in the hippocampus and PFC also interferes with 

their connective arrangements with other areas, leading to a so-called disconnection syndrome 

(Sousa and Almeida, 2012). For instance, neuronal atrophy induced by chronic stress in the PFC 

was found to impair hippocampal-PFC connectivity expressed by a diminished synchrony between 

the ventral hippocampus and mPFC (Oliveira et al., 2013) and a reduction in LTP that disrupts 

spatial working memory (function that requires the intact hippocampus-PFC connections), behavioral 

flexibility (Cerqueira et al., 2007) and affection attentional set-shifting (both PFC-dependent 

functions) (Liston et al., 2006). Likewise, the stress-induced neuronal atrophy in PFC pyramidal 

neurons together with a neuronal hypertrophy in the sensorimotor striatum alter the connectivity 

between these regions promoting a shift from goal-direct to habit-based behaviors (Dias-Ferreira et 

al., 2009). Of notice, neuronal remodeling in the dorsal and ventral striatum in consequence of 

stress is also reported in other studies (Rodrigues et al., 2012; Bessa et al., 2013). Importantly, 

while the effects of acute stress are only translated into an impairment of spatial reference memory 

(hippocampal-dependent function), chronic stress induces deficits in both spatial working memory 

and behavioral flexibility (Cerqueira et al., 2007). Such evidence reinforces the notion that stress-

induced changes in different brain areas respect a spatiotemporal and stepwise rational. 

Nevertheless, its worth to mention that other studies reported spine and dendritic morphological 

alterations in consequence to acute stress exposure (Brown et al., 2005; Izquierdo et al., 2006). 

In the amygdala (Vyas et al., 2002) and bed nucleus of the stria terminalis (BNST) (Pego et al., 

2008), chronic stress enhances the dendritic tree and spine density, alterations that correlate with 
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increased anxiety (Vyas et al., 2002; Pego et al., 2008) and fear behaviors (Hoffman et al., 2015). 

Moreover, exposure to uCMS induced a neuronal hypertrophy and increased spine density of 

medium spiny neurons in the core division of the NAc correlated to the manifestation of an 

anhedonic-like behavior (Bessa et al., 2013; Melo et al., 2015). The OFC, a brain region involved in 

decision-making, also presents a neuronal hypertrophy in response to chronic stress (Dias-Ferreira 

et al., 2009). 

Despite their deleterious functional implications, the structural remodeling induced by stress is 

described to be reversible. In fact, neuronal remodeling is recognized as a form of adaptive plasticity 

as to protect from permanent excitotoxic damage (McEwen, 2010). 

 

Astrocytes 

In addition to neurons, glial cells are also sensitive to the deleterious effects of stress, including 

significant alterations in the morphology of astrocytes and microglial cells. Since astrocytes through 

their ramifications are able to provide support to thousands of synapses, astrocytic morphological 

changes may impair their function and likely promote behavioral alterations. Alterations in the 

expression or immunostaining of GFAP, a key cytoskeletal astrocytic protein has been associated to 

changes in the morphology of astrocytes and the manifestation of glial pathology (Miguel-Hidalgo et 

al., 2000; Czeh et al., 2006; Cobb et al., 2016). Accordingly, exposure to a CUS protocol negatively 

impacted in astrocytic morphology as denoted by a decreased expression of GFAP in the PFC. These 

stress-induced effects were associated to an impairment of glial function and behavioral deficits 

including depressive-like symptoms as helplessness and anhedonic behavior (Banasr et al., 2010). 

In concordance, a growing body of studies has suggesting the participation of glial loss (Banasr and 

Duman, 2008) or dysfunction in the pathophysiology of neuropsychiatric disorder including 

depression (Miguel-Hidalgo et al., 2000; Czeh et al., 2006; Rajkowska and Miguel-Hidalgo, 2007; 

Gomez-Galan et al., 2013; Ardalan et al., 2017) [reviewed in (Sanacora and Banasr, 2013)]. More 

so, several post-mortem studies from depressed patients revealed alterations in the number, 

morphology and content of glial cells in different brain regions including the PFC and hippocampus 

(Ongur et al., 1998; Cotter et al., 2001; Muller et al., 2001; Cotter et al., 2002; Si et al., 2004; 

Uranova et al., 2004; Choudary et al., 2005; Rajkowska and Miguel-Hidalgo, 2007).  
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Microglia 

Exposure to stress also alters the morphology of microglial cells and consequently their activation 

state. In addition to basal gender differences, the morphology of microglial cells, which are 

responsive to GCs (Tanaka et al., 1997; Sierra et al., 2008), is affected by stress in a gender-specific 

manner. Accordingly, in male rats chronic restraint stress increases microglial activation in the 

mPFC through changes in the morphology and expression of immune molecules, which were 

associated with deficits in spatial working memory (Hinwood et al., 2012; Hinwood et al., 2013) 

(Walker et al., 2013). However, these stress-induced effects in males were not recapitulated in a 

recent study (Bollinger et al., 2016). By contrast, in females, acute and chronic stress greatly 

reduced the microglial activation state through a decrease in the ramification (Bollinger et al., 2016). 

Furthermore, it was recently reported that the morphology of PFC microglia cells in males and 

females, changes differently to prenatal exposure to the synthetic GC dexamethasone (Caetano et 

al., 2016). While in males, prenatal stress exposure induced a hyper-ramification and increased 

length of microglial cells, in females was observed a decreased in the length of microglial processes 

(Caetano et al., 2016). Interestingly, chronic treatment with a selective A2AR antagonist was able to 

revert the stress-induced alterations in microglial processes and anxiety behavior in males, but not in 

females, suggesting a gender-dependent efficacy of A2AR (Caetano et al., 2016). Nevertheless, and 

reinforcing the notion that microglial cells present a region- and gender-specific morphology and 

function, the blockage of A2AR in females was able to counteract stress-induced hyper-ramification 

of microglial cells in the dorsal hippocampus and revert cognitive deficits in a recognition memory 

task (unpublished data).  

 

3.4.1.2 Stress-induced changes on Adult Cytogenesis 

The generation of new neural cells in the adult brain is also strongly affected by stress exposure. 

Particularly, in the hippocampus the stress-induced decrease in the birth of new neurons and glial 

cells has been recently recognized as an important contributor for the pathogenesis of stress-related 

disorders, such as depression. 

 

Adult Hippocampal Neurogenesis 

In the recent years, emerging evidences have suggested a key involvement of the process of 

generation of adult-born neurons in the pathophysiology of stress-related disorders, particularly 
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depression. In animal models of depression, it has been demonstrated that exposure to acute and 

chronic stress promotes a significant decrease in the generation of adult-born neurons in the adult 

brain, particularly in the hippocampal SGZ (Cameron and Gould, 1994; Gould et al., 1998; Santarelli 

et al., 2003; Bessa et al., 2009a; Snyder et al., 2011a; Surget et al., 2011). This inhibitory effect on 

the neurogenic process results from a decrease in cell proliferation (Gould et al., 1998; Czeh et al., 

2001; Tanapat et al., 2001; Pham et al., 2003; Schoenfeld and Gould, 2012), maturation and 

survival of neuronal progenitors (Pham et al., 2003; Mineur et al., 2007). Likewise, a neurogenic 

impairment is also observed using other stressors including physical restraint (Pham et al., 2003), 

immobilization (Vollmayr et al., 2003) and foot shock (Malberg and Duman, 2003). These stress-

induced effects are likely mediated by an increase in the glucocorticoid levels (Sapolsky, 1992; 

Gould et al., 1998; Alonso et al., 2004; Wong and Herbert, 2004). Expectedly, the disruption of the 

adult hippocampal neurogenesis by stress impacts on hippocampal-dependent functions, and more 

particularly those that rely on the activity of adult-born neurons, such as pattern separation. 

However, impaired adult hippocampal neurogenesis does not exclusively impact on hippocampal 

functions as it also interferes with other brain regions that receive inputs from the hippocampus 

including the PFC, amygdala and NAc, which are particularly responsible for emotional behaviors 

(O'Donnell and Grace, 1995; Moser and Moser, 1998; Bremner, 2002; Seidenbecher et al., 2003; 

Lisman and Grace, 2005; Swaab et al., 2005; Maren and Hobin, 2007). Recently, it was also 

demonstrated the important role of adult-born neurons in the “buffering” of the stress through an 

enhancement of the negative feedback of the HPA axis (Snyder et al., 2011a; Surget et al., 2011). 

Accordingly, a reduction of adult hippocampal neurogenesis increases the levels of GCs after 

exposure to stress (Snyder et al., 2011a; Surget et al., 2011). As such, a decrease in the production 

of newborn neurons in the adult hippocampal DG has been associated to incapacity to cope with 

stress and a higher susceptibility to development of a depressive-like phenotype (Mineur et al., 

2007; Bessa et al., 2009a). Importantly, and in addition to the stress-induced alterations in neuronal 

morphology, a decrease in the number of neurons through a reduction in the generation of newborn 

neuronal cells may contribute to a significant reduction of the volume of the hippocampus and PFC 

observed in post-mortem studies (Drevets et al., 2008; McEwen, 2010; Boldrini et al., 2013). 

Furthermore, the importance of the production of newborn granule neurons in the hippocampus has 

been reinforced by reports showing the manifestation of depressive-like behaviors (Revest et al., 

2009; Fuss et al., 2010; Bessa et al., 2013). Nevertheless, it is of relevance to note that contrasting 

studies have shown that stress has no effect or even potentiates the adult neurogenic process. 
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Surprisingly, exposure to acute stressors as foot-shock, immobilization and novel environment was 

shown to increase cell proliferation and enhance fear extinction memory (Kirby et al., 2013). Also, 

non-aversive stimuli including exercise and sexual experience was found be potentiate adult 

hippocampal neurogenesis (Kronenberg et al., 2006; Leuner et al., 2010). Additionally, studies in 

which was promoted a specific downregulation or ablation of the adult neurogenic process, in 

absence of stress exposure, do not result in a depressive-like phenotype (Vollmayr et al., 2003; 

Surget et al., 2008; Jayatissa et al., 2009; Schloesser et al., 2010; Surget et al., 2011; Lehmann et 

al., 2013). These contradictory findings raise the question whether disturbances in the generation of 

a small number of cells could have a substantial contribution to increase the risk of developing 

depression and impact on different emotional and cognitive behavioral dimensions altered in 

depression (Petrik et al., 2011). Although this topic is still under discussion, it is believed that the 

unique properties that adult-born neurons display during maturation enable them to largely impact 

on the network (Christian et al., 2014). 

 

Adult Hippocampal Astrogliogenesis 

Despite the few number of studies targeting the impact of stress in astrocytes, a decreased number 

of astrocytes in the hippocampus has been reported as consequence of stress exposure (Czeh et al., 

2006). However, these findings could also be related to a reduction in the generation of adult-born 

astrocytes [reviewed in (Banasr and Duman, 2007; Rajkowska and Miguel-Hidalgo, 2007)]. In fact, 

in an animal model of depression, chronic stress impairs the process of astrogliogenesis as denoted 

by a diminished number of newly-born astrocytes in the adult hippocampal DG (Mateus-Pinheiro et 

al., 2013). Furthermore, this stress-induced downregulation was observed both in the dorsal and 

ventral dentate poles (unpublished data). Of notice, the impact of stress in the generation of adult-

born astrocytes is mediated by a differential GR and MR activation (Anacker et al., 2013). Still, 

further studies should address the specific contribution of the adult astrogliogenic process for the 

onset and progression to stress-related disorders, namely depression. 

 

Taken together, all these observations suggest a more complex justification to the involvement of 

adult neuroplastic mechanisms in the pathophysiology of stress-related disorders, in contrast to a 

simple and linear relationship that involves a single event. Thus, most likely an impairment of a 

single neuroplastic mechanism may not exclusively contribute to the development of a depressive-

like phenotype but rather in combination with other brain processes affected by stress, particularly 
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mechanisms of neuroplasticity, provide the conditions for the manifestation of depressive-like 

symptoms. 

3.5 Treatment in Depression 

3.5.1 Antidepressants  

In 1956, Roland Kuhn, firstly described by chance that a drug (imipramine) ineffective to improve 

symptoms of schizophrenia was able to clinically produce significant improvements in depressed 

patients (Kuhn, 1958). According to subsequent studies, increased synaptic concentration of 

serotonin and norepinephrine was mediating these AD actions (Ross and Renyi, 1969). Such 

observations triggered the formulation of the classic monoaminergic hypothesis of depression. 

Based on this theory, in the following decades, a vast number of ADs were developed including 

tricyclic agents (TCAs), as imipramine, monoamine oxidase (MAO) inhibitors, selective serotonin 

reuptake inhibitors (SSRIs), serotonin and noradrenaline reuptake inhibitors (SNRIs) and 

noradrenaline reuptake inhibitors, all able to enhance monoamine neurotransmission, deficient in 

depressive patients. Interestingly, most ADs were discovery by serendipity, which may explain the 

poor understanding of their mechanistic actions [reviewed in (Hillhouse and Porter, 2015; Millan et 

al., 2015; Harmer et al., 2017)]. Nevertheless, these drugs continue to be largely prescribed 

nowadays and constitute the five main classes of ADs (Ressler and Nemeroff, 2000; Manji et al., 

2001; Morilak and Frazer, 2004). 

 

Tricyclic agents (TCAs) 

In consequence of the discovery and success of imipramine (marketed as Trofranil) for the 

treatment of depression, TCAs were established as an important class of ADs. Initially classified 

based on their chemical structure, TCAs were later classified according to their pharmacologic 

action. TCAs increase the availability of neurotransmitters through the inhibition of pre-synaptic 

norepinephrine and serotonin reuptake transporters and blockage of postsynaptic adrenergic (α1 

and α2), muscarinic and histamine H1 receptors (Hillhouse and Porter, 2015). Importantly, the 

inhibition of norepinephrine and serotonin reuptake significantly contributes to therapeutic effects of 

TCAs. Besides imipramine, TCAs include amitriptyline, clomipramine and desipramine. 
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Monoamine oxidase inhibitors (MAOs) 

MAO inhibitors are ADs able to increase the concentration of monoaminergic neurotransmitters 

through the blockage of MAO, an enzyme that, through oxidative deamination, promote the 

breakdown of monoamines in the presynaptic terminal (Hillhouse and Porter, 2015). There are two 

isozymes of MAO: MAO-A, which mainly deaminates serotonin, melatonin, noradrenaline and 

adrenaline, and MAO-B, that contributes to the breakdown of phenethylamine and benzylamine 

(Hillhouse and Porter, 2015). Both isoenzymes are able to deaminate dopamine, tryptamine and 

tyramine. Similarly to the AD effects of imipramine, the first MAO inhibitor was also discovered by 

chance. Initially developed for the treatment of tuberculosis, isopropyl-isonicotinyl hydrazide 

(iproniazid), a monoalkyl derivative of the isonicotinyl hydrazide (isoniazid, effective potent 

antitubercular compound), was found to be effective for the treatment of depression (Loomer et al., 

1957). Interestingly, iproniazid (trade name Marsilid) was primarily marketed as an antitubercular 

compound, however it was used off-label to treat depressed patients (Hillhouse and Porter, 2015). 

Iproniazid was the first AD classified as MAO inhibitor. 

 

Selective serotonin reuptake inhibitors (SSRIs) 

SSRIs increase the concentrations of serotonin in the synaptic cleft through a selective inhibition of 

serotonin transporters that promote its reuptake. In addition, SSRIs have less affinity to 

norepinephrine transporters and minimal binding affinity for other postsynaptic receptors as 

adrenergic (α1, α2 and β), histamine H1, muscarinic and dopamine D2 receptors (Hillhouse and 

Porter, 2015). SSRIs do not stimulate the release of serotonin or norepinephrine presynaptically and 

do not directly bind postsynaptic serotonin receptors (Hillhouse and Porter, 2015). This class of ADs 

encompasses different drugs as fluoxetine (trade name Prozac), sertraline (Zoloft), citalopram 

(Celexa), paroxetine (Paxil), escitalopram (Lexapro) and zimeldine (Zelmid). These drugs present 

similar efficacy in comparison to TCAs, but are better tolerated and safer. Fluoxetine was the first 

SSRI (Wong et al., 1974) to be reported and launched to the market in the United States (1988). It 

represents a potent SSRI with relatively weak affinity for the norepinephrine transporter (Wong et al., 

1975). 

 

Serotonin and noradrenaline reuptake inhibitors (SNRIs) 

Introduced in the early 90s, SNRIs inhibit the uptake of serotonin and norepinephrine acting on their 

transporters, similarly to TCAs. However, SNRIs practically do not act on adrenergic α1, α2 and β), 
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histamine H1, muscarinic, dopamine, or postsynaptic serotonin receptors (Hillhouse and Porter, 

2015). It has been reported that SNRIs are more effective ADs than SSRIs, however, the differences 

are relatively small (Hillhouse and Porter, 2015). This class includes drugs as venlafaxine (trade 

name Effexor), duloxetine (Cymbalta) and milnacipran (Savella). 

 

The majority of the ADs referred before, were generated decades ago according to the theory that 

the onset and treatment of depression was particularly related to alterations in the content of 

monoaminergic neurotransmitters. However, in contrast to the monoaminergic hypothesis of 

depression several reports have shown that per se depletion of monoaminergic neurotransmitters is 

insufficient to produce a depressive phenotype (Salomon et al., 1997). In light of these evidences, it 

has been increasing the notion that ADs do not simply increase synaptic transmission but also 

promote other structural and cellular adaptations that counteract abnormalities presented in 

depression. In this context, several lines of evidence have been suggesting that ADs improving 

actions may be related to their capacity to counteract the impairment of adult neuroplasticity, 

observed in depression.  

 

3.5.1.1 The effects of Antidepressants on Neuroplasticity 

In the recent years, alterations in neural plasticity have been largely implicated not only in the 

pathophysiology of depression but also in the beneficial effects of ADs (Warner-Schmidt and Duman, 

2006; David et al., 2010; Castren and Hen, 2013). It has been reported that stress-induced 

changes are reversed by ADs through an improve in neuroplasticity in distinct mechanisms including 

the morphological and structural alterations of cells, epigenetic modifications (Mateus-Pinheiro et al., 

2011) and the generation of adult-born neural cells. In fact, it has been observed that treatment with 

ADs potentiates neural morphological changes including changes in the number of synapses 

(Hajszan et al., 2005), spines (Norrholm and Ouimet, 2001; Ampuero et al., 2010) and dendrites 

(number and dendritic length and complexity (Watanabe et al., 1992; McEwen, 1999; van Praag et 

al., 2000)) in neurons. These AD-induced effects on neuronal morphology may occur in different 

brain regions as in pyramidal neurons in the CA3 (Bessa et al., 2009a) PFC (Hajszan et al., 2005; 

Bessa et al., 2009a; Li et al., 2010; Opal et al., 2014), granule neurons in the hippocampal DG 

(Bessa et al., 2009a) or medium spiny neurons of the NAc (Bessa et al., 2013). Despite their impact 

on neurons, ADs also alter the morphology of glial cells (Czeh et al., 2006; Cabras et al., 2010). 
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Also, it has been suggested that ADs produce a beneficial effect through the activation of astrocytes 

(Czeh and Di Benedetto, 2013). As result, the ADs’ effects in the morphology of different neural cells 

contribute to revert the deleterious structural and functional alterations promoted by stress and also 

observed in depressive patients. Also, ADs improving actions are mediated by pro-cytogenic impact 

in the generation of neural cells in specific adult brain regions. According to several studies, 

treatment with ADs is able to reverse stress-induced alterations in gliogenic processes (Banasr and 

Duman, 2007). More specifically, ADs are able to potentiate the generation of adult-born astrocytes 

in the hippocampal DG (Mateus-Pinheiro et al., 2013) as to influence the number of 

oligodendrocytes in the hippocampus and PFC (Kodama et al., 2004; Banasr et al., 2007) and 

revert the reduction of neural/glial antigen 2 (NG2)-positive cells promoted by stress in the PFC 

(Banasr et al., 2007; Czeh et al., 2007). Additionally, the downregulation of oligodendrocytic 

transcripts induced by stress in the amygdala was reverted by treatment with different ADs (Surget 

et al., 2009). Moreover, the production of adult-born neurons in the brain, recognized as an unique 

form of brain plasticity, has been largely explored in diverse preclinical studies. Accordingly, different 

classes of ADs are able to potentiate distinct steps of the process of neurogenesis including the 

proliferation and survival of neuronal progenitors, and therefore, efficiently revert or prevent the 

stress-induced reduction in the generation of adult-born neurons, particularly in the hippocampal 

DG. Importantly, the normalization of adult neurogenic levels was directly linked to significant 

behavioral improvements in different behavioral dimensions, including mood, anxiety and cognition, 

suggesting a crucial role of these adult-generated neurons in the treatment of depression (Santarelli 

et al., 2003; Dranovsky and Hen, 2006; Surget et al., 2008; Bessa et al., 2009a; Bessa et al., 

2009b; Boldrini et al., 2009; Revest et al., 2009; Lucassen et al., 2010) Accordingly, in animal 

models of depression, a reduction in depressive-like behavior paralleled with potentiation of adult 

hippocampal neurogenesis has been observed after treatment with drugs from different AD classes, 

such as SSRIs (fluoxetine (Alonso et al., 2004; Czeh et al., 2006; Surget et al., 2008)), TCAs 

(imipramine (Santarelli et al., 2003; Becker et al., 2008; Surget et al., 2008)), SNRIs 

(desvenlafaxine (Asokan et al., 2014)), MAO inhibitors (Morais et al., 2014), tianeptine (Czeh et al., 

2001) and others as 5-HT2c antagonist agomelatine (Banasr et al., 2006), CRF-1 receptor (Alonso 

et al., 2004; Surget et al., 2008), vasopressin (V1b) receptor (Alonso et al., 2004) or GR antagonist 

(Alonso et al., 2004; Oomen et al., 2007; Surget et al., 2008), cholecystokinin (CCK) receptor 

antagonist (Becker et al., 2008) or selective neurokinin-1 (NK-1) receptor antagonists (Czeh et al., 

2005). Furthermore, adult-born neurons generated by AD treatment play an important role in stress 
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responsiveness (Egeland et al., 2015). In fact, it was demonstrated that ADs are able to restore the 

HPA axis negative feedback, altered in depression, through a neurogenesis-dependent-mechanism 

(Surget et al., 2011). In this context, adult-generated neurons contribute to the process of adaptation 

to stress by buffering their induced deleterious alterations (Dranovsky and Leonardo, 2012). 

Interestingly, the number of granule neurons and glial cells increased with age in AD-treated patients 

(Lucassen et al., 2014). Of notice, and in contrast to other faster forms of neural plasticity as spine 

and dendritic remodeling, the generation of newborn neurons in the adult brain present a long-

lasting time of action. Thus, it has been suggested a “bi-phasic model” for the therapeutic actions of 

ADs that rely on their effects on neural plasticity. In this context, while evidences point out that at 

short-term, the AD-improving effects are particularly linked to a remodeling of the neuronal network 

(Bessa et al., 2009a), the sustained and long-term AD effects are mainly mediated by adult 

hippocampal neurogenesis (Mateus-Pinheiro et al., 2013). 

 

Despite the elevated number and variability of treatments for depression currently available, still a 

high percentage of patients do not achieve remission in a phenomenon usually classified as 

treatment-resistant depression. Results from the Sequenced Treatment Alternatives to Relieve 

Depression (STAR*D) trial, a large study funded by the National Institute of Mental Health (NIMH), 

revealed that only one third of the patients remitted after first AD treatment (NIMH, 2006). 

Moreover, still after several consecutive changes of treatments 70% of patients experience 

remission, suggesting an individual variability in the response to the different treatments. On top of 

this, current available AD drugs exhibit undesirable side effects, a delayed clinical onset and fail to 

promote long-lasting effects (Harmer et al., 2017).  

 

3.6 Recurrence in depression 

Depression is highly associated with relapse and recurrence events. Thus, firstly is important to 

distinguish these concepts in the context of depression. Relapse is typically defined as an early 

return of depressive symptoms during remission but before recovery and is mainly associated to the 

patients’ feeling of improving and personal belief of no need to continue on AD medication (Burcusa 

and Iacono, 2007). On the other hand, recurrence is recognized as the appearance of a new 

episode after a period of recovery (achieve full remission) (Frank et al., 1991; Burcusa and Iacono, 

2007). It was been demonstrated that over 85% of remitted patients experience recurrence in 

depression, within a period of 15 years after an initial episode (Mueller et al., 1999; Baldessarini et 
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al., 2015). While the risk to develop an initial depressive episode is mostly linked to the experience 

of stressful events (Simons et al., 1993), the risk of recurrence has been particularly associated to 

the persistence of subclinical residual symptoms (Judd et al., 2000), but also to the number of 

previous episodes (Hardeveld et al., 2010, 2013). Accordingly, as the number of previous 

depressive episodes increases, higher is the risk of recurrence. Moreover, a first episode at a 

younger age and family history of depression and comorbidities constitute additional factors that 

increase the chances to undergo recurrent depression (Hollon et al., 2006). In opposition, a 

prolonged and sustained treatment until full remission substantially decreases the risk to develop 

either relapse or recurrence in depression (Nierenberg et al., 2003). 

Surprisingly, there is a gap in terms of studies tackling putative biological mechanisms that may 

trigger recurrence in depression. Of notice, in this context only few clinical studies had accessed the 

clinical consequences of recurrent depression. fMRI studies pointed that patients with recurrent 

episodes of depression present a significant reduction of the brain hippocampal volume (Sheline et 

al., 1996; Sheline et al., 1999; MacQueen et al., 2003; McKinnon et al., 2009). Additionally, a more 

recent study further revealed that in comparison to patients that experienced a single depressive 

episode, patients with history of recurrent depression triggers a decrease in the volume of 

subcortical brain regions and particularly in the hippocampus (Schmaal et al., 2016). Yet, and 

despite the relevance of validity of these evidences, these studies only rely on the risk and 

consequences to develop recurrence and not on the determinants of recurrence episodes. 

Therefore, along the current and wide understanding of the molecular mechanisms underlying the 

onset and treatment of depression, it urges a better characterization of the events that precipitate (or 

prevent) the development of recurrent episodes of depression. Furthermore, especially in a period in 

which we had witness a vigorous increase in the prevalence of depression, it is crucial to develop 

novel ADs, that provide not only a more effective treatment in the first episode, but also capable to 

prevent (or at least not induce susceptibility) relapse and recurrent depressive episodes. To be able 

to achieve such challenging goals, primary evidences should arise from, and despite their 

limitations, available animals models of recurrent depression (Remus et al., 2013; Kato et al., 

2016). 
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4. Thesis Aims 

Several lines of evidences have emerging, in the recent years, suggested the involvement of 

mechanisms of adult hippocampal neural plasticity, namely adult cytogenesis and neuronal 

morphological alterations in the dentate gyrus, in the pathogenesis and treatment of stress-related 

disorders as depression. Nevertheless, is still unknown their relevance for the development of 

recurrence in depression. Of notice, it is pivotal a better understanding of adult neuroplastic events, 

including the regional specificities in the process of cell genesis in the hippocampal dentate gyrus. 

 

As so, in this thesis, we investigate possible consequences of the adult neuroplastic modulation 

induced by current antidepressants in the susceptibility or resilience to recurrence in depression. For 

this purpose, animals previously stressed and treated with two different antidepressants (fluoxetine 

or imipramine), were re-exposed to the unpredictable chronic mild stress (uCMS) protocol to mimic 

the process of recurrence. Thereafter, we correlate behavioral alterations promoted by repeated 

stress exposure to neuroplastic changes promoted by the distinct experimental conditions. 

Additionally, we also determine the regional-specific differences in cell genesis within the 

hippocampal dentate gyrus. 

 

In this context, the present thesis aims to address two major aims: 

 

1. Determine the involvement of adult hippocampal neural plasticity, particularly triggered by 

treatment with different antidepressants (fluoxetine and imipramine) after exposure to chronic 

stress, in the behavioral response to a further exposure to uCMS (Chapter II); 

 

2. Characterize the regional specificities of the survival of adult-born neurons at different subregions 

of the hippocampal dentate gyrus, and correlated with behavioral alterations (Chapter III). 
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ORIGINAL ARTICLE

Adult hippocampal neuroplasticity triggers susceptibility to
recurrent depression
ND Alves1,2, JS Correia1,2, P Patrício1,2, A Mateus-Pinheiro1,2, AR Machado-Santos1,2, E Loureiro-Campos1,2, M Morais1,2, JM Bessa1,2,
N Sousa1,2 and L Pinto1,2

Depression is a highly prevalent and recurrent neuropsychiatric disorder associated with alterations in emotional and cognitive
domains. Neuroplastic phenomena are increasingly considered central to the etiopathogenesis of and recovery from depression.
Nevertheless, a high number of remitted patients experience recurrent episodes of depression, remaining unclear how previous
episodes impact on behavior and neuroplasticity and/or whether modulation of neuroplasticity is important to prevent recurrent
depression. Through re-exposure to an unpredictable chronic mild stress protocol in rats, we observed the re-appearance of
emotional and cognitive deficits. Furthermore, treatment with the antidepressants fluoxetine and imipramine was effective
to promote sustained reversion of a depressive-like phenotype; however, their differential impact on adult hippocampal
neuroplasticity triggered a distinct response to stress re-exposure: while imipramine re-established hippocampal neurogenesis
and neuronal dendritic arborization contributing to resilience to recurrent depressive-like behavior, stress re-exposure in
fluoxetine-treated animals resulted in an overproduction of adult-born neurons along with neuronal atrophy of granule neurons,
accounting for an increased susceptibility to recurrent behavioral changes typical of depression. Strikingly, cell proliferation arrest
compromised the behavior resilience induced by imipramine and buffered the susceptibility to recurrent behavioral changes
promoted by fluoxetine. This study shows that previous exposure to a depressive-like episode impacts on the behavioral and
neuroanatomical changes triggered by subsequent re-exposure to similar experimental conditions and reveals that the proper
control of adult hippocampal neuroplasticity triggered by antidepressants is essential to counteract recurrent depressive-like
episodes.

Translational Psychiatry (2017) 7, e1058; doi:10.1038/tp.2017.29; published online 14 March 2017

INTRODUCTION
Major depression is a prevalent neuropsychiatric disorder affecting
around 16% of the population worldwide, which experiences one
or several episodes of depression during their lifetime.1 Despite
the moderate capacity to achieve remission, over 85% of remitted
patients suffer recurrent episodes of depression, within 15 years
after an initial event.2,3 Although a first episode has been mostly
linked to stressful events,4 recurrent depression has also been
associated to the persistence of subclinical residual symptoms and
the number of previous episodes.5 Nevertheless, these evidences
rely on the risk to develop recurrence and not on the
determinants of recurrence or relapse events. In this context, it
is of the upmost importance to understand the biological
mechanisms underlying the precipitation of recurrent episodes
and determine the behavioral traits prone to re-appear.
Over the years, few efforts have been made to study the impact

of repeated stress exposure. Recently, the deleterious effects
evoked by re-exposure to stress were associated to altered
expression of cytoskeletal proteins.6 Furthermore, other studies
revealed that animals subjected to stress during adolescence were
resilient to depressive- and anxiety-like behavior on chronic stress
re-exposure in adulthood7 and abrogation of hippocampal
neurogenesis in adolescence blocked susceptibility to chronic
social defeat in adulthood.8

Still, the neuroplastic capacity of the adult brain, observed in
regions such as the hippocampus, was not yet associated to
resilience or susceptibility to recurrent depression. In this brain
region, highly sensitive to the detrimental effects of stress,
neuroplastic events, including adult cytogenesis (neurogenesis9–11

and gliogenesis12) and morphological changes, are described to
be altered by chronic stress and reverted by antidepressants
(ADs).13,14 Neuroplastic processes, and particularly its distur-
bances, have behavioral repercussions in cognitive and emotional
dimensions in both physiological15 and pathological conditions
including schizophrenia16 and depressive disorders.17–19 Also,
previous studies indicate that, at short-term, behavioral
improvements induced by ADs rely on hippocampal neuronal
remodeling,9 while at long-term, remission is mainly associated to
a normalized production of newborn neurons in the adult
hippocampal dentate gyrus (DG).20

Therefore, it is crucial to understand the impact of recurrent
stress in behavior and neuroplastic processes and the importance
of modulating neuroplasticity in the prevention of recurrent
episodes of depression. As such, in this work, we assessed
behavioral alterations induced by recurrent stress and the impact
of typical ADs, fluoxetine and imipramine, by repeated exposure
to unpredictable chronic mild stress (uCMS) protocol. Also, to
evaluate the relevance of hippocampal cytogenesis in the effects
of ADs, a subset of animals was simultaneously treated with
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methylazoxymethanol (MAM), a cytostatic agent that artificially
blocks cell proliferation.9,20–22 We observed that pre-treatment
with fluoxetine or imipramine confers a different profile of
response to stress re-exposure, which relies on their distinct
impact in adult hippocampal neuroplasticity.

MATERIALS AND METHODS
A brief description of the materials and methods is presented in this
section. For a full description, please refer to the Supplementary
Information.

Animals
Experiments were conducted in adult male (2 months old) Wistar Han rats
(Charles River Laboratories, L'Arbresle, France) housed and kept under
standard laboratory conditions at 22 ± 1 ºC, 55% relative humidity, 12 h
light/dark cycle, food and water ad libitum. Rats (n= 6–8 for behavioral
analysis, of which three to four were considered for gene expression
quantification, immunofluorescence and neuromorphologic studies) from
two independent sets were randomly divided into six groups, next
described in detail. All the procedures were conducted in accordance with
EU Directive 2010/63/EU and the Portuguese National Authority for animal
experimentation, Direção-Geral de Alimentação e Veterinária.

uCMS and drug treatments
Rats were subjected to a validated uCMS protocol for 6 weeks, as
previously described9,20,23 and detailed in the Supplementary Information.
Similarly to previous studies,9,20 in the last 2 weeks, animals were daily
injected intraperitoneally with saline (SAL) or with ADs to induce
behavioral recovery either with fluoxetine (FLX; 10 mg kg− 1, Kemprotec,
Middlesbrough, UK) or imipramine (IMIP; 10 mg kg− 1; Kemprotec).
Subgroups of animals, treated with ADs were co-administered with MAM
(7 mg kg− 1; MRI Global Chemical Carcinogen Repository, Kansas City, MO,
USA; subcutaneously). Simultaneously, a group of animals not exposed to
uCMS, were also injected with saline (CTRL). All groups received during
7 days (4 days before and 3 days after the cessation of the first uCMS
protocol) intraperitoneal injections of bromodeoxyuridine (BrdU,
50 mg kg− 1; Sigma-Aldrich, St. Louis, MO, USA) to label newly adult-born
cells generated immediately after ADs treatment. For the following 4 weeks
after uCMS, animals were not subjected to any stressor. Afterwards,
animals were re-exposed to a slight modified version of the uCMS protocol,
detailed in the Supplementary Information, to avoid habituation to
stressors.

Behavioral analysis
Along the experimental protocol, behavior was continuously monitored for
depressive- and anhedonic-like behavior, anxiety and cognition (Figure 1a).
At weeks 6, 10 and 16, animals were submitted to the sucrose preference
test and sweet-drive test to assess anhedonic-like behavior and the novel
object recognition for cognition. Anxiety-like behavior was assessed at
week 6 through the elevated-plus maze and at weeks 10 and 16 by the
novelty-suppressed feeding. At the end of the protocol, additional tests
were performed: forced-swimming test for depressive-like behavior and
the Morris water maze for cognition.

Quantification of hippocampal newborn cells survival and
neuronal morphometric analysis
Conditions and antibodies used in immunostaining for neurogenesis
analysis was performed as described in detailed in Supplementary
Information. Dendritic morphology of granule neurons from the dorsal
DG was assessed by the Golgi-Cox method. Dendritic length and neuronal
branching were analyzed as detailed in Supplementary Information.

RT-PCR measurements
The mRNA expression levels of neuroplasticity-related genes were
measured by qRT-PCR, as previously described.24 Total RNA was isolated
from macrodissected DG using the Direct-zol RNA MiniPrep (Zymo
Research, Irvine, CA, USA) according to the manufacturer’s instructions.
Obtained RNA (500 ng) was reverse transcribed using qScript cDNA SuperMix
(Quanta Biosciences, Gaithersburg, MA, USA). Beta-2-Microglobulin (B2M)

was used as internal standard for normalization of the target gene’s
expression. Genes analyzed and respective sequences are detailed in
Supplementary Information. Real-time reactions were performed in
Applied Biosystems 7500 Fast-Real Time PCR System (Applied Biosystems,
Foster City, CA, USA) using 5× HOT FIREPol EvaGreen qPCR Mix Plus (ROX)
(Solis Biodyne, Tartu, Estonia). Relative gene expression was calculated
using the ∆∆Ct method. The results are presented as relative expression to
the standard gene.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 6.0 (GraphPad
Software, La Jolla, CA, USA). The animals were randomly assigned in
experimental groups. The sample sizes were based on previous published
studies.9,20 All presented data satisfied normal distribution in Kolmogorov–
Smirnov testing. After confirmation of homogeneity of group variances
between the groups, data were subjected to appropriate statistical tests.
Student’s t-test was used for statistical comparisons between two groups
when appropriate. The comparison between stressed groups was evaluated
using one-way analysis of variance. Analysis of variance repeated measures
was used to analyze cognitive learning tasks performance and Sholl
analysis. Descriptive statistical results are presented as mean± s.e.m.
Differences between groups were determined by Bonferroni’s post hoc
multiple comparison test and statistical significance was set at Po0.05. No
data points were excluded from the different analyses.

RESULTS
Non-treated and fluoxetine-treated animals, but not imipramine-
treated animals, are behaviorally susceptible to recurrent uCMS
exposure
To assess the impact of recurrent uCMS exposure and the
relevance of ADs treatment, behavior domains typically affected
by stress were monitored throughout the protocol (time points
(tp) 1–3; Figure 1a), including depressive-like behavior, anxiety and
cognition. As previously shown,9,25 exposure to uCMS elicited an
anhedonic state manifested by decreased sucrose preference in
the sucrose preference test that was reverted by both fluoxetine
and imipramine treatment (tp1, P= 0.0008; F2,14 = 15.21,
P= 0.0003; FLX: post hoc P= 0.0003; IMIP: post hoc P= 0.0033,
Figure 1b). This effect was preserved after a 4-week stress-free
period (tp2). Spontaneous recovery of anhedonic behavior was
also achieved in uCMS non-treated animals (P40.1, Figure 1c).
Strikingly and contrarily to other studies,6 uCMS re-exposure to
non-treated animals did not promote the re-appearance of
anhedonic-like behavior (tp3: P40.1, Figure 1d); the same
resilience was observed in animals treated with imipramine
during the first uCMS exposure. However, and in accordance to
previous reports,6 treatment with fluoxetine conferred suscept-
ibility to anhedonic-like behavior as denoted by the significantly
decreased sucrose preference (F2,14 = 16.11, P= 0.0002; FLX: post
hoc P= 0.0003; IMIP: post hoc P40.1, Figure 1d). These alterations
in the anhedonic-like profile were corroborated by the recently
developed sweet-drive test26 (Supplementary Figures 1a and b).
Nevertheless, immobility time in the forced-swimming test, a
typical surrogate measure of depressive-like behavior, was
significantly increased after repeated uCMS exposure (Figure 1e),
suggesting the re-appearance of depressive-like behavior in
non-treated animals (Po0.01), similarly to those treated with
fluoxetine (F2,14 = 7.078, P= 0.0075; FLX: post hoc P40.1;
Figure 1e). In contrast, the treatment with imipramine successfully
prevented the re-appearance of depressive-like behavior after
uCMS re-exposure (IMIP: post hoc P= 0.0112, Figure 1e).
When tested for anxiety traits, uCMS exposure increased

anxiety-like behavior in the elevated-plus maze as previously
described,9,20 which was partially rescued by both ADs (tp1:
P= 0.0071; F2,14 = 3.264, P= 0.0686; FLX: post hoc P= 0.0981; IMIP:
post hoc P40.1, Figure 1f). Following a 4-week stress-free period,
no signs of anxiety-like behavior were observed in the novelty-
suppressed feeding test in both non-treated and treated animals
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Figure 1. Anhedonic- and anxiety-like behaviors induced by recurrent stress exposure are prevented by imipramine treatment, but not
fluoxetine. (a) Schematic representation of the experimental timeline used, including behavioral assessments throughout the protocol and the
respective treatments. (b–d) Longitudinal assessment of anhedonic-like behavior by the SPT, revealed an increased susceptibility after re-
exposure to stress driven by fluoxetine. (e) Assessment of behavioral despair, at the end of the experimental protocol, by the FST test revealed
that recurrent stress exposure induced a significant increase of immobility time, only prevented in animals treated with imipramine. (f–h)
Anxiety-like behavior was continuously tested throughout the experimental protocol, at week 6 by the EPM (f) and the NSF at weeks 10 (g)
and 16 (h), evidencing the efficacy of imipramine in preventing anxiety-like behavior after stress re-exposure, contrarily to fluoxetine. (i) Non-
treated and particularly, fluoxetine-treated animals, subjected to repeated uCMS exposure presented elevated corticosterone levels in the
serum. Basal corticosterone levels were measured in the serum of rats collected between 0800 and 0900 at the end of the protocol. See also
Supplementary Figures 1 and 2. *Denotes the effect of uCMS analyzed by Student’s t-test; #Denotes the effect of ADs, by comparison of
treatment and SAL animals; and ‡denotes differences between ADs, analyzed by one-way analysis of variance (ANOVA). Data are represented
as mean± s.e.m. #P⩽ 0.05, **, ##P⩽ 0.01, ***, ###, ‡‡‡P⩽ 0.001; n= 6–8 animals per group. uCMS, unpredictable chronic mild stress protocol
(uCMS*, slightly modified version. See Supplementary Information). AD, antidepressant; CTRL, non-stressed animals; EPM, elevated-plus maze;
FLX, animals repeatedly exposed to uCMS and treated with fluoxetine; FST, forced-swimming test; IMIP, animals repeatedly exposed to uCMS
and treated with imipramine; MWM, Morris water maze; NOR, novel object recognition; NSF, novelty-suppressed feeding; SAL, animals
repeatedly exposed to uCMS and non-treated; SDT, sweet-drive test; SPT, sucrose preference test; TP, time point.
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(tp2, Figure 1g). However, uCMS re-exposure promoted the re-
emergence of an anxious-like phenotype in non-treated (tp3:
Po0.001) but also in fluoxetine-treated animals (F2,12 = 8.786,
P= 0.0045; FLX: post hoc P40.1). In contrast, imipramine-treated
animals did not display signs of anxiety-like behavior after uCMS
re-exposure (IMIP: post hoc P= 0.0048, Figure 1h). No changes in
food consumption were observed among groups (Supplementary
Figures 2a and b). The analysis of plasma corticosterone levels in
blood serum, after uCMS re-exposure, revealed elevated levels
in non-treated (Po0.001) and fluoxetine-treated animals
(F2,9 = 26.40, P= 0.0002; FLX: post hoc P= 0.0040, Figure 1i), when
compared with non-stressed animals, whereas imipramine-treated
animals presented corticosterone levels similar to the non-
stressed group (IMIP: post hoc P= 0.0288, Figure 1i). In addition,
as stress dysregulates cognitive functions that depend on the
structural integrity of the hippocampus, prefrontal cortex and
reciprocal connections between these two regions, cognitive
performance was also assessed (Figure 2). We observed that
cognition was significantly affected by uCMS exposure, as it
decreased novel object exploration in the novel object recognition

test (tp1, P= 0.0011, Figure 2a); notably, such impairment in long-
term memory was significantly reversed by imipramine (tp1,
F2,36 = 3.566, P= 0.0386; FLX: post hoc P= 0.6358; IMIP: post hoc
P= 0.0340, Figure 2a). Four weeks after cessation of the uCMS
protocol, no cognitive deficits were observed in any experimental
group (tp2, Figure 2b). However, uCMS re-exposure elicited the re-
appearance of long-term memory deficits by decreasing novel
object exploration in non-treated and fluoxetine-treated animals,
but not imipramine-treated animals (tp3, P= 0.0001; F2,29 = 1.482,
Po0.0001; FLX: post hoc P40.99; IMIP: post hoc P= 0.0001,
Figure 2c). Moreover, and despite no alterations in spatial working
memory in the Morris water maze test (Figure 2d), uCMS re-
exposure induced deficits in the reference memory task,
particularly evident in the third day of the test (Figure 2e). In
concordance, significant differences were observed for learning
slope (P= 0.0164) and area under the curve latency (P= 0.0267;
Figure 2e). In this specific task, treatment with fluoxetine or
imipramine prevented such cognitive deficits (Figure 2e). Inter-
estingly, impairments in spatial behavioral flexibility promoted by
uCMS re-exposure in non-treated animals (P= 0.0018, Figure 2f)

Figure 2. Evaluation of cognitive function throughout the experimental protocol revealed that imipramine is able to prevent cognitive deficits
induced by recurrent stress exposure while fluoxetine specifically prevents alterations in behavior flexibility. (a–c) Continuous assessment of
long-term memory using the novel object recognition (NOR) test revealed that recurrent stress induces cognitive deficits, which are also
observed in fluoxetine-treated animals but not with imipramine treatment. (d–g) At the end of the protocol, the MWM test was used to
evaluate cognitive performances, including working (d) and reference memory (e), reversal learning (f) and working memory by a probe trial
(g). *Denotes the effect of uCMS analyzed by Student’s t-test; #Denotes the effect of ADs, by comparison of treatment and SAL animals; and
‡denotes differences between ADs analyzed by one-way analysis of variance (ANOVA). ANOVA repeated measures was used to analyze
cognitive learning tasks performance. Data are represented as mean± s.e.m. *, #P⩽ 0.05, **, ##, ‡‡P⩽ 0.01, ***, ###, ‡‡‡P⩽ 0.001; n= 6–8 animals per
group. AD, antidepressant; AUC, area under the curve; CTRL, non-stressed animals; FLX, animals repeatedly exposed to uCMS and treated with
fluoxetine; IMIP, animals repeatedly exposed to uCMS and treated with imipramine; MWM, Morris water maze; NOR, novel object recognition;
SAL, animals repeatedly exposed to uCMS and non-treated; TP, time point; uCMS, unpredictable chronic mild stress protocol.
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were only prevented by fluoxetine, but not by imipramine
(F2,13 = 7.521, P= 0.0068; FLX: post hoc P= 0.0264; IMIP: post hoc
P40.1, Figure 2f). Analysis of the probe trial for learning flexibility
assessment also evidenced the impairments induced by repeated
uCMS exposure (P= 0.0257, Figure 2g). Prior treatment with
fluoxetine or imipramine blocked the emergence of cognitive
deficits on the probe trial (F2,13 = 9.241, P= 0.0032; FLX: post hoc
P= 0.0032; IMIP: post hoc P= 0.0484, Figure 2g).

Stress re-exposure differently affects the generation of DG
newborn neurons by ADs
The impact of recurrent uCMS exposure and AD treatment in the
process of adult neurogenesis was next assessed through the
quantification of cell proliferation and newborn cells survival. No
statistical differences were observed in the hippocampal cell
proliferation or newborn cells in non-treated uCMS re-exposed
animals, as well as in the imipramine-treated animals, in com-
parison with nonstressed animals (BrdU+: P= 0.1792, F2,6 = 4.435,
P= 0.0657; IMIP: post hoc P40.1, Figure 3a; BrdU+NeuN+:
P= 0.1584, F2,5 = 8.381, P= 0.0253; IMIP: post hoc P40.1,

Figures 3b and c). On the other hand, the treatment with
fluoxetine tends to increase the number of BrdU+ cells (FLX: post
hoc P= 0.0795; Figure 3a) and induced a significant increase of
newborn neurons in the adult DG, identified as BrdU+NeuN+ cells
(FLX: post hoc P= 0.0319; Figures 3b and c). Interestingly, this
effect was neuronal-specific, as no alterations were found in the
number of newborn astroglial cells (identified as BrdU+GFAP+

cells; Figures 3d and e) and in the expression analysis of astroglial
differentiation promoting factors, STAT3 and BMP4 (Figure 3f). In
addition, quantification of the number of progenitor cells revealed
no alterations in the number of Ki-67+ proliferating cells among
groups (Figure 3g), but a significant decrease in the number of Ki-
67+Sox-2+ progenitor cells in fluoxetine-treated animals was
observed (F2,7 = 9.642, P= 0.0097; FLX: post hoc P= 0.0106,
Figures 3h and i). Moreover, recurrent uCMS exposure produced
a significant decrease in the number of neuroblasts, revealed by a
decreased number of Ki-67+DCX+ (P= 0.0186, Figures 3j and k),
and also evidenced by the decreased gene expression of
NEUROD1 and DCX (NEUROD1: P= 0.0088; DCX: P= 0.0481,
Figure 3l). Fluoxetine-treated animals also presented a marked
decrease in the number of neuroblasts, contrarily to those treated

Figure 3. Treatment with fluoxetine boosts the generation and survival of newborn hippocampal neurons even after recurrent exposure to
stress. (a and b) Quantification of the number of BrdU+ and BrdU+NeuN+ cells, per dentate gyrus (DG) area, revealed an increased production
and survival of newborn neurons evoked by fluoxetine treatment. (c) Representative coronal section of the DG stained for BrdU (in red), NeuN
(in green) and DAPI (in blue). (d) Density of newborn astroglial cells, identified as BrdU+GFAP+ cells, revealed no major effect of stress or ADs
treatment. (e) Representative staining for BrdU (in red), GFAP (in green) and DAPI (in blue) in hippocampal DG. (f) Analysis of relative
expression levels of STAT3 (upper panel) and BMP4 (lower panel) in the macrodissected DG corroborated the absence of major effects on
gliogenesis in consequence of the recurrent stress exposure or AD treatment. (g and h) Quantitative analysis of Ki-67+ cells and amplifying
progenitors, identified as Sox-2+Ki-67+ cells, revealed that fluoxetine leads to a depletion of DG progenitor cells. (i) Representative confocal
image of Sox-2 (green) and Ki-67 (red) immunostaining. (j) Analysis of the number of DCX+Ki-67+ cells, representative of the neuroblasts
population in the DG showed that animals subjected to repeated stress exposure, non-treated and treated with fluoxetine, presented a
decreased number of neuroblasts. (k) Coronal section of the DG stained for DCX (in green), Ki-67 (in red) and DAPI (in blue). (l) Relative mRNA
expression levels of NEUROD1 (upper panel) and DCX (lower panel) in the macrodissected DG revealed a decrease in the expression levels as a
consequence of repeated stress exposure. In general, treatment with ADs restored the expression levels of both makers of neuronal
maturation. Scale bars represent 30 μm. *Denotes the effect of unpredictable chronic mild stress (uCMS) analyzed by Student’s t-test; #denotes
the effect of ADs, by comparison of treatment and SAL animals, analyzed by one-way analysis of variance (ANOVA). Data represented as
mean± s.e.m. *, #P⩽ 0.05; n=± 4 animals per group. AD, antidepressant; CTRL, non-stressed animals; FLX, animals repeatedly exposed to
uCMS and treated with fluoxetine; IMIP, animals repeatedly exposed to uCMS and treated with imipramine; SAL, animals repeatedly exposed
to uCMS and non-treated.
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with imipramine (Figure 3j). Surprisingly, fluoxetine treatment
tends to revert the decreased expression of NEUROD1 and DCX
induced by recurrent stress (NEUROD1: F2,6 = 5.759, P= 0.0402;
FLX: post hoc P= 0.0509; DCX: F2,8 = 5.170, P= 0,0362; FLX: post hoc
P= 0.0419, Figure 3l).

Effect of recurrent stress on neuronal morphology depends on AD
treatment
In addition to hippocampal neurogenesis, changes in dendritic
remodeling and synaptic plasticity of granule neurons were also
assessed. Three-dimensional morphological analysis revealed that,
although stress re-exposure in non-treated animals did not affect
neuronal arborization, animals pre-treated with fluoxetine pre-
sented significant dendritic atrophy (Figures 4a and c). Conversely,
imipramine-treated animals, on stress re-exposure presented a
robust increase in neuronal dendritic arborization (F2,8 = 19.70,
P= 0.0008; FLX: post hoc P= 0.0429; IMIP: post hoc P= 0.0286,
Figures 4a and c). In accordance, Sholl analysis revealed a reduced
complexity of granule neurons in fluoxetine-treated animals,
whereas imipramine promoted an overall increase in dendritic
arborization (Figure 4b). Even though no major effect of stress re-
exposure on neuronal atrophy was observed, gene expression
analysis of neuroplastic-related genes revealed a marked decrease
of NCAM (P= 0.0002) and SYN1 (P= 0.0027) expression, suggesting

deficits in synaptic plasticity. Of notice, fluoxetine treatment was
able to prevent changes in the expression of SYN1 and
imipramine prevented alterations in the expression of both NCAM
and SYN1 (NCAM: F2,13 = 4.890, P= 0.0261; FLX: post hoc P= 0.3926;
IMIP: post hoc P= 0.0240; SYN1: F2,14 = 22.64, Po0.001; FLX: post
hoc P= 0.001; IMIP: post hoc Po0.001, Figures 4d and e).

Proliferation arrest blocks the behavioral effects of ADs after uCMS
re-exposure
To examine the requirement of adult hippocampal neurogenesis
to mediate behavioral outcomes promoted by ADs in recurrent
depression, a subgroup of ADs-treated animals was co-
administered with MAM, for cell proliferation blockage, during
the last 2 weeks of the first uCMS exposure (Figure 5a). Of notice,
as previously observed,20,22,27 cell proliferation arrestment by
MAM impacts anxiety-like behavior of non-stressed animals
(Supplementary Figure 3). As expected, MAM administration in
animals re-exposed to uCMS and co-treated with fluoxetine
induced a significant reduction in the number of BrdU+NeuN+

cells, preventing the increased neurogenesis promoted by
fluoxetine (FLX vs FLX+MAM: P= 0.0303, Figure 5b). Concerning
imipramine, co-treatment with MAM elicited significantly lower
levels of neurogenesis, similar to those observed in stressed non-
treated animals (IMIP vs IMIP+MAM: P= 0.0153, Figure 5b).

Figure 4. Imipramine enhances dentate gyrus (DG) neuronal arborization, whereas fluoxetine promotes an atrophy of granule neurons after
recurrent stress. Dendritic length analysis (a) and neuronal organization (b) of DG granule neurons showed a dendritic shrinkage promoted by
fluoxetine treatment, whereas imipramine induced an enlargement of the neuronal arborization after stress re-exposure. (c) Representative
three-dimensional (3D) morphometric reconstruction of DG granule neurons of each experimental group. (d and e) The relative gene
expression levels of remodeling genes, NCAM and SYN1, corroborates the neuronal remodeling promoted by imipramine treatment. Scale
bars represent 50 μm. *Denotes the effect of unpredictable chronic mild stress (uCMS) analyzed by Student’s t-test. #Denotes the effect of ADs,
by comparison of treatment and SAL animals; and ‡denotes differences between ADs, analyzed by one-way analysis of variance (ANOVA).
ANOVA repeated measures was used to analyze Sholl analysis. Data are represented as mean± s.e.m. #, ‡P⩽ 0.05, **, ‡‡P⩽ 0.01, ***, ###,

‡‡‡P⩽ 0.001; n=± 4 animals per group. AD, antidepressant; CTRL, non-stressed animals; FLX, animals repeatedly exposed to uCMS and treated
with fluoxetine; IMIP, animals repeatedly exposed to uCMS and treated with imipramine; SAL, animals repeatedly exposed to uCMS and non-
treated.
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Further assessment of anhedonic-like behavior by the sweet-
drive test after uCMS re-exposure revealed that neurogenesis
arrestment prevented anhedonic-like signs observed in animals
co-treated with fluoxetine during the first uCMS exposure (FLX
+MAM: post hoc P40.1, Figure 5c). Remarkably, cell proliferation

arrest led to the appearance of anhedonic-like behavior in animals
co-treated with imipramine (IMIP+MAM: post hoc Po0.001,
Figure 5c). In addition, the MAM treatment prevented anxiety-
like signs promoted by fluoxetine (F2,22 = 15.70, Po0.001; FLX:
post hoc P40.1; FLX+MAM: post hoc P= 0.0134, Figure 5d) while it

Neuroplasticity sets recurrence in depression
ND Alves et al

7

Translational Psychiatry (2017), 1 – 10



compromised the therapeutic protection conferred by imipramine
for this behavioral dimension, leading to an anxious-like state
(IMIP: post hoc P= 0.017; IMIP+MAM: post hoc P40.1, Figure 5d).
Despite the importance of cell genesis modulation for the AD

effects on emotional behaviors, results of the Morris water maze
revealed that cell proliferation blockage by MAM had no
significant effect on the cognitive performance of animals treated
either with fluoxetine or imipramine (Figures 5e and f).

DISCUSSION
In the present work, using a well-established animal model of
depression, we studied how re-exposure to chronic stress impacts
in emotional, anxiety and cognitive behaviors. Noticeably, we
showed that recurrent uCMS exposure potentiated the re-
appearance of depressive- and anxiety-like behaviors as well as
cognitive deficits. In accordance to previous reports, we observed
that treatment with fluoxetine and imipramine promoted a
sustained remission of an initial depressive-like state and a re-
establishment of the hippocampal neurogenic process.20 How-
ever, uCMS induces persistent morphological, namely synaptic,
and behavioral scars that are observed even 4 weeks post stress
exposure. These residual changes, together with reported impair-
ments in DG synaptic plasticity9,28,29 may account for the re-
appearance of depressive, anxiety and cognitive deficits on uCMS
re-exposure. Strikingly, our results also show that the impact of an
initial uCMS, followed by a recovery period, increases animals’
ability to cope with uCMS re-exposure in particular behavioral
traits, such as anhedonia. These animals present intact DG
dendritic length and no alterations in the survival of newborn
neurons, which may account for the observed resilience to
anhedonic-like deficits. However, the contribution of other brain
regions, such as the nucleus accumbens, cannot be excluded of
this anhedonic resilience, given the previous association between
stress-induced anhedonia and medium spiny neurons hypertro-
phy at the nucleus accumbens.25

We next studied how treatment with typical ADs, fluoxetine and
imipramine, during the first depressive-like episode, would impact
in further recurrent episodes and, in addition, understand the
importance of pro-neuroplastic effects triggered by ADs to
prevent recurrent depression. Results revealed that animals
treated with fluoxetine during the initial uCMS exposure
presented an increased susceptibility to anhedonic-like behavior
once re-exposed to uCMS, in contrast to non-treated animals,
which did not present an anhedonic phenotype. Moreover,
treatment with fluoxetine was inefficient in preventing the
detrimental behavioral consequences induced by stress re-
exposure, including depressive- and anxiety-like behavior as well

as cognitive deficits (long-term memory) with the exception of a
specific cognitive task (behavioral flexibility). Interestingly, these
results seem to be in accordance with animal studies reporting
behavioral deficits in fluoxetine-treated animals re-exposed to
stress6 and in agreement with clinical studies showing that
remitted patients treated with fluoxetine present higher rates of
relapse, in comparison with other ADs.30,31 Interestingly,
co-administration of MAM and fluoxetine prevented the
re-emergence of anhedonic- and anxiety-like behavior triggered
by uCMS re-exposure. This observation suggests that the
abnormal potentiation of cell proliferation and sustained increase
in the number of adult-born neurons promoted by fluoxetine,
previously described,9,20 is most likely triggering the increased
susceptibility to anhedonic-like behavior and contributing to the
depressive- and anxiety-like phenotype induced by uCMS re-
exposure (Figure 5g). In fact, an aberrant increase in the
generation of newborn neurons was shown to enhance plasticity
and excitability,32 increase the competition for afferent inputs33

and depolarization in response to GABA-ergic inputs.34 Conse-
quently, such alterations promote an increased participation of
these cells during learning and memory tasks35 and a reconfigura-
tion of DG-CA3 circuits that degrade stored memories.36 More-
over, previous studies have shown an increased anxiety-like
phenotype in consequence of increased neurogenesis induced by
voluntary wheel running.37–39 In this context, our findings
reinforce the view that re-establishment of adult hippocampal
neurogenesis is required for a sustained remission from
depressive-like behavior20 and that production and survival of
adult-born neurons beyond a certain threshold can be detrimental
for normal hippocampal function. Importantly, previous studies
also suggested a strong impact of hippocampal structural
alterations in the susceptibility to depression40 and an important
contribution for recurrent episodes.41 Noticeably, in consequence
of the higher recruitment of cells for differentiation caused by
fluoxetine treatment, we also observed, as expected, a strong
depletion in the number of progenitor cells and neuroblasts in the
hippocampal DG. Despite the attempt to potentiate the neuro-
genic process, denoted by the increased expression of neuronal
maturation-related markers, fluoxetine treatment was not able to
restore the levels of neuronal differentiation possibly due to the
depletion of neural progenitors. Besides boosting adult neurogen-
esis, fluoxetine treatment and further stress re-exposure also
induced dendritic atrophy of the DG granule neurons, similar to
the immediate effects induced by uCMS protocol in non-treated
animals.9 Altogether, the non-physiological potentiation of
neurogenesis and the neuronal atrophy promoted by fluoxetine
may trigger increased susceptibility to behavioral deficits in stress
recurrence, as shown here. Strikingly, fluoxetine-treated animals

Figure 5. Ablation of adult hippocampal neurogenesis by MAM rescues behavioral deficits induced by fluoxetine in recurrent stress while
inhibiting the protective effects promoted by imipramine. (a) Representative scheme of the experimental timeline used, including drug
treatments with ADs and MAM. (b) Quantification of the number of BrdU+NeuN+ cells in the hippocampal dentate gyrus (DG), representing
the population of newborn neurons denotes that proliferation arrest promotes a normalization of adult neurogenesis in consequence of
treatment with fluoxetine, whereas a depletion in the levels of neurogenesis in animals treated with imipramine occurred. (c) The assessment
of anhedonic-like behavior by the SDT, at the end of the protocol, revealed that the arrestment of adult neurogenesis rescues the anhedonic
phenotype presented by fluoxetine-treated animals and inhibits the effect of imipramine to prevent anhedonic alterations. (d) Anxiety-like
behavior, tested by the EPM, demonstrated that ablation of adult hippocampal neurogenesis has a preventive effect on anxiety-induced
fluoxetine while leading to an anxious-like state when MAM was co-treated with imipramine. (e and f) MWM performed to assess cognitive
performance on working memory revealed no major effects of MAM treatment in this behavioral dimension. (g) Schematic representation of
the impact of adult neuroplasticity alterations promoted by unpredictable chronic mild stress (uCMS) and ADs. #Denotes the effect of ADs, by
comparison of treatment and SAL animals and ‡denotes differences between ADs, analyzed by one-way analysis of variance (ANOVA). ANOVA
repeated measures was used to analyze cognitive learning tasks performance. Data are represented as mean± s.e.m. #, ‡P⩽ 0.05, ##, ‡‡P⩽ 0.01,
###, ‡‡‡P⩽ 0.001; n= 6–8 animals per group. AD, antidepressant; CTRL, non-stressed animals; EPM, elevated-plus maze; FLX, animals repeatedly
exposed to uCMS and treated with fluoxetine; FLX+MAM, animals repeatedly exposed to uCMS and treated with fluoxetine and
methylazoxymethanol; IMIP, animals repeatedly exposed to uCMS and treated with imipramine; IMIP+MAM, animals repeatedly exposed to
uCMS and treated with imipramine and methylazoxymethanol; MAM, methylazoxymethanol; MWM, Morris water maze; SAL, animals
repeatedly exposed to uCMS and non-treated; SDT, sweet-drive test.
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where resilient to a specific cognitive task, namely spatial reversal
learning, that was compromised in non-treated animals. This
particular cognitive task is not exclusively associated with
hippocampal function but also the prefrontal cortex,42 namely
the prelimbic and infralimbic, and orbitalfrontal regions;43 thus,
there is the possibility that fluoxetine treatment may positively
affect these prefrontal regions accounting to the observed
resilience of reversal learning deficits. Contrastingly, treatment
with imipramine conferred protection to uCMS re-exposure in the
majority of behavioral domains assessed, including cognitive, and
anxiety-like behavior. This behavioral resilience to repeated uCMS
was associated with a normalization of the hippocampal
neurogenic process,20 but also with a robust increase in the
dendritic arborization of DG granule neurons (Figure 5g). In fact,
the maintenance of adult neurogenesis at certain levels was
required to prevent behavior deficits induced by recurrent stress,
as the suppression of cell genesis by co-administration of MAM
prevented the resilience to behavioral alterations on treatment
with imipramine. In addition, and in line with previous studies
demonstrating that ADs, including imipramine, reverse the
shrinkage in dendritic branching induced by stress and allows
the re-establishment of the normal neuronal network,9 we here
suggest that the observed long-term increase in the arborization
of DG granule neurons also accounts for the increased resistance
to repeated stressful events. Accordingly, it has been proposed
that adaptation to stress driven by neuronal structural alterations
is a source of resilience that, when absent, contributes to the onset
and recurrence of neuropsychiatric disorders, such as
depression.44,45 Likewise, imipramine is also known to confer
protection to depressive-like behavior through an increase in the
dendritic arborization of immature neurons.46 It is plausible that
the distinct effects promoted by fluoxetine and imipramine, in
case of re-exposure to stress, could be linked to their differential
impact on neural cell types14 and/or to their distinct selectivity to
neuronal receptors. The latter hypothesis could be explored in
future studies through the specific blockage of the noradrenergic
component on treatment with imipramine.
This study shows that a recurrent stress exposure promotes the

re-appearance of anxiety and cognitive deficits. Moreover, these
behavioral alterations were correlated with normal levels of
survival of newborn neurons with exception of synaptic plasticity
that showed persistent impairments after recurrent stress
exposure. Our findings put forward the understanding how
previous stressful events may have short-term detrimental effects
on cortico-limbic plasticity but also highlight their importance in
conferring protection against certain behavioral and neuroplastic
deficits after recurrent stressful situations. In addition, the present
work is the first to show that abnormal adult neuroplasticity
triggers distinct responses to recurrent exposure to uCMS: an
exaggerated potentiation of adult neurogenesis and neuronal
atrophy increases the susceptibility to specific behavioral deficits
induced by recurrent stress exposure, whereas normalization of
adult neurogenesis, and an enhancement of dendritic arboriza-
tion, confers protection to recurrent depression. In essence, these
findings reflect how adult neuroplasticity changes induced by
stress and ADs must be finely tuned to prevent recurrence in
depression.
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Supplementary Information 

 

Supplementary Methods 

 

Unpredictable chronic mild stress (uCMS) 

A validated uCMS protocol previously described (Willner, 2005; Bessa et al., 2009; Mateus-Pinheiro 

et al., 2013) was applied for periods of 6 weeks. Briefly, this stress paradigm induces depressive-like 

behavior as well as anxiety-like phenotype and cognitive deficits in rats through random and 

unpredictable exposure to a wide range of different mild stressors. The initial protocol included 

distinct stressors as confinement to a restricted space for 1 h, placement in a tilted cage (30º) for 3 

h, housing on damp bedding for 8 h, exposure to noise during 4 h, overnight illumination, 15 h of 

food deprivation followed by exposure to inaccessible food for 1 h, water deprivation for 15 h 

followed by exposure to an empty bottle for 1 h, exposure to stroboscopic lights during 4 h, and 

reversed light/dark cycle for 48 h every 7 days. To increase unpredictability and avoid habituation to 

stressors, the subsequent uCMS protocol included additional stressors, namely removal of sawdust 

for 3 h, replacement of sawdust with cold water (4ºC) for 2 h and the switch of animals’ mates for 2 

h. 

 

Behavioral analysis 

Sucrose preference test (SPT) 

Anhedonia was assessed by the SPT, as previously described (Patricio et al., 2014), at several 

timepoints throughout the experimental protocol. Before each trial, rats were food and water 

deprived for 12 h. For testing, two pre-weighed bottles containing water or a 2% (m/v) sucrose 

solution were presented to individually housed animals for one hour. Sucrose preference (SP) was 

calculated according to the formula: SP = (sucrose intake / (sucrose intake + water intake)) x 100. 

Baseline SP value was assessed immediately before the start of the uCMS protocol. Anhedonia was 

defined as a reduction in SP relative to baseline levels. 

 

Sweet drive test (SDT) 

The SDT test was used as an additional continuous measure of anhedonic-like behavior, as 

previously described (Mateus-Pinheiro et al., 2014). Briefly, animals food deprived for 10 h were 
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placed in the SDT apparatus to freely explore during 10 min, with the SDT arena containing pre-

weighted sweet pellets (Cheerios®, Nestlé, Vevey, Switzerland) in the right chamber and pre-

weighted regular pellets (4RF21-GLP; Mucedola, Settimo Milanese, Italy) in the left arena. Three SDT 

trials were conducted (one trial every 48 h). Preference for sweet pellets was defined as a measure 

of anhedonic-like behavior and calculated as follows: Preference for sweet pellets (%) = Consumption 

of Sweet Pellets (g) / Total Food Consumption (g) x 100. 

 

Novelty-suppressed feeding (NSF) 

Anxiety-like behavior was assessed though the NSF test as previously described (Patricio et al., 

2014), before (tp2) and after (tp3) the second exposure to the uCMS protocol, in two independent 

groups of animals. After 18 h of food-deprivation, animals were placed for a maximum of 10 min in 

an open-field arena containing a single food pellet in the center. The latency to feed was used as an 

index of anxiety-like behavior. After reaching the pellet, animals were returned to the home cage and 

allowed to feed during 10 min. Food consumption provided a measure of appetite drive 

(Supplementary Figure 2). 

 

Elevated-plus maze (EPM) 

To examine anxiety-like behavior, the EPM test was also used (Walf and Frye, 2007). The behavioral 

apparatus (ENV-560; Med Associates Inc., St. Albans, VT, USA) consisted of two opposite open arms 

(50.8 cm × 10.2 cm) and two closed arms (50.8 cm × 10.2 cm × 40.6 cm) elevated 72.4 cm 

above the floor and dimly illuminated. Animals were individually placed in the center of the maze 

and allowed to freely explore it during 5 min. Each trial was video-recorded and the percentage of 

time spent in the open arms was measured using EthoVision XT 11.5 tracking system (Ethovision, 

Noldus Information Technologies, Wageningen, The Netherlands) as an index of anxiety-like 

behavior. 

 

Forced swimming test (FST) 

Behavioral despair was assessed through the FST, as previously described (Porsolt et al., 1977). 

Rats were individually placed in transparent cylinders (62 cm height and 25.4 cm diameter) filled 

with water (25ºC; 50 cm depth) for 5 min. Testing was conducted 24 h after a 5-min pretest 

session. Trials were video-recorded and the total time animals spent immobile (immobility time) was 

measured using the EthoVision XT 11.5 tracking system (Noldus Information Technology). 
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Behavioral despair was defined as an increase in the immobility time. 

 

Novel object recognition (NOR) 

Long-term memory was assessed using the NOR test (Vogel-Ciernia and Wood, 2014). Rats were 

first familiarized to the testing arena consisting of a black acrylic box (50 x 50 x 150 cm) with an 

open field space, for 8 min and with no objects presentation. On the following day, animals were 

allowed to freely explore two identical objects for 10 min. Twenty-four hours later, animals returned 

to the arena for 3 min, with one of the objects replaced by a novel one. The familiar and novel 

objects differed on size, shape, texture and color. The NOR arena was cleaned with 10% ethanol 

between trials to avoid odor cues.  All sessions were videotaped and the time spent exploring both 

objects was determined manually. Analysis were conducted blind. In case of repeated testing, 

distinct objects were presented in each timepoint of analysis. Analysis was conducted blindly. The 

percentage of time spent exploring the novel object was used as a measure of long-term memory 

performance. 

 

Morris water maze (MWM) test 

To further assess cognitive function, including working and spatial reference memory as well as 

behavioral flexibility, the MWM paradigm was performed as previously described (Cerqueira et al., 

2007). The water maze consisted in a black circular tank (diameter: 170 cm; depth: 50 cm), filled 

with water (23 ± 1ºC; 31 cm of depth) placed in a dimly lit room with extrinsic visual clues on the 

surrounding walls. The water tank was divided into four imaginary quadrants and a black escape 

platform (12 cm diameter; 30 cm high), invisible to rodents, was placed in the center of a quadrant. 

Trials were video-captured by a video-tracking system (Viewpoint, Champagne au Mont d’Or, 

France). 

 

Working memory task 

The working memory task was used to evaluate the cognitive domain that relies on the interplay 

between the hippocampal and prefrontal cortex functions (Kesner, 2000; Cerqueira et al., 2007). An 

escape platform was placed in one of the quadrants and maintained during the four daily trials. The 

test was performed during four days, and in each day the platform was repositioned in a different 

quadrant. The goal of the task was to learn the position of! the hidden platform and retain this 

information along the daily trials. For each trial, rats were placed in the water facing the wall in each 
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of the quadrants (north, east, west or south). A trial was considered concluded when the platform 

was reached within the time-limit of 120 sec. The escape latency time was recorded for each trial. 

Performance in this task was also achieved by analyzing the area under the curve (AUC) 

(Youngblood et al., 1997) and the slopes of the linear regressions of the escape latency curves (as a 

index of the learning capacities) (Drouin et al., 2011). 

 

Spatial reference memory task 

Following the working memory task (days 1-4), spatial reference memory, a hippocampal-dependent 

function, was assessed by maintaining the platform in the same quadrant during three consecutive 

days (days 4-6) (Morris, 1984). Animals were tested in four trials, in accordance to the previously 

described procedure. Escape latencies and distances swam on days 4-6 were recorded and 

analyzed. As previously, performance in the reference memory task was determined by the AUC and 

the learning slope. 

 

Behavioral flexibility task 

On day 7, animals were tested in a reverse learning task (prefrontal cortex-dependent (de Bruin et 

al., 1994)) by positioning the platform into a new (opposite) quadrant. Rats were tested in a four-trial 

paradigm, as described above, and the time-spent swimming in each quadrant was recorded. The 

percentage of time spent in the new and old quadrant containing the platform was used as a 

measure of reversal performance. 

 

Probe 

Following the behavioral flexibility task, a single probe trial was performed by removing the platform 

from the pool and allowing animals to search for the platform for 60 sec. The distance spent in the 

target quadrant was recorded. 

 

Immunostaining procedures 

Animals were deeply anaesthetized with sodium pentobarbital (20%; Eutasil®, Sanofi, Gentilly, 

France) and transcardially perfused with phosphate buffered saline (PBS) followed by cold 4% 

paraformaldehyde (PFA). Brains were removed, post-fixed in 4% PFA, cryoprotected in 30% sucrose 

overnight, and then embedded in Optimal Cutting Temperature compound (OCT, ThermoScientific, 

Waltham, MA, USA), snap-frozen and stored at -20ºC. Coronal sections (20 µm) containing the 
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hippocampal dentate gyrus (DG) were further stained to assess cell proliferation, neurogenesis and 

astrogliogenesis. Sections were double-stained with BrdU (#6326; rat, 1:100; Abcam, Cambridge, 

UK) and GFAP (#20334; rabbit, 1:200; Dako, Glostrup, Denmark) to label adult-born astrocytes or 

NeuN (#AB377; mouse, 1:100; Millipore, Temecula, CA, USA) to label mature newborn neurons. 

Neuroblasts were identified by a double-staining with Ki-67 (#AB9260; rabbit, 1:300; Millipore) and 

doublecortin (DCX, SC-8066; goat, 1:50; Santa Cruz Biotechnology, Dallas, TX, USA). Furthermore, 

double staining with Ki-67 and Sox-2 (#79351; mouse, 1:200; Abcam) was performed to detect type 

II progenitor cells. Cell nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI, 1:200; Sigma 

Aldrich). The density of each cell population in the DG was determined by the ratio of the total 

number of double-positive cells and the respective area. Analysis and cell counting were performed 

using a confocal microscope (Olympus FluoViewTM FV1000, Hamburg, Germany) and an optical 

microscope (Olympus BX51). Observer was blinded to the experimental condition of each subject. 

Data are reported as number of cells per mm2. 

 

Neuronal morphology 

To assess the dendritic morphology of granule neurons, the Golgi-Cox staining was performed 

(Zaqout and Kaindl, 2016). Animals were transcardially perfused with 0.9% saline and brains 

removed and immersed in a Golgi-Cox solution (1:1 solution of 5% potassium dichromate and 5% 

mercuric chloride diluted 4:10 with 5% potassium chromate) for 14 days. Afterwards, brains were 

transferred to a 30% sucrose solution and cut on a vibrotome. Coronal sections (200 µm thick) were 

collected in 6% sucrose and blotted dry onto gelatin-coated microscope slides, alkalinized in 18.7% 

ammonia, developed in Dektol (Kodak, Rochester, NY, USA), fixed in Kodak Rapid Fix, dehydrated 

and xylene cleared. Further three-dimensional reconstructions of neurons were performed using a 

motorized microscope (Olympus BX51) and the Neurolucida software (MicroBrightField Bioscience, 

Williston, VT, USA). Analysis of the reconstructed neurons was performed using the NeuroExplorer 

software (MicroBrightField Bioscience). Structural analysis included total neuronal dendritic length 

and 3D arrangement of neuronal branching using the Sholl analysis (number of dendritic 

intersections with concentric circles positioned at radial intervals of 20 µm). For each animal, at 

least 6 neurons were analyzed and neurons from the same animal were averaged. Observers were 

blinded to the experimental condition of each subject. 
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RT-PCR measurements 

Oligonucleotide primers for Synapsin I (SYN1, sense CACCGACTGGGCAAAATACT, antisense 

TCCGAACTTCCATGTCC), Neural Cell Adhesion molecule (NCAM, sense 

AAAGGATGGGGAACCCATAG, antisense TAGGTGATTTTGGGCTTTGC), Doublecortin (DCX, sense 

CTCAGGTAACGACCAAGACGCAAAT, antisense ACTTCCAGGGCTTGTGGGTGTA), Neurogenic 

differentiation 1 (NEUROD1, sense ACAACAGGAAGTGGAAACATGAC, antisense 

ACTGAGGCACTCGTCTGTCC), Signal transducer and activator of transcription 3 (STAT3, sense 

TGGACCGTCTGGAAAACTGGATAAC, antisense CTCCACCACGAAGGCACTCTTCATTA), Bone 

morphogenetic protein 4 (BMP4, sense TCCATCACGAAGAACATCTGGAGAA, antisense 

GTCCACCTGCTCCCGAAATAGC), and B2M (sense GTGCTTGCCATTCAGAAAACTCC, antisense 

AGGTGGGTGGAACTGAGACA) were designed using Primer-BLAST software (NCBI). 

 

Corticosterone levels measurement 

Serum corticosterone levels in the blood serum were measured using a [125I] radioimmunoassay kit 

(MP Biomedicals, Costa Mesa, CA, USA), according to the manufacturer’s instructions. The 

sensitivity was 0,02 ng/mL. Sampling (tail venipuncture) was performed between 8 to 9 a.m., after 

the last exposure to stress. Values are expressed as the percentage of corticosterone levels relative 

to the control group. 
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Supplementary Figure 1. Anhedonic-like behavior induced by recurrent stress exposures are 
prevented by pre-treatment with imipramine and not with fluoxetine. (a and b) Assessment of 
anhedonic-like behavior throughout the experimental protocol by the sweet drive test (SDT), revealed 
that, although both ADs are able to revert the stress-induced anhedonic-behavior (a), only animals 
treated with imipramine present no alterations, after re-exposure to stress (b). *Denotes the effect of 
uCMS analyzed by Student’s t-test; #Denotes the effect of ADs, by comparison of treatment and SAL 
animals and ‡ denotes differences between ADs, analyzed by one-way ANOVA. Data represented as 
mean ± SEM. *, #, ‡ P ≤ 0.05, **, ##, ‡‡ P ≤ 0.01; n = 6-8 animals per group. Abbreviations: TP, time-
point; CTRL, non-stressed animals; SAL, animals repeatedly exposed to uCMS and non-treated 
animals; FLX, animals repeatedly exposed to uCMS and treated with fluoxetine; IMIP, animals 
repeatedly exposed to uCMS and treated with imipramine. 
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Supplementary Figure 2. Recurrent stress exposure had no effect on food consumption, in the 
NSF test. At the end of the NSF test, and for a 10-min period, food intake was assessed before (a, 
tp2) and after (b, tp3) re-exposure to uCMS protocol. Data represented as mean ± SEM. n = 6-8 
animals per group. Abbreviations: TP, time-point; CTRL, non-stressed animals; SAL, animals 
repeatedly exposed to uCMS and non-treated animals; FLX, animals repeatedly exposed to uCMS 
and treated with fluoxetine; IMIP, animals repeatedly exposed to uCMS and treated with imipramine. 
! !



! 129 

!

 

Supplementary Figure 3. Methyloxymethanol (MAM) negatively impacts anxiety-like behavior. 
Treatment of non-stressed animals with the cytostatic agent MAM do not affects anhedonic-like 
behavior assessed by the SDT test or working memory task in the MWM test, however induces an 
anxious-like state as denoted by a decrease in the % of time in the open arms of EPM test. *Denotes 
the effect of uCMS analyzed by Student’s t-test; Analysis of variance repeated measures was used to 
analyze cognitive learning tasks performance. Data represented as mean ± SEM. * P ≤ 0.05; n = 6-8 
animals per group. Abbreviations: MAM, methyloxymethanol; CTRL, non-stressed animals; CTRL + 
MAM, non-stressed animals treated with MAM for two weeks. 
! !
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Abstract 

The continuous generation of new neurons and glial cells in the adult hippocampal dentate gyrus 

(DG), represents an important form of adult neuroplasticity, involved in normal brain function and 

behavior but also associated with the etiopathogenesis and treatment of psychiatric disorders. 

Despite the large number of studies addressing cell genesis along the septotemporal axis, data on 

the anatomical gradients of cytogenesis along the DG transverse axis is scarce, especially after 

exposure to stress. As such, we characterized both proliferation and survival of adult-born neural 

cells along the transverse axis of the rat dorsal DG, before and after stress exposure. In basal 

conditions, both proliferating cells and newborn neurons and glial cells were preferentially located at 

the subgranular zone and suprapyramidal blade. Exposure to chronic stress induced an overall 

decrease in the generation of adult-born neural cells and, more specifically, produced a regional-

specific decrease in the survival of adult-born neurons at the suprapyramidal blade. No particular 

region-specific alterations were observed on surviving adult-born glial cells. 

This work reveals, for the first time, a distinct survival profile of adult-born neural cells, neurons and 

glial cells, among the transverse axis of the DG, before and after stress exposure. Our results unveil 

that adult-born neurons are preferentially located in the suprapyramidal blade and suggest a 

regional-specific impact of chronic stress in this blade that may have repercussions for its functional 

significance. 

 

Keywords 

Dentate gyrus; Transverse axis; Cytogenesis; Proliferation; Survival; Chronic Stress 

 



 136 

Introduction 

In the adult hippocampus, the generation of new neurons and glial cells occurs from neural stem 

cells (NSCs) located in the subgranular zone (SGZ) of the dentate gyrus (DG), between the granule 

cell layer (GCL) and the hilus (Ming and Song, 2011; Patricio et al., 2013). The processes of neuro- 

or gliogenesis encompass several steps, from the proliferation of progenitor cells to the maturation 

of the newly generated cells and the establishment of appropriate synaptic contacts that culminate 

with their integration on the pre-existing network (Patricio et al., 2013). New hippocampal neurons 

start receiving synaptic inputs (Esposito et al., 2005; Overstreet Wadiche et al., 2005) and establish 

synapses with cornus ammonis 3 (CA3) pyramidal neurons during the first weeks after birth 

(Faulkner et al., 2008; Toni et al., 2008). Interestingly, immature adult-born neurons, namely at 4 

weeks of age, display distinct properties from their mature counterparts. These include heightened 

synaptic plasticity (Gu et al., 2012) that may confer an advantage in the competition for synaptic 

connections (Tashiro et al., 2006; Toni et al., 2007) and allow these adult-born neurons to especially 

contribute to information processing during this period,(Ming and Song, 2011; Gu et al., 2012). After 

a maturation phase, around 4 to 8 weeks after birth, adult-born neurons present electrophysiological 

properties comparable to mature neurons (Aimone et al., 2010). Interestingly, these adult-born 

neurons have been proposed to participate in stress response (Snyder et al., 2011) and 

antidepressants’ actions (Miller and Hen, 2015), and in diverse cognitive tasks, including pattern 

separation (Aimone et al., 2011), contextual and spatial memory (Deng et al., 2010), memory 

consolidation (Kitamura et al., 2009). 

Astrocytes are also generated from NSCs in the adult hippocampal DG. However the functional 

relevance of adult-born astrocytes and the regulation of their differentiation process remain largely 

undetermined (Rajkowska and Miguel-Hidalgo, 2007). Interestingly, the existence of distinct subsets 

of progenitor cells committed to a glial lineage has been recently proposed (Encinas et al., 2011; 

Encinas et al., 2013). Resident and fully differentiated hippocampal mature astrocytes are known to 

play a crucial role in local neuronal activity and function, and to regulate the process of adult 

neurogenesis through the release of growth and neurotrophic factors (Seri et al., 2001; Song et al., 

2002; Horner and Palmer, 2003; Ueki et al., 2003). Astrocytes are also involved in the neural circuit 

development (Clarke and Barres, 2013) and required for neuronal energy supply (Schousboe and 

Waagepetersen, 2006; Iadecola and Nedergaard, 2007). 

Importantly, before the integration in the circuitry and along the maturation process, adult-born cells 

undergo a critical period of selection, in which, by apoptosis, the number of newly-born cells 
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significantly decreases within few days (Biebl et al., 2000; Kuhn et al., 2005). In fact, only a fraction 

of these cells survive and is able to integrate and establish functional connections. 

In light of the functional segregation along the septotemporal axis of the hippocampus, suggesting 

an association between the dorsal pole to cognitive regulation and ventral to emotional behavior 

(Fanselow and Dong, 2010; Tanti and Belzung, 2013; Wu et al., 2015), it became plausible to 

expect that adult-born cells generated in the hippocampal DG may present different properties, 

depending on the location in which they integrate. Furthermore, the DG can be further divided 

across a transverse axis, into the suprapyramidal blade, located between CA1 and CA3, and the 

infrapyramidal blade on the opposite side of the hilus (Wu et al., 2015). Previous studies have 

revealed a dissociation between these two blades, as they differ in their granule cell structure and 

physiology (Claiborne et al., 1990), excitability (Chawla et al., 2005; Ramirez-Amaya et al., 2005), 

response to stimulation (Scharfman et al., 2002) and gene expression pattern (Kanatsou et al., 

2015). The heterogeneity along the DG transverse axis suggests that the two blades may differently 

contribute to hippocampal function. Most likely, the location in which adult-generated cells integrate 

and establish their contacts within the pre-existing DG network may determine their functional 

significance. Few studies have addressed the gradients of neurogenesis along the transverse axis of 

the DG under basal conditions, reporting increased neurogenesis in the suprapyramidal blade 

compared with the infrapyramidal (Ambrogini et al., 2000; Kempermann et al., 2003; Ramirez-

Amaya et al., 2006; Dranovsky et al., 2011; Jinno, 2011). 

Chronic stress severely impacts the generation of adult-born cells in the DG, which have been 

recognized as relevant players in the development and recovery of behavioral deficits, namely 

cognitive and emotional, that underlie several neuropsychiatric disorders (Snyder et al., 2011; 

Mateus-Pinheiro et al., 2013a; Mateus-Pinheiro et al., 2013b). The functional anatomical 

dissociation along the hippocampus is also reflected in the response to these and other 

environmental stimuli (Tanti and Belzung, 2013; Pinto et al., 2015). However, while, most studies 

focusing on the impact of chronic stress in hippocampal cytogenesis have considered the entire DG 

or discriminated between the dorsal and ventral poles, the structural segregation along its transverse 

axis has not been explored. Thus, herein we assessed the basal gradients of proliferation and cell 

survival across the transverse axis of the dorsal DG and after chronic stress exposure. 
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Materials and Methods 

Animals 

Experiments were conducted in adult male (2-months old) Wistar Han rats (Charles River 

Laboratories, L'Arbresle, France) housed and kept under standard laboratory conditions: 22 ± 1ºC, 

55% relative humidity, 12 h light/dark cycle, food and water ad libitum. Rats were randomly divided 

into two experimental groups: a group of animals exposed to unpredictable chronic mild stress 

(uCMS) protocol and another not exposed to uCMS (CTRL), next described in detail. All procedures 

were conducted in accordance with EU Directive 2010/63/EU and the Portuguese National 

Authority for animal experimentation, Direção Geral de Alimentação e Veterinária. 

 

Unpredictable chronic mild stress (uCMS) 

A previously described (Willner, 2005; Bessa et al., 2009b; Mateus-Pinheiro et al., 2013b) and 

validated uCMS protocol was applied for a 6-week period. This stress paradigm induces depressive-

like behavior, anxiety-like phenotype and cognitive deficits in rats through random and unpredictable 

exposure to a wide range of different mild stressors. The uCMS protocol included distinct stressors 

such as confinement to a restricted space for 1 h, placement in a tilted cage (30º) for 3 h, housing 

on damp bedding for 8 h, removal of sawdust for 3 h, overnight illumination, 15 h of food 

deprivation followed by exposure to inaccessible food for 1 h, water deprivation for 15 h followed by 

exposure to an empty bottle for 1 h, exposure to stroboscopic lights during 4 h, replacement of 

sawdust by cold water (4ºC) for 2 h, switch of cagemates for 2 h and reversed light/dark cycle for 

48 h, every 7 days. 

Four weeks before the initiation of the uCMS protocol, all animals received intraperitoneal injections 

of bromodeoxyuridine (BrdU, 50 mg/kg; Sigma Aldrich, St. Louis, MO, USA) during 7 consecutive 

days to label newly generated adult-born cells (Figure 2a). 

 

Behavioral analysis 

At the end of the uCMS protocol, behavioral tests were performed to evaluate cognitive traits related 

to hippocampal function. The Morris water maze (MWM) test was applied to evaluate working and 

spatial reference memory, as well as behavioral flexibility. In addition, the novel object recognition 

(NOR) test was performed to assess long-term memory. 

 



 139 

Morris water maze (MWM) test 

The MWM paradigm was performed as previously described (Cerqueira et al., 2007). The water 

maze consisted in a black circular tank (diameter: 170 cm; depth: 50 cm), filled with water (23 ± 

1ºC; 31 cm of depth) placed in a dimly lit room with extrinsic clues on the surrounding walls. The 

water tank was divided in four imaginary quadrants and a black escape platform (12 cm diameter; 

30 cm high), invisible to rodents, was placed in the center of a quadrant. Trials were video-captured 

by a video-tracking system (Viewpoint, Champagne au Mont d’Or, France). 

 

Working memory task 

The working memory task was used to evaluate a cognitive domain that relies on the interplay 

between hippocampal and prefrontal cortex functions (Kesner, 2000; Cerqueira et al., 2007). An 

escape platform was placed in one of the quadrants and there maintained during the four daily 

trials. The test was performed during four consecutive days, and in each day the platform was 

repositioned in a different quadrant. The goal of the task was to learn the position of the hidden 

platform and retain this information along the daily trials. For each trial, rats were placed in the 

water facing the wall in each of the quadrants (north, east, west or south). A trial was considered 

concluded when animals reached the platform, within the time limit of 120 seconds. The escape 

latency time was recorded for each trial. Performance in this task was also achieved by analyzing the 

area under the curve (AUC) (Youngblood et al., 1997) and the slopes of the linear regressions of the 

escape latency curves (as a index of the learning capacities) (Drouin et al., 2011). 

 

Spatial reference memory task 

Following the working memory task (days 1-4), spatial reference memory, a hippocampal-dependent 

function (Morris, 1984) was assessed by maintaining the platform in the same quadrant during 

three consecutive days (days 4-6). Animals were tested in four daily trials, in accordance to the 

previously described procedure. Escape latency time on days 4-6 was recorded and analyzed. As 

before, performance in the reference memory task was also determined by the AUC and the learning 

slope. 

Behavioral flexibility task 

On day 7, animals were tested in a reverse learning task (a prefrontal cortex-dependent (de Bruin et 

al., 1994)) by positioning the platform into a new (opposite) quadrant. Rats were tested in a four-trial 

paradigm, as described above, and the time-spent swimming in each quadrant was recorded. The 
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percentage of time spent in the new quadrant containing the platform was used as a measure of 

reversal performance. 

 

Novel object recognition (NOR) 

Long-term memory was assessed using the NOR test. Rats were first familiarized to the testing arena 

consisting of a black acrylic box (50 x 50 x 150 cm) with an open-field space, for 8 minutes, with no 

objects presentation. On the following day, animals were allowed to freely explore two identical 

objects for 10 minutes. Twenty-four hours later, animals returned to the arena for 3 minutes, with 

one of the objects replaced by a novel one. The familiar and novel objects differed on size, shape, 

texture and color. The NOR arena was cleaned with 10% ethanol between trials to avoid odor cues. 

All sessions were videotaped and the time spent exploring both objects was determined manually. 

Analysis was conducted blindly. The percentage of time spent exploring the novel object was used as 

a measure of long-term memory performance. 

 

Immunostaining procedures 

Animals were deeply anaesthetized with sodium pentobarbital (20%; Eutasil®, Sanofi, Gentilly, 

France) and transcardially perfused with phosphate buffered saline (PBS) followed by cold 4% 

paraformaldehyde (PFA). Brains were removed, post-fixed in 4% PFA, cryoprotected in 30% sucrose 

overnight, and then embedded in Optimal Cutting Temperature compound (OCT, ThermoScientific, 

Waltham, MA, USA), snap-frozen and stored at -20ºC. Coronal sections (20 µm) containing the 

dorsal pole of the hippocampal dentate gyrus (DG) were further stained to assess cell proliferation 

rates and the survival of adult-born neurons and astroglial cells. Sections were double-stained with 

BrdU (#6326; 1:100; Abcam, Cambridge, UK) and NeuN (#AB377, 1:100; Millipore, Temecula, CA, 

USA) to label mature adult-born neurons or GFAP (#20334, 1:200; Dako, Glostrup, Denmark) to 

label adult-born astrocytes. Cell proliferation rates were determined by the quantification of the total 

number of Ki-67+ (#AB9260, 1:300; Millipore) cells per area. Cell nuclei were stained with 4',6-

diamidino-2-phenylindole (DAPI, 1:200; Sigma Aldrich). In addition to the total number of cells per 

DG, this region was also distinguished along its transverse axis, by determining the density of 

positive cells individually in the suprapyramidal and infrapyramidal blades. The density of positive 

cells was also determined in two other DG subregions: the granule cell layer (GCL) and the 

subgranular zone (SGZ), defined as the three deepest rows of granule cells, bordering the hilus (Silva 

et al., 2006; Miller et al., 2013). 
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The density of each cell population in the DG was determined by the ratio of the total number of 

cells and the respective area. Analysis and cell counting were performed using a confocal 

microscope (Olympus FluoViewTM FV1000, Hamburg, Germany) and each area was determined 

using an optical microscope (Olympus BX51). Observers were blind to the experimental condition of 

each subject. Cell densities are reported as number of cells per mm2. To determine the contribution 

of specific DG areas for structural and functional alterations, we calculated the proportion of 

immunopositive-cells and compared between the DG subregions including supra- vs infrapyramidal 

blades, GCL vs SGZ, suprapyramidal GCL vs suprapyramidal SGZ, infrapyramidal GCL vs 

infrapyramidal SGZ,  suprapyramidal GCL vs infrapyramidal GCL and suprapyramidal SGZ vs 

infrapyramidal SGZ. Relative proportions were determined by taking into consideration the densities 

of immunopositive-cells by the corresponding area as follows: density of immunopositive cells in 

subregion 1 (number of positive-cells / corresponding DG area) / (density of immunopositive cells in 

the subregion 1 + density of immunopositive cells in subregion 2). The impact of chronic stress 

exposure was calculated as fold difference between the density of cells in animals exposed to uCMS 

and the median value of cell density of non-stressed animals in each subregion. 

 

RT-PCR measurements 

mRNA expression levels of the brain-derived neurotrophic factor (Bdnf) gene were measured by qRT-

PCR. Total RNA was isolated from macrodissected DG using the Direct-zol™ RNA MiniPrep (Zymo 

Research, Irvine, CA, USA) according to the manufacturer’s instructions. Obtained RNA (500 ng) 

was reverse transcribed using qScript cDNA SuperMix (Quanta Biosciences, Gaithersburg, MA, USA). 

Beta-2-Microglobulin (B2m) was used as internal standard for normalization of the target gene’s 

expression. Oligonucleotide primers for Bdnf (sense: GGACCCTGAGTTCCACCA, antisense: 

CGTGCTCAAAAGTGTCAGCC) and B2m (sense: GTGCTTGCCATTCAGAAAACTCC, antisense: 

AGGTGGGTGGAACTGAGACA) were designed using Primer-BLAST software (NCBI). Real-time 

reactions were performed in a 7500 Fast-Real Time PCR System (Applied Biosystems, Foster City, 

CA, USA) using 5x HOT FIREPol EvaGreen qPCR Mix Plus (ROX) (Solis Biodyne, Tartu, Estonia). The 

relative expression was calculated using the ∆∆Ct method. Results are presented as relative 

expression to the standard gene. 

 

Corticosterone levels measurement 

Serum corticosterone levels were measured in all animals using a commercially available ELISA kit 
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(Enzo Life Sciences, Farmingdale, NY, USA), according to the manufacturer’s instructions. Sampling 

(tail venipuncture) was performed between 8 and 9 a.m., after the last exposure to stress. Results 

are expressed as ng of corticosterone per ml of serum. 

 

Statistical analysis 

Statistical analysis was performed using GraphPad Prism 6.0 (GraphPad Software, Inc., La Jolla, CA, 

USA). Animals were randomly assigned to the experimental groups. All presented data satisfied 

normal distribution in Kolmogorov–Smirnov testing. After confirmation of homogeneity of group 

variances, data was subjected to the appropriate statistical tests. Student’s t-test was used for 

statistical comparisons between experimental groups when appropriate. Analysis of variance 

repeated measures was used to analyze cognitive learning tasks in the MWM. Descriptive statistical 

results are presented as mean ± standard error of the mean (SEM). Differences between groups 

were determined by Bonferroni’s post-hoc multiple comparison test and statistical significance was 

set at P < 0.05. 
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Results 

Proliferating and newborn cells are not evenly distributed along the dorsal 

hippocampal DG 

Literature has pinpointed the relevance of dividing the DG structure into distinct subregions (Amaral 

et al., 2007; Tannenholz et al., 2014; Wu et al., 2015). In this study, we have focused on the dorsal 

hippocampal DG, a brain region where new cells are born throughout adult life, to analyze the 

distribution of proliferating and newly born cells along its transverse axis, in basal conditions (Figure 

1a). Expectedly, the majority of Ki-67+ proliferating cells was located at the SGZ in a proportion of 

≈19:1 to the GCL (Jabes et al., 2010; Nieto-Estevez et al., 2016) (P = 0.0001; Figure 1b). This 

was also observed when considering only the suprapyramidal or the infrapyramidal portions (supra: 

P < 0.0001; infra: P = 0.005; Figure 1b). Moreover, our analysis along the transverse axis of the 

total dorsal DG revealed a higher proportion of Ki-67+ cells in the suprapyramidal blade (≈3:2) (P = 

0.0038; Figure 1c). However, considering the subregions SGZ and GCL separately, we did not 

observe significant differences, in the proportion of Ki-67+ cells, between the infra- and the 

suprapyramidal blades (Figure 1c). 

To assess the distribution of surviving adult-born cells in the DG, animals were injected with the 

thymidine analog and exogenous S-phase marker, BrdU, 10 weeks prior to sacrifice (Figure 1a). 

Cell fate was determined by co-localization of BrdU+ cells with the marker of neuronal maturation, 

NeuN or with the astroglial cell marker, GFAP (Figures 1d-g and Table 1). Interestingly, most 

adult-born neurons were located in the SGZ compared to the GCL (≈9:1; P = 0.0007; Figure 1d). 

The same tendency was observed for adult-born astroglial cells (Figure 1f). Additionally, newborn 

neurons were mostly found at the suprapyramidal blade, although only reaching significant 

differences in the GCL (P = 0.0012; Figure 1e). No significant differences were found, in the 

distribution of astroglial newborn cells, between the infra- and suprapyramidal blades (Figure 1g). 
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Figure 1. Regional distribution of proliferation and newborn neural cells in the hippocampal DG, at 
basal conditions. (a1) Experimental timeline and BrdU labelling protocol used. (a2) Representative 
scheme of the DG subdivisions considered in the analysis. (a3) Representative coronal sections of 
the rat DG stained for Ki-67 (in red) and DAPI (in blue). (a4) Representative confocal image of the 
DG stained for NeuN (in green), BrdU (in red) and DAPI (in blue) (a5) and staining for GFAP (in 
green), BrdU (in red) and DAPI (in blue). Scale bars represent 300 and 50 µm, respectively. 
Quantitative analysis of the regional preference for the location of proliferation cells (b-c), newly born 
neurons (d-e) and glial cells (f-g) in subregions of the hippocampal dorsal DG. Student’s t-test. Data 
represented as mean ± SEM. * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001; n = 3-4 per group. 
Abbreviations: BrdU, bromodeoxyuridine; CTRL, non-stressed animals; uCMS, unpredictable chronic 
mild stress protocol; DAPI, 4’,6-diamidino-2-phenylindole; NeuN, Neuronal nuclei; GFAP, Glial 
fibrillary acidic protein; SUPRA, suprapyramidal blade; INFRA, infrapyramidal blade; SGZ, 
subgranular zone; GCL, granule cell layer. 
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Chronic stress induces cognitive deficits in hippocampal-dependent tasks 

Chronic stress is one of the most widely studied stimuli known to produce behavioral and 

neuroplastic deficits in several brain regions. Here, we first evaluated the impact of an uCMS 

protocol exposure on hippocampal-dependent functions, specifically in cognitive tasks (Figure 2a). 

Performance in working and reference memory tasks were evaluated in the MWM test. Despite no 

observed impact of uCMS in working memory (Supplementary Figure 1), stressed animals 

presented significant impairments in a reference memory task, particularly evident in the second day 

of the test (day2: P = 0.0365, Figure 2b). These deficits were further corroborated by significant 

alterations in the AUC latency (P = 0.0021, Figure 2b). Additionally, animals subjected to uCMS 

presented deficits in the behavioral flexibility task (P = 0.0001, Figure 2c). Chronic stress exposure 

also impaired long-term memory denoted by a decreased exploration of the novel object in the NOR 

test (P < 0.0001, Figure 2d). Moreover, and as previously described (Smith et al., 1995; Tsankova 

et al., 2006) chronically stressed animals presented increased serum corticosterone levels (P = 

0.0199, Figure 2e) and decreased Bdnf gene expression levels in the hippocampal DG when 

compared to CTRL animals (P = 0.0490, Figure 2f). 

 

 

uCMS evenly decreases proliferation in the dorsal DG subregions 

We next assessed the impact of chronic stress exposure in the cytogenic process in dorsal DG 

subregions (Figures 2g-i and Supplementary Figures 2-4). As previously described (Bessa et 

al., 2009b; Nollet et al., 2012), uCMS decreased the total number of proliferating Ki-67+ cells in the 

DG (P = 0.0261, Figure 2g), Considering the DG transverse axis, uCMS reduced the number of Ki-

67+ cells in both supra- and infrapyramidal blades of the total DG (supra DG: P = 0.0495; infra DG: 

P = 0.0439, Figure 2g). In addition, chronic stress significantly decreased the number of 

proliferating cells in both the SGZ and GCL subdivisions (SGZ: P = 0.0353; GCL: P = 0.0387, 

Figure 2g and Supplementary Figure 2). 
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Figure 2. Chronic stress exposure affects the distribution of proliferating progenitor cells and 
survival across hippocampal DG subregions. (a) Schematic representation of the experimental 
timeline (b-d). uCMS negatively affects reference memory and behavioral flexibility, in the MWM test, 
and long-term memory assessed by the NOR test. (e) Animals exposed to uCMS presented a hyper-
activation of the HPA axis expressed as elevated corticosterone levels in the blood serum. Basal 
corticosterone levels were measured in the blood serum of rats collected between 8 a.m and 9 a.m, 
at the end of the uCMS protocol. (f) Exposure to uCMS also decreased the levels of Bdnf, a 
neuroplasticity-related protein, in the hippocampal DG. (g) uCMS promoted a decrease in Ki-67+ 
proliferating cells in all considered DG subregions. (h) Analysis of adult-born neurons, identified as 
NeuN+BrdU+ cells, revealed that exposure to uCMS leads to an overall decrease in the survival 
number of new-born neurons in the whole dorsal DG and in the suprapyramidal blade. (i) Analysis of 
the number of GFAP+BrdU+ cells, showed an overall decrease in the number of survived astroglial 
cells, not observed when considering their subregions. *Denotes the effect of uCMS analyzed 
Student’s t-test. Analysis of variance repeated measures was used to analyze cognitive learning task 
performance. Data are presented as mean ± SEM. * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001; n = 3-8 per 
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group. Abbreviations: BrdU, bromodeoxyuridine; CTRL, non-stressed animals; uCMS, unpredictable 
chronic mild stress protocol; MWM, Morris water maze; NOR, Novel object recognition; Bdnf, brain-
derived neurotrophic factor; NeuN, Neuronal nuclei; GFAP, Glial fibrillary acidic protein; SUPRA, 
suprapyramidal blade; INFRA, infrapyramidal blade, SGZ, subgranular zone; GCL, granule cell layer. 
 

 

Chronic stress impacts the survival of adult-born neurons particularly in the 

suprapyramidal blade of the DG 

To assess the impact of the 6-week uCMS protocol in the survival of adult-born neurons in the DG, 

animals were injected with BrdU, 4 weeks prior to stress exposure, to label newborn cells (Figure 

2a). The number of double-labeled BrdU+NeuN+ was assessed in the dorsal DG subregions (Figure 

2h and Supplementary Figure 3). As expected, uCMS decreased the overall survival of adult-

born neurons in the hippocampal DG (P = 0.0308, Figure 2h). Interestingly, chronic stress 

specifically affected the survival of adult-born neurons in the suprapyramidal but not in the DG 

infrapyramidal blade (supra DG: P = 0.0019, infra DG: P = 0.4918, Figure 2h). As such, while 

CTRL animals present a preferential distribution of BrdU+NeuN+ cells in the suprapyramidal blade 

(≈7:3), animals exposed to uCMS, present a preferential survival of cells in the infrapyramidal blade 

(≈1:3, P = 0.0257). Additionally, we could not disclose statistically significant changes induced by 

chronic stress in the SGZ and GCL regions (SGZ: P = 0.1507; GCL: P = 0.4874, Figure 2h). 

 

 

uCMS decreases the survival of adult-born astroglial cells in the DG in a non-subregion-

specific manner 

Finally, we assessed the impact of uCMS in the survival of adult-born astroglial cells by determining 

the density of BrdU+ cells that co-labeled with the glial marker GFAP in the previously defined DG 

subregions (Figure 2i and Supplementary Figure 4). Whole dorsal DG analysis revealed a 

significant decrease in the number of BrdU+GFAP+ newborn astrogial cells after uCMS exposure (P = 

0.0461, Figure 2i and Table 1). However, and contrarily to its effect in the survival of newly-born 

neurons, exposure to uCMS did not significantly impact in the survival of adult-born astroglial cells in 

any of the DG subregions compared to CTRL animals (P > 0.1, Figure 2i). 

An overview of the distribution of different cell populations throughout the dorsal DG subregions, as 

well the uCMS-induced alterations are summarized in Figure 3 and Table 2. 



 148 

 

 

 

 

 

 

 

 

 

Figure 3. The impact of uCMS exposure in the distribution of newly generated cells among the 
considered subregions of the hippocampal DG. (a) Schematic representation of the DG and the 
considered subregions. Cell distributions across dorsal DG subregions and the impact of uCMS in 
the number of Ki-67+ (b), NeuN+BrdU+ (c), and GFAP+BrdU+ (d) in the DG. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 149 

Table 1. Distribution of neural populations in the distinct DG subregions, in both basal conditions 

and after chronic stress exposure. Data are presented as mean ± SEM. 

 

 

 

 

Table 2. Total regional distribution of neural populations in DG subregions, in basal conditions and 

after chronic stress exposure. Data are presented as mean ± SEM. 

 

 

 

 

 

 

 

 

 

 

 Alves ND et al., 2017 
 

1 

Table 1. Distribution of neural populations in the distinct DG subregions, in both basal conditions and after 

chronic stress exposure. Data are presented as mean ± SEM. 

 
Cell 

distribution  
(%) 

 Ki-67+   BrdU+   BrdU+NeuN+   BrdU+GFAP+  

CTRL uCMS CTRL uCMS CTRL uCMS CTRL uCMS 

SGZ 
GCL 

94.87 
5.13 

(±1.4) 
94.03 
5.97 

(±3.4) 
75.37 
24.63 

(±4.1) 
82.93 
17.07 

(±2.1) 
88.95 
11.05 

(±2.7) 
86.03 
13.97 

(±5.2) 
82.13 
17.87 

(±10.7) 
97.68 
2.32 

(±2.3) 

Infra DG 
Supra DG 

37.66 
62.34 

(±8.0) 
42.38 
57.62 

(±13.2) 
37.84 
62.16 

(±5.2) 
66.34 
33.66 

(±6.0) 
32.15 
67.85 

(±8.3) 
73.65 
26.35 

(±10.0) 
30.68 
69.32 

(±10.6) 
35.89 
64.11 

(±22.2) 

Infra SGZ 
Supra SGZ 

47.89 
52.11 

(±2.7) 
50 
50 

(±9.6) 
47.66 
52.34 

(±10.0) 
67.52 
32.48 

(±6.5) 
37.99 
62.01 

(±9.8) 
70.60 
29.40 

(±11.4) 
24.41 
75.59 

(±13.4) 
10.87 
89.13 

(±10.9) 

Infra GCL 
Supra GCL 

55.09 
44.91 

(±12.7) 
0 

100 
(±0) 

24.67 
75.33 

(±8.9) 
74.93 
25.07 

(±6.5) 
4.75 

95.25 
(±4.7) 

77.78 
22.22 

(±11.1) 
73.43 
36.57 

(±26.6) 
85.85 
14.15 

(±14.1) 
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Table 2. Total regional distribution of neural populations in DG subregions, in basal conditions and after 

chronic stress exposure. Data are presented as mean ± SEM. 

 

Cell distribution  
(%) 

Ki-67+ BrdU+ BrdU+NeuN+ BrdU+GFAP+ 

CTRL uCMS CTRL uCMS CTRL uCMS CTRL uCMS 

Infra SGZ 
Supra SGZ 
Infra GCL 
Supra GCL 

38.7 (±6.7) 
55.8 (±4.6) 
3.8 (±2.4) 
1.7 (±0.7) 

44.1 (±12.1) 
50.0 (±9.6) 

0 (±0) 
5.9 (±3.0) 

42.8 (±12.7) 
36.4 (±10.5) 
4.1 (±1.2) 

16.7 (±2.9) 

52.8 (±7.7) 
26.5 (±5.9) 
11.0 (±1.6) 
6.4 (±1.6) 

33.4 (±9.8) 
58.6 (±7.6) 
0.9 (±0.9) 
7.1 (±1.8) 

51.2 (±2.3) 
33.6 (±8.2) 
12.0 (±6.1) 
3.2 (±2.1) 

19.0 (±10.0) 
62.1 (±6.4) 
10.7 (±5.4) 
7.3 (±7.3) 

22.9 (±19.4) 
60.5 (±23.1) 
12.4 (±9.9) 
4.1 (±4.1) 

 

 



 150 

Discussion 

In the adult rat hippocampal DG, a large number of new neurons and glial cells are continuously 

generated, however within 4-weeks after birth, only a fraction (20-40%) survives and is able to 

functionally integrate the pre-existing networks (Cameron and McKay, 2001; Dayer et al., 2003). 

Adult-born neurons, in particular those generated in the dorsal DG, have been implicated in diverse 

cognitive functions, including memory formation (Shors et al., 2001) and pattern separation (Aimone 

et al., 2010; Kheirbek et al., 2012). Less well understood is the role of adult-born astrocytes. Since 

the hippocampus is viewed as a functionally heterogeneous structure with a well-demarked 

longitudinal axis, studies have lately focused on the relevance of the generation of new cells in the 

dorsal and ventral hippocampus, two anatomically and physiologically distinct subregions (Fanselow 

and Dong, 2010). However, few pieces of evidence have addressed this topic along the transverse 

axis of the DG. As such, in the present work, we have focused on the dorsal part of the hippocampal 

DG, to assess the gradients of proliferation and cell survival across its transverse axis, in basal 

conditions and after chronic stress exposure. 

In basal conditions, and similarly to previous studies (Ambrogini et al., 2000; Kempermann et al., 

2003; Ramirez-Amaya et al., 2006; Dranovsky et al., 2011; Jinno, 2011), we observed an increased 

survival of adult-born neurons and astroglial cells in the DG suprapyramidal blade. This regional 

preference could result from multiple factors including distinct microenvironments in both 

subregions, which may favor the survival of adult-born cells in the suprapyramidal portion versus the 

infrapyramidal blade. Interestingly, cells in the suprapyramidal blade show greater experience-related 

neuronal activity in the water maze (Snyder et al., 2009a) or following exploration of a novel 

environment (Chawla et al., 2005; Pace et al., 2005; VanElzakker et al., 2008; Snyder et al., 2009a; 

Satvat et al., 2012). Moreover, it is plausible to anticipate that the concomitant regional preference 

of adult-born astroglial cells, also for the suprapyramidal blade, may reflect an increased 

requirement of newborn astrocytes for neuronal function, but also to support the neurogenic 

process, elevated in the suprapyramidal blade. In this context, the functional relevance of the 

suprapyramidal blade appears to be favored. Contrastingly, others have observed increased cell 

proliferation (Olariu et al., 2007; Snyder et al., 2009a) and survival (Choi et al., 2007) in the 

infrapyramidal blade. In those studies, BrdU was used to assess fast-proliferating cells instead of Ki-

67 (Olariu et al., 2007; Snyder et al., 2009a) or the BrdU injection paradigm for survival was 

different from the one performed here (Choi et al., 2007), possibly accounting for the disparate 

results. 
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Previous studies have revealed different cellular properties along the transverse axis of the DG; 

granule neurons from the suprapyramidal blade present increased dendritic length, more dendritic 

segments, wider dendritic spreads (Claiborne et al., 1990) and increased spine density (Desmond 

and Levy, 1985) compared to the infrapyramidal blade [reviewed by (Rahimi and Claiborne, 2007)]. 

Taken together, this suggests that granule neurons in the suprapyramidal portion receive more 

synaptic afferent contacts. Furthermore, the morphological and physiological differences between 

the supra- and infrapyramidal blades, in combination with the described regional preferences for the 

generation of adult-born cells, suggest that infra- and suprapyramidal blades contribute differently to 

specific behaviors. As a consequence, it is expectable that a decrease in the survival of adult-born 

neurons in a specific subregion along the transverse axis may trigger particular behavior alterations. 

These specificities may have major implications namely for cell-specific targeting in optogenetic 

manipulations and electrophysiology studies in the DG. 

In line with previous studies showing that stress impacts on hippocampal proliferation and neuronal 

and glial cells survival (Bessa et al., 2009b; Mateus-Pinheiro et al., 2013a; Mateus-Pinheiro et al., 

2013b; Egeland et al., 2015), we observed that chronic stress impacted the ongoing proliferation of 

neural progenitor cells and the survival of both 4-weeks old neurons and glial cells. This effect may 

be at least partially due to an elevation of the corticosterone levels (Wong and Herbert, 2004), also 

observed in this model. More so, as previously reported (Bessa et al., 2009a; Sousa and Almeida, 

2012) decreased hippocampal cytogenesis produced by 6 weeks of chronic stress exposure was 

accompanied by cognitive impairments, namely behavioral flexibility and reference and long-term 

memory. 

The neurogenic process encompasses several steps, from proliferation of NSCs and neural 

progenitors, to the maturation and functional integration in the pre-existing neural network. Along the 

process, it has been shown that there are critical periods for the survival of adult-born neurons, early 

when cells become post-mitotic (late phase of DCX expression) and later following the integration 

when newborn neurons present increased synaptic plasticity (Ge et al., 2007). Thus, it is plausible 

that deleterious stimuli, including chronic stress, during these specific stages of the neurogenic 

process have physiological and ultimately behavioral implications, namely in memory-related tasks 

as those tested here. Specifically at 4 weeks of age, when the projections of the DG to the CA3 area 

become stable, neurons are particularly important for retrieval of hippocampal memory (Gu et al., 

2012; Mateus-Pinheiro et al., 2013b). Whether cells at this developmental stage are particularly 

sensitive to the effects of chronic stress remains to be determined. These results highlight the 
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importance of tackling different stages of the neurogenic period to assess their specific contribution 

for brain physiology and behavior. 

When discriminating the effects of uCMS along the transverse axis of the DG, we found that uCMS 

decreased the number of proliferating stem or progenitors cells in a similar extend in all the 

considered regions. Noticeably, chronic stress exposure impacted specifically in adult-born neurons 

survival at the suprapyramidal blade, suggesting that the general effect of decreased neurogenesis in 

the DG were in fact due to a specific decreased survival in this blade. On the other hand, uCMS-

exposure did not specifically impact on the survival of glial cells in this subregion. The preferential 

impact of chronic stress on the survival of adult-born neurons in the suprapyramidal blades is in line 

with previous findings showing a specific increased activation (Fos expression) of the granule 

neurons in the suprapyramidal blade after restraint stress (Chowdhury et al., 2000; Fevurly and 

Spencer, 2004); interestingly, activation of the suprapyramidal blade was reduced in 

adrenalectomized rats (Fevurly and Spencer, 2004). In contrast, however, a previous work in mice 

reported that chronic stress decreased the number of immature DCX+ neurons specifically in the 

infrapyramidal blade, but not of 3-weeks old BrdU+ cells (Kanatsou et al., 2015). Of note, the 

magnitude and maturation dynamics of hippocampal cytogenesis are different between rats and 

mice, probably accounting for these apparently divergent findings (Snyder et al., 2009b). 

The specific vulnerability of adult-born neurons in the suprapyramidal blade to the deleterious effects 

of chronic stress could result from several factors including the presence of a microenvironment 

particularly sensitive to external changes. Furthermore, similarly to what has been described for the 

septotemporal axis of the hippocampus, it may be reasonable to hypothesize that both blades may 

present a distinct expression profile of glucocorticoid (GR), mineralocorticoid (MR) receptors, 

neurotransmitters receptors, and neurotrophic factors and their receptors along the transverse axis 

(Toyoda et al., 2014). Such differences have not been tackled so far and may add invaluable 

information about this regional-specific susceptibility to chronic stress. Indeed, Kanatsou et al. have 

shown that overexpressing MR may confer some protection to the anti-neurogenic effects of chronic 

stress exposure (Kanatsou et al., 2015). These findings further emphasize the need to characterize, 

similarly to recent approaches (Habib et al., 2016), the molecular profile of adult-born neurons 

across the DG transverse axis, including the expression of corticosteroid receptors. Although 

originated from identical progenitor cells, possible differences in adult-born neurons at infra- and 

suprapyramidal layers may arise from their specific network circuitry, as suggested for the 

septotemporal axis of the DG (Wu et al., 2015). To specifically determine the functional and 
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behavioral relevance of adult-born neurons in the supra- and infrapyramidal blades of the DG, it may 

be of interest to specifically ablate or inactivate these cell populations, in both basal and stressful 

conditions. 

Altogether, in the present study, we found that the generation of new cells in the hippocampus is not 

uniform along the transverse axis of the septal DG being generally higher in the SGZ and, particularly 

in terms of new neurons, in the suprapyramidal blade. Moreover, chronic stress was shown to 

decrease the survival of adult-born neurons, but not glial cells, specifically in the suprapyramidal 

blade, which may account for the cognitive deficits observed in these animals. Certainly, future 

studies are needed to specifically dissect the contribution of adult-born neurons in the supra- and 

infrapyramidal blades for behavior. Similarly to the well described functional differences between the 

dorsal and the ventral DG (Kheirbek and Hen, 2011; Kheirbek et al., 2013; Wu et al., 2015), as well 

as the proposed distinct contributions levels of neurogenesis along the longitudinal axis (both in 

basal conditions (Snyder et al., 2009a) or after chronic stress (Jayatissa et al., 2006; Brummelte 

and Galea, 2010; Tanti et al., 2012)), we suggest that, in light of the present work, upcoming 

studies targeting the processes of adult hippocampal neurogenesis and astrogliogenesis should 

consider the dissociation of the DG into their supra- and infrapyramidal blades. 
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Supplementary Figures 

 

 

 

 

 

 

Supplementary Fig 1. Exposure to uCMS did not impact on working memory function as 
evaluated in the MWM test at the end of the stress protocol. Analysis of variance repeated measures 
was used to analyze cognitive learning task performance. Student’s t-test was used to analyze the 
effect of uCMS on MWM learning slope and AUC. Data represented as mean ± SEM. n = 6-8 
animals per group. Abbreviations: CTRL, non-stressed animals; uCMS, animals exposed to 
unpredictable chronic mild stress protocol; AUC, area under the curve. 
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Supplementary Figure 2. Chronic stress significantly impacts cell proliferation in distinct 
subregions of the adult hippocampal dentate gyrus. (a) Quantification of the number of Ki-67+ cells, 
per DG area, revealed a decrease of proliferating cells promoted by uCMS exposure. The densities of 
Ki-67 proliferating cells were also decreased in DG subregions as (b) supra- (c) and infrapyramidal 
blades, (d) GCL and (e) the SGZ. *Denotes the effect of uCMS analyzed by Student’s t-test; Data 
represented as mean ± SEM. * P ≤ 0.05, n = 3-4 animals per group. Abbreviations: CTRL, non-
stressed animals; uCMS, animals exposed to unpredictable chronic mild stress protocol; DG, 
dentate gyrus; GCL, granule cell layer; SGZ, subgranular zone. 
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Supplementary Figure 3. Survival of adult-born neurons is particularly affected by uCMS 
exposure in the suprapyramidal blade of dorsal hippocampal DG. Quantification of the number of 
NeuN+ BrdU+ cells, per area, revealed that uCMS exposure induces a significant decrease in the 
survival of adult-born neurons in the (a) whole DG and (b) in the suprapyramidal blade. uCMS 
exposure did not impact on the number of NeuN+ BrdU+ cells in other DG subregions as (c) the 
infrapyramidal blade, (d) GCL or (e) the SGZ. *Denotes the effect of uCMS analyzed by Student’s t-
test; Data represented as mean ± SEM. * P ≤ 0.05, ** P ≤ 0.01, n = 3-4 animals per group. 
Abbreviations: CTRL, non-stressed animals; uCMS, animals exposed to unpredictable chronic mild 
stress protocol; DG, dentate gyrus; GCL, granule cell layer; SGZ, subgranular zone. 
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Supplementary Figure 4. Decrease in the survival of adult-born glial cells, in the hippocampal 
dentate gyrus, by uCMS is not translated in any specific local decreased among DG subregions. (a) 
Chronic stress significantly impacts the survival of adult-born glial cells in the adult hippocampal 
dentate gyrus as denoted by a decreased number of GFAP+ BrdU+ cells, per DG area. uCMS 
exposure had no particular impact in the number of adult-born glial cells in any DG subregions as 
(b) the supra- and (c) infrapyramidal blades, (d) GCL or (e) the SGZ. *Denotes the effect of uCMS 
analyzed by Student’s t-test; Data represented as mean ± SEM. * P ≤ 0.05, n = 3-4 animals per 
group. Abbreviations: CTRL, non-stressed animals; uCMS, animals exposed to unpredictable chronic 
mild stress protocol; DG, dentate gyrus; GCL, granule cell layer; SGZ, subgranular zone. 
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Despite the huge effort in the recent years to better understand the molecular and cellular basis of 

depression, the precise mechanisms underlying its pathophysiology remain poorly characterized. In 

the recent literature, we have witness the emergence of distinct hypothesis, including the 

involvement of adult neural plasticity, in the onset and treatment of a depressive episode. Still, 

neural plastic mechanisms need to be better characterized and particularly its involvement in the 

course of the disease must be further explored. 

Accumulating evidence suggest that the adult brain has a great capacity of plasticity, being able to 

respond to intrinsic and extrinsic changes including stress, considered the major predictor factor for 

the development of a first depressive episode (Simons et al., 1993). In particular, alterations in 

neural morphology, either dendritic or synaptic changes, or epigenetic modifications represent highly 

relevant plastic events with ability to counteract the deleterious effects of stress. Additionally, and 

contrarily to other brain regions, the hippocampal dentate gyrus (DG), is one of the few adult brain 

regions where neural stem cells (NSCs) reside and generate newly functional neuronal and astroglial 

cells during adulthood. This phenomenon significantly potentiates brain plasticity in the adulthood. 

Noticeably, alterations in these adult neural plastic mechanisms have been largely implicated in the 

onset (Pittenger and Duman, 2008; Sousa and Almeida, 2012) and treatment from stress-related 

disorders (Santarelli et al., 2003; Surget et al., 2008; Bessa et al., 2009a; Banasr et al., 2011; 

Mateus-Pinheiro et al., 2013b). Nevertheless, there is a surprising gap of studies targeting the high 

frequency of recurrent episodes in depression, even after remission by treatment with 

antidepressants (ADs). Clinical evidence shows that the persistence of subclinical residual symptoms 

and the number of previous episodes are the major predictors factors for recurrence in depression 

(Hardeveld et al., 2010, 2013). However, these observations only rely on the risk to develop 

recurrence and not on their molecular or cellular determinants. In fact, it is still unexplored the 

possible involvement of the adult neural plastic events in the process of recurrence in depression. 

Thus, in the first part of this work (Chapter II) we investigated the role of adult neural plasticity in the 

development of recurrent depression and its involvement in the efficacy (or lack of) for typical ADs to 

prevent the re-appearance of depressive symptoms later in life. For such purpose, we repeatedly 

exposed adult rats to the unpredictable chronic mild stress (uCMS) protocol to model the process of 

recurrence. Our study revealed that, similar to previous reports (Elizalde et al., 2008; Bessa et al., 

2009a; Surget et al., 2011; Patricio et al., 2015), exposure to chronic stress leads to the 

manifestation of emotional- and cognitive-like alterations that resemble typical behavioral alterations 

observed in depressive patients (Bessa et al., 2009b). Also, a stress-free period of four weeks after 
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the terminus of stress exposure leads to a sustained recovery of stress-induced alterations, as 

previously reported (Mateus-Pinheiro et al., 2013b). After this stress-free period, re-exposure to 

chronic stress was able to promote the reappearance of depressive-like behavior and cognitive 

deficits. Intriguingly, assessment of neural plastic mechanisms revealed that adult animals 

repeatedly exposed to chronic stress did not display significant morphologic or cytogenic changes in 

comparison to non-stressed animals. These findings, diverge from previous observations 

demonstrating that the uCMS-induced behavioral alterations were correlated with neuroplastic 

deficits, including dendritic atrophy of granule neurons and a downregulation of the adult 

hippocampal neurogenic process (Santarelli et al., 2003; Airan et al., 2007; Bessa et al., 2009a). 

Also of relevance is that, despite the anhedonic-like phenotype evoked by an initial exposure to 

uCMS, animals were apparently resilient to the return of stress-induced effects in this particular 

behavioral dimension. As anhedonic-like behavior is primarily mediated by the nucleus accumbens 

(NAc), and is reported that stress-induced alterations in anhedonia are related to a hypertrophy of 

medium spiny neurons (Bessa et al., 2013), it is fair to hypothesize that an initial stress exposure 

may trigger, in this particular brain region, later adaptive alterations that result in the absent of an 

anhedonic phenotype in case of stress re-exposure. In this sense, it would be interesting to further 

evaluate the neuronal morphology of medium spiny neurons of the NAc in a similar animal model of 

recurrent depression, to dissect its putative involvement in the resilience to anhedonic-like behavior. 

Also, it should be considered the intrinsic capacity to an individual to respond to stress (Sapolsky, 

2015). Even though animals included in our study presented the same genetic background, their 

basal behavioral performance, response to stress and, eventually to recurrent stress, may vary 

among animals within the same experimental conditions (Southwick and Charney, 2012). In this 

sense, it is plausible to assume that, while some animals could present an increased capacity, or 

even resilience, to cope with stress exposure and/or re-exposure, others may exhibit higher 

susceptibility to stress deleterious effects. In fact, preliminary data from a study that included a large 

sample size revealed that (only) approximately one half of animals exposed to uCMS develop, in fact, 

depressive-like phenotype (data not shown). In this context, future preclinical and clinical studies in 

the context of depression and recurrence should aggregate individuals based on their individual 

response. This will also help to clearly extrapolate the basal determinants or biomarkers, including 

the involvement of adult neural plasticity in the response to a single and/or recurrent exposure to 

stress. Furthermore, the uncover of determinants of response in depression may strongly benefit 
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from innovative neuroimaging techniques, such as functional magnetic resonance imaging (fMRI), as 

observed by recent studies (Drysdale et al., 2017). 

In the same study, treatment with typical ADs as the selective serotonin reuptake inhibitor (SSRI) 

fluoxetine and the tricyclic agent imipramine, was effective to promote an immediate and sustained 

recovery of the behavioral alterations promoted by initial exposure to stress, in concordance to 

previous reports (Santarelli et al., 2003; Becker et al., 2008; Surget et al., 2008; Bessa et al., 

2009a; David et al., 2009; Mateus-Pinheiro et al., 2013b). According to studies from our lab, the 

improving actions of ADs rely on a dual neuroplastic effect (Mateus-Pinheiro et al., 2013a): while the 

mechanisms responsible for their immediate therapeutic actions are associated to a synaptic 

neuronal remodeling (Bessa et al., 2009a), the sustained recovery and remission of the depression-

like symptoms occur through a normalization of the hippocampal cytogenic process (Mateus-

Pinheiro et al., 2013b). Nevertheless, animals previously treated with fluoxetine or imipramine 

presented a different response to stress re-exposure. Surprisingly, fluoxetine-treated animals display 

significant behavioral alterations, whereas no major behavioral deficits are observed among animals 

previously treated with imipramine. Also, depending on the AD, adult neuroplastic mechanisms were 

differently affected by repeated exposure to stress. Animals treated with fluoxetine presented an 

abnormal increase in the generation of adult-born granule neurons and a dendritic atrophy of pre-

existing granule neurons; in contrast, those treated with imipramine exhibited a normalized 

neurogenic process but increased dendritic arborization in granule neurons. Noticeably, neither 

fluoxetine nor imipramine evoked significant alterations in the generation of adult-born glial cells in 

the DG. Furthermore, co-administration of ADs with the cytostatic agent methylazoxymethanol 

(MAM), widely described to significantly decreased adult cytogenesis (Shors et al., 2001; Li et al., 

2009; Hsiao et al., 2014), suppressed the overproduction of adult-born neurons and prevented 

behavioral deficits after re-exposure to stress in fluoxetine-treated animals. Thus, it is plausible to 

assume that an abnormal potentiation of the adult neurogenic process as observed by treatment 

with fluoxetine could be responsible for triggering susceptibility to the deleterious effects of recurrent 

stress exposure. The potent pro-neurogenic capacity of fluoxetine in the adult hippocampal DG in 

basal conditions (Malberg et al., 2000; Santarelli et al., 2003), but also its ability to revert stress-

induced reduction of the neurogenic process has been largely described (Santarelli et al., 2003; 

Surget et al., 2008; Surget et al., 2011; Mateus-Pinheiro et al., 2013b). However, to the best of our 

knowledge, this work represents the first study to assess the neurogenic effects of fluoxetine in the 

adult hippocampal DG after repeated exposure to stress. Although a previous study similarly 
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promoted a repeated exposure to chronic stress and an initial treatment with fluoxetine, the 

generation of adult-born neurons was not quantified (Yang et al., 2009). Interestingly, and in 

accordance with our findings, authors also reported that fluoxetine-treated animals presented 

behavioral deficits after re-exposure to stress, in particular an anhedonic-like phenotype (Yang et al., 

2009). Thus, despite the required neurogenic effect of fluoxetine to buffer the stress effects (Snyder 

et al., 2011) and to promote a sustained remission after a depressive-like event (Mateus-Pinheiro et 

al., 2013b), the long-term consequences of an exaggerate production of adult-born neurons may 

trigger a deleterious response to subsequent exposure to stress. In agreement, previous studies had 

shown that an increased hippocampal neurogenesis triggered susceptibility to the negative effects of 

stress (Lagace et al., 2010; Lyons et al., 2010). Moreover, others have described that an abnormal 

production of adult-born neurons is typically associated with an increased neuronal plasticity and 

excitability (Schmidt-Hieber et al., 2004), higher competition for afferent inputs (Toni et al., 2007) 

and depolarization in response to GABAergic inputs (Ge et al., 2007), in addition to a reorganization 

of the hippocampal circuitry (Akers et al., 2014). Such alterations may ultimately result in important 

behavioral dysfunctions, as observed in this work. Several other studies have reported cognitive 

impairments, particularly memory deficits, in consequence of an over generation of newborn 

neurons in the adult hippocampal DG (Jessberger et al., 2007; Akers et al., 2014). Also, increased 

neurogenesis induced by voluntary running wheels is known to potentiate anxiety-like behavior (Fuss 

et al., 2010a; Fuss et al., 2010b; Onksen et al., 2012). Beyond the putative deleterious effects of 

the overproduction of adult-born neurons, the atrophy of granule neurons, typically associated to 

behavioral deficits (Bessa et al., 2009a; Melo et al., 2015; Patricio et al., 2015), could 

accumulatively result into increased susceptibility to the effects of recurrent stress exposure 

observed in animals treated with fluoxetine. 

The present study also indicates that fluoxetine-treated animals, contrarily to non-treated animals, 

did not exhibit deficits in the behavioral flexibility task of the Morris water maze test. Interestingly, 

this particular cognitive task is not exclusively dependent on hippocampal function as it also relies 

on the activity of the prefrontal cortex (Clark et al., 1998) and orbitofrontal regions (McAlonan and 

Brown, 2003). Therefore, the assessment of neuronal morphological and synaptic alterations in 

these regions may contribute to better understand their implication in the absence of stress-induced 

alterations in this particular cognitive task (Cerqueira et al., 2007). 

Moreover, co-treatment with the cytostatic agent MAM ablates the long-term protective effects of 

treatment with imipramine, reinforcing the view that the reestablishment of basal neurogenic levels, 
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either below or above, is crucial to face recurrent exposure to chronic stress. Additionally, the robust 

increase in the dendritic arborization of pre-existent granule neurons may also contribute to a 

protective action, through an increased formation of synaptic contacts. 

Besides the assessment of new neurons and of neuronal morphological alterations, we also 

measured the generation of adult-born astrocytes in the hippocampal DG. This process, which has 

been also associated with the pathogenesis and treatment of depression (Rajkowska and Miguel-

Hidalgo, 2007) (including by imipramine (Mateus-Pinheiro et al., 2013b)), was not altered among 

experimental groups. Nevertheless, further studies in the context of recurrent stress exposure should 

also tackle possible morphological alterations of pre-existing and adult-born astrocytes. 

Taken together, the contrasting behavioral consequences of recurrent stress on animals treated with 

fluoxetine and imipramine could rely on different, but not mutually exclusive, mechanisms that need 

further exploration. Primarily, they present distinct pharmacological actions: while fluoxetine mainly 

enhances the availability of serotonin, imipramine increases the levels of serotonin and 

noradrenaline. As such, the usage of a more noradrenergic selective drug or the specific blockage of 

the noradrenergic system along with imipramine treatment would be of high interest to distinguish 

the specific effects associated to their mechanisms of action. In addition, these drugs are also 

known to act differently among neural cell types (Patricio et al., 2015). While fluoxetine has a 

particular effect on neurons, imipramine acts on neurons, astrocytes or oligodendrocytes in the 

hippocampal DG (Patricio et al., 2015). Such observations suggest that these ADs may also present 

significant differences in their cellular action and therefore differentially affect the hippocampal 

circuitry, which may account for the observed distinct response to recurrent stress exposure. In light 

of the findings included in this work, we suggest that the opposing long-term effects and distinct 

response to repeated stress triggered by fluoxetine and imipramine could result mainly from a 

different action on adult mechanisms of neural plasticity. As such, we suggest that the strength in 

the activation of these adult neuroplastic mechanisms by ADs in response to a first stressful episode 

may further determine the resilience or susceptibility to a recurrent depressive-like event. In our view 

and considering the growing recognition of neuroplastic phenomena and their implication in 

depression, future studies should combine distinct mechanisms simultaneously, rather than 

observations from a single and particular event. Furthermore, we consider that the ongoing search 

for and development of new ADs should consider a mechanism of action that relies on the proper 

balance of adult neural plasticity, to preclude an increased susceptibility to recurrent depression. 

Despite the need of further studies, the preclinical evidences reported in this thesis significantly 
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contribute to understand the involvement of adult neural plasticity in the pathophysiology of 

depression and represent a “starting shot” to the understanding of the mechanisms underlying the 

progress to recurrence in depression. 

Thus, recognizing the importance of the neural plasticity including the generation of adult generation 

of newborn neural cells in the pathogenesis, treatment and in development of recurrent depression, 

as observed in this work, it is pivotal to continuously improve the understanding of these cytogenic 

processes, but also to better determine the alterations promoted by stress exposure. Likewise, it is 

important to dissect the regional specificities of the process in basal and stressful conditions, in 

order to, ultimately, enhance the specificity and specialization of current treatments of stress-related 

disorders. 

Newborn neural cells, and particularly neurons generated in the adult DG, are known to be involved 

in diverse behavioral functions, including emotional and cognitive behaviors (Christian et al., 2014), 

but also in the response to stress (Snyder et al., 2011). However, given the recognized structural 

and functional heterogeneity of the adult hippocampus, the mediated-functions of pre-existing or 

adult-born neurons depend on their specific location. As such, those located in the dorsal 

hippocampus are known to particularly mediate cognitive tasks, whereas the ones that reside in the 

ventral pole are mainly enrolled in emotional behaviors (Strange et al., 2014; Wu et al., 2015). A 

vast number of studies have explored the regional specificities of adult hippocampal neurogenesis 

along the septotemporal axis of the hippocampal DG, in basal, but also in stressful conditions (Tanti 

and Belzung, 2013; Wu and Hen, 2014; Wu et al., 2015). However, still sparse information has 

been collected to tackle a putative distinction of the adult-generation of new neurons and astroglial 

cells [also known to modulate the neurogenic process (Seri et al., 2001; Morrens et al., 2012)], in 

other DG subregions, including along the transverse axis. Also, the impact of chronic stress in the 

generation and survival of adult-born cells along the transverse axis of the DG has been barely 

determined. As such, we investigated the preferential location of the adult-generated cells within the 

DG and the impact of chronic stress in the proliferation and survival of newborn neurons and 

astroglial cells along the DG transverse axis (Chapter III). For that, young-adult rats were injected 

with the exogenous marker of cell proliferation BrdU and sacrificed ten weeks later for quantification 

of proliferative and surviving glial and neuronal cells along the transverse axis of the dorsal DG. A 

subgroup of animals, four weeks after BrdU administration, was exposed to uCMS protocol. 

Accordingly, in basal conditions, was identified a preferential increase in proliferation and survival of 

newborn neurons and astroglial cells for the granular cell layer (GCL) and the suprapyramidal blade 
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of the hippocampal DG. The latter observations are in agreement to previous reports (Ambrogini et 

al., 2000; Kempermann et al., 2003; Ramirez-Amaya et al., 2006; Dranovsky et al., 2011; Jinno, 

2011) and may reflect a more pro-survival microenvironment in the suprapyramidal blade. Likely, a 

putative functional specificity of this DG subregion may require a greater generation of neural cells in 

the suprapyramidal blade than in the infrapyramidal blade. More so, previous studies revealed 

neuronal morphological differences along the transverse axis of the hippocampal DG. Accordingly, 

pre-existing granule neurons located at the suprapyramidal blade present higher dendritic 

arborization and spine density than those in the infrapyramidal blade (Desmond and Levy, 1985; 

Claiborne et al., 1990; Rahimi and Claiborne, 2007). Eventually, neurons in this specific subregion 

may be able to establish more synaptic contacts and, therefore, evoke an increased neuronal 

activity. Further and advanced studies should be performed, including the gene expression pattern, 

but also their electrophysiological properties, to address differences between these DG subregions 

and elucidate the basal differences, here observed. Taken together, the cytogenic and morphological 

differences between the supra- and infrapyramidal blades further suggest an increased functional 

participation of pre-existing and eventually adult-born neurons of the suprapyramidal blade in 

behavioral functions mediated by the dorsal DG, particularly involved in cognitive tasks. Accordingly, 

different studies observed increased neuronal activity in the suprapyramidal blade during spatial 

recognition, a task that particularly requires pattern separation function (Chawla et al., 2005; Pace 

et al., 2005; VanElzakker et al., 2008; Snyder et al., 2009a; Satvat et al., 2012). It is relevant to 

note that other studies described an increased cell proliferation and survival in the infrapyramidal 

blade (Choi et al., 2007; Olariu et al., 2007; Snyder et al., 2009a), however, they present 

experimental differences including the time of BrdU injection, before sacrifice. This is particularly 

important since it was previously described a distinct time of maturation between the infra- and 

suprapyramidal blades (Schlessinger et al., 1975). More specifically, the infrapyramidal blade is the 

first to be developed, indicating that there, the generation of new neurons may occur faster than in 

the suprapyramidal blade. Thus, in a longer period after BrdU injection, as in the present study, 

putative differences in terms of maturation of adult-born neurons generated in the two blades do not 

constitute a confounding effect. 

Additionally, and as previously reported (Bessa et al., 2009a; Mateus-Pinheiro et al., 2013b), 

exposure to chronic stress promoted an overall significantly decrease in the proliferation and survival 

of newborn neurons and glial cells in the adult DG. Despite no particular regional preferential 

decrease in proliferating progenitor cells and newborn astroglial cells, here, we observed that stress 
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preferentially impacts on the survival of adult-born neurons in the suprapyramidal layer. These 

observations suggest that the specific stress-induced alterations in the suprapyramidal blade were 

mainly contributing to the overall decrease in the survival of (dorsal) adult-born cells. This particular 

effect could be related to a microenvironment particularly sensitive to extrinsic alterations and/or, 

similarly to differences along the hippocampal septotemporal axis (Toyoda et al., 2014). The 

infrapyramidal and suprapyramidal blades may also exhibit a distinct expression pattern of 

glucocorticoids (GR) and mineralocorticoid receptors (MR) in pre-existing and adult-born neurons. 

Thus, it is expected a distinct expression of GR/MR receptors located at the suprapyramidal blade 

that may contribute to a higher susceptibility to the effects of stress exposure. Interestingly, it has 

been reported an increased activation of the suprapyramidal blade after exposure to stress denoted 

by higher expression of c-fos (Chowdhury et al., 2000; Fevurly and Spencer, 2004). Concomitantly, 

these regional-specific alterations promoted by stress exposure in the survival of newborn neurons in 

the suprapyramidal blade of the dorsal hippocampal DG correlates with significant behavioral 

alterations in diverse cognitive tasks.  

Nevertheless, it is relevant to mention that, in contrast to the present study, it was previously 

reported a reduction in the survival of adult-born neurons in the infrapyramidal blade of the DG in 

mice after stress exposure (Kanatsou et al., 2015). In addition to the referred alterations in the 

genesis and survival of newborn cells, it could be of interest, to determine putative differences along 

the DG transverse axis in other mechanisms of neural plasticity, in response to stress, including 

changes in neural morphology and epigenetic modifications. Additionally, it should be noted that 

discrepancies in the dynamics of the adult neurogenic process in mice and rats, might account for 

the apparent contrasting observations (Snyder et al., 2009b). 

Despite the need to clarify the functional contribution of adult-born cells along the DG transverse 

axis, the observed cytogenic regional-specific differences, in basal and in stress conditions, suggest 

that upcoming studies targeting the hippocampal cell genesis process should consider the 

dissociation of the DG into the infra- and suprapyramidal blades. Furthermore, it should be explored 

possible regional-specific alterations in the survival of newborn cells in the DG promoted by ADs, 

recognized to have a potent cytogenic capacity. Such studies may contribute to a better 

understanding of the cellular and behavioral contribution of these compounds for the treatment, but 

also for the process of recurrence in depression. In particular, and in consequence to the emotional 

and cognitive deficits induced by recurrent stress exposure and the overproduction of the newborn 
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neurons by treatment with fluoxetine, could be of interest to determine putative regional-specific 

alterations of this drug across different subregions of the DG. 

 

Taken together, evidences presented in this work provide a further characterization of the 

mechanisms of adult neural plasticity within the hippocampal DG and novel insights regarding their 

involvement in the development, treatment and recurrence of stress-related disorders, namely 

depression. We foresee that the knowledge here raise will also pave the way for following works 

particularly in the context of recurrent depression. 
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study of the corpus callosum of rats brain were performed with
a 7.0 Tesla Bruker BioSpin ClinScan MRI tomograph. After that
immunohistochemical assay were performed.

Results: ECT led to increase social activity (total time of
social contacts, s) in the Social Interaction Test − 190±9.8
compared to the untreated group 103±8.5, (P <.001). In the
Forced Swim Test, ECT treated animals showed a significantly
lower immobility time (s) (57.99±10.4) compared to the untreated
group (213±15.6, P <.001). In Morris Water Maze ECT didn’t
decrease working and spatial memory, moreover US+ECT group
rats found the hidden platform much faster than US group rats
(US 46±12; US+ECT 8±1.5, control group 21±8.5). And in test
without platform US + ECT group rats also showed better time
compared with US group, they stayed in platform square longer
(US group 15±2.5; US=ECT group 24±3.5, control group 26±3).
In Object Recognition Test, while ultrasound stress group (US
group) showed subzero index of discrimination (−20±9.8), ECT
treated rats returned that value to normal level (control group
32±11; US+ECT group 30±10.6). Also, ECT didn’t increase of
anxiety in Evaluated Plus Maze.
After ECT was detected significant increase numbers of white

matter hyperintensities (fractional anisotropy) (0.358±0.013 com-
pared to the untreated 0.349±0.006, p< 0.05).

Conclusion: The obtained data allow to conclude, that ECT is
safe and effective method for leveling stress –induced depressive-
like behavior in rats. Moreover, ECT increase functional activity
of the corpus callosum.
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Purpose of the study: Human embryonic carcinoma (EC; NCCIT)
cells have a similarity to embryonic stem (ES) cells in their
gene expression profile as well as self-renewal capacity and the
potential to differentiate into three embryonic germ layers. On the
basis of these characteristics, both cell types can be classified as
belonging to the same category. Adult hippocampal neurogenesis
hypothesis states that the generation of neurons in the postnatal
brain is important for understanding and treating anxiety disor-
ders, like post-traumatic stress disorder (PTSD). Also selective
serotonin reuptake inhibitors (SSRIs) have been proven to be
effective for the treatment of anxiety disorders including PTSD.
Although previous studies suggest that treatment with SSRIs
influences the expression of various proteins that are involved in
proliferation, differentiation, and apoptosis in the neuronal cells
of the brain, the molecular pathways of their antianxiety action
are not still well understood. Proteomic techniques can be used
to relatively quantify the abundance of thousands of proteins
simultaneously. To identify the effects of fluoxetine on protein
expression during neuronal differentiation at the cellular level, we

exposed NCCIT cells to retinoic acid in the presence or absence
of fluoxetine. We investigated protein expression characteristics
in NCCIT cells using proteomics techniques, and validated the
results with western blot analysis.

Methods used: Embryonic bodies (EBs) from NCCIT cells
(CRL-2073) were incubated with 10mM retinoic acid and 10mM
fluoxetine for 7 days. In detail, NCCIT cells were incubated
in fresh media containing 10mM fluoxetine for the fluoxetine
group, but NCCIT cells of control group were incubated in
fresh media containing the same volume of 10% ethanol without
10mM fluoxetine. Expression level of heat shock protein 90
(HSP90) in NCCIT cell-derived neurons was measured. Proteins
samples were subjected to two-dimensional gel electrophoresis
(2DE) using PDQuest software to quantify the spot densities.
Ultraflex matrix-assisted laser desorptionionization-time-of-flight
mass spectrometry (MALDI-TOF MS) was used for the peptide
analysis. To identify the pathway network analysis, the MetaCore
pathway software was used. All of the data were expressed as
mean±SEM and were analyzed using OriginPro 8 and SPSS 17.

Summary of results containing real data and appropriate
statistical assessments: Treatment of fluoxetine on NCCIT cell-
derived neurons induced up-regulation and down-regulation of
proteins. Upregulated proteins in fluoxetine-treated NCCIT cell-
derived neurons included HSP90-alpha isoform 2. The pathway
networks including canonical pathway was identified as scored by
MetaCore. To confirm the protein related to underlying mecha-
nism of anxiety disorder, we performed the western blot analy-
sis. We chose HSP90 because of its function in glucocorticoid
receptor regulation. Long-term treatment of 10mM fluoxetine on
NCCIT cell-derived neurons resulted in increasing the expression
of HSP90 compared to no treatment as control.

Conclusions: In anxiety disorders, fluoxetine might have the
action mechanism of antianxiety treatment through increasing
HSP90 during adult hippocampal neurogenesis.
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Depression is a highly prevalent neuropsychiatric disorder as-
sociated with a huge rate of relapses and recurrent episodes.
Despite a wide number of studies focusing on the onset and the
treatment of this disorder, insufficient attention has been given
to the events that precipitate the reappearance of depression.
Indeed, although relevant studies have raising the importance of
mechanisms of plasticity in the adult brain to understand the
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pathogenesis and the treatment of depression, efforts may be
applied to understand their involvement to trigger recurrence in
depression [1]. In this context, it is urgent to understand the
impact of recurrent exposure to depression on different behavior
dimensions and the involvement of adult neuroplastic mechanisms
including structural remodeling of neuronal branching as well as
the importance of adult cytogenic processes (neurogenesis and
gliogenesis). For this purpose, recurrent depression was modelling
in rodents by repeated exposure to an unpredictable chronic mild
stress (uCMS) protocol. Following to a first uCMS protocol
to induce a depressive-like state, animals followed a period of
recovery, without stress exposure. Subsequently, a second stress
protocol was applied to precipitate the return of a depressive-
like phenotype. At the end of the experimental protocol, a be-
havior and molecular assessment was performed. In terms of
behavior, different tests were applied to evaluate distinct behavior
dimensions typically affected in depression namely mood, anxiety
and cognition [2]. Regarding the evaluation of adult neuroplastic
mechanisms, distinct markers of proliferation and differentiation
of neural stem cells were analyzed. The behavior assessment has
revealed that recurrent stress impacts differently on mood, anxiety
and cognition. Moreover, a putative resilience to stress-induced
deficits may be related to alterations on neuronal morphology and
cell genesis in the adult hippocampus, a brain region known to
be strongly affected by depression. We also aim to reveal the
capacity of different typical antidepressants (ADs) to counteract
the reappearance of depressive-like behavior. Thus, subgroups
of animals were initially treated with fluoxetine or imipramine,
which belong to different classes of ADs. Surprisingly, distinct
ADs appear to be differently effective against to recurrent stress.
Furthermore, results strongly indicate that the treatment with
different ADs may concede either vulnerability or resilience to
exhibit a recurrent depressive-like state. Additionally, depending
on the AD, the pattern of alterations induced on the morphology
and cell genesis in the dentate gyrus of the hippocampus is notably
distinct. These observations reveal that the modulation of adult
neuroplastic mechanisms including adult hippocampal neurogen-
esis and alterations on neuronal morphology could trigger further
resilience or susceptibility to recurrence of depression. Taken
together, the results of this study extend the understanding of the
process of recurrence in depression, particularly the involvement
of adult neuroplastic mechanisms, and the importance of choosing
the appropriate AD having in mind its resilient capability to falling
into a recurrent depressive episode.
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Purpose: Agmatine (l-amino-4-guanidinobutane) is an endoge-
nous polycationic amine synthesized by the decarboxylation of
arginine by the enzyme arginine decarboxylase and hydrolyzed
by agmatinase. Agmatine has been quantified in nearly all or-
gans including brain. It has been proposed to act as a novel
neuromodulator in the mammalian brain. Previous studies have
shown that endogenous agmatine interacts with a number of
receptor subtypes such as, imidazoline, alpha-2 adrenergic and
N-methyl-D-aspartate receptors. It also blocks other ligand-gated
cationic channels, including nicotinic receptors, and inhibits all
three isoforms of nitric oxide synthase. This study is planned to
investigate the effect of agmatine on oxidative damage processes
in conjunction with evaluating its impact on neuronal/glial ac-
tivities and brain-derived neurotrophic factor (BDNF) in chronic
unpredictable mild stress (CUMS) model in rats.

Methods: Rats were allocated to the following study groups as
animals not exposed to stress (Control Group, n = 10), animals ex-
posed to Stress for 5 days (Stress group, n = 10), animals exposed
to Stress and treated with agmatine (Stress+Agmatine Group,
n = 10). Control and CUMS groups were injected with saline and
CUMS+Agmatine group was injected with agmatine 40mg/kg,
i.p. daily through the experiment. CUMS was applied according
previous study with a minor modification. Briefly, the CUMS
and CUMS+Agmatine groups were subjected to different types
of stressors: restraint for 4 h, cage tilting for 24 h, wet bedding
for 24 h, swimming in 4ºC cold water for 5min, swimming in
45ºC hot water for 5min, pairing with another stressed animal for
48 h, level shaking for 10min, nip tail for 1min, and inversion of
the light/dark cycle for 24 h. These nine stressors were randomly
applied for 5 weeks. Rats received one of these stressors per day
and the same stressor was not applied continuously in 2 days
so that animals could not predict the occurence of stimulation.
Body weight, sucrose consumption was recorded. After 5 weeks,
animals were tested for elevated plus maze and forced swim
test. At the end of the experiment, brains of the rats were either
removed freshly for malondialdehyde (MDA), glutathione (GSH)
levels and myeloperoxidase (MPO) activity or removed with 4%
paraformaldehyde perfusion for c-fos, glial fibrillary acidic protein
(GFAP) and BDNF immunohistochemically in prefrontal cortex
and hippocampus.

Results: A decrease in GSH and increase in MDA and MPO
levels in CUMS group were significantly inhibited with agmatine
treatment which were considered markers of oxidative damage. In
immunohistochemical experiments it has been found that c-fos and
GFAP were overexpressed and BDNF was decreased in CUMS
group whereas data for agmatine treatment group were similar to
those of control group.

Conclusions: The findings of the current study clearly showed
significant beneficial effects of agmatine on oxidative damage in
CUMS model in rats.
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P.2.e.004 Lithium levels in the public water supply and
risk of suicide
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Palanga, Lithuania

Suicide is major public health challenge, accounting for approx-
imately 800,000 deaths annually worldwide (WHO 2014), in-
cluding approximately 58,000 within European Union, and 1,000
in Lithuania. In the European region, Lithuania has the highest
suicide rate with 31.7 per 100,000 [1]. Lithium is naturally found
in vegetables, grains and drinking water. Although natural doses
are significantly lower than those used in therapeutic treatment [2],
growing evidence that even very low lithium levels induced by
routine consumption of lithium from tap water may have anti-
suicidal effects both in patients with mood disorders and in the
general population [3−4].

Objective: The aim of this study was to establish association
between natural lithium levels in drinking water and lower suicide
rates.

Methods: In 2013, the population of Lithuania was 2,971,905.
The nine examined cities had the population of 1,190,261 (41%
of general population). The average population per study city
was 132,293 (SD 178,161) range from 2,525 to 526,356 capital
city Vilnius inhabitants [22]. Thus, the population size varies
significantly across the nine examined cities. Comprehensive
data on male/female proportion (females for 1000 males) were
obtained from the Institute of Hygiene database, and averaged
for the available 2009–2013 years. All consecutive years were
strongly correlated. Overall, for 5-year period 2009–2013, the
average standardized mortality rate (SMR) for suicide in nine
cities of Lithuania was 27 (range 16−50) per 100,000 population.
According to gender, the average SMR for suicide was 51 (range
29−93) per 100,000 population for men, and 7 (range 0−13) per
100,000 population for women. From 2013 to 2014, 22 samples
of drinking water of nine Lithuanian cities were analyzed for
lithium levels. The average was 2.4 samples per cities with a
range from 1 to 5 samples. Lithium levels were analyzed by
inductively coupled plasma mass spectrometry (ICP-MS), which
can measure very small amounts of lithium; the minimal amount
of lithium which can be measured was 0.1mg/L. The lithium
levels in all 22 samples ranged from 0.48 to 35.53mg/L. The mean
lithium level in nine cities of study was 10.9 mg/L (SD 9.07). For
the statistical calculation, lithium levels were averaged per city
and were examined for association with standardized (European
population) mortality rate for suicide per 100,000 populations.
Suicide data comprise all registered suicides across all ages within
the 5-year period from 2009 to 2013.

Results: The study demonstrated an inverse correlation between
lithium levels (log natural transformed), women number for 1,000
men and standardized mortality rate for suicide among total study
population. After adjusting for confounder (the number of women
for 1,000 men), the lithium level remained statistical significant in
men (b=–0.70, p = 0.013), but not in women (b = 0.15, p = 0.70).

Conclusions: Our study suggests that natural lithium levels in
drinking water are associated with suicide rate. Lithium level in
drinking water might have a protective effect on the risk of suicide
among men.
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of Minho, Neurosciences, Braga, Portugal

Depression is a highly prevalent neuropsychiatric disorder fre-
quently associated with relapses and recurrent episodes. Approx-
imately one quarter of the world’s population is affected by one
or several episodes of depression during their lifetime. Further-
more, the risk of recurrence increases along with the number of
depressive episodes, revealing the importance of an effective and
sustained treatment on the first episode. Although the mechanisms
of pathogenesis and treatment of depression have been extensively
studied, the knowledge regarding the processes that trigger the re-
appearance of symptoms is surprisingly scarce. Several studies
raise the importance of adult neuroplasticity mechanisms for the
pathogenesis and treatment of depression, however their involve-
ment in the precipitation of recurrent episodes is unknown. In
fact, behavioral improvements promoted by typical antidepressants
(ADs) require mechanisms of adult neuroplasticity including al-
terations in neuronal morphology and generation of new neurons
in adult hippocampus. However, recent studies revealed that ADs
might promote undesired consequences at long-term including
anxiety-like behavior. Thus, it is crucial to better understand the
long-term consequences induced by ADs and their capacity to
prevent relapses or recurrence in depression. In this context, rats
were exposed to two consecutive unpredictable chronic mild stress
(uCMS) protocols of six-weeks, separated by four weeks without
stressors to promote remission. To understand the therapeutic
impact of ADs to prevent recurrent episodes, during the last
two weeks of the first stress protocol, groups of animals were
chronically treated with ADs of different classes, fluoxetine, a
selective serotonin-reuptake inhibitor, or imipramine, a tricyclic
agent. Behavioral dimensions typically affected by stress including
mood, anxiety and cognition were assessed along the experimental
protocol and at the end, adult hippocampal cytogenesis (neuroge-
nesis and gliogenesis) and the morphology of granular neurons
of the hippocampal dentate gyrus were assessed as indicators
of adult neuroplasticity. After a single uCMS protocol, animals
displayed significant behavioural alterations, including anxiety and
cognitive deficits, which were reverted by both antidepressants.
However, when re-exposed to uCMS, treated animals presented
opposite effects: while imipramine-treated animals remained with
good performance in most behavioral domains, animals treated
with fluoxetine presented behavioral deficits similar to uCMS non-
treated animals. The resilience exhibited by imipramine-treated
animals was associated to a significant increase in the dendritic
arborization of granular neurons of the dentate gyrus, while a
non-physiological increase in the generation of newborn neurons
may account for an increased vulnerability driven by fluoxetine.
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No alterations were observed in the generation of new glial
cells. To further dissect the involvement of adult hippocampal
neurogenesis in triggering recurrence in depression, subgroups
of treated animals where co-injected with methylazoxymethanol
(MAM), a cytostatic agent that arrests the proliferation of stem
cells in the adult brain. Results revealed that when the increase
in neurogenesis promoted by fluoxetine is buffered by MAM
administration, animals do not present depressive-like symptoms
after a recurrent uCMS protocol. Thereafter, we hypothesize that
a non-physiological increase in adult hippocampal neurogenesis
promoted by fluoxetine may increase the vulnerability to recur-
rence in depression and alert for the choice of antidepressant used
to treat an initial episode of depression.

P.2.e.006 Antidepressant-like properties of the GPR39
(zinc receptor) agonist

K. Mlyniec1 °, G. Starowicz1, M. Gawel1, E. Frackiewicz1,
G. Nowak1 1Jagiellonian University Collegium Medicum,
Department of Pharmacobiology, Kraków, Poland

Introduction: Zinc is known to be a natural ligand for G-coupled
protein receptor 39 (GPR39). GPR39 is thought to be involved in
the pathophysiology of mood disorders and in the antidepressant
response [1]. GPR39 is widely expressed in the central nervous
system, in such structures as the hippocampus, frontal cortex
and amygdala [2,3], which suggests that zinc may act in the
structures involved in depression or anxiety as a neurotransmitter
via activation of the GPR39 Zn2+-sensing receptor. Activation
of the GPR39 triggers diverse biochemical pathways regulating
neuronal function, which results in increased expression of CREB,
which plays an important role as a major mediator of neuronal
neurotrophin (mainly brain derived neurotrophic factor, BDNF)
responses [4]. Our previous results showed the involvement of
the GPR39 receptor in the pathophysiology of depression (down-
regulation of the hippocampal and cortical GPR39 in suicide vic-
tims and zinc-deficient rodents) [1]. In this study we investigated
a possible antidepressant-like properties of GPR39 agonist.

Objectives: The aim of the study was to examine animal behav-
ior and biochemical changes (GPR39, BDNF) in the hippocampus
following the administration of the GPR39 agonist. Moreover the
aim of the study was to investigate mice behavior following join
administration of GPR39 and antidepressants (all in ineffective
doses) in the FST.

Materials and Methods: In this study we used male CD-1
mice (~22−25 g), which were assigned to groups according to
drug treatment. To evaluate animal behavior the forced swim test
(FST) and spontaneous locomotor activity test were performed.
In FST the animals were dropped individually into glass cylinders
containing water. The mice were left in the cylinder for 6 min-
utes. The total duration of immobility was measured during the
following 4-minute test. GPR39 and BDNF were determined in
the hippocampus by the Western blot analysis.

Results: In this study T CG-1008 (GPR39 agonist) significantly
reduced immobility score in the FST and spontaneous locomotor
activity (line crossing). We found also hippocampal GPR39 and
BDNF up-regulation following T CG-1008 treatment. Join admin-
istration of GPR39 agonist (ineffective doses) with antidepressants
(all in ineffective doses) significantly reduced immobility time in
the FST.

Conclusions: Our results confirm antidepressant-like properties
of GPR39 agonist. Moreover, GPR39 agonist significantly potenti-

ates antidepressant-like effect of antidepressants. GPR39 agonist
may be undiscovered so far a novel agent for the treatment of
mood disorders.
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P.2.e.007 Effect of venlafaxine and chronic
unpredictible stress on behaviour and
hippocampal neurogenesis of rat dams

K. Belovičová1 °, E. Császár1, E. Ujházy1, M. Mach1,
M. Dubovický1 1Institute of experimental pharmacology
and toxicology, Department of developmental and behavioral
toxicology, Bratislava, Slovak Republic

Depression is frequently occurring disease in the developed
countries. Functional deficiency of monoamines in the brain is
considered the main reason of depression. However, monoamines
during intrauterine development play an important organizational
role and regulate various developmental processes, such as prolif-
eration, differentiation, migration and synaptogenesis. Untreated
depression as well as antidepressants represent a potential risk
to the developing fetus. It raises dilemma to treat or not to
treat depression during pregnancy and lactation. Epidemiological
studies strongly support the theory that stressful life events play
an important role in the etiology of depression. The mechanism of
chronic stress induced depression involves a number of systems.
Chronic stress represents a serious health issue especially during
pregnancy and lactation. In this sensitive period, stress can lead
to changes in emotional and cognitive behavior both of the
mothers and the offspring. It is thus necessary to properly manage
stress events during gestation and lactation period. Appropriate
antidepressant treatment could improve symptoms of maternal
depression as well as consequences of untreated depression. Yet
the antidepressant drugs themselves represent a risk for func-
tional brain development as they affect individual neurotransmitter
system functioning. Therefore, it is important to evaluate the
possible adverse effects of antidepressants on the fetus. Selective
serotonin reuptake inhibitors and serotonin and noradrenalin reup-
take inhibitors including venlafaxine are the most frequently used
antidepressants in clinical practice. Venlafaxine belongs to the
serotonin and noradrenaline re-uptake inhibitor group. It is used
for the treatment of depression, anxiety disorders and other mood
disorders. During pregnancy, however, the use of venlafaxine is
questionable due to the lack of experimental and clinical studies.
Relevant animal models are necessary to investigate maternal
stress/depression and antidepressant interferences in order to find
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AP2gamma controls adult hippocampal neurogenesis and modulates cognitive, but not anxiety or 
depressive-like behavior 
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Supplementary Figures 
 

 
 
 
 

 
 
 
 
Supplementary Figure 1. AP2γ in the adult dentate gyrus. (a) A proportion of AP2γ positive cells 
co-localized with the cell-cycle marker Ki-67. (b) Co-localization between AP2γ positive cells and ma-
ture neurons (NeuN+ cells; b, left and middle panels) was not found. Right panels represent co-
localization analysis.Scale bar represents 50 µm.  
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Supplementary Figure 2. AP2γ deletion in the forebrain - DG. (a) Hippocampal coronal section 

stained for DCX (in red) in both Wt (left panel) and AP2γfl/fl::Emx1-Cre animals (right panel). (b) Cell 

counts of DCX positive cells in the hippocampal DG. n=5, Student’s t test,*** P ≤ 0.001. Scale bar re-

presents 50 µm.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Figure 3 Immunhistochemistry of AP2γ positive cells and GFAP positive cells in 

hippocampal dentate gyrus of adult WT. No co-localization was found in this region between AP2γ- 
and GFAP-label. Scale bar represents 20 µm. 
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Supplementary Figure 4. Total spine density of hippocampal granular neurons. (a, b) Dendritic 

length was measured in the dorsal dentate gyrus (DG) (a) and ventral DG (b);  n=15.  
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Supplementary Figure 5. Sequential adoption of search strategies during water maze learning. 

(a-f) Spatial reference memory was evaluated as the average escape latency in each test day. A 

schematic representation and color code for each strategy (b) and the average prevalence of each 

strategy by trial number are shown both for WT (c) and for AP2γ+/- animals (d). The prevalence of 

each strategy-block along trials (Block 1: “Non-hippocampal dependent strategies”; Block 2: 

“Hippocampal dependent strategies”), the  distribution of strategies-block boundaries and overall 

block length is shown for Wt (e) and AP2γ+/- animals (f); graphical comparison of these parameters 

is shown in (g) and (h). (i,j) Furthermore, animals were tested in a working memory task (i) and in 

reversal learning task (j);  n=10. One-way ANOVA, * P ≤ 0.05,** P ≤ 0.01, *** P ≤ 0.001. 
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