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RESUMO 

A função da proteína Tau nas alterações induzidas pelo estresse na neurogénese adulta do 

hipocampo 

A exposição ao stress cronico aumenta a susceptibilidade para patologias ligadas ao cérebro e esta 

associada com alterações de neuroplasticidade e défices cognitivos. O stress-induz alterações 

estruturais/funcionais no hipocampo contribuindo para o aparecimento de doenças como a depressão, 

tendo particular foco no giro denteado do hipocampo onde o stress é conhecido como um agente que 

reduz a neurogénese no cérebro adulto. No entanto, os mecanismos celulares subjacentes ao stress-

induz alterações na neurogénese são pouco compreendidos. Os nossos estudos anteriores mostraram 

que o stress crónico leva a uma hiperfosforilação e a um incorrecto funcionamento da proteína Tau 

conduzindo a atrofia neuronal e défices de memória. Além disso, a hiperfosforilação da Tau foi 

relacionada como causa para o mau funcionamento neuronal e diminuição da neurogénese na doença 

de Alzheimer. Baseado nisto, neste trabalho pretendemos clarificar o papel da Tau no stress-induz 

redução da neurogénese num nicho neurogénico adulto- o hipocampo. Com esse objectivo, 

submeteram-se ratinhos macho Tau knockout (Tau-KO) e os suas respectivas ninhadas controle (WT) 

durante nove semanas ao paradigma de stress crónico imprevisível e avaliou-se a proliferação, 

diferenciação e sobrevivência das novas células formadas no giro denteado adulto assim como o seu 

papel em tarefas dependentes do hipocampo usando técnicas de análise molecular, celular e 

comportamental. Os nossos resultados indicaram que enquanto o stress cronico reduz a proliferação 

das células no giro denteado dos animais WT, não sendo estes efeitos observados nesta mesma 

população de células nos animais Tau-KO. Além disso, os neuroblastos e os novos neurónios estão 

também reduzidos nos animais WT, mas não nos animais Tau-KO, sugerindo um papel mediador da 

Tau nas alterações da proliferação celular e na diferenciação neuronal induzida pelo stress crónico. 

Pelo contrário, os novos astrócitos estavam diminuídos em ambos os grupos WT e Tau-KO após 

exposição a stress, indicando que a proteína Tau não é necessária para o stress-induz redução de 

astrócitos. Mais ainda, o stress cronico reduz cascatas de sinalização conhecidas por regular a 

sobrevivência e proliferação celular como PI3K/GSK3β /β -catenin pathway seguido pela concomitante 

redução na sinalização mTOR nos animais WT, mas não nos Tau-KO, no giro denteado. Estas 

conclusões destacam o papel crucial da Tau como mediadora do stress-induz défices na neurogénese 

no hipocampo adulto adicionando conhecimento ao mecanismo das cascatas celulares que podem 

estar associadas ao papel patológico do stress cronico no cérebro e na sua plasticidade.       

 

                   

Palavras-Chave: Tau * Stress * Neurogénese adulta * Giro Denteado * mTOR 



 

 

 

 

 

 

 

 

 

 



 

 

ABSTRACT 

The role of Tau protein in the stress-induced changes in adult hippocampal neurogenesis 

Exposure to chronic stressful conditions is suggested to increase susceptibility to brain pathology as it is 

associated with neuroplastic deficits as well as impaired cognition and mood. Specifically, 

structural/functional changes of hippocampal formation are shown to contribute to the pathophysiology 

of different stress-related disorders, e.g. depression, with particular focus on the dentate gyrus (DG), a 

region of the hippocampus where stress is shown to suppress neurogenesis in the adult brain. Yet, the 

underlying cellular mechanisms of the stress-driven neurogenic deficits are poorly understood. Our 

previous studies show that chronic stress triggers hyperphosphorylation and malfunction of the 

cytoskeletal protein Tau that leads to neuronal atrophy and memory deficits. In addition, Tau 

hyperphosphorylation has been causally related to neuronal malfunction and diminished neurogenesis 

in Alzheimer’s disease. Based on the above findings, we hereby aim to clarify the role of Tau on stress-

driven suppression of neurogenesis in adult hippocampal neurogenic niche. For that purpose, we have 

exposed male Tau knockout animals (Tau-KO) and their wildtype littermates (WT) to nine weeks of a 

chronic unpredictable stress paradigm and evaluated proliferation, differentiation and survival of newly-

born cells in the adult DG as well as their significance in hippocampus-dependent function using 

molecular, cellular and behavioral analysis. We found that, while chronic stress decreased proliferating 

cells in the DG of WT animals, this effect on the above population was not found in Tau-KO animals. 

Moreover, neuroblasts and newly-born neurons were also found to be reduced in stressed WT, but not 

in Tau-KO animals, suggesting an essential mediation of Tau in the damage of cell proliferation and 

neuronal differentiation induced by chronic stress. In contrast, newly-born astrocytes were decreased in 

both WTs and Tau-KOs after stress exposure, indicating that Tau is not necessary for stress-induced 

reduction in the DG astrocytic pool. Furthermore, chronic stress reduced cascades known to regulate 

cell survival and proliferation in the DG such as PI3K/GSK3β /β -catenin pathway followed by 

concomitant reduction in mTOR signaling in WT, but not Tau-KO. The above findings highlight Tau as a 

crucial mediator of stress-driven neurogenic deficits in adult hippocampus adding to our mechanistic 

understanding of the cellular cascades that may convey the pathogenic role of chronic stress in the 

brain and its plasticity. 

Keywords: Tau * Stress * Adult neurogenesis * Dentate Gyrus * mTOR 
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1. INTRODUCTION 

Epidemiological studies around the world show that increasing life expectancy has been unfortunately 

accompanied with increased risk for the development of brain disorders while our mechanistic 

understanding of both normal and pathological brain aging remains poor.  One of the unique 

characteristics of adult brain is its plasticity to different external and internal stimuli while brain plasticity 

is shown to be diminished or damaged by aging or under different pathological conditions e.g. 

depression, Alzheimer’s disease1. One of the main mechanisms of brain plasticity is neuronal 

remodeling related to alterations in dendritic length and arborization as well as the number and 

structure of synapses. These alterations affect the neuronal connectivity with other cells (neurons or 

glial cells) and subsequently, the formation/function of neuronal circuits and brain networks with 

obvious impact in the behavioral outputs modulated by these networks. A different mechanism of brain 

plasticity is related to the genesis of newly-born neurons (neurogenesis) in adult brain while different 

brain disorders e.g. Alzheimer’s disease, depression, schizophrenia are accompanied by impaired 

neurogenesis2–4.  

 

1.1. NEUROGENESIS IN THE ADULT BRAIN 

Neurogenesis has been defined as a constant process of generating functional neurons from neural 

stem cells (NSCs) and progenitor cells (NPCs)5. In 1965, it was shown for the first time that 

neurogenesis occurs not only in embryonic and perinatal stages, but also in adult mammals5,6. Altman 

and Das described the presence of proliferating cells in the dentate gyrus of young rats, after they 

injected thymidine- H3, that was capable to incorporate in the DNA of dividing cells6. Using the same 

technique in 1984, Paton and Nottebohm described that new neurons in the adult central nervous 

system (CNS) could integrate to different brain circuits7. Some years later, the first NSCs were isolated 

from the mouse brain and cell cultures were obtained from these cells8,9. From the early 90’s till today, 

the use of bromodeoxyuridine (BrdU), a synthetic analog of Thimidine, is the main tool in understanding 

the neurogenesis process5. 

Adult neurogenesis is well described in two specific brain regions, the subgranular zone (SGZ) of the 

dentate gyrus (DG) in the hippocampus and the subventricular zone (SVZ) of the lateral ventricles, but a 

special interest has also been given to the striatum and hypothalamus (Figure 1)5,10,11. The hippocampus 
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is involved in the control of affective and cognitive (memory and learning) functions, thus adult SGZ has 

been considered as a niche that provides new neurons to sustain these processes, while neurogenesis 

in SVZ leads to the migration of newly-born cells to the olfactory bulb where they differentiate and are 

implicated in learning and memory processes5,12.  

 

 

 

 

 

Figure 1 – Main neurogenic niches in adult mouse brain. Adult neurogenesis occurs mainly in two brain areas: 
hippocampal dentate gyrus (DG) and subventricular zone (SVZ) of lateral ventricles, where newborn cells migrate 
through the Rostral Migratory Stream (RMS) to the olfactory bulb (OB) (adapted from Kandasamy et al., 2015)13. 

 

The hippocampus consists of different interconnected areas which includes CA1, CA3 and the dentate 

gyrus (DG) (Figure 2), where both neurogenesis and gliogenesis occur in adult brain; the latter results in 

the generation of astrocytes and oligodendrocytes. During the last years, a plethora of studies have 

contribute to the characterization of the different steps of hippocampal neurogenesis (Figure 2-insert). 

In the first step, adult type 1 NSCs (slowly proliferating cells exhibiting a radial process crossing the 

entire granule cell layer of DG) that are located in the SGZ of DG, generate type 2 NSCs (fast 

proliferating cells).12,14 Type 2 NSCs give rise to neuroblasts that differentiate into glutamatergic dentate 

granule cells (DGCs) and migrate to the granule cell layer15. In the last step, these cells maturate 

forming dendrites that reach the DG molecular layer and receive inputs (e.g. glutamatergic) from the 

entorhinal cortex (EC). Newly-born and pre-existing neurons send projections (mossy fibers) to the 

pyramidal cells in CA3 hippocampal area. In turn, CA3 pyramidal neurons relay signals to CA1 

pyramidal neurons which, then, send projections to the subiculum, and  the deep-layer of the EC16–18. 

Newborn neurons require three to four weeks to become partly functional while their full maturation 

lasts for several months with continuous formation of spines and synaptic connections with target cells 

in CA3 (Figure 2)19. However, recent evidence demonstrates that synaptic inputs from CA3 neurons 

project to newly-born neurons in DG that could be involved in the formation of memories20,21. While still 
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under intensive investigation, this synaptic formation is suggested to inhibit the activity of some 

newborn neurons impacting on DG- and hippocampus-dependent cognitive performance such as 

memory acquisition and pattern separation 19,21. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 – Schematic representation of hippocampal circuitry and adult hippocampal neurogenesis. The axons of 
layer II neurons in the entorhinal cortex (EC) project to the dentate gyrus (DG) through the perforant pathway 
(PP), while the DG sends projections to the pyramidal cells in CA3 through mossy fibres. Next, pyramidal 
neurons of CA3 send axonal projections to CA1 hippocampal area and CA1 pyramidal neurons send back-
projections into the EC. Note that CA3 also receives direct projections from EC layer II neurons through the PP 
and CA1 receives direct input from EC layer III neurons through the temporoammonic pathway (TA). Details of 
DG neurogenesis are presented in the insert where adult neurogenesis occurs in five steps: 1) activation of 
quiescent radial glia-like cell (type 1), 2) proliferation of non-radial precursor and intermediate progenitors (type 
2), 3) generation of neuroblasts, 4) integration of neuroblasts to the dentate granule cell layer (DGC) and 5) 
maturation of granule cells to the molecular layer (Mol) that receive inputs from the Entorhinal Cortex (EC) and 
project to CA3 (red neuron) (adapted from Mu and Cage, 2011 and Deng et al., 2010)12,22. 

 

Glutamate 

EC 
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1.1.1. ROLE OF HIPPOCAMPAL NEUROGENESIS IN ADULT BRAIN FUNCTION  

Different brain outputs and behavioral domains related with cognition and mood require hippocampal 

function while damage of hippocampus has been implicated in different brain disorders related to 

memory and other cognitive deficits as well as depressive and anxious behaviors. Specifically, 

hippocampus has been involved in different aspects of memory such as the formation of short-term 

memories and their conversion to long-term memories that will be stored in the cortex19,23. Furthermore, 

animal models have identified a role for adult hippocampal neurogenesis in the acquisition and 

consolidation of spatial memory, the formation of associative memory as well as in pattern separation; 

the later refers to the DG-dependent formation of distinct representations of similar inputs24–26. For 

example, the depletion of hippocampal neurogenesis by low dose X- irradiation in adult mice impaired 

pattern separation in an 8-arm maze test as well as in a contextual fear discrimination learning test26,27 

Furthermore, many studies have also shown that mice with genetically- or pharmacologically-reduced 

levels of neurogenesis reveal poorer performance in a set of hippocampus-dependent tests including 

contextual fear conditioning (CFC), Novel Object Recognition (NOR),  Y-maze and eye-blink conditioning 

28,29,30. Moreover, using Morris Water Maze test to assess spatial memory, Kee et al., showed that mainly 

newborn neurons, but not mature neurons, are preferentially activated by spatial learning, suggesting 

that new neurons make a unique contribution to memory processing in DG19,31. On the other hand, the 

enhancement of hippocampal neurogenesis is shown to increase pattern separation thus strengthening 

the notion that levels of adult DG neurogenesis critically contribute to hippocampal-related cognitive 

functions26.  

A plethora of studies suggest that cognition and emotion are interconnected behavioral domains (Figure 

3)32–34 with the hippocampus participating in brain networks associated with emotional behaviors for 

example, interacting with the amygdala35, which is considered the integrative center for emotional 

behavior and emotional memories. Thus, different parameters that affect neurogenesis have been also 

shown to affect mood and emotional status. Becker et al., reported that a four-week social defeat 

paradigm in rats led to reduced proliferation levels in the DG followed by depressive-like pathology, 

measured by two behavioral tests, the Forced Swim Test (FST) and the sweet water consumption36. On 

the other hand, physical exercise (running wheel) in rats increased proliferating cells in the DG 

ameliorating their cognitive performance measured in the NOR test37. Environmental enrichment 

conditions, that included physical exercise, increase both proliferation and cell survival in rodents 

improving their emotional status, measured by their emission of ultrasonic vocalizations (USVs)38.   
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Figure 3 – Graphical representation of correlations between the different behavioral domains where cognition 
(memory deficits), mood (depressive-like behavior) and anxiety are shown to be interconnected as measured by 
previous studies of our team using chronic stress paradigms (Bessa et al., 2009)34. 

 

 

1.1.2. DIFFERENT PARAMETERS THAT INFLUENCE ADULT DG NEUROGENESIS  

Different environmental, physiological and pathological stimuli and conditions are known to influence 

adult hippocampal neurogenesis impacting on various steps of neurogenesis such as proliferation and 

maturation as well as integration and survival of newborn neurons39. Specifically, previous studies have 

shown that neurogenesis in the adult brain DG is positively or negatively influenced by sex hormones, 

physical exercise, environmental enrichment, sleep disruption, inflammation and exposure to prolonged 

stressful conditions40–42. Based on the increased loads of distress in modern lifestyle and societies and 

its association with different pathologies e.g. depression and Alzheimer’s disease, special focus has 

been given over the last decades to the role of chronic stress on brain plasticity and specifically on 

neurogenesis. 
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1.2.   STRESS AND ITS PHYSIOLOGICAL ROLE IN ADAPTATION   

Living organisms need to continuously maintain the integrity of their ‘internal environment’ using 

homeostatic mechanisms43. Stress has been defined as a disruption of homeostasis following the arrival 

of internal or external challenges (“stressors”)43,44. The stress response represents a process of 

“maintaining stability through change”, also referred to as allostasis, a process involving the activation 

of the autonomic, neuroendocrine and immune systems. There are different types of stressful stimuli 

depending on the nature, severity, chronicity, as well as the predictability and controllability of the 

stressor by the animal that can influence the physiological response of the organism to stress45,46. The 

most easily and frequently measureable and critical neuroendocrine response to stress involves the 

release of glucocorticoids (GCs) through the activation of hypothalamic-pituitary-adrenal axis (HPA)47 

(Figure 4). Upon its arrival, stressful stimuli trigger the release and secretion of corticotropin releasing 

hormone (CRH) and vasopressin (AVP) from the hypothalamus (hypothalamic paraventricular nucleus; 

PVN) into the pituitary portal vessel system and activate the synthesis of adrenocorticotropin hormone 

(ACTH) in the pituitary gland48,49. ACTH secretion into the bloodstream stimulates GCs synthesis and 

secretion from the adrenal cortex. GCs serve as a feedback inhibitory signals back to the hypothalamus 

and pituitary47,48,49. GCs, cortisol in humans and corticosterone (CORT) in rodents, bind to two GC-

activated receptors: the type I mineralocorticoid receptors (MRs) with high affinity and type II GC 

receptors (GRs) with low affinity49. GRs and MRs are expressed in different patterns in the brain: GRs are 

widely distributed throughout the brain in most neurons and glial cells, while MRs are restricted to 

neurons and mainly to the hippocampus49,50. GCs receptors are more abundant in the hippocampus, 

medial prefrontal cortex and amygdala, making it reasonable to associate their location to their 

functional properties51,52. Each of these brain areas are modulated by GCs, exhibiting a negative 

feedback effect on HPA axis activity (Figure 4)48,52,53. Additionally, based on the role of each of these brain 

areas, it can be conducted that GCs are able to modulate memories associated with spatial cognition 

and emotional learning52.  
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Figure 4 – Schematic representation of the HPA axis and its regulation. A stressful stimulus triggers the release 
of corticotropin releasing hormone (CRH) and vasopressin (AVP) from the paraventricular nucleus (hypothalamic 
PVN), which are secreted into the pituitary portal vessel system and activate the synthesis of adrenocorticotropin 
hormone (ACTH). ACTH secretion into the bloodstream stimulates glucocorticoid (GCs) synthesis and secretion 
from the adrenal glands where GCs drive a negative feedback on pituitary and hypothalamus. Note that different 
brain regions (e.g. hippocampus and Raphe), also exhibit a regulatory role of HPA axis (adapted from Arnett et 
al., 2016)49. 

 

1.2.1.   CHRONIC STRESS, NEUROGENESIS AND BRAIN PATHOLOGY 

Whereas acute stress is generally beneficial and adaptive, a series of pathophysiological changes can 

occur, if the stress response is prolonged in time, including alterations in the brain structure and 

function as well as different peripheral targets e.g. immune and reproductive systems, cardiovascular 

function and others54,55. It is suggested that, under chronic stressful conditions, HPA axis activity may 

become dysregulated and result in impaired GC signaling with a potential threat for health56,57,58. Indeed, 

severe or prolonged stress is well known to increase the risk of developing psycho- and neuro-

pathologies such as depression, anxiety and Alzheimer’s disease in susceptible individuals. Many 

studies have shown that vulnerability and resilience to chronic stress effects is different among 

individuals and this difference is suggested to be determined by genetic, environmental and epigenetic 

factors44. 
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Among the most studied effects of chronic stress in the brain is related to hippocampal plasticity as 

numerous studies in humans and animals have shown that prolong exposure to stressful conditions 

causes neuronal atrophy, synaptic loss and reduced neurogenesis in hippocampus (Figure 5)59. Using a 

chronic unpredictable mild stress paradigm, previous studies in rats showed that the survival of newly-

born cells in the DG is reduced after exposure to stress60 followed by a reduction in the number of 

neuroblasts in stressed animals61. Furthermore, Lagace et al. showed that a ten-day protocol of social 

defeat can decrease the number of proliferating cells in mice62. These studies also report that these 

animals present anxious and depressive-like behavior60,61,63,64. Additionally, besides neurons, glial cells are 

also affected by chronic stress with previous studies showing that chronic unpredictable stress 

paradigm in rats leads to a reduction in the number of astrocytes in DG65.  

Human studies focusing on different stress-related pathologies, e.g. anxiety and depression, also 

demonstrate altered neurogenesis in hippocampus; however, despite the fact that these studies are 

very limited, their findings are controversial63. Lucassen et al. measured the total number of DG 

progenitor cells in postmortem tissue of patients suffering from depression or anxiety, reporting a 

significant decrease in progenitor cells in depressed patients66. In line with this, another human study 

reported a non significant tendency for reduction in proliferating cells67. However, a third study using 

human postmortem DG tissue found no differences in the proliferating cell subpopulation in DG68. While 

the studies that monitor cell proliferation in the human adult brain are limited, many postmortem and 

high-resolution magnetic resonance imaging (MRI) volumetric studies have shown smaller DG size and 

reduced DG granule cell numbers in patients suffering from depression or anxiety disorders63,69,70. On the 

other hand, the use of antidepressants restores the levels of adult neurogenesis and the depressive-like 

phenotype in animal models and increases the total dentate granule cell number and dentate gyrus size 

in humans69,71–73.  

Moreover, it has been shown that hippocampal neurogenesis is also altered in transgenic animal 

models and in the human brain in Alzheimer’s disease (AD), the most common form of dementia74, that 

is recently related to chronic stress75,76 as it will be discussed later. Specifically, animal studies using 

different AD transgenic models showed either a reduction or increase in neurogenesis levels 74,77,78. The 

same inconsistency has been observed in human studies showing either a decrease or a reduction in 

the levels of neurogenesis74,79,80. A possible explanation for these controversial findings in AD brain could 

be based on the different stages of AD pathology where reduced neurogenesis occurs in the initial, early 
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stages of the disease whereas the increase of neurogenesis could serve as a compensation mechanism 

against the severe neuronal loss that is found in later stages of AD. 

 

1.2.2. MECHANISMS OF STRESS-DRIVEN SUPPRESSION OF NEUROGENESIS 

Different molecular cascades and signaling mechanisms have been suggested to underlie the 

detrimental effect of chronic stress on adult brain neurogenesis. Indeed, the physiological 

underpinnings of stress-related neurogenic deficits focus on GCs that are shown to inhibit proliferation, 

differentiation and survival of DG cells in rodents through GCs binding to their receptors and their 

translocation from the cytoplasm to the nucleus where they activate or repress the transcription of 

specific genes81–83. In vitro studies on human cells showed that exposure to low cortisol levels induce a 

MR-dependent increase of proliferating cells, while exposure to high cortisol levels induce a GR- 

dependent decrease84. In addition, exposure to chronic stress also influences the levels of neurotrophic 

factors in the brain, such as brain- derived neurotrophic factor (BDNF) and vascular endothelial growth 

factor (VEGF)85. Specifically, BDNF levels have been shown to be decreased after stress, and indirectly 

modulate other factors such as VEGF 83,86. The neurogenesis-related actions of BDNF focus on its ability 

to promote differentiation and maturation of newly-born neurons by enhancing the release of gamma-

aminobutyric acid (GABA) from interneurons83,87. Another cellular cascade shown to be involved in stress-

triggered suppression of neurogenesis is the wingless (WNT) signaling through the canonical WNT/β-

catenin pathway that affects the proliferation and differentiation of DG cells83,88. The stress-driven effect 

on proliferation involves the transcriptional control of genes that regulate the cell cycle while the impact 

of stress on neuronal differentiation involves the regulation of the promoter of Neurogenin-1 gene89,90. 

Other studies report that stress diminish cell proliferation in the DG by changing the activation level of 

NMDA glutamatergic receptors91. Specifically, rat studies, showed that antagonism of NMDA receptors 

increases the production of granule cells in the DG, while the activation of NMDA receptors results in 

the opposite effect92.  Furthermore, as different chronic stress paradigms are often used as animal 

models of depression,  different antidepressant treatments reverse the effect of stress in the 

hippocampal neurogenic niche59,61,93. It is suggested that antidepressants can increase the levels of 

neurotrophic factors, like BDNF and VEGF which are decreased due to stress (Figure 5)59,93. Additionally, 

the WNT proteins are upregulated following antidepressant treatment93. While the above mechanisms 

appear after a significant period of antidepressant treatment, a rapid antidepressant effect is also 
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described with the use of the NMDA receptor antagonist Ketamine, but its effect on neurogenesis is yet 

to be clarified94. 

 

 

 

 

 

 

 

 

 

Figure 5 – Chronic stress and antidepressant opposite effects on hippocampal plasticity. Exposure to stressful 
conditions results in elevated GCs levels triggering decrease neurogenesis in parallel with neuronal atrophy while 
antidepressants reverts both stress-driven deficits on hippocampus (adapted from Duman, 2004)59. 

 

1.3. CYTOSKELETAL CHANGES IN NEUROGENESIS; A POSSIBLE ROLE FOR TAU PROTEIN  

Despite the fact that the cell proliferation and axonal elongation processes requires cytoskeletal support, 

little attention has been given to the importance of cytoskeletal dynamics and the required high degree 

of plasticity in newborn cells which allows them to divide, migrate, differentiate and integrate into the 

existent hippocampal network. One of the main cytoskeletal proteins is Tau, which is a microtubule- 

associated protein (MAP), mainly expressed in the central and peripheral nervous system95,96. Tau is 

mainly found in neurons but it is also expressed in lower levels by astrocytes and oligodendrocytes97–100. 

Neuronal localization of Tau is also different among intracellular compartments as it is more abundant 

in neuronal axons and less abundant in neuronal somata and dendrites, as recently shown (Figure 

6A)101. 
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The most well-known function of Tau is its ability to bind to microtubules (MTs) modulating MTs stability 

and assembly (Figure 6B)96. However, Tau protein has various cellular targets, with many of them 

having cytoskeletal and/or signaling properties, thus highlighting Tau protein as a converging molecule  

in the different ways that cytoskeletal structure interacts with cellular cascades (Figure 6B)100,102. 

Specifically, Tau binding to MTs has been considered to regulate axonal transport, by interfering with 

the binding of motor proteins to the MTs100,103,104. Tau is also involved in the transport of axonal and 

dendritic mitochondria105, thus participating in many cellular processes that required mitochondria 

support (e.g. synaptic function, energy supply and Ca+2 absorbance). In addition, Tau can also bind to 

actin (F- actin) filaments and bundle them105, representing a potential structural link between actin and 

MTs100,106–108.  

 

 

 

 

 

 

 

 

 

 

Figure 6 – Tau localization in neurons and its different intracellular targets .A) Schematic representation of Tau in 
neurons showing that higher levels of Tau are present in axonal compartment (red) while neuronal soma and 
dendrites express lower Tau levels (yellow). B) Different cellular targets of Tau that includes microtubules, actin 
filaments and Fyn protein (binding at SH3 domain of Fyn) (adapted from Morris et al., 2011)100. 

 

Furthermore, regarding the role of Tau on neurite outgrowth and neuronal differentiation, in vitro studies 

of hippocampal neuronal cultures from Tau knockout (Tau-KO) mice showed impairment in the 

differentiation phase of these cells, with significant delay in the axonal and dendritic extension109 while 

other studies suggest a role of Tau in the distal axon where it contributes to the organization of the 

A B 
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MTs110. Moreover, expression of human Tau protein in Tau-KO mice restored normal axonal growth109. 

Recently, Tau has been suggested to participate in synaptic structure and function interacting with 

different scaffold proteins and receptors such as NMDA receptors, PSD-95 and Fyn affecting both 

synaptic plasticity and signaling111,112. Namely, Frandemiche et al. showed a neuronal activity-triggered 

movement of Tau in the synapse when it interacted with actin, while a previous study from our team 

have also shown that the long-term depression (LTD) mechanism of synaptic plasticity is diminished in 

Tau-KO animals and cells111. Furthermore, other studies relate neuronal malfunction with mislocalization 

of Tau at synapses showing that Tau binds to Fyn and transports it to the dendritic spines interacting 

with NMDA receptors and PSD-95 scaffold protein112. 

 

1.3.1. TAU PROTEIN, ITS ISOFORMS AND THEIR DEVELOPMENTAL PROFILE 

Tau protein is the product of alternative mRNA splicing of exons 2, 3 and 10 of MAPT gene that is 

located in chromosome 17, which yields in six main isoforms113 (Figure 7A). Tau isoforms differ by the 

absence or presence of one or two acidic inserts at the N-terminal, and whether they contain three or 

four repeats of microtubule binding domains at the C-terminal (Figure 7A)100,114. The repeat region is 

responsible for the binding to MTs and promotion of their assembly and Tau isoforms with four repeats 

(4R-Tau) present greater affinity to MTs than isoforms with three repeats (3R-Tau)114–116. The expression 

of Tau isoforms is developmentally regulated (Figure 7B). Indeed, 3R-Tau isoforms are found at early 

developmental stages, while 4R-Tau isoforms are mainly found in later developmental stages117,118. 

However, 0N/3R tau isoform is the only embryonic isoform that is present in adulthood, but in lower 

levels119,120. 3R-Tau isoform has been found to colocalize with most of the cells that express the 

neurogenic markers of neuroblasts, doublecortin (DCX) and PSA-NCAM in the SGZ of hippocampus and 

with few cells that express calbindin, a marker of mature neurons120,121. These findings suggest that 3R-

Tau isoform is present mainly in the early stages of adult hippocampal neurogenesis (neuroblasts) and 

is almost absent in mature neurons. It has been proposed that the reason of this preference of Tau 

isoform during adult neurogenesis is due to the fact that early stages of neurogenesis require a more 

dynamic cell shape (which 3R-Tau isoform could offer) that could promote cell division and 

differentiation, while the stronger ability of 4R-Tau isoforms to  promote microtubule assembly is 

necessary for stabilization of mature cells118,122.  
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Figure 7 – Different Tau isoforms and their developmental profile of expression. A) Tau gene is located to 
chromosome 17q21 in humans (upper panel of A) and its transcription to mRNA is followed by alternative 
splicing in exons 2, 3, and 10. This results to the generation of six Tau isoforms subdivided in 4R- and 3R-Tau 
groups; 4R- Tau present four repeated binding domains (R1 to R4), while 3R-Tau content three domains. Each 
isoform also differs in the number of N-terminal exons (in blue and red) that generate 2N, 1N or 0N isoforms 
(adapted from Conrad et al., 2007)113. B) The expression of  Tau isoforms is developmentally regulated with 3R- 
Tau levels progressively decrease after the postnatal period (P0) while 4R-Tau expression exhibit the opposite 
profile (drawn by C. Dioli). 

 

1.3.2.  TAU PHOSPHORYLATION AND IT’S ROLE ON TAU FUNCTION AND MALFUNCTION 

Many studies have shown that the function(s) of Tau protein can be influenced by different 

posttranslational modifications123 and amongst them, phosphorylation has received a lot of attention due 

to its role on regulating the binding capacity of Tau to MTs and to the membrane118,123. While Tau 

phosphorylation at certain sites results in conformational changes of Tau and decreased MTs binding 

assembly, dephosphorylation promotes MTs polymerisation and stability124. A nice example of the role of 

B 

A 



 

16 

 

phosphorylation-dependent involvement of Tau in cytoskeletal changes focuses on the expansion of 

branches in the growing axons (Figure 8)125. The growth and guidance of axon branches requires 

regulation of actin and MTs dynamics in different levels and steps125, with the initial steps requiring F-

actin branching and elongation. As short fragments of MTs enter the newly forming branches, Tau 

detaches from MTs and other MAPs, like MAP1B, which also interact with actin filaments to stabilize 

the MTs, regulating branch formation (Figure 8b)125. At a later step, dephosphorylated Tau binds to MTs 

offering the required stability that supports elongation of axon branch (Figure 8d). 

 

Figure 8 – Presence of Tau protein in the growing branches of neuronal axon. Tau is present in the growing 
axons in two forms: the phosphorylated forms of Tau that detaches from the MTs allowing spastin and katanin to 
severe MTs promoting a MT dynamic status (b) and, in a second step, dephosphorylated forms of Tau binds to 
MTs leading to the formation and stabilization of the branches that supports elongation of axon branches (d) 
(adapted from Kalil and Dent, 2014)125 

 

There are at least 80 known phosphorylation sites of Tau that are localized at different Ser or Thr 

aminoacids along the protein including the microtubule-binding domains (shown as R1, R2, R3, R4 in 

Figure 9A)126. Under normal conditions, Tau phosphorylation and dephosphorylation is a dynamic 

process regulated by different kinases and phosphatases (Figure 9C). Most of these phosphorylation 

sites are on Ser–Pro and Thr–Pro motives127. In pathological conditions, like AD, Tau is 
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hyperphosphorylated in many and different epitopes e.g. Ser202, Thr205, Thr231, Ser262 or 396/404 

while some of them are mainly found to be phosphorylated in AD brain (aberrant phosphorylation; e.g. 

Thr212 and Ser214) (Figure 9A)127. Phosphorylation of those epitopes can diminish or abolish MT-

binding capacity of Tau leading in cytoskeletal pathology and malfunction (Figure 9D)101.  For example, 

hyperphosphorylation in Thr231 and Ser262 epitopes are considered to induce destabilization of the 

neuronal cytoskeleton, causing hippocampal atrophy128,129.  

Different kinases regulate the phosphorylation of Tau (Figures 9C,D)117,118,130, with the major Tau kinases 

including glycogen synthase kinase 3β (GSK-3β) and cyclin-dependent kinase 5 (cdk5)131,132. GSK3 

phosphorylates Tau at Thr231 affecting microtubule binding, while phosphorylation at Ser396 or 404 

does not affect microtubule binding133. Additionally, cdk5 also phosphorylates different Tau epitopes 

such as Ser202, Thr205, Thr231, Ser396 and Ser404134. Interestingly, some epitope phosphorylation 

(e.g. Thr231 and Ser404) demands the combined action of cdk5 and GSK-3β where GSK-3β requires a 

priming phosphorylation of this residue by cdk5135. On the other hand, different phosphatases 

dephosphorylate Tau protein, such as protein phosphatase 1 and 2 (PP1 and PP2A, respectively) 135. In 

AD brains, GSK3β is highly activated, cdk5 is upregulated whereas PP2A is downregulated contributing 

to Tau hyperphosphorylation117,131,136. 

Similarly to Tau isoform expression, the phosphorylation of Tau is developmentally regulated118. 

Specifically, Tau is highly phosphorylated in embryonic neurons and is increasingly dephosphorylated 

by aging117,130. However, mitotic cells in SGZ of DG also exhibit an AD-like Tau phosphorylation profile by 

expressing high phosphorylated Tau in Ser396/404 mostly in the stage of differentiation to 

neuroblasts118,137. The presence of phosphorylation sites during the early stage of adult neurogenesis is 

not surprising, since phosphorylation decreases the affinity of Tau protein to the microtubules, confering 

neuroblasts a less stable and more dynamic MT network118. 



 

18 

 

 

 

 

 

 

 

 

 

Figure 9 – Tau phosphorylation in brain development and pathology. A) Schematic representation of Tau 
phosphorylation sites that are hyperphosphorylated in AD (drawn by I. Sotiropoulos). B) Temporal profile of 
different Tau phospho-epitopes from embryonic day 19 (E19d) until 24 months old (P24m). Note that some 
phosphorylation sites are highly phosphorylated in embryonic stages and are decreased during the postnatal 
period (upper part of panel B), while others remain unchanged during aging (lower part of panel B) (adapted from 
Yu et al., 2009)130. C) Tau phosphorylation/dephosphorylation is a normal and dynamic procedure occurring 
through the balanced action of kinases and phosphatases regulating cytoskeletal dynamics. D) In pathological 
conditions, e.g. AD, Tau hyperphosphorylation leads to its detachment from MTs, resulting in cytoskeletal 
damage and neuronal death while the free-unbound Tau is aggregated in the neuronal somata forming the typical 
Neurofibrillary Tangles (NFTs) (adapted from http://slideplayer.org/slide/791618/).  
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Interestingly, the developmentally regulated changes in the phosphorylation of Tau is not similar for all 

phospho-epitopes (Figure 9B). Some epitopes, like Ser202, Thr212, Thr217, Ser356, Ser404, and 

Ser409, are highly phosphorylated during development until the postnatal day 15 (P15d) and then 

decline, while others like Thr231 and Ser396, are stable during development and adulthood (Figure 

9B)130.  

 

1.3.3.  CHRONIC STRESS AND TAU HYPERPHOSPHORYLATION IN AND BEYOND AD   

Previous studies have shown that different stressful conditions, such as acute stress, cold water, 

hypothermia and starvation are able to modulate Tau phosphorylation138–140. As clinical studies have 

suggested that chronic stress can be a risk for AD, particular attention has been given to the 

detrimental role of chronic stress and elevated GCs levels on the initiation and progression of AD.  

 

 

 

 

 

 

 

 

 

 

Figure 10 – Chronic stress and GCs impact on AD. Chronic stress triggers APP misprocessing towards the Aβ 
generation which in its turn, evoke Tau hyperphosphorylation, its reduced degradation and increased 
accumulation followed by Tau missorting at the somatodendritic compartment and spines (in red in diseased 
neuron) . Note that Tau is mainly found at the neuronal axons (red in healthy neurons) (drawn by Ioannis 
Sotiropoulos). 
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Using different transgenic and  non-transgenic models of AD, our previous studies have demonstrated 

that exposure to chronic stress or prolong treatment with the synthetic GC, dexamethasone, trigger 

hyperphosphorylation of Tau affecting different phosphorylation epitopes such as Thr231, Ser262, 

Ser396/404 that leads to Tau accumulation in neuronal somata (Figure 10)4,138,141,142. Later studies from 

our team showed that, similarly to AD Tg mice models, chronic stress also evokes Tau 

hyperphosphorylation in wild-type animals that is related to the detrimental effects of stress on both 

cognition (e.g. memory loss) and mood (depressive-like pathology). Specifically, recent studies from our 

team demonstrated that chronic stress and/or GCs treatment cause Tau hyperphosphorylation in 

different phospho-epitopes while in parallel, triggers intracellular translocation of different Tau isoforms 

to the dendrites and dendritic synapses, a phenomenon called synaptic missorting of Tau that leads to 

dendritic and synaptic atrophy101. Indeed, previous studies from AD field also suggest that Tau 

hyperphosphorylation is implicated in cytoskeletal imbalances and cytoskeletal pathology exhibiting  

synaptic loss and dendritic atrophy and, thus leading to memory impairment (Figure 10)3,101,138. In line 

with animal studies, brain post-mortem analysis of AD patients revealed a correlation between the 

extent of Tau hyperphosphorylation, synaptic loss and impairments in memory and executive 

functions138,143. Altogether, these findings suggest that chronic stress and AD share some neurobiological 

mechanisms, highlighting Tau and its hyperphosphorylation as a key regulator of neuroplastic changes 

related to neuronal and synaptic atrophy138,144,145.  

 

 

 

 

Figure 11 – Hypothetical model of this Master study.  Previous studies from our lab have shown that stress and 
GCs trigger Tau hyperphosphorylation which in turn, evoke  cytoskeletal disturbances related to dendritic atrophy 
and synaptic loss leading to cognitive and mood deficits101,138. Thus, based on the role of Tau on cytoskeletal 
dynamics and plasticity, these Master studies will monitor the potential involvement of Tau in the stress-induced 
suppression of DG neurogenesis in adult brain (drawn by C. Dioli & I. Sotiropoulos). 
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Based on the essential role of Tau protein on cytoskeletal stability and dynamics and the mentioned 

role in neuroremodelling induced by stress, this Master thesis aims to monitor the potential involvement 

of Tau on the mechanisms through which chronic stress  suppresses hippocampal neurogenesis in the 

adult brain (Figure 11). 
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2. OBJECTIVES 

Accumulating evidence suggests that chronic stress and Alzheimer’s disease pathology share common 

neurobiological mechanisms highlighting Tau and its malfunction as a converging protein between 

these pathologies4. Previous studies show that chronic stress triggers Tau hyperphosphorylation relating 

it to cognitive and mood deficits induced by chronic stress142,138, while recent work suggests that absence 

of Tau protein could block detrimental impact of stress in neuronal structure and function3. 

As Tau is a cytoskeletal protein involved in many cellular processes, e.g. cell proliferation and neuronal 

differentiation, this Master study aims to explore the potential role of Tau on the mechanism through 

which chronic stress damages neurogenesis and gliogenesis in adult hippocampus answering to the 

below objectives: 

 

I. Monitor the impact of Tau loss in newborn cells as well as their differentiation in neurons and glia in 

adult hippocampus. 

II. Investigate the potential role of Tau in deficits of cell proliferation and neuronal and glial 

differentiation induced by exposure to chronic stress 

III. Clarify the cellular cascades underlying the stress-driven neurogenic damage and verify whether 

similar stress-driven pathways operate in the reduction of newborn neuronal and glia populations. 
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3. MATERIAL AND METHODS 

3.1. ANIMALS 

6-7 months-old male Tau knockout animals (Tau-KO)109 and their wildtype littermates (WT) (C57BL/6J 

background) were used in this study. Mice were housed in groups of 4-5 per cage under standard 

environmental conditions (lights on from 8 a.m. [ZT0] to 8 p.m. [ZT12]; room temperature 22 oC; 

relative humidity of 55%, ad libitum access to food and water). Animals were kept and handled in 

accordance with the guidelines for the care and handling of laboratory animals in the Directive 

2010/63/EU of the European Parliament and Council. All experiments were conducted in accordance 

with the Portuguese national authority for animal experimentation, Direcção Geral de Veterinária (ID: 

DGV9457). 

 

3.1.1. EXPERIMENTAL DESIGN 

Mice of both genotypes were divided in the following experimental groups (Figure 12): i) control, non-

stressed animals (CON; N=10 per genotype per experimental replicate) and, ii) stressed groups (STR; 

N=10 per genotype per experimental replicate); the whole experiment has replicated twice. Stressed 

mice of both genotypes were submitted to a nine-week protocol of chronic unpredictable stress while 

control animals remained undisturbed in their cages. During the last week of this protocol, CON and 

STR animals performed a battery of behavioral tests and one day after the last behavioral testing, they 

were sacrificed (Figure 12). For assessment of cell proliferation, six animals of each experimental group 

were injected with 5-Bromo-2′ -deoxyuridine (BrdU; 50mg/kg/day for three consecutive days) before 

sacrifice (Cohort A). For monitoring cell survival and differentiation, six animals were injected with BrdU 

(50mg/kg/day for 3 consecutive days) four weeks before sacrifice (Cohort B) (Figure 12).  Seven- eight 

animals from each experimental group were used for molecular analysis. 
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Figure 12 - Experimental groups and timeline. Illustration of the experimental timeline showing the nine weeks-
long stress protocol as well as the two time points of injections with 5-Bromo-2′ -deoxyuridine (BrdU; 
50mg/kg/day for three consecutive days). Specifically, some animals of each group were injected with BrdU at 
the end of nine weeks period (just before sacrifice; Cohort A) while other animals were injected with BrdU five 
weeks after the initiation of stress (four weeks before sacrifice; Cohort B). At the end of week 8 all the animals 
performed behavioral tests. After sacrifice, brains were used for immunofluorescence and Western Blot analysis. 

                             

3.1.2. STRESS PROTOCOL 

Chronic Unpredictable Stress (CUS) protocol included four different stressors (overcrowding (3h); 

restraint (3h); vibrating plate (3h) and hair dryer (30 min)) and was applied during nine sequential 

weeks. To prevent habituation, a single, randomly chosen, stressor was applied in a daily basis at a 

different time of the day138,146. Animal body weight and serum corticosterone (CORT) levels were 

measured as indicators of stress efficacy as exposure to stressful conditions is known to reduce body 

weight in rodents as well as to increase circulating levels of CORT138,146. At the end of the stress protocol, 

blood was collected from all animals at 8:00 p.m. and 8:00 a.m., centrifuged for 10 min at 13000 rpm 

and serum was isolated and stored at -80 ºC. Serum CORT levels were measured using a 

radioimmunoassay kit (R&D Systems, Minneapolis, MN) according to manufacturer’s instructions. 



 

31 

 

3.1.3. BEHAVIORAL ASSESSMENT 

Before performing the behavioral tests, CON animals were daily handled for eight days to reduce 

potent, unwanted testing stress (e.g. transportation and handling). Three different behavioral tests were 

used to assess cognitive and emotional performance: i) Novel Object Recognition test monitoring long-

term recognition memory ii) Y-maze test for assessment of short-term spatial memory iii) Ultrasonic 

Vocalizations for measuring overall emotional status. 

 

Novel Object Recognition test 

 

Novel Object recognition (NOR) test lasted five days and was performed in an arena consisted of a white 

rectangular box (33cm x 33cm x 33cm). Animals were placed inside the empty arena (with no objects 

to explore) for 20 minutes for three consecutive days for habituation. In the following day, animals were 

placed in the test arena, which contained two identical objects (equally distant) and were allowed to 

explore the objects for 10 min; then, the animals were returned to their home cage. In the fifth day, the 

animals were again placed in the arena and were presented to one new (novel) object and one old 

(familiar) object for 10 min; both objects were generally consistent with height and volume but they 

were different in shape and appearance. Each animal was placed equidistant from the two objects and 

was recorded by a camera on the top of the experimental room. Videos were analyzed with the 

Kinoscope software (http://sourceforge.net/projects/kinoscope/) and the time spent exploring each 

object was measured. As rodents exhibit prefer to interact with the novel object, the discrimination 

index between novel and familiar object was used as an index of recognition memory. The index was 

calculated based on the formula DI = (N – F) / (N + F).  

 

 

Figure 13 – Novel Object Recognition (NOR) test. After habituation in empty area for three sequential days (20 
min per day), each animal was placed in the testing arena (10 min), which contained two identical objects. At the 
following day, the animal was placed to the same area containing an old (familiar) and one new (novel) object for 
10 min. Animal behavior was recorded by a camera and the time that the animals explored each object was 
analyzed (drawn by C. Dioli). 
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Y-maze Test 

 

For monitoring short-term memory, a Y-maze test was used. The Y-maze apparatus consists of a start, 

familial and a novel arm while there are spatial references marks on the wall of the experimental room.  

During the first trial (10 minutes), each animal was allowed to explore the start and familial arm of the 

apparatus and then return to its home cage. After sixty minutes, the animal was placed back in the Y-

maze apparatus with access to all, three, arms and was allowed to freely explore for 5 minutes. Animal 

behavior was recorded and analyzed by video tracking system and software (Viewpoint, Champagne-au-

Mont-d’or, France). The time and frequency of animal visits in the novel arm were used as indexes of 

short-term spatial memory. 

 

 

 

Figure 14 - Y-maze test. Each animal was placed in the start arm of the Y maze apparatus and allowed to freely 
explore for 10 min the two arms (start and familiar; down and left arm in the scheme). Then, animal returned in 
its home cage. Sixty minutes later, the animal was presented to the start arm and left to explore the three arms 
for 5 min (drawn by C. Dioli). 

 

Ultrasonic vocalizations 

 

For monitoring overall emotional status, measurement of ultrasonic vocalizations (USVs) was performed 

as previously described147,148,149. Briefly, a female mouse was placed in a mouse’s (male) cage that was 

previously isolated for 24 hours. The female-induced USVs were recorded using the Avisoft-Recorder 

(version 5.1.04) and manually analyzed with AvisoftSASLab Pro (version 5.1.22, Avisoft Bioacoustics). 
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Figure 15 – USV test and analysis. A) In a cage of a previously single-house male animal (left part of scheme), 
we placed a young female animal (right part of scheme) and ultrasound vocalizations (USVs) were recorded for 
15 minutes B) The icon show examples of USV’s recordings and the corresponding spectrograms with frequency 
resolution ~1.2 kHz and temporal resolution ~0.4ms. The total amount of USVs was used as an index of overall 
emotional status. 
 

3.2.   BRAIN TISSUE COLLECTION 

After behavioral testing, animals that were injected with BrdU were deeply anaesthetized [ketamine 

hydrochloride (150 mg/kg) plus medetomidine (0.3 mg/kg)] and transcardially perfused with 0, 9% 

saline solution followed by 4% paraformaldehyde (PFA). After careful removal from the skull, brains 

were post-fixed with 4% PFA for 2h (RT) and transferred to 30% sucrose solution for two overnights (4 o 

C) (Figure 16). Later, the brains were divided in two hemispheres and the left part was kept at 1x PBS 

(with sodium azide) at 4 o C, until being cut in the vibratome. The right part was frozen (using Optimal 

Cutting Temperature compound (OCT)) and kept in -20 oC, until being cut in the cryostat. The remaining 

animals were killed by decapitation for molecular analysis. Brains were collected immediately and 

dentate gyrus was macrodissected and stored at -80ºC until further analysis. 

 

 

 

 

 

Figure 16 – Schematic representation of brain tissue collection for immunofluorescence analysis. Anesthetized 
animals were sacrificed with saline perfusion followed by PFA 4% perfusion. The whole brain was placed in 30% 
sucrose for two overnights (4oC) and then, was cut in two part (hemispheres). Left hemisphere was placed in PBS 
and was cut in vibratome, while the right hemisphere was placed in OCT and cut in cryostat (drawn by C. Dioli). 
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3.2.1.   IMMUNOSTAINING 

Coronal cryosections (20 μm) and/or vibratome sections (50 μm) of brain were used for 

immunofluorescent (IF) analysis. For monitoring proliferation, we performed BrdU and Ki67 double 

staining in mice of Cohort A. Briefly, free floating sections were placed in hydrochloric acid (HCl) for 30 

min and then in fetal bovine serum (FBS) 10 % for 30 min for blocking. Next, were incubated for one 

overnight with BrdU (1:200; Abcam, Cambridge, UK) / Ki67 (for proliferating cells; 1:500; Merck 

Millipore, Darmstadt, Germany) Ab’s diluted in PBS-Triton 0, 5% buffer. At the following day, the 

sections were incubated with secondary Ab’s: Alexa Fluor anti-rat 488 (for BrdU; Invitrogen) and Alexa 

Fluoer anti- rabbit 594 (for Ki67; Invitrogen) in room temperature (RT) for 2 h (all secondaries were 

used in 1:1000). Then, sections were stained with 4',6-diamidino-2-phenylindole (DAPI) (1:1000) 

diluted in PBS-Triton 0, 5% for 10 min. During the whole protocol, PBS 1x was used in all washing 

steps. For measuring the number of neuroblasts in mice of Cohort A, we performed BrdU and DCX 

double staining. For that staining, cryosections were placed in citrate buffer (pH=6) for 15 min in 95 o C 

for antigen retrieval, then in HCl for 30 min, followed by incubation in FBS 10 % for 30 min. Then, 

sections were incubated for two overnights with DCX (for neuroblasts; 1:250; Santa Cruz Biotechnology, 

Dallas, Texas, U.S.A) Ab diluted in PBS-Triton 0, 5% buffer. At the next step, sections were incubated 

with the secondary Ab: Alexa Fluor anti-goat 568 in RT for 2 h. Next, after incubation with FBS 10 % for 

30 min, sections were presented to BrdU (1:200, overnight). At the next day, Alexa Fluor anti- rat 488 

was used as secondary Ab (RT, 2 h). At the end, sections were stained with DAPI (1:1000) diluted in 

PBS-Triton 0, 5% buffer. PBS-Triton 0, 5% buffer was used in all washing steps. For measuring the 

number of newborn astrocytes, we used cryosections from mice of Cohort A and stained them with 

BrdU and GFAP. Section were placed in citrate buffer (pH=6) for 15 min in 95 o C, then in HCl for 30 

min, followed by incubation in FBS 10 % for 30 min. Then, sections were incubated for one overnight 

with BrdU (1:200)/ GFAP (for glia; 1:200; Dako, Glostrup, Denmark) Abs diluted in PBS-Triton 0, 5% 

buffer. At the following day, sections were incubated with the secondary Ab: Alexa Fluor anti-rat 488 (for 

BrdU) and Alexa Fluor anti- rabbit 594 (for GFAP) in RT for 2 h. At the last step, sections were stained 

with DAPI (1:1000) diluted in PBS-Triton 0, 5% buffer. PBS-Triton 0, 5% buffer was used in all washing 

steps. For PHF1 staining, we used sections of Cohort A mice that were placed in citrate buffer (pH=6) 

for 15 min in 95 o C, then blocked in V- block for 5 min followed by incubation for two overnights with 

BrdU (1:200)/ PHF1 (1:200; detecting phosphorylated forms of Tau at Ser396/404 epitopes; kind gift 

from Dr Peter Davies, Albert Einstein College, NY, U.S.A.) diluted in PBS-Triton 0, 5% buffer. Then, 
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sections were incubated with the secondary Ab Alexa Fluor anti-rat 647 (for BrdU) and Alexa Fluor anti- 

mouse 594 (for PHF1) in RT for 2 h. At the last step, sections were stained with DAPI (1:1000) diluted 

in PBS-Triton 0, 5% buffer. 

For detection of newly-born neurons, we used vibratome sections (50 μm) from Cohort B mice. 

Sections were incubated overnight with NeuN (for mature neurons; 1:100; Merck Millipore, Darmstadt, 

Germany) after their blocking with FBS 10% (30 min). At the following day, sections were incubated with 

Alexa Fluor anti-rabbit 647 and then, were placed in HCl for 30 min followed by incubation with BrdU 

(1:200, overnight). At the next day, we performed Alexa Fluor anti-rat 594 secondary incubation 

(1:1000) followed by DAPI (1:1000). For astrocytic detection, we followed the same protocol for GFAP 

as described above.   

For Cohort A animals, BrdU-positive cells and their double labelling with the above antibodies were 

counted manually within the subgranular zone of the DG. For Cohort B animals, BrdU-positive cells and 

their double staining with the above antibodies were also manually counted in the granular zone of the 

DG using confocal microscope (Olympus FluoViewTM FV1000, Hamburg, Germany). In order to assess 

cell densities, the corresponding DG areas were determined using an Olympus BX61 optical 

microscope and the Stereo Investigator v. 5.65 Newcast software (Microbrightfield, VT). 

 

3.2.2.   WESTERN BLOT ANALYSIS  

After the animals’ sacrifice by decapitation, brains were fast removed from the skull and dentate gyri 

were macrodissected and immediately frozen. Frozen tissues were homogenized in lysis buffer (100mM 

Tris-HCl, 250mM NaCl, 1mM EDTA, 5mM MgCl2, 1% NP-40, Complete Protease Inhibitor (Roche, 

Mannheim, Germany) and Phosphatase Inhibitor Cocktails I and II (Sigma, St Louis, MO)); extracts were 

cleared by centrifugation (14.000 g) and their protein contents were estimated by Bradford assay. After 

the addition of Laemmli buffer (250mM Tris-HCl, pH 6.8, containing 4% sodium dodecyl sulfate, 10% 

glycerol, 2% b-mercaptoethanol and 0.002% bromophenol blue), lysates were electrophoresed on 10-

12% acrylamide gels using Biorad tetrapack gel electrophoresis apparatus. Then, proteins were 

transferred onto nitrocellulose membranes using the Trans-Blot® TurboTM Blotting System (BioRad). 

Transfer efficacy was monitored by ponseau staining of the membrane immediately after the end of the 

semi-dry transfer. Then, the membranes were blocked in 5% nonfat milk in TBS-Tween 0,1% buffer 
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before incubation with the following antibodies: PI3K p85 (1:1000, Cell signaling), mTOR (1:1000, 

Abcam), phospho-GSK3β  pTyr216 + GSK3α  pTyr279 (1:500, Invitrogen), GSK3α ,β  (1:1000, 

Invitrogen), β - catenin (1:1000, Santa Cruz), Tau-5 (1:5000, Abcam), pThr231-Tau (1:1000, Abcam), 

PHF1 (1:1000, Abcam), 3R-Tau (1:1000, Millipore), 4R-Tau (1:1000, Millipore) and actin (1:5000, 

Abcam). After incubation with the appropriate secondary antibody, antigens were revealed by ECL 

(Clarity, Bio-Rad). Signal monitoring and quantification was achieved using a BIORAD ChemiDoc and 

ImageLab BIORAD software. All values were normalized and expressed as a percentage of control 

values. 

 

3.3.   STATISTICAL ANALYSIS 

Numerical data are presented as group means ± SEM. All data sets were subjected to two-way ANOVA 

analysis (Stress and Genotype were considered as two independent factors) before application of 

appropriate post hoc comparisons (GraphPad v.6.01 La Jolla, CA). For molecular analysis of Tau and 

its phosphorylation levels, t-test analysis was performed, as only WTs animals (control and stressed 

ones) express Tau. Values of p<0.05 were considered as significant differences.  
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4. RESULTS 

This study aims to clarify the role of protein Tau and its involvement in mechanisms through which 

chronic stressful conditions suppress cell proliferation as well as both neurogenesis and gliogenesis in 

adult hippocampus. For that purpose, the following studies have used mice lacking Tau protein (Tau 

knockout; Tau-KO) and their wildtype (WT) littermates. Animals of both genotypes were subjected to 

chronic unpredictable stress (CUS) for 9 weeks (see also Figure 12). 

 

4.1.  THE PHYSIOLOGICAL RESPONSE OF WT AND TAU-KO MICE TO CHRONIC STRESS IS SIMILAR 

Hypothalamus-pituitary-adrenal (HPA) axis and the secreted corticosteroids are central part of stress 

response mechanisms while HPA axis hyperactivity, increased corticosteroid levels and subsequently 

altered body weight are characteristic symptoms of chronic stress. Thus, we monitored body weight and 

serum corticosterone levels in WT and Tau-KO animals at the end of the stress protocol. Chronically 

stressed animals of both genotypes exhibited decreased weight gain compared to their control (non-

stressed) littermates [pWT = 0.006 and pKO =0.01; 2-way ANOVA Stress overall effect (F1,76 = 21.7, p < 

0.001; Figure 17A). Furthermore, we found an overall effect of Stress on basal circulating 

corticosterone (CORT) levels at the onset of the dark period (ZT12 / 8:00 p.m.; 2-way ANOVA, F1,34 = 

15.34, p = 0.0004) (Figure 17B); post-hoc analysis revealed a significant increase in CORT levels in 

both stressed WT (p = 0.038) and Tau-KO (p = 0.046) animals when compared to the corresponding 

control (non-stressed) animals. Similarly, we found a Stress effect on CORT levels monitored at the 

beginning of the light phase (ZT00 / 8:00 a.m.; F1,34 = 6.797, p = 0.013) 
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Figure 17 -- Chronic stress impact on body weight and corticosterone levels of both WT and Tau-KO stressed 
mice. A) Stressed (STR) animals of both genotypes exhibited reduced body weight (negative gain) as compared to 
their corresponding (CON) counterparts. B) Chronic stress resulted in elevated corticosterone levels in both WT 
and Tau-KO animals measured at 08:00 p.m. (peak of corticosterone secretion) with similar findings at 
08:00a.m. (nadir time-point of corticosterone secretion) . All numerical data are shown as mean +/- SEM; * p < 
0.05 

 

4.2. DEPLETION OF TAU BLOCKS THE STRESS-EVOKED REDUCTION OF PROLIFERATING CELLS IN 

THE ADULT DG  

For evaluating alterations in the fast proliferating cells and the number of newly-born cells in the 

subgranular zone (SGZ) of the dentate gyrus (DG), animals of cohort A were injected with BrdU 

(50mg/kg/day for three consecutive days before the sacrifice) due to its property of being incorporated 

into the newly synthesized DNA and labeling dividing cells (Figure 18A). Our BrdU immunofluorescence 

analysis (Figure 18B) in DG of WT and Tau-KO showed a clear interaction between Stress and Genotype 

(2-way ANOVA, F1,32 = 6.538, p = 0.015) of BrdU-positive cells density, with post-hoc analysis revealing a 

significant reduction in stressed WT (p = 0.007) but not Tau-KO (p = 0.917) animals when compared to 

their corresponding controls (Figure 18B). As proliferating cells in the DG remained in clusters of two to 

four cells in the neurogenic niches, we also monitored the number of DG clusters. Similarly to the cell 

density, 2-way ANOVA statistical analysis showed a Stress x Genotype interaction in the number of 

clusters (F1,108 = 7.628, p = 0.060) with stressed WT exhibiting less clusters than stressed Tau-KO (p = 

0.02) (Figure 19).  To provide an additional piece of evidence of the impact of Tau-KO on hippocampal 

proliferation we performed staining with the endogenous cell cycle marker Ki67 (Figure 18A). Analysis 

of Ki67 and BrdU double-labeled cells showed a Stress x Genotype interaction in cell density at the DG 

(F1,26 = 9.498, p = 0.004) with stressed WT animals showing a reduction in Ki67/BrdU cell density when 
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compared to their corresponding controls (p = 0.021). In contrast, stressed Tau-KO were not different 

from their control (p = 0.492) (Figure 18C). No differences were found between control animals of both 

genotypes (p=0.336). These findings suggest that Tau absence, while not affecting the DG proliferation 

per se, blocks the reducing effect of chronic stress on cell proliferation in the adult hippocampal DG. 

 

 

 

 

 

Figure 18 – Exposure to chronic stress results in reduction of proliferating cells of WT, but not Tau-KO, mice. A) 
Representative microphotos of BrdU (green) /Ki67 (red) labelled cells in the hippocampal DG of animals from 
Cohort A (BrdU three days before sacrifice – see experimental design above the microphotos); a higher 
magnification of an example of BrdU/Ki67 double-labelled cells is shown in the left-down insert of panel A while 
single staining microphotos for BrdU (upper right) and Ki67 (down right) are also shown. B) Quantification graph 
of BrdU+ cells showing that exposure to chronic stress reduced the BrdU+ cell density in DG of WT animals; this 
stress effect was not found in Tau-KO animals. C) Similarly, density of Ki67/BrdU-positive cells was reduced in 
WT, but not in Tau-KO, animals by stress. All numerical data are shown as mean +/- SEM; * p < 0.05. 
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 Figure 19 -- Differential impact of chronic stress on clustering of BrdU-positive cells in WT and Tau-KO DGs. 
Stressed (STR) WT animals exhibited reduced number of BrdU clusters in DG when compared to stress Tau-KO 
animals. All numerical data are shown as mean +/- SEM; * p < 0.05 

 

4.3. TAU ABLATION ATTENUATES THE STRESS-EVOKED SUPPRESSION OF NEUROGENIC, BUT NOT 

ASTROCYTIC, POOL IN THE ADULT HIPPOCAMPAL DG 

Next, we monitored the impact of stress on the DG neuroblasts measuring BrdU-labelled cells that are 

co-stained with Doublecortin (DCX), a cytoskeletal protein expressed in neuroblasts, in the subgranular 

zone of DG (Figure 20A). 2-way ANOVA revealed an interaction of Stress x Genotype in density of 

DCX/BrdU double-labelled cells at the DG (F1,42 = 5.441, p = 0.024; Figure 20B). Further analysis 

showed that exposure to chronic stress reduced the DG density of DCX/BrdU neuroblasts in WT 

animals (p = 0.04); this was not found in the DG of Tau-KO animals where stressed and control mice 

exhibited similar levels of this cell subpopulation (p = 0.986, Figure 20B).  
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Figure 20 – Stress-induced reduction of neuroblasts in WT and not Tau-KO mice. A) Microphotos of 
immunofluorescent staining of DCX (red)/BrdU (green) -positive cells in the subgranular zone of DG of animals of 
Cohort A. A higher magnification of an example of DCX/BrdU double-labelled cells is shown in the left-down 
insert of panel A while single staining microphotos for BrdU (upper right) and DCX (down right) are also 
presented. B) Quantification graph showing that, in contrast to Tau-KOs, WT stressed animals exhibited reduced 
DCX/BrdU density when compared to their control littermates. All numerical data are shown as mean +/- SEM; * 
p < 0.05. 

 

We additionally monitored the newborn astrocytic pool by counting the GFAP/BrdU double-labelled cells 

(Figure 21A). Interestingly, chronic stress had a similar effect on both WT and Tau-KO DG (p = 0.035 

and p = 0.026, respectively), reducing the number of BrdU/GFAP cells (F1,56 = 16.21, p < 0.001; Figure 
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21B). These findings support a specific role for Tau protein in the stress-triggered reduction of 

neuroblasts/immature neurons in the DG.  

 

 

 

 

 

 

 

 

 

 

 

Figure 21 – Newborn astrocytes are reduced in both WT and Tau-KO stressed mice. A) Microphotos of 
immunofluorescent staining of GFAP(red)/BrdU(green)-positive cellular subpopulations in the subgranular zone of 
DG of Cohort A animals. A higher magnification of an example of GFAP/BrdU double-labelled cells is shown in 
the left-up insert of panel A; single staining microphotos for BrdU (upper right) and GFAP (down right) are also 
shown. B) GFAP/BrdU-positive cell density was similarly decreased by stress in animals of both genotypes. All 
numerical data are shown as mean +/- SEM; * p < 0.05 
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Next, we monitored the effect of chronic stress on the maturation and survival of newly-born neurons 

using a different cohort of animals that were injected with BrdU four weeks before the sacrifice (Figure 

22A). In this cohort, BrdU was injected five weeks after the initiation of the chronic stress protocol and 

cells were analyzed four weeks later. In that way, BrdU staining allowed us to monitor the number of 

surviving newly-generated cells. 2-way ANOVA analysis of BrdU-stained cells in this animal cohort 

showed a clear interaction between Stress and Genotype in BrdU+ cell density (F1,26 = 4.366, p = 0.046) 

with stressed WT exhibiting a reduction compared to their controls (p = 0.046). Note that stress had no 

effect on Tau-KO animals (p = 0.812) (Figure 22B). These findings suggest that chronic stress reduces 

the number of newly-generated cells in the DG of WT animals whereas Tau ablation blocked this stress 

effect. To assess the phenotype of these BrdU-labelled cells, we performed double labeling of NeuN and 

BrdU or GFAP and BrdU (Figure 22A, 23A). Our statistical analysis showed a Stress x Genotype 

interaction on NeuN/BrdU-positive cell density (2-way ANOVA; F1,26 = 4.321, p = 0.047) demonstrating 

that chronic stress reduced the number of new neurons in WT, but not Tau-KO, DG (p = 0.030 and p = 

0.909, respectively) (Figure 22C). Furthermore, GFAP/BrdU analysis showed that stress had the same 

impact on the number of astrocytes in both stressed groups, with 2-way ANOVA showing overall Stress 

effect (F1, 27 = 25.24, p < 0.0001) and significant reduced number of GFAP/BrdU- positive cell density of 

WT and Tau-KO stressed animals (p=0.009 and p=0.006 respectively) (Figure 23B). 
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Figure 22 --  Absence of Tau attenuates the stress-driven neurogenic deficits in adult DG. A) Analysis of newly-
born neurons in animals injected with BrdU four weeks before sacrifice (cohort B- see experimental design above 
the microphotos) based on double staining for NeuN (purple) /BrdU (red).  A higher magnification of an example 
of NeuN/BrdU double-labelled cell is shown in the upper insert of panel A while single staining microphotos for 
BrdU (upper right) and NeuN (down right) are also presented. B) Stress evoked a decrease in BrdU+ cell density 
in WT, but not Tau-KO DG. C) Similarly, stress reduced the cell density of double labelled NeuN/BrdU 
subpopulation only in WT animals whereas no effect of stress was found in Tau-KO animals. All numerical data 
are shown as mean +/- SEM; * p < 0.05. 
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Figure 23 – Stress-induced reduction of newborn astrocytes in adult DG does not depend on Tau protein. A) 
Microphotos of immunofluorescent staining of GFAP (red) /BrdU (green) -positive cellular subpopulations in the 
granular zone of DG of Cohort B animals. A higher magnification of an example of GFAP/BrdU double-labelled 
cell is shown in the left-down insert of panel A; single staining microphotos for BrdU (upper right) and GFAP 
(down right) are also shown. B) Chronic stress reduced the density of GFAP/BrdU double labelled cells in all 
animals independently of Tau presence. All numerical data are shown as mean +/- SEM; * p < 0.05. 

 

4.4. CHRONIC STRESS AFFECTS TAU PHOSPHORYLATION AND ISOFORMS IN ADULT DG 

Previous studies, including some from our team, have shown that chronic stress triggers Tau 

hyperphosphorylation and accumulation in CA1 and CA3 hippocampal areas associating Tau 

malfunction with neuronal atrophy of neurons in these areas. Based on above findings, we also 

monitored whether chronic stress can also affect Tau phosphorylation status in DG and specifically, in 

newly-born cells. Thus, we perform a double IF staining for BrdU and PHF1 antibody (Figure 24A); the 

later recognized phosphorylated isoforms of Tau at Ser396 and Ser404 epitopes. We found that chronic 

stress increased the density of PHF1/BrdU positive cells in DG of WT animals (p = 0.03) (Figure 24B), 

that was also reflected in a significant increase in the percentage of PHF1 positive cells among the 

BrdU DG subpopulation in stressed animals (p = 0.04). 
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Figure 24 – Stress increases Tau phosphorylation in newly-born cells of DG. A) Representative microphoto of 
PHF1 (red) /BrdU (purple) double stained cells in the subgranular zone of DG of WTs. A higher magnification of 
an example of PHF1/BrdU double-labelled cell is shown in the left-down insert of panel A while single staining 
microphotos for BrdU (upper right) and PHF1 (down right) are also shown. B) Quantification graph showing that 
exposure to chronic stressful conditions increases the density of PHF1/BrdU+ cells. All numerical data are 
shown as mean +/- SEM; * p < 0.05. 

 

We further analyzed the impact of stress on Tau phosphorylation and its isoforms by using Western Blot 

analysis of DG protein extracts (Figure 25). As shown at Figure 25B, chronic stress increased PHF1-

detected levels of phosphorylated Tau (p = 0.02) confirming our IF-based findings (see also Figure 24B) 

while, as expected, Tau-KO animals have no signal (right part of Figure 25A). In addition, we also 

monitored another antibody detecting Tau phosphorylated at pThr231 epitopes, known to be increased 

in AD (Figure 25A)138. Chronic stress also increased Tau phosphorylation in this epitope (p = 0.03) 

(Figure 25B) while total Tau levels were not significantly altered by stress (Figure 25C). We next 
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monitored the two different isoforms of Tau which are known to be developmentally regulated 150. 

Measurement of 3R-Tau, characteristically expressed in neuroblasts and immature neurons, showed 

that chronic stress significantly reduced its expression (p =0.02) while levels of 4R-Tau, mainly 

expressed in mature neurons, were increased in WT DG (p = 0.03) (Figure 25C).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25 – Chronic stress triggers increased Tau phosphorylation and affects Tau isoforms in DG of WT animals 
A) Representative blots of different phosphorylated forms of Tau as well as 4R- and 3R-tau isoforms. B) 
Quantification analysis showed that chronic stress increased Tau phosphorylation at Thr231 and Ser396/404 
(PHF1) epitopes in WT DG. C) While total Tau (t-Tau) levels are not altered by stress, levels of 4R-Tau and 3R-Tau 
isoforms were increased and decreased, respectively in stressed DG of WT animals. All numerical data are 
shown as mean +/- SEM; * p < 0.05. 
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4.5. TAU- DEPENDENT SUPPRESSION OF PI3K /MTOR /GSK3Β /Β - CATENIN NEUROPLASTIC 

SIGNALING BY STRESS 

We next monitored the PI3K/mTOR/GSK3β /β -catenin molecular pathway, known to regulate cell 

survival and proliferation in the adult DG135,151,152. Molecular analysis of the DG revealed that chronic 

stress decreased PI3K protein levels in WTs (p = 0.04) while there was a tendency to increase it in Tau 

(p = 0.07) [2-way ANOVA Stress x Genotype interaction (F1,42 = 8.373, p = 0.006)] (Figure 26B). 

Furthermore, chronic stress decreased the levels of mTOR in WT (p = 0.0146) but had no effect on 

Tau-KO DG [Stress x Genotype interaction (F1,42 = 4.206, p = 0.046] (Figure 26C). On the other hand, 

exposure to chronic stress increased levels of pTyr216-GSK3β in WTs (p = 0.026) followed by 

corresponding increased cytoplasmic levels of β - catenin in WTs only (p = 0.026) (Stress x Genotype 

interaction (F1,42 = 7.016 p = 0.011)] (Figure 26D, E). Note that these stress-evoked changes were not 

found in Tau-KO animals suggesting that absence of Tau is involved in activation of GSK3β  (Figure 

26D). Altogether, the above findings indicate that chronic stress suppresses the PI3K-driven cellular 

cascade that leads to reduced mTOR levels and simultaneously increased levels of active GSK3β ; both 

molecules regulation is shown to diminish cell proliferation and survival135,151,152. In contrast, the absence 

of Tau seems to confer resilience to the above stress-induced cellular cascades that may preserve cell 

proliferation and survival levels in the DG. 
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Figure 26 – Tau-dependent suppression on PI3K/mTOR/GSK3β/β- catenin pathway in stressed DG. Α) 

Representative blots and B-E) quantification of the cellular cascade(s) analyzed in DG of WT and Tau-KO animals. 
Chronic stress reduces the expression of PI3K (B) and mTOR (C) protein levels followed by increased levels of 
(active) pTyr216-GSK3β (a- GSK3β) (D) and β-catenin (cytoplasm) (E) in DG of WT, but not Tau-KO, animals. All 
numerical data are shown as mean +/- SEM; * p < 0.05. 

 

4.6. CHRONIC STRESS IMPAIRS COGNITIVE AND EMOTIONAL STATUS IN WTS BUT NOT TAU-KOS  

As deficits in hippocampal neurogenesis are previously shown to have a critical role in alterations of 

cognitive as well as mood behavior, we next monitored cognitive performance and emotional status in 

control and stressed animals of both genotypes. For monitoring short-term memory, we performed Y-

maze test. 2-way ANOVA analysis revealed an interaction between Stress and Genotype on duration and 

frequency that animals visited the novel arm of the Y-maze apparatus [dur F1,40 = 4.879, p = 0.033; 

frequ F1,40 = 4.985, p = 0.031] (Figure 27Ai,ii). Further analysis showed that chronic stress reduced the 

duration and frequency of novel arm visits in WT animals (pdur = 0,019; pfrequ = 0,010) but not in Tau-KO 

animals (pdur = 0.999; pfrequ = 0,888) (Figure 27Ai, ii). The above findings were in agreement with our 

findings at Novel Object Recognition (NOR) test where we monitored long-term recognition and 

discrimination memory. We found that stressed WT animals exhibited reduced discrimination index 

compared to their corresponding controls (p = 0.035) whereas stressed and control Tau-KOs exhibit no 

differences (p = 0.861) [2-way ANOVA Stress x Genotype interaction (F1,70 = 6.122, p = 0.015)] (Figure 

27B). Next, we also monitor overall emotionally of our animals monitoring the Ultrasonic vocalizations 
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(USVs) that animals emit as an index of overall emotional status. We found that exposure to chronic 

stress differentially affected overall emotional status in WTs and Tau-KOs. Specifically, 2-way ANOVA 

showed a Stress x Genotype interaction of the number of female-induced USVs (F1,34 = 5.010, p = 0.031) 

while further analysis revealed that stressed WTs showed less USVs compared to their controls (p = 

0.042) (Figure 27C). Importantly, Tau-KO USVs were not altered by exposure to chronic stress (p = 

0.294) and no differences were found between WT and Tau-KOs of both genotypes in all the above 

behavioral parameters tested (Figure 27). 

 

 

 

 

 

 

 

 

 

 

Figure 27 – Stress results in deficits of cognitive performance and emotional status of WT, but not Tau-KO 
animals. A) In Y-maze test, stressed WT animals exhibited reduced duration (i) and frequency (ii) of visits in novel 
arm of apparatus as compared to control WTs; this reduction was not observed in Tau-KO animals. B) Similarly, 
discrimination index in Novel object recognition (NOR) test was reduced by stress in WT, but not Tau-KO, animals 
suggesting a significant resilience of Tau-KO animals to chronic stress. C) Ultrasonic vocalizations (USVs) were 
also reduced in stressed WT when compared to control animals suggesting a stress-driven deficit on emotional 
status; Tau-KO USVs was not affected by stress. All numerical data are shown as mean + SEM. (* p < 0.05). 
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Altogether, the above findings support a clear involvement of Tau protein in the suppression of adult 

neurogenesis in the DG as well as deficits of cognitive function and emotional status that are evoked by 

chronic stress, suggesting the potential implication of disturbances in isoform and phosphorylation 

profile of Tau. 
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5. DISCUSSION 

Despite the considerable progress in the understanding of the pathophysiology and neurobiology of 

stress-related disorders over the past three decades, our knowledge about the cellular targets and 

cascades related to the detrimental actions of stress and GCs on brain plasticity remains limited. One of 

the main brain areas exhibiting remarkable and continuous structural remodeling in adulthood under 

both control and stressful conditions is the hippocampal DG due to its ability to produce new cells 

throughout life41,83,153. Many studies have demonstrated that prolonged exposure to stress and excessive 

GCs levels suppress DG neurogenesis but our mechanistic understanding of these phenomena remain 

limited. While the suggested mechanisms involved in stress-reduced neurogenesis include GC-driven 

glutamate release and NMDA receptors signaling and/or reduced levels of several growth/neurotrophic 

factors, little attention has been given to the importance of cytoskeletal dynamics and the required high 

degree of plasticity of newborn cells which allows them to divide, migrate, differentiate and synaptically 

integrate into the existent hippocampal network41,91. Based on the phosphorylation-dependent role of Tau 

on microtubules (MTs) stabilization and its recently suggested involvement in NMDA-mediated 

excitotoxicity, these Master studies monitor the involvement of Tau in the suppression of neurogenesis 

by chronic stress112,154. This Master thesis demonstrated for the first time that Tau ablation blocks the 

stress-driven suppression of neurogenesis in the adult DG indicating a critical role for Tau in the 

neurogenic damage by stress. 

 

Although discovered in 1975, Tau´s precise biological function(s) and cellular role(s) are still debated 

with their in vivo significance remaining uncertain. Tau is a cytoskeletal protein involved in different 

cellular processes such as cell proliferation and neuronal differentiation, as many in vitro studies of 

hippocampal neurons from Tau-KO mice showed an impaired in the differentiation phase, with 

significant delay in their axonal and dendritic extension109. Moreover, expression of human Tau proteins 

in Tau-KO mice restored normal axonal growth109. However, adult Tau-KO mice do not exhibit any 

disturbances in brain and neuronal structure as the cytoskeletal actions of the remaining microtubule-

associated proteins are suggested to compensate for the loss of Tau function (in Tau-KO) during 

development100,155. This could explain the findings reported in the current and previous studies that 

overall levels of proliferation and neurogenesis of Tau-KO are not different from WT under control 

conditions118. It’s also important to mention that some studies show that Tau-KO animals exhibit 
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differences in the migration of neuroblasts in the hippocampal DG, but also in the subventricular zone 

(SVZ), the other main adult neurogenic niche137. However, these authors did not detect any numerical 

changes on any stages of neurogenesis between WT and Tau-KO mice (e.g. number of proliferating 

cells and neuroblasts), highlighting the importance of Tau protein in migration, but not generation, of 

neuroblasts during the early stages of neurogenesis137. Further studies should confirm these findings in 

other Tau-KO models and clarify the mechanisms through which Tau affects the neuroblasts migration. 

In addition, the use of a conditional Tau-KO model would help us clarify the role of Tau on 

neurogenesis, avoiding potential competition mechanisms that occur during development which may 

mask the real function of Tau by other microtubule-associated proteins (e.g. MAP1A, MAP2)100,155. 

Furthermore, in order to understand whether the potential impact of Tau on adult hippocampal 

neurogenesis has a cell-autonomous profile, further studies should also perform conditional deletion of 

Tau in specific subpopulation of DG e.g. neuroblasts.  

 

Previous studies have reported that the expression of Tau is developmentally regulated119,150. Similarly, 

the expression of Tau isoforms that include three or four MT-binding domains (3R-Tau and 4R-Tau, 

respectively) is shifted during neurogenesis in the adult brain118. Under normal physiological conditions, 

3R-Tau isoforms, that bind with less affinity to MTs, are present in neuroblasts (neuronal precursors) co-

localized with the cytoskeletal protein doublecortin (DCX), providing the necessary cytoskeleton 

plasticity118,137; note that DCX is suggested to complement the low 3R-Tau ability for microtubule 

stabilization156. On the other hand, 4R-Tau isoforms, which exhibit higher affinity to MTs, are expressed 

in mature neurons offering the necessary stability for the establishment and maintenance of 

dendritic/axonal structures of the newly integrated neuron. Interestingly, this Master thesis findings 

show that chronic stress triggered a decrease in the protein levels of 3R-Tau followed by a simultaneous 

elevation of 4R-Tau isoforms in the adult DG (Figure 28). Genetically induced-expression of 4R-Tau is 

shown to suppress proliferation in cells and mouse hippocampus leading to downregulation of 

transcripts involved in cellular growth and proliferation and in tandem upregulation of transcripts 

implicated in cell death157,158. Furthermore, imbalance of 4R/3R-Tau and the consequent cytoskeletal 

disturbances are causally related to neuronal pathology in Alzheimer’s disease brain where impaired 

adult neurogenesis maybe an early event in the pathology12,159. While the biochemical findings (based on 

WB analysis) of this Master thesis demonstrate that chronic stress increased the 4R:3R Tau ratio 

without overall differences in total Tau levels, these results were obtained in whole DG lysates, making it 
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difficult to understand if Tau isoform alterations occur mainly in newly-born cells or in all the DG 

neurons (including the pre-existing, old neurons).  As previous studies have shown that 3R-Tau is 

expressed in all neuroblasts (monitored with DCX)121, the reduced levels of 3R-Tau monitored by WB in 

stressed WT DG, could also reflect the reduced number of neuroblasts found by IF in these mice. 

Future studies should monitor in detail the potential impact of stress on the mechanisms that regulate 

alternative splicing of Tau and the expression of different Tau isoforms (see Figure 7 of Introduction). 

Interestingly, the involvement of Tau in stress-driven suppression of DG cell genesis was only detected 

in neuronal, and not astrocytic, population. The above findings of this Master thesis support the view 

that different cellular cascades operate in the stress-triggered reduction of newborn neuronal and glial 

populations95. As Tau is mainly expressed in neurons while astrocytes express low levels of Tau, it is 

possible that astrocytic cytoskeleton and its changes underlying cell genesis are not dependent of Tau 

protein.  

 

 

 

 

 

 

 

Figure 28 – Chronic stress impact on Tau expression and phosphorylation profile in DG. Schematic 
representation of the effects of chronic stress on Tau protein in DG showing a stress-evoked elevated ratio of 4R-
Tau:3R-Tau accompanied by increased Tau phosphorylation; both alterations may damage the necessary control 
on cytoskeletal dynamics required for cell proliferation and neuronal differentiation (drawn by C. Dioli). 

 

The phosphorylation profile of Tau is also developmentally regulated, with fetal Tau and Tau in mitotic 

cells exhibiting high phosphorylation levels which are reduced later in adulthood130. Many Tau phospho-

epitopes, e.g. Ser404, are highly phosphorylated during development and then, decline; in contrast, 
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others Tau epitopes, e.g. Thr231 and Ser396, do not change during development130. As previously 

suggested, alterations in the control of Tau phosphorylation and isoforms that are necessary for actively 

dividing cells like neuronal precursors, can result in aberrations of proliferation160,161. Accordingly, this 

Master thesis shows by WB analysis that chronic stress increases Tau phosphorylation in DG of WT 

animals in epitopes Thr231 and Ser396/404 (detected by PHF1 antibody), but the total Tau levels are 

not affected101,138. In line with the WB analysis, IF analysis revealed increased phosphorylation of Tau at 

Ser396/404 epitopes by chronic stress in the proliferating cells. Previous studies suggest that Tau 

phosphorylation in neuroblasts and newly differentiating neurons of pre-pathological age of AD Tg mice 

(2 months old) may underlie, at least in part, the impaired proliferation and neuronal maturation in DG 

of these animals162. Thus, stress-driven increase in the phosphorylation of these epitopes, shown to 

decrease MT-affinity of Tau, could damage the complex and dynamic regulation of Tau phosphorylation 

diminishing the cellular control over the cytoskeletal and network essential for neuroblasts163,164. Many 

studies from our and other research teams have reported that different types of acute or chronic 

stressors trigger Tau hyperphosphorylation at different phospho-epitopes, such as Ser202, Thr231, 

Ser396/404, leading to accumulation of total Tau levels in whole hippocampus lysates and/or neuronal 

somata and dendrites of CA1 and CA3 subareas of hippocampus138,141. In line with these studies, the 

findings of this Master thesis show for the first time that chronic stress increases Tau phosphorylation 

in the DG detected by pThr231- and pSer396/404-Tau antibodies. However, we did not detect a stress-

evoked increase in total Tau levels in the DG but we found that stress increased the levels of 4R-Tau 

and decreased the 3R-Tau isoforms, opening a novel window of research related to the impact of 

chronic stress on overall Tau dynamics.  

 

While Tau hyperphosphorylation is a well recognized phenomenon in AD neuropathology, other studies 

also support a view of the neuroplastic role of Tau hyperphosphorylation in neuronal atrophy beyond 

AD, as both Tau hyperphosphorylation and neuronal/synaptic atrophy could be reversible during 

hibernation and hypothermia as well as in acute stress139,140,165. Indeed, phosphorylation and 

dephosphorylation of Tau is a continuous and dynamic cellular process, controlled by different kinases 

and phosphatases, with essential contribution to cytoskeletal plasticity. When this 

phosphorylation/dephosphorylation balance is disturbed, Tau becomes hyperphosphorylated resulting 

in cytoskeletal damage that may underlie the suppression of DG neurogenesis under stress.  Future 
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studies should monitor whether stress-driven effects  on Tau phosphorylation and isoforms can be 

reverted after a stress-free period 165. 

 

Importantly, the above Tau phospho-epitopes are targets of the kinase GSK3β , whose active form is 

also increased in hippocampal DG of stressed WT, but not Tau-KO animals164,166. Note that GSK3β  is a 

component of the Wnt signaling pathway (Figure 29) where activation of PI3K inhibits GSK3β  and in 

turn, triggers the translocation of β -catenin from cytoplasm to nucleus promoting proliferation and 

differentiation of progenitor cell during both brain development and neuronal survival135,151,152. This Master 

thesis findings suggest that chronic stress suppresses the above pathway in WT, but not Tau-KO, which 

may underlie the stress-driven reduction of hippocampal neurogenesis found only in WT animals. In line 

with our findings, both in vivo and in vitro evidence suggest that Tau ablation attenuates the neuronal 

malfunction in different pathologies including Alzheimer’s disease and glutamate-driven excitotoxicity 

while it has recently been shown that deletion of Tau blocks the activation of GSK3β  induced by amyloid 

beta (Aβ ); however, the exact mechanisms are under intensive investigation167–169. On the contrary, 

previous studies demonstrated that increased levels of Tau increase vulnerability to different insults 

including GCs and Aβ 12,170,171. Our findings suggest that exposure to chronic stress revealed a Tau-

dependent activation of GSK3β and reduction of the levels of mTOR that have previously been shown to 

suppress neurogenesis in the DG172. These findings are in line with previous experimental studies 

showing that chronic stress and/or GCs activate GSK3β as well as suppress mTOR signaling in 

hippocampus, while a recent work directly connects GSK3 and mTOR, showing that GSK3 suppress 

mTOR signaling in hippocampus138,141,173–175. Importantly, human studies report clear deficits in mTOR 

signaling in patients with depression, a disease state causally related to chronic stress while 

experimental evidence suggest a repressing role for GCs on mTOR pathway in the hippocampal 

DG43,47,173,176,177. Moreover, activation of mTOR is shown to regulate the spatial and local control of Tau 

mRNA translation (via 5-TOP sequence of Tau-mRNA) towards axonal formation and neuronal 

polarization at the developing neuron without affecting levels of other cytoskeletal proteins e.t. actin, β- 

tubulin178. Thus, inhibition of mTOR reduces the expression levels of Tau protein and blocks neuronal 

polarity in the developing neuron178. However, further investigation of downstream targets of mTOR 

protein, like p70s6k that regulates cell growth and differentiation remain to be explored179. Together, the 

stress-driven suppression of mTOR, activation of GSK3β and Tau alterations presented in this study 
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(Figure 28, 29) suggest a possible Tau-dependent mechanism through which chronic stress initiates a 

signaling cascade that impacts on cell survival, proliferation and neuronal cell fate in the adult DG.  

 

 

 

 

 

 

 

Figure 29 – Proposed cellular mechanisms underlying the stress-induced suppression of cell proliferation and 
neuronal survival in adult hippocampal. Exposure to chronic stress decreased mTOR levels while in parallel 
increased GSK3β activity resulting in accumulation of β-catenin in cytoplasm as well as increased Tau 
phosphorylation. Interestingly, this stress effects seems to be Tau-dependent suggesting a novel role of Tau in 
mechanisms underlying stress-driven brain plasticity (drawn by C. Dioli).   

 

While other cellular pathways involving e.g. MAP kinases cannot be excluded83, this study provides the 

first evidence that Tau protein is a selective mediator of stress-driven neurogenic deficits in adult 

hippocampus adding to our mechanistic understanding of the cellular cascades that may convey the 

pathogenic role of chronic stress in the brain and its relation with the development of stress-driven 

pathologies, e.g. depression, where neurogenesis has been implicated in the etiopathogenesis and 

antidepressant treatment. 
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6. CONCLUSIONS 

Modern lifestyle appears to increasingly present a high load of daily distress in our societies while a 

plethora of clinical and experimental studies have associated the prolonged exposure to stressful 

conditions with the development of different brain disorders related to cognitive and mood deficits, e.g. 

Alzheimer’s disease and depression. Thus, better understanding of the mechanisms through which 

chronic stress affects the brain and its circuits will help us to develop specific therapeutic targets and 

strategies against these brain pathologies.  

These Master studies provide novel insights regarding the molecular underpinnings of the detrimental 

impact of chronic stress on one mechanism of adult brain plasticity, related to the genesis of newly-

born neurons (neurogenesis) in hippocampus. Our in vivo studies demonstrated for the first time that 

Tau is essential for the suppression of neurogenesis, but not astrogliogenesis that chronic stress evokes 

in the adult hippocampus since animals lacking Tau (Tau knockout) were protected against the above 

effects of stress. These results are in line with previous experimental studies suggesting that Tau 

deletion or reduction could be protective against different neuropathologies such as Alzheimer’s 

disease, epilepsy and excitoxocity167–169. Moreover, our findings suggest that chronic stress suppresses a 

known mechanism that regulates cell proliferation and survival involving PI3K/mTOR/GSK3β/β-catenin 

cascade while this stress-triggered suppression depends on the presence of Tau protein.  

This Master thesis presents the first set of novel experimental evidence about the role of protein Tau in 

the hippocampal neurogenic deficits induced by exposure to chronic stress. These findings add to our 

limited understanding of stress-triggered cellular cascades and molecular pathways that may underlie 

the neuro-remodeling and neuroplastic action of chronic stress and GCs. While further studies are 

necessary to clarify how Tau absence affects the cellular response(s) to stress, this Master thesis opens 

new roads of research investigation that could monitor: 

a) the neuroprotective role of Tau reduction in brain pathologies beyond AD e.g.  stress-driven 

depression; note that Tau reduction has been suggested as a therapeutic approach against AD 

neurodegeneration.   

b) the potential involvement of Tau on the beneficial effects of antidepressants against stress-driven 

neuronal atrophy and suppressed neurogenesis. 



 

66 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

67 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7 

References 

 
 



 

68 

 

 
  



 

69 

 

7. REFERENCES 

1. Gray, D. T. & Barnes, C. A. Distinguishing adaptive plasticity from vulnerability in the aging 

hippocampus. Neuroscience 309, 17–28 (2015). 

2. Rissman, R. A. Stress-induced tau phosphorylation: functional neuroplasticity or neuronal 

vulnerability? J. Alzheimers. Dis. 18, 453–7 (2009). 

3. Lopes, S. et al. Tau Deletion Prevents Stress-Induced Dendritic Atrophy in Prefrontal Cortex: Role 

of Synaptic Mitochondria. Cereb. Cortex (2016). doi:10.1093/cercor/bhw057 

4. Sotiropoulos, I. & Sousa, N. Tau as the Converging Protein between Chronic Stress and 

Alzheimer’s Disease Synaptic Pathology. Neurodegener. Dis. 16, 22–5 (2016). 

5. Ming, G.-L. li & Song, H. Adult neurogenesis in the mammalian brain: significant answers and 

significant questions. Neuron 70, 687–702 (2011). 

6. Altman, J. & Das, G. D. Autoradiographic and histological evidence of postnatal hippocampal 

neurogenesis in rats. J. Comp. Neurol. 124, 319–335 (1965). 

7. Paton, J. A. & Nottebohm, F. N. Neurons generated in the adult brain are recruited into 

functional circuits. Science 225, 1046–8 (1984). 

8. Reynolds, B. A. & Weiss, S. Generation of neurons and astrocytes from isolated cells of the adult 

mammalian central nervous system. Science 255, 1707–10 (1992). 

9. Richards, L. J., Kilpatrick, T. J. & Bartlett, P. F. De novo generation of neuronal cells from the 

adult mouse brain. Proc. Natl. Acad. Sci. U. S. A. 89, 8591–5 (1992). 

10. Ernst, A. et al. Neurogenesis in the striatum of the adult human brain. Cell 156, 1072–83 

(2014). 

11. Chaker, Z. et al. Hypothalamic neurogenesis persists in the aging brain and is controlled by 

energy-sensing IGF-I pathway. Neurobiol. Aging 41, 64–72 (2016). 

12. Mu, Y. & Gage, F. H. Adult hippocampal neurogenesis and its role in Alzheimer’s disease. Mol. 

Neurodegener. 6, 85 (2011). 



 

70 

 

13. Kandasamy, M. et al. Reduction in subventricular zone-derived olfactory bulb neurogenesis in a 

rat model of Huntington’s disease is accompanied by striatal invasion of neuroblasts. PLoS One 

10, e0116069 (2015). 

14. Bonaguidi, M. A., Song, J., Ming, G. & Song, H. A unifying hypothesis on mammalian neural 

stem cell properties in the adult hippocampus. Curr. Opin. Neurobiol. 22, 754–61 (2012). 

15. Cameron, H. A. & McKay, R. D. Adult neurogenesis produces a large pool of new granule cells in 

the dentate gyrus. J. Comp. Neurol. 435, 406–17 (2001). 

16. van Praag, H. et al. Functional neurogenesis in the adult hippocampus. Nature 415, 1030–4 

(2002). 

17. Toni, N. et al. Synapse formation on neurons born in the adult hippocampus. Nat. Neurosci. 10, 

727–34 (2007). 

18. Li, M., Long, C. & Yang, L. Hippocampal-prefrontal circuit and disrupted functional connectivity 

in psychiatric and neurodegenerative disorders. Biomed Res. Int. 2015, 810548 (2015). 

19. Yau, S. Y., Li, A. & So, K. F. Involvement of Adult Hippocampal Neurogenesis in Learning and 

Forgetting. Neural Plasticity 2015, (2015). 

20. Vivar, C. & Praag, H. Van. Functional circuits of new neurons in the dentate gyrus. Front. Neural 

Circuits (2015). 

21. Myers, C. E. & Scharfman, H. E. Pattern separation in the dentate gyrus: a role for the CA3 

backprojection. Hippocampus 21, 1190–215 (2011). 

22. Deng, W., Aimone, J. B. & Gage, F. H. New neurons and new memories: how does adult 

hippocampal neurogenesis affect learning and memory? Nat. Rev. Neurosci. 11, 339–50 

(2010). 

23. Squire, L. R. The organization and neural substrates of human memory. Int. J. Neurol. 21-22, 

218–22 

24. Florian, C. & Roullet, P. Hippocampal CA3-region is crucial for acquisition and memory 

consolidation in Morris water maze task in mice. Behav. Brain Res. 154, 365–74 (2004). 



 

71 

 

25. Hernández-Rabaza, V. et al. The hippocampal dentate gyrus is essential for generating 

contextual memories of fear and drug-induced reward. Neurobiol. Learn. Mem. 90, 553–9 

(2008). 

26. Sahay, A. et al. Increasing adult hippocampal neurogenesis is sufficient to improve pattern 

separation. Nature 472, 466–470 (2011). 

27. Clelland, C. D. et al. A functional role for adult hippocampal neurogenesis in spatial pattern 

separation. Science 325, 210–3 (2009). 

28. Wu, J. et al. ER stress and disrupted neurogenesis in the brain are associated with cognitive 

impairment and depressive-like behavior after spinal cord injury. J. Neurotrauma (2016). 

doi:10.1089/neu.2015.4348 

29. Shors, T. J. et al. Neurogenesis in the adult is involved in the formation of trace memories. 

Nature 410, 372–6 (2001). 

30. Zhang, J. et al. Ezh2 regulates adult hippocampal neurogenesis and memory. J. Neurosci. 34, 

5184–99 (2014). 

31. Kee, N., Teixeira, C. M., Wang, A. H. & Frankland, P. W. Preferential incorporation of adult-

generated granule cells into spatial memory networks in the dentate gyrus. Nat. Neurosci. 10, 

355–62 (2007). 

32. Small, S. A., Schobel, S. A., Buxton, R. B., Witter, M. P. & Barnes, C. A. A pathophysiological 

framework of hippocampal dysfunction in ageing and disease. Nat. Rev. Neurosci. 12, 585–601 

(2011). 

33. Femenía, T., Gómez-Galán, M., Lindskog, M. & Magara, S. Dysfunctional hippocampal activity 

affects emotion and cognition in mood disorders. Brain Res. 1476, 58–70 (2012). 

34. Bessa, J. M. et al. A trans-dimensional approach to the behavioral aspects of depression. Front. 

Behav. Neurosci. 3, 1 (2009). 

35. Mandyam, C. D. The Interplay between the Hippocampus and Amygdala in Regulating Aberrant 

Hippocampal Neurogenesis during Protracted Abstinence from Alcohol Dependence. Front. 



 

72 

 

psychiatry 4, 61 (2013). 

36. Becker, C. et al. Repeated social defeat-induced depression-like behavioral and biological 

alterations in rats: involvement of cholecystokinin. Mol. Psychiatry 13, 1079–92 (2008). 

37. Stranahan, A. M., Khalil, D. & Gould, E. Social isolation delays the positive effects of running on 

adult neurogenesis. Nat. Neurosci. 9, 526–33 (2006). 

38. Brenes, J. C. et al. Differential effects of social and physical environmental enrichment on brain 

plasticity, cognition, and ultrasonic communication in rats. J. Comp. Neurol. 524, 1586–607 

(2016). 

39. Zhao, C., Deng, W. & Gage, F. H. Mechanisms and functional implications of adult 

neurogenesis. Cell 132, 645–60 (2008). 

40. Mahmoud, R., Wainwright, S. R. & Galea, L. A. M. Sex Hormones and Adult Hippocampal 

Neurogenesis: Regulation, Implications, and Potential Mechanisms. Front. Neuroendocrinol. 

(2016). doi:10.1016/j.yfrne.2016.03.002 

41. Lucassen, P. J. et al. Regulation of adult neurogenesis by stress, sleep disruption, exercise and 

inflammation: Implications for depression and antidepressant action. Eur. 

Neuropsychopharmacol. 20, 1–17 (2010). 

42. Castilla-Ortega, E. et al. Aggravation of chronic stress effects on hippocampal neurogenesis and 

spatial memory in LPA₁ receptor knockout mice. PLoS One 6, e25522 (2011). 

43. Sousa, N. & Almeida, O. F. X. Disconnection and reconnection: the morphological basis of 

(mal)adaptation to stress. Trends Neurosci. 35, 742–51 (2012). 

44. Vyas, S. et al. Chronic Stress and Glucocorticoids: From Neuronal Plasticity to 

Neurodegeneration. Neural Plast. 2016, 6391686 (2016). 

45. Lucassen, P. J. et al. Neuropathology of stress. Acta Neuropathol. 127, 109–35 (2014). 

46. Joëls, M., Sarabdjitsingh, R. A. & Karst, H. Unraveling the time domains of corticosteroid 

hormone influences on brain activity: rapid, slow, and chronic modes. Pharmacol. Rev. 64, 

901–38 (2012). 



 

73 

 

47. de Kloet, E. R., Joëls, M. & Holsboer, F. Stress and the brain: from adaptation to disease. Nat. 

Rev. Neurosci. 6, 463–475 (2005). 

48. Phillips, L. J. et al. Stress, the hippocampus and the hypothalamic-pituitary-adrenal axis: 

implications for the development of psychotic disorders. Aust. N. Z. J. Psychiatry 40, 725–41 

(2006). 

49. Arnett, M. G., Muglia, L. M., Laryea, G. & Muglia, L. J. Genetic Approaches to Hypothalamic-

Pituitary-Adrenal Axis Regulation. Neuropsychopharmacology 41, 245–60 (2016). 

50. Kolber, B. J. et al. Central amygdala glucocorticoid receptor action promotes fear-associated 

CRH activation and conditioning. Proc. Natl. Acad. Sci. U. S. A. 105, 12004–9 (2008). 

51. Oitzl, M. S., Champagne, D. L., van der Veen, R. & de Kloet, E. R. Brain development under 

stress: hypotheses of glucocorticoid actions revisited. Neurosci. Biobehav. Rev. 34, 853–66 

(2010). 

52. Green, M. R. & McCormick, C. M. Effects of stressors in adolescence on learning and memory in 

rodent models. Horm. Behav. 64, 364–79 (2013). 

53. Herman, J. P., Ostrander, M. M., Mueller, N. K. & Figueiredo, H. Limbic system mechanisms of 

stress regulation: hypothalamo-pituitary-adrenocortical axis. Prog. Neuropsychopharmacol. Biol. 

Psychiatry 29, 1201–13 (2005). 

54. Sapolsky, R. M. Glucocorticoids and hippocampal atrophy in neuropsychiatric disorders. Arch. 

Gen. Psychiatry 57, 925–35 (2000). 

55. Sorrells, S. F. & Sapolsky, R. M. An inflammatory review of glucocorticoid actions in the CNS. 

Brain. Behav. Immun. 21, 259–72 (2007). 

56. McEwen, B. S. The brain is the central organ of stress and adaptation. Neuroimage 47, 911–3 

(2009). 

57. Herman, J. P. Neural control of chronic stress adaptation. Front. Behav. Neurosci. 7, 61 (2013). 

58. McEwen, B. S. & Stellar, E. Stress and the individual. Mechanisms leading to disease. Arch. 

Intern. Med. 153, 2093–101 (1993). 



 

74 

 

59. Duman, R. S. Neural plasticity: consequences of stress and actions of antidepressant treatment. 

Dialogues Clin. Neurosci. 6, 157–69 (2004). 

60. Lee, K.-J. et al. Chronic mild stress decreases survival, but not proliferation, of new-born cells in 

adult rat hippocampus. Exp. Mol. Med. 38, 44–54 (2006). 

61. Morais, M. et al. The effects of chronic stress on hippocampal adult neurogenesis and dendritic 

plasticity are reversed by selective MAO-A inhibition. J. Psychopharmacol. 28, 1178–83 (2014). 

62. Lagace, D. C. et al. Adult hippocampal neurogenesis is functionally important for stress-induced 

social avoidance. Proc. Natl. Acad. Sci. U. S. A. 107, 4436–41 (2010). 

63. Miller, B. R. & Hen, R. The current state of the neurogenic theory of depression and anxiety. 

Curr. Opin. Neurobiol. 30, 51–8 (2015). 

64. Dranovsky, A. et al. Experience dictates stem cell fate in the adult hippocampus. Neuron 70, 

908–23 (2011). 

65. Liu, Q. et al. Clomipramine treatment reversed the glial pathology in a chronic unpredictable 

stress-induced rat model of depression. Eur. Neuropsychopharmacol. 19, 796–805 (2009). 

66. Lucassen, P. J., Stumpel, M. W., Wang, Q. & Aronica, E. Decreased numbers of progenitor cells 

but no response to antidepressant drugs in the hippocampus of elderly depressed patients. 

Neuropharmacology 58, 940–9 (2010). 

67. Boldrini, M. et al. Antidepressants increase neural progenitor cells in the human hippocampus. 

Neuropsychopharmacology 34, 2376–2389 (2009). 

68. Reif, A. et al. Neural stem cell proliferation is decreased in schizophrenia, but not in depression. 

Mol. Psychiatry 11, 514–22 (2006). 

69. Boldrini, M. et al. Hippocampal granule neuron number and dentate gyrus volume in 

antidepressant-treated and untreated major depression. Neuropsychopharmacology 38, 1068–

77 (2013). 

70. Wang, Z. et al. Magnetic resonance imaging of hippocampal subfields in posttraumatic stress 

disorder. Arch. Gen. Psychiatry 67, 296–303 (2010). 



 

75 

 

71. Mateus-Pinheiro, A. et al. Sustained remission from depressive-like behavior depends on 

hippocampal neurogenesis. Transl. Psychiatry 3, e210 (2013). 

72. Malberg, J. E., Eisch, A. J., Nestler, E. J. & Duman, R. S. Chronic antidepressant treatment 

increases neurogenesis in adult rat hippocampus. J. Neurosci. 20, 9104–10 (2000). 

73. Boldrini, M. et al. Benzodiazepines and the potential trophic effect of antidepressants on dentate 

gyrus cells in mood disorders. Int. J. Neuropsychopharmacol. 17, 1923–33 (2014). 

74. Winner, B. & Winkler, J. Adult neurogenesis in neurodegenerative diseases. Cold Spring Harb. 

Perspect. Biol. 7, a021287 (2015). 

75. Wilson, R. S. et al. Chronic psychological distress and risk of Alzheimer’s disease in old age. 

Neuroepidemiology 27, 143–53 (2006). 

76. Sotiropoulos, I. et al. Stress and glucocorticoid footprints in the brain-the path from depression 

to Alzheimer’s disease. Neurosci. Biobehav. Rev. 32, 1161–73 (2008). 

77. Haughey, N. J. et al. Disruption of neurogenesis by amyloid beta-peptide, and perturbed neural 

progenitor cell homeostasis, in models of Alzheimer’s disease. J. Neurochem. 83, 1509–24 

(2002). 

78. Mirochnic, S., Wolf, S., Staufenbiel, M. & Kempermann, G. Age effects on the regulation of adult 

hippocampal neurogenesis by physical activity and environmental enrichment in the APP23 

mouse model of Alzheimer disease. Hippocampus 19, 1008–18 (2009). 

79. Jin, K. et al. Enhanced neurogenesis in Alzheimer’s disease transgenic (PDGF-APPSw,Ind) mice. 

Proc. Natl. Acad. Sci. U. S. A. 101, 13363–7 (2004). 

80. Crews, L. et al. Increased BMP6 levels in the brains of Alzheimer’s disease patients and APP 

transgenic mice are accompanied by impaired neurogenesis. J. Neurosci. 30, 12252–62 

(2010). 

81. Wong, E. Y. H. & Herbert, J. Raised circulating corticosterone inhibits neuronal differentiation of 

progenitor cells in the adult hippocampus. Neuroscience 137, 83–92 (2006). 

82. Murray, F., Smith, D. W. & Hutson, P. H. Chronic low dose corticosterone exposure decreased 



 

76 

 

hippocampal cell proliferation, volume and induced anxiety and depression like behaviours in 

mice. Eur. J. Pharmacol. 583, 115–27 (2008). 

83. Egeland, M., Zunszain, P. A. & Pariante, C. M. Molecular mechanisms in the regulation of adult 

neurogenesis during stress. Nat. Rev. Neurosci. 16, 189–200 (2015). 

84. Anacker, C. et al. Glucocorticoid-related molecular signaling pathways regulating hippocampal 

neurogenesis. Neuropsychopharmacology 38, 872–83 (2013). 

85. Mahar, I., Bambico, F. R., Mechawar, N. & Nobrega, J. N. Stress, serotonin, and hippocampal 

neurogenesis in relation to depression and antidepressant effects. Neurosci. Biobehav. Rev. 38, 

173–92 (2014). 

86. Schmidt, H. D. & Duman, R. S. The role of neurotrophic factors in adult hippocampal 

neurogenesis, antidepressant treatments and animal models of depressive-like behavior. Behav. 

Pharmacol. 18, 391–418 (2007). 

87. Waterhouse, E. G. et al. BDNF promotes differentiation and maturation of adult-born neurons 

through GABAergic transmission. J. Neurosci. 32, 14318–30 (2012). 

88. Lie, D.-C. et al. Wnt signalling regulates adult hippocampal neurogenesis. Nature 437, 1370–5 

(2005). 

89. Hirabayashi, Y. et al. The Wnt/beta-catenin pathway directs neuronal differentiation of cortical 

neural precursor cells. Development 131, 2791–801 (2004). 

90. Niehrs, C. & Acebron, S. P. Mitotic and mitogenic Wnt signalling. EMBO J. 31, 2705–13 (2012). 

91. Gould, E., McEwen, B. S., Tanapat, P., Galea, L. A. & Fuchs, E. Neurogenesis in the dentate 

gyrus of the adult tree shrew is regulated by psychosocial stress and NMDA receptor activation. 

J. Neurosci. 17, 2492–8 (1997). 

92. Cameron, H., McEwen, B. & Gould, E. Regulation of adult neurogenesis by excitatory input and 

NMDA receptor activation in the dentate gyrus. J. Neurosci. 15, 4687–4692 (1995). 

93. Pilar-Cúellar, F. et al. Signaling pathways involved in antidepressant-induced cell proliferation 

and synaptic plasticity. Curr. Pharm. Des. 20, 3776–94 (2014). 



 

77 

 

94. Ates-Alagoz, Z. & Adejare, A. NMDA Receptor Antagonists for Treatment of Depression. 

Pharmaceuticals (Basel). 6, 480–99 (2013). 

95. Gu, Y., Oyama, F. & Ihara, Y. Tau is widely expressed in rat tissues. J. Neurochem. 67, 1235–

44 (1996). 

96. Götz, J., Xia, D., Leinenga, G., Chew, Y. L. & Nicholas, H. What Renders TAU Toxic. Front. 

Neurol. 4, 72 (2013). 

97. Lee, V. M., Goedert, M. & Trojanowski, J. Q. Neurodegenerative tauopathies. Annu. Rev. 

Neurosci. 24, 1121–59 (2001). 

98. Tashiro, K., Hasegawa, M., Ihara, Y. & Iwatsubo, T. Somatodendritic localization of 

phosphorylated tau in neonatal and adult rat cerebral cortex. Neuroreport 8, 2797–801 (1997). 

99. Klein, C. et al. Process outgrowth of oligodendrocytes is promoted by interaction of fyn kinase 

with the cytoskeletal protein tau. J. Neurosci. 22, 698–707 (2002). 

100. Morris, M., Maeda, S., Vossel, K. & Mucke, L. The many faces of tau. Neuron 70, 410–26 

(2011). 

101. Pinheiro, S. et al. Tau Mislocation in Glucocorticoid-Triggered Hippocampal Pathology. Mol. 

Neurobiol. (2015). doi:10.1007/s12035-015-9356-2 

102. Regan, P., Whitcomb, D. J. & Cho, K. Physiological and Pathophysiological Implications of 

Synaptic Tau. Neuroscientist (2016). doi:10.1177/1073858416633439 

103. Dixit, R., Ross, J. L., Goldman, Y. E. & Holzbaur, E. L. F. Differential regulation of dynein and 

kinesin motor proteins by tau. Science 319, 1086–9 (2008). 

104. Ebneth, A. et al. Overexpression of tau protein inhibits kinesin-dependent trafficking of vesicles, 

mitochondria, and endoplasmic reticulum: implications for Alzheimer’s disease. J. Cell Biol. 

143, 777–94 (1998). 

105. Brandt, R. & Leschik, J. Functional interactions of tau and their relevance for Alzheimer’s 

disease. Curr. Alzheimer Res. 1, 255–69 (2004). 



 

78 

 

106. Kotani, S., Nishida, E., Kumagai, H. & Sakai, H. Calmodulin inhibits interaction of actin with 

MAP2 and Tau, two major microtubule-associated proteins. J. Biol. Chem. 260, 10779–83 

(1985). 

107. Farias, G. A., Muñoz, J. P., Garrido, J. & Maccioni, R. B. Tubulin, actin, and tau protein 

interactions and the study of their macromolecular assemblies. J. Cell. Biochem. 85, 315–24 

(2002). 

108. He, H. J. et al. The proline-rich domain of tau plays a role in interactions with actin. BMC Cell 

Biol. 10, 81 (2009). 

109. Dawson, H. N. et al. Inhibition of neuronal maturation in primary hippocampal neurons from tau 

deficient mice. J. Cell Sci. 114, 1179–87 (2001). 

110. Kwei, S. L., Clement, A., Faissner, A. & Brandt, R. Differential interactions of MAP2, tau and 

MAP5 during axogenesis in culture. Neuroreport 9, 1035–40 (1998). 

111. Kimura, T. et al. Microtubule-associated protein tau is essential for long-term depression in the 

hippocampus. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 369, 20130144 (2014). 

112. Ittner, L. M. et al. Dendritic function of tau mediates amyloid-beta toxicity in Alzheimer’s disease 

mouse models. Cell 142, 387–97 (2010). 

113. Conrad, C. et al. Single molecule profiling of tau gene expression in Alzheimer’s disease. J. 

Neurochem. 103, 1228–36 (2007). 

114. Lee, G., Neve, R. L. & Kosik, K. S. The microtubule binding domain of tau protein. Neuron 2, 

1615–24 (1989). 

115. Goode, B. L. & Feinstein, S. C. Identification of a novel microtubule binding and assembly 

domain in the developmentally regulated inter-repeat region of tau. J. Cell Biol. 124, 769–82 

(1994). 

116. Lu, M. & Kosik, K. S. Competition for microtubule-binding with dual expression of tau missense 

and splice isoforms. Mol. Biol. Cell 12, 171–84 (2001). 

117. Avila, J., Lucas, J. J., Perez, M. & Hernandez, F. Role of tau protein in both physiological and 



 

79 

 

pathological conditions. Physiol. Rev. 84, 361–84 (2004). 

118. Fuster-Matanzo, A., Llorens-Martín, M., Jurado-Arjona, J., Avila, J. & Hernández, F. Tau protein 

and adult hippocampal neurogenesis. Front. Neurosci. 6, 104 (2012). 

119. Bullmann, T., de Silva, R., Holzer, M., Mori, H. & Arendt, T. Expression of embryonic tau protein 

isoforms persist during adult neurogenesis in the hippocampus. Hippocampus 17, 98–102 

(2007). 

120. Bullmann, T., Härtig, W., Holzer, M. & Arendt, T. Expression of the embryonal isoform (0N/3R) 

of the microtubule-associated protein tau in the adult rat central nervous system. J. Comp. 

Neurol. 518, 2538–53 (2010). 

121. Llorens-Martin, M. et al. Tau isoform with three microtubule binding domains is a marker of new 

axons generated from the subgranular zone in the hippocampal dentate gyrus: implications for 

Alzheimer’s disease. J. Alzheimers. Dis. 29, 921–30 (2012). 

122. Goedert, M. & Jakes, R. Expression of separate isoforms of human tau protein: correlation with 

the tau pattern in brain and effects on tubulin polymerization. EMBO J. 9, 4225–30 (1990). 

123. Brandt, R., Léger, J. & Lee, G. Interaction of tau with the neural plasma membrane mediated by 

tau’s amino-terminal projection domain. J. Cell Biol. 131, 1327–40 (1995). 

124. Duan, Y., Dong, S., Gu, F., Hu, Y. & Zhao, Z. Advances in the pathogenesis of Alzheimer’s 

disease: focusing on tau-mediated neurodegeneration. Transl. Neurodegener. 1, 24 (2012). 

125. Kalil, K. & Dent, E. W. Branch management: mechanisms of axon branching in the developing 

vertebrate CNS. Nat. Rev. Neurosci. 15, 7–18 (2014). 

126. Tenreiro, S., Eckermann, K. & Outeiro, T. F. Protein phosphorylation in neurodegeneration: 

friend or foe? Front. Mol. Neurosci. 7, 42 (2014). 

127. Buée, L., Bussière, T., Buée-Scherrer, V., Delacourte, A. & Hof, P. R. Tau protein isoforms, 

phosphorylation and role in neurodegenerative disorders11These authors contributed equally to 

this work. Brain Res. Rev. 33, 95–130 (2000). 

128. Wang, J.-Z., Grundke-Iqbal, I. & Iqbal, K. Kinases and phosphatases and tau sites involved in 



 

80 

 

Alzheimer neurofibrillary degeneration. Eur. J. Neurosci. 25, 59–68 (2007). 

129. Kimura, T. et al. Hyperphosphorylated tau in parahippocampal cortex impairs place learning in 

aged mice expressing wild-type human tau. EMBO J. 26, 5143–52 (2007). 

130. Yu, Y. et al. Developmental regulation of tau phosphorylation, tau kinases, and tau 

phosphatases. J. Neurochem. 108, 1480–94 (2009). 

131. Gong, C.-X. & Iqbal, K. Hyperphosphorylation of microtubule-associated protein tau: a promising 

therapeutic target for Alzheimer disease. Curr. Med. Chem. 15, 2321–8 (2008). 

132. Ferrer, I. et al. Current advances on different kinases involved in tau phosphorylation, and 

implications in Alzheimer’s disease and tauopathies. Curr. Alzheimer Res. 2, 3–18 (2005). 

133. Cho, J.-H. & Johnson, G. V. W. Glycogen synthase kinase 3beta phosphorylates tau at both 

primed and unprimed sites. Differential impact on microtubule binding. J. Biol. Chem. 278, 

187–93 (2003). 

134. Imahori, K. & Uchida, T. Physiology and pathology of tau protein kinases in relation to 

Alzheimer’s disease. J. Biochem. 121, 179–88 (1997). 

135. Llorens-MarÃtin, M., Jurado, J., HernÃ¡ndez, Fã©. & Ã•vila, J. GSK-3Î2, a pivotal kinase in 

Alzheimer disease. Front. Mol. Neurosci. 7, 46 (2014). 

136. Kimura, T., Ishiguro, K. & Hisanaga, S.-I. Physiological and pathological phosphorylation of tau 

by Cdk5. Front. Mol. Neurosci. 7, 65 (2014). 

137. Fuster-Matanzo, A. et al. Function of tau protein in adult newborn neurons. FEBS Lett. 583, 

3063–8 (2009). 

138. Sotiropoulos et al. Stress acts cumulatively to precipitate Alzheimer’s disease-like tau pathology 

and cognitive deficits. J. Neurosci. 31, 7840–7 (2011). 

139. Rissman, R. A., Lee, K.-F., Vale, W. & Sawchenko, P. E. Corticotropin-releasing factor receptors 

differentially regulate stress-induced tau phosphorylation. J. Neurosci. 27, 6552–62 (2007). 

140. Planel, E. et al. Alterations in glucose metabolism induce hypothermia leading to tau 



 

81 

 

hyperphosphorylation through differential inhibition of kinase and phosphatase activities: 

implications for Alzheimer’s disease. J. Neurosci. 24, 2401–11 (2004). 

141. Sotiropoulos, I. et al. Glucocorticoids trigger Alzheimer disease-like pathobiochemistry in rat 

neuronal cells expressing human tau. J. Neurochem. 107, 385–97 (2008). 

142. Catania et al. The amyloidogenic potential and behavioral correlates of stress. Mol. Psychiatry 

14, 95–105 (2009). 

143. Augustinack, J. C., Schneider, A., Mandelkow, E.-M. & Hyman, B. T. Specific tau 

phosphorylation sites correlate with severity of neuronal cytopathology in Alzheimer’s disease. 

Acta Neuropathol. 103, 26–35 (2002). 

144. Callahan, L. M., Vaules, W. A. & Coleman, P. D. Progressive reduction of synaptophysin 

message in single neurons in Alzheimer disease. J. Neuropathol. Exp. Neurol. 61, 384–95 

(2002). 

145. Lauckner, J., Frey, P. & Geula, C. Comparative distribution of tau phosphorylated at Ser262 in 

pre-tangles and tangles. Neurobiol. Aging 24, 767–76 (2003). 

146. Cerqueira, J. J., Mailliet, F., Almeida, O. F. X., Jay, T. M. & Sousa, N. The prefrontal cortex as a 

key target of the maladaptive response to stress. J. Neurosci. 27, 2781–7 (2007). 

147. Holy, T. E. & Guo, Z. Ultrasonic songs of male mice. PLoS Biol. 3, e386 (2005). 

148. Guo, Z. & Holy, T. E. Sex selectivity of mouse ultrasonic songs. Chem. Senses 32, 463–73 

(2007). 

149. Hammerschmidt, K., Radyushkin, K., Ehrenreich, H. & Fischer, J. Female mice respond to male 

ultrasonic ‘songs’ with approach behaviour. Biol. Lett. 5, 589–92 (2009). 

150. Bullmann, T., Holzer, M., Mori, H. & Arendt, T. Pattern of tau isoforms expression during 

development in vivo. Int. J. Dev. Neurosci. 27, 591–7 (2009). 

151. Inestrosa, N. C. & Arenas, E. Emerging roles of Wnts in the adult nervous system. Nat. Rev. 

Neurosci. 11, 77–86 (2010). 



 

82 

 

152. Kim, W.-Y. et al. GSK-3 is a master regulator of neural progenitor homeostasis. Nat. Neurosci. 

12, 1390–7 (2009). 

153. O’Leary, O. F. & Cryan, J. F. A ventral view on antidepressant action: roles for adult 

hippocampal neurogenesis along the dorsoventral axis. Trends Pharmacol. Sci. 35, 675–87 

(2014). 

154. Zempel, H., Thies, E., Mandelkow, E. & Mandelkow, E.-M. Abeta oligomers cause localized 

Ca(2+) elevation, missorting of endogenous Tau into dendrites, Tau phosphorylation, and 

destruction of microtubules and spines. J. Neurosci. 30, 11938–50 (2010). 

155. Harada, A. et al. Altered microtubule organization in small-calibre axons of mice lacking tau 

protein. Nature 369, 488–91 (1994). 

156. Moores, C. A. et al. Mechanism of microtubule stabilization by doublecortin. Mol. Cell 14, 833–

9 (2004). 

157. Chen, S., Townsend, K., Goldberg, T. E., Davies, P. & Conejero-Goldberg, C. MAPT isoforms: 

differential transcriptional profiles related to 3R and 4R splice variants. J. Alzheimers. Dis. 22, 

1313–29 (2010). 

158. Sennvik, K. et al. Tau-4R suppresses proliferation and promotes neuronal differentiation in the 

hippocampus of tau knockin/knockout mice. FASEB J. 21, 2149–61 (2007). 

159. Hamilton, L. K. et al. Widespread deficits in adult neurogenesis precede plaque and tangle 

formation in the 3xTg mouse model of Alzheimer’s disease. Eur. J. Neurosci. 32, 905–20 

(2010). 

160. Komuro, Y., Xu, G., Bhaskar, K. & Lamb, B. T. Human tau expression reduces adult 

neurogenesis in a mouse model of tauopathy. Neurobiol. Aging 36, 2034–42 (2015). 

161. Wagner, P. et al. Microtubule Associated Protein (MAP)-Tau: a novel mediator of paclitaxel 

sensitivity in vitro and in vivo. Cell Cycle 4, 1149–52 (2005). 

162. Demars, M., Hu, Y.-S., Gadadhar, A. & Lazarov, O. neurogenesis is an early event in the etiology 

of familial A. disease in transgenic mice. Impaired neurogenesis is an early event in the etiology 



 

83 

 

of familial Alzheimer’s disease in transgenic mice. J. Neurosci. Res. 88, 2103–17 (2010). 

163. Shahani, N. & Brandt, R. Functions and malfunctions of the tau proteins. Cell. Mol. Life Sci. 59, 

1668–80 (2002). 

164. Cho, J.-H. & Johnson, G. V. W. Primed phosphorylation of tau at Thr231 by glycogen synthase 

kinase 3beta (GSK3beta) plays a critical role in regulating tau’s ability to bind and stabilize 

microtubules. J. Neurochem. 88, 349–58 (2004). 

165. Arendt, T. et al. Reversible paired helical filament-like phosphorylation of tau is an adaptive 

process associated with neuronal plasticity in hibernating animals. J. Neurosci. 23, 6972–81 

(2003). 

166. Hernández, F., Lucas, J. J., Cuadros, R. & Avila, J. GSK-3 dependent phosphoepitopes 

recognized by PHF-1 and AT-8 antibodies are present in different tau isoforms. Neurobiol. Aging 

24, 1087–94 (2003). 

167. Rapoport, M., Dawson, H. N., Binder, L. I., Vitek, M. P. & Ferreira, A. Tau is essential to beta -

amyloid-induced neurotoxicity. Proc. Natl. Acad. Sci. U. S. A. 99, 6364–9 (2002). 

168. Roberson, E. D. et al. Reducing endogenous tau ameliorates amyloid beta-induced deficits in an 

Alzheimer’s disease mouse model. Science 316, 750–4 (2007). 

169. Vossel, K. A. et al. Tau reduction prevents Aβ-induced axonal transport deficits by blocking 

activation of GSK3β. J. Cell Biol. 209, 419–33 (2015). 

170. Liu, Y. et al. Human tau may modify glucocorticoids-mediated regulation of cAMP-dependent 

kinase and phosphorylated cAMP response element binding protein. Neurochem. Res. 37, 935–

47 (2012). 

171. Behl, C. et al. Glucocorticoids enhance oxidative stress-induced cell death in hippocampal 

neurons in vitro. Endocrinology 138, 101–6 (1997). 

172. Romine, J., Gao, X., Xu, X.-M., So, K. F. & Chen, J. The proliferation of amplifying neural 

progenitor cells is impaired in the aging brain and restored by the mTOR pathway activation. 

Neurobiol. Aging 36, 1716–26 (2015). 



 

84 

 

173. Polman, J. A. E. et al. Glucocorticoids modulate the mTOR pathway in the hippocampus: 

differential effects depending on stress history. Endocrinology 153, 4317–27 (2012). 

174. Zhong, P. et al. Monoacylglycerol lipase inhibition blocks chronic stress-induced depressive-like 

behaviors via activation of mTOR signaling. Neuropsychopharmacology 39, 1763–76 (2014). 

175. Dwyer, J. M. & Duman, R. S. Activation of mammalian target of rapamycin and synaptogenesis: 

role in the actions of rapid-acting antidepressants. Biol. Psychiatry 73, 1189–98 (2013). 

176. Jernigan, C. S. et al. The mTOR signaling pathway in the prefrontal cortex is compromised in 

major depressive disorder. Prog. Neuropsychopharmacol. Biol. Psychiatry 35, 1774–9 (2011). 

177. Howell, K. R., Kutiyanawalla, A. & Pillai, A. Long-term continuous corticosterone treatment 

decreases VEGF receptor-2 expression in frontal cortex. PLoS One 6, e20198 (2011). 

178. Morita, T. & Sobue, K. Specification of neuronal polarity regulated by local translation of CRMP2 

and Tau via the mTOR-p70S6K pathway. J. Biol. Chem. 284, 27734–45 (2009). 

179. Easley, C. A. et al. mTOR-mediated activation of p70 S6K induces differentiation of pluripotent 

human embryonic stem cells. Cell. Reprogram. 12, 263–73 (2010). 

 

 


	Página 1
	Página 2
	Página 3

