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Abstract 26 

Accumulating evidence from animal and human research indicate that adult hippocampal neurogenesis 27 

plays a key role in cognition. Meanwhile, cognitive decline is well known to associate with ageing-related 28 

neurodegenerative diseases such as Alzheimer’s disease (AD) and Parkinson’s disease (PD). Therefore, 29 

prevention of hippocampal neurogenesis reduction should be critical for these diseases. Physical exercise, 30 

a potent enhancer of adult hippocampal neurogenesis, has emerged as a potential therapy or an adjunctive 31 

therapeutic strategy for cognitive decline. In this review, we discuss the recent findings on hippocampal 32 

neurogenesis and the incorporation of new born neurons into the neuronal network in humans and in 33 

rodents. By focusing on hippocampal neurogenesis, we illustrate the role and possible mechanisms of 34 

physical exercise in cognition preservation. 35 

Keywords: Neurogenesis; Exercise; Cognition; Brain plasticity; Neurodegenerative disease; Aging 36 

 37 

1. Introduction 38 

Neurogenesis, the production of neural cell-types from neural stem cells (NSCs) or neural progenitor cells 39 

(NPCs) occurs throughout life [1]. This new conception overturns the long-held dogma that the adult 40 

brain has no capacity for generating new neurons. Adult neurogenesis has been consistently observed in 41 

the subventricular zone (SVZ) of the lateral ventricles and the subgranular zone (SGZ) of the dentate 42 

gyrus under normal conditions [2]. Neurons born in the SGZ can incorporate into the existing neural 43 

network of granule cells in the dentate gyrus [3, 4]. Furthermore, new born adult dentate granule cells 44 

(DGCs) are believed to contribute to hippocampus-dependent functions such as learning and memory [5, 45 

6] and in particular pattern separation, defined as the ability to transform a set of similar input patterns 46 

into a less-similar set of output patterns in information processing [7, 8].  47 

 48 

Hippocampal neurogenesis reduction happens in aging-related neurodegenerative diseases, such as 49 
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Alzheimer’s disease (AD) and Parkinson's disease (PD),which are accompanied with cognitive decline 50 

[9-11]. Hence, promotion of the hippocampal neurogenesis has become a new insight to cure these 51 

diseases and to delay or halt brain aging. How to enhance hippocampal neurogenesis has captured the 52 

attention of many neuroscientists. Adult neurogenesis in the mammalian brain has been suggested as a 53 

dynamic process which is regulated by numerous intrinsic and extrinsic factors [12]. Hippocampal 54 

neurogenesis represents the regenerative capacity of adult mammalian brain and a striking form of brain 55 

plasticity. Interestingly, recent studies indicate that physical exercise regulates the proliferation, 56 

differentiation, survival and maturation of NPCs, and support the positive correlation between 57 

exercise-induced hippocampal neurogenesis and cognition improvement [13-18]. 58 

 59 

2. Adult hippocampal neurogenesis in humans and rodents 60 

The existence of adult NSCs in the rodent brain was reported in the 1960s, while the first direct evidence 61 

supporting the notion of human adult neurogenesis was discovered in hippocampus in 1998 by using 62 

bromodeoxyuridine (BrdU) labeling technique [19]. However, due to safety concerns, it has been difficult 63 

to study neurogenesis in humans by BrdU technique. Thus, the current methods employed to study adult 64 

human neurogenesis rely on immunostaining of postmortem brain tissues with endogenous markers, such 65 

as glial fibrillary acidic protein (GFAP), for astroglia, and NeuN, calbindin, doublecortin (DCX) , Ki67 66 

and, Nestin for neurons [19, 20] or culturing human NPCs isolated from tissue biopsies [21, 22]. A new 67 

technique using the natural 
14

C
 
abundance in genomic DNA has been developed to determine the neuronal 68 

age, which has been integrated into some mathematical models to calculate dynamics of neurogenesis in 69 

adult human postmortem hippocampus [23]. Nevertheless, these ex vivo measurements could not provide 70 

further information on the possible role of adult neurogenesis. Notably, magnetic resonance spectroscopy 71 

(MRS) and magnetic resonance imaging (MRI) techniques are thought to be available methods to assess 72 

hippocampal neurogenesis in living person [24, 25]. The former detects the neurogenesis by identifying a 73 
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NPC-specific metabolic biomarker [24], and the latter tests neurogenesis based on the positive 74 

correlation between MRI measurements of cerebral blood volume and neurogenesis because of their 75 

coupling [25], but the validity and accuracy remain to be determined. Technological limitations halt the 76 

analysis of the functional role of adult hippocampal neurogenesis in humans. To date, it is still difficult to 77 

study hippocampal neurogenesis directly in living person and a huge amount of studies mainly come from 78 

rodent experiments. 79 

 80 

The findings of several studies indicate the same location and similar regulation of adult hippocampal 81 

neurogenesis between humans and other mammals. Firstly, Eriksson et al [19] provided solid evidence 82 

that adult neurogenesis in humans occurs in the SGZ of dentate gyrus, the same region in which new 83 

neurons reside in rodents and monkeys [20, 23, 26]. Secondly, the number of new born neurons in human 84 

dentate gyrus shows a steadily reduction with aging [20, 23]. This parallels with the age-related decrease 85 

seen in non-human mammals [27, 28] which provides evidence that the regulation of adult hippocampal 86 

neurogenesis in humans could be similar to that in other mammalian species. 87 

 88 

Given few relevant human studies, it is difficult to compare the number of new adult DGCs between 89 

humans and non-human mammals. Snyder and Cameron speculated that the true number of new adult 90 

born DGCs might be significantly higher in humans than in rats, with the reasons that the dosage of BrdU 91 

conversed from a very small dose used in humans failed to detectably label 40-90% of S-phase cells in 92 

rodents and that the human subjects were terminally ill and, advanced in age with likely reduced 93 

neurogenesis [26]. In addition, the turnover rate of DGCs could be higher in humans than in mouse, with 94 

35% in humans compared to 10% in mouse [23, 29]. Furthermore, the maturation period of the new adult 95 

born neurons deviates in different species. The maturation period of DGCs in adult macaque monkeys is 6 96 

times longer than that in adult rodents [30]. The maturation time might be even longer in humans because 97 
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of that the total length of the embryonic neurogenic period is 100d in humans, 60d in monkeys and, 6d in 98 

mice, and that the cell cycle of human NPCs is 5 times longer compared with that of other mammals 99 

suggesting that NPCs in dentate gyrus divide at a slow rate in humans [30]. 100 

 101 

In the adult brain, the hippocampus is a critical structure for the formation of certain types of memory 102 

[31-33] and mood regulation [34]. A fundamental question has been raised that whether the continuously 103 

generated neurons have some specific functions? It is well known that immediate early gene (IEG) , such 104 

as Arc, Fos, and Egr1 (also known as Zif268), are the indicators of recently activated neurons [35-37]. 105 

Therefore, immunofluorescence double labeling of IEG and BrdU has been used to confirm the adult new 106 

born neurons contributing to process the hippocampus-dependent information [37, 38]. Furthermore, 107 

irradiation and anti-mitotic drugs have been used to assess the contribution of adult new born neurons to 108 

animal behaviors and the results revealed that ablation or reduction of adult hippocampal neurogenesis 109 

results in functional deficit [39, 40]. A recent study has shown that increasing adult hippocampal 110 

neurogenesis is sufficient to reduce anxiety and depression-like behaviors [41]. Collectively, these studies 111 

demonstrate that new adult neurons contribute to hippocampus-dependent functions.  112 

 113 

3. Integration of adult new born neurons into the existing network 114 

In the past several years, it has become clear that adult generated neurons can form synaptic connections 115 

with the existing circuit. In rodents, there are two precursor pools of the dentate gyrus, type 1 (quiescent) 116 

and type 2 (latent) NPCs in the SGZ [42, 43]. Type1 NPCs have a radial process and express endogenous 117 

progenitor markers of nestin, GFAP, Sox2 [42, 44]. Although type 1 NPCs express the astrocyte marker 118 

GFAP, they are morphologically and functionally different from mature astrocytes [45]. The type 2 NPCs 119 

have only short horizontal processes and express Sox2 [45]. Type 2 progenitors give rise to astrocytes and 120 

granule cells in the dentate gyrus, which could play an important role in early AD process. It has been 121 
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suggested that dysfunctional neurogenesis exacerbates neuronal vulnerability to AD characterized by 122 

deposition of amyloid-β (A β), a kind of neurotoxicity protein, whereas enhanced neurogenesis represents 123 

an endogenous brain repair mechanism of AD by providing more new neurons to replace the dead or 124 

impaired ones [42, 45]. 125 

 126 

The new adult born DGCs bear little resemblance to their mature counterparts and must undergo a 127 

lengthy process of morphological and physiological maturation [13]. As maturation, the new cells receive 128 

afferent inputs from local interneurons [4, 46] and entorhinal cortex by perforant path [2, 13], while, their 129 

efferent outputs project to hilus and CA3 pyramidal neurons by mossy fibres [2, 47]. During the second 130 

week after birth, the formation of synapses connecting local interneurons and the new granule cells occurs 131 

[2]. Initially, these synapses are depolarized by gamma-aminobutyric acid (GABA) and are therefore less 132 

likely to be inhibited by the strong GABAergic inhibition in the dentate gyrus, however, become 133 

indistinct as the neurons maturating [4]. The efferent projections of newborn neurons to the CA3 area also 134 

occur at this time [13]. It is worth noting that GABA in the dentate gyrus plays a key role in adult 135 

hippocampal neurogenesis through dual regulation of both stem cell activation and neuroblast survival at 136 

this time window [46, 48]. 137 

 138 

Consistent with the formation of dendritic spines, afferent input from entorhinal cortex is lack in these 139 

new neurons until after 2 weeks of birth [2]. Originally, the majority of spines on the new granule cells 140 

are liable to target axon boutons that already synapse with other existing spines [49]. Furthermore, the 141 

mossy fibre boutons of new granule cells initially form synapses with CA3 pyramidal neurons either near 142 

existing thorny excrescences or directly with thorny excrescences [47, 50]. It is suggested that both 143 

afferent and efferent synapses formation of new adult born granule cells are influenced by synaptic 144 

activity. Moreover, approximately half of all neurons die during the first 4 weeks of birth [51, 52] and the 145 
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basic physiological and morphological properties of the survivors are indistinguishable from their mature 146 

counterparts at 8 weeks of age [2, 53]. Nevertheless, the structural modifications of dendritic spines and 147 

axonal boutons continue to occur as the adult born granule cells become older. Fully maturation of 148 

newborn neurons will take months [13], suggesting that synaptic plasticity of the new neurons will take 149 

quite a long period of time. 150 

 151 

Interestingly, accumulating evidence indicates that immature granule cells in the adult dentate gyrus have 152 

specific electrophysiological properties different from their mature counterparts. In the period between 4 153 

and 6 weeks of age, adult born neurons exhibit enhanced long-term potential (LTP) showing a higher 154 

potential amplitude and a lower induction threshold [54]. In addition, immature neurons are more easily 155 

to be recruited into the neural circuits than their mature counterparts [47, 55, 56]. The aforementioned 156 

findings reveal that young neurons appear to be more excitable than mature neurons and may differ from 157 

their mature counterparts in firing patterns. Increased neurogenesis which induces more new neurons 158 

taking part in the neuronal network may consequently affect the functions of hippocampus because of the 159 

higher activity. 160 

 161 

Despite of limited techniques in humans and the deviates between species, there is compelling evidence 162 

on adult hippocampal neurogenesis and integration of the new born neurons (Figure 1). From the synaptic 163 

perspective, the formation of new synapses enhances the plasticity of the pre-synaptic and post-synaptic 164 

neurons. From the neuronal network perspective, the formation of new synapses reflects the formation of 165 

a new neuronal network. A higher excitability of the new neurons makes the neuronal network even more 166 

sensitive to the stimulus, which maybe at least in part accounts for the increase of efficiency in processing 167 

information, thereby contributes to the improvement of hippocampus-dependent functions.  168 

 169 



 1 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

61 

62 

63 

64 

65 

 8 

4. Physical exercise improves cognition via inducing hippocampal neurogenesis 170 

There is growing evidence suggest that physical exercise enhances not only the physical health of 171 

individuals but also cognition and other brain functions. Physical exercise improves fitness, memory, 172 

attention and reading, thereby benefits academic achievement in children [57, 58]. A large scale studies 173 

substantiate that cardiovascular fitness positively associated with intelligence [59, 60]. Moreover, 174 

cardiovascular fitness during early adulthood predicts socioeconomic status and educational attainment 175 

later in life [60]. A meta-analysis study has shown that 1 to 12 months of exercise in healthy adults brings 176 

behavioral benefits in memory, attention, processing speed and executive function [61]. In addition, both 177 

acute and long-term physical exercise leads to improvement in physical performance, executive function 178 

and global cognition in healthy older adults and older adults with cognitive impairment [62, 63]. 179 

 180 

In rodents, voluntary running exercise significantly increases proliferation of NPCs in the dentate gyrus 181 

[14, 64] and also benefits spatial memory [16]. Moreover, treadmill running (forced exercise) can regulate 182 

hippocampal neurogenesis through an intensity-dependent manner. It was demonstrated that supra-lactate 183 

threshold treadmill exercise can significantly increase hippocampal neurogenesis [65], while treadmill 184 

running below the lactate threshold improves survival and maturation of new born neurons as well as 185 

benefits spatial memory [15]. Furthermore, wheel running increases spine motility and the mushroom 186 

spine density as well as enhances spine growth during early maturational stages, thereby, regulates the 187 

maturation and integration of newborn neurons into the hippocampal circuit [13]. It is strikingly that 188 

exercise heightens the amplitude of LTP in the dentate gyrus and improves learning characterized by 189 

faster acquisition and better retention tested in Morris water maze [64, 66]. Thus, physical exercise is 190 

involved in the regulation of adult hippocampal neurogenesis including proliferation, differentiation, 191 

survival, maturation and function. 192 

 193 
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Collectively, above studies demonstrate that exercise benefits cognition in humans as well as in animals 194 

and increases neurogenesis in the dentate gyrus in rodents. However, whether exercise-induced 195 

hippocampal neurogenesis is the underpinning of beneficial effects that physical exercise brings to 196 

cognition? Studies using neurogenesis inhibition and IEG labeling techniques provide us with valuable 197 

information to cut through the fog. Focal irradiation to inhibit hippocampal neurogenesis results in 198 

cognitive deficits, whereas, 3 weeks wheel running ameliorates the impairment [67]. Another study using 199 

a lentiviral approach to block neurogenesis of dentate gyrus showed that blocking hippocampal 200 

neurogenesis impairs cognition in a level-dependent manner, and resulted in spatial memory decrease and 201 

even object recognition impairment [6]. Furthermore, IEG studies confirmed that new DGCs may be 202 

preferentially recruited into circuits, which mediate spatial information processing and memory formation 203 

[5, 38, 68].  204 

 205 

However, other studies draw a different conclusion. It is suggested that ablation of hippocampal 206 

neurogenesis by focal irradiation impairs contextual fear conditioning and synaptic plasticity in the 207 

dentate gyrus, but has no effect on spatial learning tested in Morris water maze and Y maze [40]. 208 

Swimming in the water maze with or without platform can both increase hippocampal neurogenesis, but 209 

young neurons are activated only by platform location training [68]. To some degree, these conflicting 210 

conclusions are interpretable. Spatial processing depends on the dorsal hippocampus, whereas 211 

anxiety-related behavior relies more on the ventral hippocampus [68]. Different irradiation regions and 212 

degrees of irradiation among the studies could be responsible for the deviation results in cognition [6, 68]. 213 

It is also possible that there exist different mechanisms that regulate neurogenesis as well as activate the 214 

neurons. Neurogenesis is required for some but not other hippocampus-dependent tasks, and is not 215 

required for tasks that do not involve the hippocampus [69, 70], therefore, the activation of adult born 216 

DGCs is situation-specific [71]. Although swimming is a sensitive stimulus to increase the hippocampal 217 
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neurogenesis, but it is not the sensitive stimulus to activate these new adult born neurons.  218 

 219 

The techniques of retroviral labeling and rabies virus mediated trans-synaptic retrograde tracing which are 220 

capable to define and quantify new neuron afferent inputs have paved the way for us to further understand 221 

the exercise-induced neurogenesis. Recent studies have demonstrated that wheel running regulates adult 222 

born neuron presynaptic connectivity from local interneurons or long-range projection neurons in 223 

subcortical regions [56, 72], and specifically augments the innervations from entorhinal cortex [72]. 224 

Altogether, physical exercise may benefit cognition through increasing adult hippocampal neurogenesis, 225 

upregulation innervations between regions and reorganization of neural network, which represents a form 226 

of structural and network plasticity in hippocampus and other regions so as to refine neural connections. 227 

However, physical exercise-induced neurogenesis is required to contribute to some but not all 228 

hippocampus-dependent cognitions [69, 73]. Recent evidence reveals that new adult born neurons 229 

indirectly encode and store memories by regulating excitation-inhibition balance [74]. 230 

 231 

5. Mechanisms of physical exercise induced hippocampal neurogenesis 232 

Neurogenic niche, the microenvironments of SGZ and SVZ, may have specific factors that are permissive 233 

for the differentiation and incorporation of new neurons [45]. Adult progenitor cells derived from 234 

non-neurogenic areas exhibit self-renewal and multi-potentiality once transplanted into a neurogenic brain 235 

area, and can differentiate in a region-specific context, suggesting that the microenvironment has a crucial 236 

role in providing and regulating fate-determining cues in the adult brain [75]. What makes the SGZ 237 

special in supporting the proliferation and differentiation of multi-potent neural progenitors has attracted 238 

the interest of scientists. In addition to progenitors, there are mature neurons, astrocytes, oligodendrocytes, 239 

and endothelial cells [76], which may provide some of the components in the neurogenic niche contribute 240 

to the regulation of physical exercise-induced hippocampal neurogenesis. Figure 2 highlights the 241 
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mechanisms of physical exercise in promoting hippocampal neurogenesis. 242 

 243 

Astrocytes, the most abundant cell type in the mammalian brain, make connections with neurons by 244 

tripartite synapses [77]. Astrocytes also surround blood vessels by the endfeet, which makes the 245 

astrocytes, neurons and blood vessels working together as functional units [78]. Therefore, astrocytes 246 

serve as bridges, relaying information and transporting substances between blood vessels and neurons. It 247 

is suggested that astrocytes play a key role in promoting the neuronal differentiation of adult hippocampal 248 

NPGs and in the integration of adult new born neurons [79]. There is evidence that exercise significantly 249 

increases the number of astrocytes in hippocampus and other regions of the brain [80, 81], and lengthens 250 

the processes of astrocytes in hippocampus [81]. In addition, exercise can also induce transporters plastic 251 

changes in astrocytes such as improving the expression of glucose transporter1 (GLUT1) to support the 252 

increasing demand of glucose as neural activity enhancement [82]. Collectively, the effects of exercise on 253 

astrocyes may be partly responsible for the underling mechanism of exercise-induced hippocampal 254 

neurogenesis.  255 

 256 

The vasculatures of the neurogenic niche regulate neural stem cell behavior by providing circulating and 257 

secreted factors. Various forms of cerebrovascular insufficiency such as reduced blood supply or 258 

disrupted microvascular integrity in cortical regions may occupy an initiating or intermediate position in 259 

the cognitive decline [83]. In addition, proliferating cells and putative neural progenitors in SGZ are 260 

closely associated with the vasculature, indicating that blood-derived factors may have a direct impact on 261 

adult neural progenitors [84]. Indeed, factors such as growth differentiation factor 11 (GDF11) found in 262 

young blood induce vascular remodeling and increase neurogenesis in aging mice [85]. Moreover, 263 

vascular endothelial growth factor (VEGF) a common factor regulating angiogenesis secreted by 264 

endothelial cells, is implicated in improving neurogenesis in the SGZ [86] and exercise-induced 265 
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neurogenesis in the hippocampus with improvement cognition acts in part through VEGFR2/Flk-1 266 

signaling [87]. Conversely, blockade of VEGF abolishes exercise-induced neurogenesis [88]. 267 

 268 

Neurogenic niche are richly innervated by axonal inputs from local interneurons and distant cortical or 269 

subcortical regions [56]. Release of neurotransmitters and other factors by afferent inputs may regulate 270 

precursors at different stages of the stem cell lineage [76]. A number of different neurotransmitters such 271 

as serotonin (5-HT), GABA and glutamate play a role in the exercise-induced hippocampus neurogenesis. 272 

In the adult SGZ, GABA presumably from local interneurons has a depolarization effect on the maturing 273 

granule neurons during the initial period of hippocmpal neurogenesis [4]. The GABA-mediated activity 274 

seems to be important for the survival and maturation of adult born DGCs via cyclic AMP response 275 

element-binding protein (CREB) [89]. It is suggested that transcription factor CREB is activated by 276 

exercise-induced brain-derived neurotrophic factor (BDNF) expression and activation of cellular survival 277 

AKT signaling [90]. 5-HT also has an important role in the exercise-induced neurogenesis because 278 

stimulation of the 5-HT3 receptor promoted neurogenesis and 5-HT3 receptor subunit deficiency results 279 

in loss of exercise-induced hippocampal neurogenesis and antidepressant effects [91]. One type of the 280 

glutamate receptors, N-methyl-D-aspartate (NMDA) receptor, is involved in the increase of 281 

exercise-induced long-term potentiation (LTP) [92]. LTP induction dependents upon the activation of 282 

NMDA receptors, the competitive antagonist could block the effect [92, 93]. In addition, exercise 283 

up-regulates the mRNA levels of NR2b, a subtype of NMDA receptor, and enhances BDNF expression in 284 

the dentate gyrus as well [92], indicating that enhanced secretion of glutamate and BDNF by local 285 

neurons or neurons outside of the neurogenic niche may contribute to the regulation of exercise-induced 286 

hippocapal neurogenesis.  287 

 288 

Moreover, Bergami et al recently highlighted that there is a critical time window during the new DGCs 289 
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maturation in rodents [56]. In this time period, the new neurons are most sensitive to the stimuli such as 290 

enriched environment and physical exercise and exhibit stronger synaptic plasticity than mature DGCs, as 291 

indicated by the lower threshold for the induction of LTP and higher LTP amplitude [2, 54, 94]. This 292 

transient enhancement in plasticity may provide a fundamental rationale for the timing of exercise 293 

intervention implement which would produce optimal therapeutic effects. Literatures available revealed 294 

that the time window was 2-6 weeks and 4-6 weeks birth age of neurons in mice and in rats respectively 295 

[2, 54, 56]. Notably, if the hypothesis above proved to be correct, the critical time window may be coming 296 

later and time period may be longer in humans than in rodents because of the slower mitotic division rate 297 

and longer maturation time period in humans. Hence, understanding the details of the critical time 298 

window in humans seems important in exercise intervention to delay or halt brain aging and to get best 299 

therapeutic efficacy, as well as to develop adjunctive therapeutic strategies for neurodegenerative diseases 300 

or mental disorders. 301 

 302 

6. Potential therapeutic and preventive implications of physical exercise in cognitive decline of 303 

aging-related neurodegenerative diseases 304 

Aging, depression, AD and PD are characteristic of cognitive decline which is one of the major health 305 

challenges faced by modern society. Hippocampal neurogenesis decreases along with age, which may 306 

underlie cognitive impairments associated with aging-related neurodegenerative diseases such as AD and 307 

PD [95]. In addition, hippocampal neurogenesis reduction is a prominent feature in rodent models of 308 

stress and depression [9]. Intriguingly, some anti-depressant treatments result in enhancement of 309 

hippocampal neurogenesis as well as induction of LTP [34, 96]. A growing body of evidence suggests 310 

that promotion of adult hippocampal neurogenesis improves cognition such as pattern separation and 311 

spatial memory [97]. Thus, improvement of hippocampal neurogenesis has the hope to delay or halt 312 

cognitive decline in these diseases.  313 
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 314 

Over the last decade, the use of NSCs transplantation to treat cognitive impairment has received growing 315 

attention, NSCs transplanted into the hippocampus give rise to neurons, astrocytes and oligodendrocytes 316 

[98] and reverse progressive cognitive decline associated with aging [99]. Furthermore, human NSCs 317 

injected into the lateral ventricle or transplanted into the hippocampus of aged rats incorporate into the 318 

host brain and improve cognition function as assessed by the Morris water maze [100, 101]. However, 319 

this novel approach faces several issues such as reliable characterization, experimental reproducibility as 320 

well as mitotic capacity [22]. In addition, NSCs transplantation has a quite low rate of efficiency in the 321 

aged brain compared to the young [85]. Collectively, it seems a long way to go before NSCs 322 

transplantation can be used to cure cognition decline in humans. 323 

 324 

Since the goal of stem cell transplantation is to introduce new neurons that could contribute to functional 325 

enhancement or reconstruction of impaired neuronal circuitry [10], physical exercise could be an 326 

alternative to achieve the goal. As discussed above, age related decline of neurogenesis and cognitive 327 

function is associated with reduced blood flow and decreased numbers of NSCs. Interestingly, physical 328 

exercise can rejuvenize the neurogenic niche with increased blood flow into brain and enhanced 329 

hippocampal neurogenesis and neuronal plasticity, thereby, should counteract the negative effects of aging. 330 

Recent meta-analysis reports unraveled that regular physical activity performed by elderly people plays a 331 

certain protective role against AD by improving cognition [102], and suggested that drug therapy for AD 332 

and mild cognitive impairment should be combined with exercise intervention [103]. In the Tg4-42 333 

mouse model of AD, physical activity delays hippocampal neurodegeneration and rescues spatial memory 334 

deficits [104]. Altogether, physical exercise has emerged as an effective, low-cost, and low-tech way for 335 

prevention or slowdown of cognitive decline in aging and aging associated neurodegenerative diseases. 336 

 337 
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7. Conclusions and future directions 338 

Neurogenesis in the hippocampus represents a form of morphological and functional plasticity in the 339 

mammalian adult brain. Activity-dependent regulation of neurogenesis and experience-dependent 340 

participation of adult born DGCs in information processing imply the contribution of adult born DGCs in 341 

hippocampus-dependent functions. Neurogenesis ablation and IEG labeling methods consistently suggest 342 

the involvement of adult born DGCs in learning and memory. Reduction of hippocampal neurogenesis is 343 

always accompanied with cognitive decline in diseases such as depression, AD and PD. Improvement of 344 

hippocampal neurogenesis induced by exercise benefits some but not all hippocampus-dependent 345 

functions. The precise mechanisms of exercise-induced neurogenesis are largely unclear. However, 346 

physical exercise may regulate the overall dynamic balance in the neurogenic niche through increasing 347 

proliferation of astrocytes and enhancing the secretion of some transmitters, growth factors or 348 

neurotrophic factors. The non-invasive imaging techniques have been developed for monitoring 349 

hippocampal neurogenesis in humans [24, 25], despite their validity and precision await further testing. 350 

These techniques pave the ways for us to investigate the functions of hippocampal neurogenesis in living 351 

persons under various physiological or pathological conditions, which will hopefully lead to novel 352 

diagnoses and therapies for neurological disorders. 353 

 354 

The potential that adult hippocampal neurogenesis can be manipulated has inspired hope for treatments to 355 

slow or even repair brain damage from diseases or injuries. Exogenous introduction of new neurons by 356 

transplantation of human NSCs [98-100, 105] or perfusion of young blood into the aging brain to 357 

rejuvenate the neurogenic niche seems to be promising techniques in inducing brain plasticity for some 358 

diseases associated with cognitive decline. From this perspective, physical exercise known as a non-drug, 359 

non-invasive, low-cost and low-tech method to induce up-regulation of endogenous neurogenesis in the 360 

hippocampus and appears to be an available alternative therapeutic method. Bare in mind that 361 
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hippocampal neurogenesis deviates between species and little information available to know how far 362 

the situation in animal models would reflect the conditions in the adult human brain. However, we 363 

speculate that neurogenesis generates more adult born DGCs, has slower mitotic division rate, owns 364 

higher granule neurons turnover rate and longer maturation time period in humans than in rodents based 365 

on the literatures available. Thus, more precise non-invasive techniques are warranted to further 366 

investigate hippocampal neurogenesis on physiological and pathological conditions in humans.  367 

Moreover, understanding the time window of hippocampal neurogenesis in humans could be important 368 

for exercise intervention to delay or halt brain aging, as well as to develop adjunctive therapeutic 369 

strategies for neurodegenerative diseases or mental disorders. 370 
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Figure legends 648 

Fig.1. Adult hippocampal neurogenesis and integration of the new born neurons. (1) Type 2 progenitors 649 

give rise to astrocytes and granule neurons. (2) Mainly neurite growth and the axons enter the hilus or 650 
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CA3 area. (3) Spines formation and target axon boutons of perforant path from EC that already synapse 651 

with other spines, and axons of the immature neurons liable to form synapses with or near the thomy 652 

excrescences of the pyrimal cells in CA3. (4) Structural modification on neurite and finally the immature 653 

neurons become fully maturation. Before maturation the new neurons can be depolarezed by GABA 654 

coming from local interneurons, but inhibited by GABA when they maturation. DG, dentate gyrus; SGZ, 655 

subgranular zone; GCL, granular cell layer; MOL, molecular layer; EC, entorhinal cortex. 656 

 657 

Fig.2. Mechanisms of physical exercise induced hippocampal neurogenesis. In the neurogenic niche of 658 

the SGZ, physical exercise can regulate functions of both functional unit and local interneurons, which 659 

up-regulate the energy supply and the release of some regulation factors to improve the hippocampal 660 

neurogenesis. Physical exercise can also increase the release of neurotransmitters such as glutamate and 661 

5-HT from cortical area or subcortical area (outside of the niche) to promote hippocampal neurogenesis. 662 

SGZ, subgranular zone; GDF11, growth differentiation factor 11; CREB, cAMP-response element 663 

binding protein; VEGF, vascular endothelial growth factor; BDNF, brain-derived neurotrophic factor; 664 

GABA, gamma-aminobutyric acid; 5-HT, serotonin. 665 
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