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Abstract

In the adult brain, self-renewing radial-glia like (RGL) progenitor cells have been shown to reside 

in the subventricular zone and the subgranular zone of the hippocampus. A large body of evidence 

shows that experiences such as learning, enriched environment and stress can alter proliferation 

and differentiation of RGL progenitor cells. The progenitor cells present in the subgranular zone 

of the hippocampus divide to give rise to newborn neurons that migrate to the dentate gyrus where 

they differentiate into adult granule neurons. These newborn neurons have been found to have a 

unique role in certain types of hippocampus-dependent learning and memory, including goal-

directed behaviors that require pattern separation. Experimental traumatic brain injury (TBI) in 

rodents has been shown to alter hippocampal neurogenesis, including triggering the acute loss of 

newborn neurons, as well as progenitor cell hyperproliferation. In this review, we discuss the role 

of hippocampal neurogenesis in learning and memory. Furthermore, we review evidence for the 

molecular mechanisms that contribute to newborn neuron loss, as well as increased progenitor cell 

proliferation after TBI. Finally, we discuss strategies aimed at enhancing neurogenesis after TBI 

and their possible therapeutic benefits.
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Introduction:

For much of the history of modern neuroscience, there was a long-held dogma that 

neurogenesis was restricted to prenatal development. The first experimental evidence 

suggesting new neurons were generated in the adult brain was obtained in the early 1960s by 
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Altman and Das, who tracked the incorporation of [3H]-thymidine into the DNA of dividing 

cells in young rats (Altman and Das, 1965). Their findings showed [3H]-thymidine 

incorporation in discrete brain areas, and from these experiments it was concluded that 

neurogenesis occurred in the adult rat brain. Further evidence of hippocampal neurogenesis 

tracking incorporation of the non-radioactive thymidine analog bromodeoxyuridine (BrdU) 

was later found in adult macaque monkeys (Gould etal., 1999a; Gould et al., 1999b; 

Kornack and Rakic, 1999). Several additional studies demonstrated evidence of adult 

hippocampal neurogenesis in rats up to 26 months old, although the rate of neurogenesis 

appeared to be age-dependent (Cameron and McKay, 1999; Snyder and Drew, 2020). Taken 

together, these and other related studies have provided strong experimental evidence for the 

existence of ongoing neurogenesis into adulthood in multiple species, and opened up new 

areas of investigation into the mechanisms that control neurogenesis and the role(s) these 

adult-born neurons play in health and disease.

Adult hippocampal radial-glia like (RGL) progenitor cells in the subgranular zone go 

through several developmental stages before they become functionally incorporated into 

neural circuits (Kempermann et al., 2015; Toda et al., 2019). In their initial developmental 

stage (referred to as type 1), these cells have been found in close proximity to blood vessels 

(a so-called neurogenic niche; see Figure 1), where they reside in a quiescent state until 

activated (Filippov et al., 2003; Moreno-Jimenez etal., 2019; Vicidomini et al., 2020). Upon 

activation, type 1 cells proliferate rapidly, giving rise to intermediate progenitors, or type 2a 

cells. Like type 1 cells, type 2a cells retain self-renewal capacity. These cells then undergo 

asymmetric cell division and give rise to fate-specified daughter cells (type 2b cells). Type 

2b cells can further give rise to neuroblasts (type 3 cells) that subsequently differentiate into 

mature granule neurons (Goncalves et al., 2016).

While it has been reported that newborn neurons contribute to approximately 30% of the 

neural network in the adult rodent hippocampus (Ninkovic et al., 2007), the rate of adult 

neurogenesis in the hippocampus of humans remains controversial. By measuring the post-

mortem concentration of [14C] in genomic DNA of post-mortem brain tissue from humans 

exposed to the fallout from nuclear bomb tests, it was calculated that approximately 700 new 

neurons are generated per day in the adult human hippocampus (Spalding et al., 2013). 

Similarly, it was observed in autopsy specimens (14-79 years of age) that although the rate 

of neurogenesis remained relatively constant across the aging process of healthy adults, it 

declined in persons afflicted with neurodegenerative diseases such as Alzheimer’s (Boldrini 

et al., 2018; Moreno-Jimenez et al., 2019). In contrast, a recent report by Sorrells etal. used 

immunohistochemistry for proliferating cell markers, as well as electron microscopy, to 

show that neurogenesis in the human hippocampus declined rapidly over the first few years 

of life before becoming undetectable in the adult human brain (Sorrells et al., 2018). 

Technical limitations, including tissue processing and differences in the sensitivity and 

specificity of the various techniques employed to detect neurogenesis in the adult human 

brain, likely contribute to the discrepancies between the degree of post-natal neurogenesis 

reported in published studies (Gage, 2019). Consequently, questions surrounding the overall 

rate of adult neurogenesis, the mechanism(s) regulating post-natal neurogenesis, and the 

role(s) newborn neurons may play in cognition are areas of active investigation.

Redell et al. Page 2

Exp Neurol. Author manuscript; available in PMC 2021 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Migration and maturation of newborn neurons

Adult neurogenesis has been found to primarily occur in only a few regions of the brain, 

including the subventricular zone (within the lateral walls of the lateral ventricles) and the 

subgranular zone of the hippocampus. RGL progenitor cells resident to the subventricular 

zone undergo asymmetric neurogenic cell division to produce daughter cells that will 

differentiate into restricted neuroblasts, which then migrate via the rostral migratory stream 

to the olfactory bulb (Ming and Song, 2005). Progenitor cells located in the subgranular 

zone produce daughter cells that migrate the relatively short distance to the dentate gyrus 

subfield. After reaching their final destination, restricted neuroblasts differentiate into 

immature neurons (van Praag et al., 2000), and over time develop the morphological and 

electrophysiological characteristics of mature neurons (Johnson et al., 2007). While there are 

reports of newborn neurons being generated in other brain structures such as the cortex, 

amygdala, and striatum (Bedard et al., 2006; Jhaveri et al., 2018), for the purpose of this 

review, we will focus primarily on the role of hippocampal neurogenesis and its roles in TBI 

pathophysiology and outcome.

Hippocampal neurogenesis and cognition

As described above, newborn neurons in the adult hippocampus are generated from RGL 

cells that reside in the subgranular region of the dentate gyrus. As they differentiate and 

mature into granule neurons, these newborn neurons begin to extend dendrites and axons to 

form functional connections with existing neurons. In rodents, it has been estimated that the 

entire process from birth to a fully incorporated mature neuron of takes approximately 4-7 

weeks (Han et al., 2017; Johnson et al., 2007; Lee et al., 2007; Perrier et al., 2004). The 

various stages of differentiation and maturation are associated with characteristic phenotypic 

changes, and can be monitored by evaluating the expression levels of key regulatory proteins 

(Figure 1). Hippocampal neurogenesis has been suggested to play a role in learning and 

memory, including long-term spatial memory retention, context fear memory, cognitive 

flexibility, pattern separation, and systems consolidation (Besnard and Sahay, 2016; 

Jessberger et al., 2009; Kheirbek et al., 2012a; Kheirbek et al., 2012b; McHugh et al., 2007; 

Terranova et al., 2019). The proposed mechanism(s) by which these newborn neurons may 

participate in learning and memory processes has been the subject of intense debate.

Newborn neurons up to 7 weeks after generation have been shown to predominately activate 

inhibitory neurons that regulate the activity of mature granule neurons within the dentate 

gyrus (Drew et al., 2016). Recent studies examining the electrophysiological properties of 

newborn neurons also found that they exhibit lower thresholds for triggering action 

potentials, and can make functional connections with the CA3 subfield prior to full 

maturation (Brunner et al., 2014; Marin-Burgin et al., 2012; Schmidt-Hieber et al., 2004; 

Yau et al., 2015). However, once they have fully matured, these adult born neurons become 

indistinguishable from other resident granule neurons in the dentate gyrus. It has been 

hypothesized that the changing properties of newborn neurons as they mature may play a 

role in how they participate in, or regulate, specific behaviors (Gage, 2000). These newly 

generated neurons may preferentially play a role in new learning and memory, suggesting 
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that disrupting ongoing neurogenesis may underlie some of the cognitive problems 

associated with neurological disorders and brain injury.

As the dentate gyrus is more heavily populated and densely packed compared to the input 

and output structures it communicates with, it has been suggested that a distributed pattern 

of granule cell activation occurs during learning that allows for non-overlapping responses to 

different learning events (Amaral et al., 2007). This function is thought to be critical for 

pattern separation, which is the ability to make distinct representations from similar input 

information. Immature newborn neurons are thought to play a critical role in pattern 

separation through their ability to modulate the activity of inhibitory interneurons and 

decrease the number of mature granule neurons responding to a specific stimuli (Aimone et 

al., 2011). Thus, evidence suggests that even prior to their full maturation and incorporation, 

these newly generated neurons participate in hippocampus-dependent behaviors.

The behavioral manifestation of pattern separation is an improvement in the ability to 

distinguish between highly similar environments. That is, pattern separation allows for a 

context-appropriate response based on recall of associative memory, even when two sensory 

stimuli are highly similar. Several behavioral tasks have been designed to examine pattern 

separation that are sensitive to perturbations of neurogenesis (Figure 2). The context fear 

discrimination task (Figure 2A) examines an animal’s ability to differentiate between two 

similar, but distinct, environments. In this task, animals with intact adult neurogenesis 

perform significantly better than animals with impaired neurogenesis, and are able to 

differentiate between similar contexts as demonstrated by displaying more freezing behavior 

when placed in a chamber in which a mild foot shock was delivered com pared to a similar 

context in which no foot shock was delivered (Besnardand Sahay, 2016; Kheirbek et al., 

2012a; Kheirbek et al., 2012b; McHugh et al., 2007).

Similarly, Saxe et al., showed that performance in a one-trial contextual fear task is also 

dependent on hippocampal neurogenesis (Saxe et al., 2007). Interestingly, ablating 

neurogenesis impaired performance in this task when tested 4-6 weeks, but not 1-2 weeks, 

after the treatment (Drew et al., 2010; Seo et al., 2015). Using low-dose x-ray-irradiation, 

Clelland et al., demonstrated that neurogenesis is required for fine discrimination in a 

delayed non-match to place task (Clelland et al., 2009). Animals with impaired neurogenesis 

make more errors when the choice arm is proximal to the original arm (separated by 2 or 

less arms), but has no demonstrable effect when the arm separation is large (i.e. choice and 

original arm are separated by 3 or more arms).

It has also been proposed that adult neurogenesis may play a role in forgetting. The 

integration of new neurons may modify the pattern of dentate gyrus connections, thereby 

altering hippocampal circuits to make recently stored memories harder to access (Frankland 

et al., 2013). Some supporting evidence for this hypothesis has been observed in mice and 

guinea pigs. Increasing neurogenesis via exercise (running on a treadmill) soon after 

memory formation induced forgetting (Akers et al., 2014; Epp et al., 2016), although 

conflicting results have been observed (Kodali et al., 2016). It has been hypothesized that 

this role for neurogenesis may be related to the finite storage capacity of the hippocampus, 

requiring that older memories become destabilized so that new memories with their own 
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distinct circuit can be incorporated (Toda et al., 2019). Consistent with this hypothesis, 

Akers et al., demonstrated that while increasing neurogenesis disrupted a newly learned 

memory, it enhanced subsequent learning and memory (Akers et al., 2014). However, once a 

memory had become hippocampus-independent, enhancing neurogenesis had no effect (Gao 

et al., 2018).

Hippocampal neurogenesis and disease

Altered neurogenesis has been observed in a wide variety of physiological and pathological 

conditions, including depression (Sahay and Hen, 2007; Tanti and Belzung, 2013), 

contextual memory (Aimone et al., 2011; Sahay et al., 2011), pattern separation (Anacker 

and Hen, 2017; Clelland et al., 2009), forgetting (Akers et al., 2014), Alzheimer’s disease 

(Jin et al., 2004), Down’s syndrome (Wisniewski et al., 1984) and stress (Anacker et al., 

2018). For example, increased brain glucocorticoid levels and steroid signaling arising from 

stress or aging has been shown to decrease both the proliferation of progenitor cells and the 

differentiation of newborn neurons into mature neurons (Anacker et al., 2013). Consistent 

with this, removing the adrenal gland, the primary source for glucocorticoids in rats, 

enhances neurogenesis (Cameron and McKay, 1999). In depression, it has been postulated 

that antidepressants, in addition to directly increasing monoamine levels in synapses, may 

also improve depression indirectly through increasing hippocampal neurogenesis (the 

neurogenic hypothesis) (Eisch and Petrik, 2012). Supporting evidence includes data showing 

that antidepressant efficacy can be blocked by radiation-induced ablation of hippocampal 

progenitor cell proliferation and triggering the apoptosis of newborn neurons (Drewet al., 

2010; Seo et al., 2015). Recently, using stereological cell counts, Moreno-Jimenez et al., 

demonstrated a progressive decline in the number of doublecortin-positive newborn neurons 

in the dentate gyrus of persons with Alzheimer’s disease as compared to age-matched 

healthy controls. Interestingly, this reduction appeared prior to the appearance of 

neurofibrillary tangles and Aß deposition in the hippocampus (Moreno-Jimenez et al., 2019). 

Taken together, these studies suggest that a fuller understanding of the mechanism(s) by 

which neurogenesis is altered by pathological disease or insults may inform treatments to 

help reduce resulting hippocampal dysfunction.

Hippocampal neurogenesis is enhanced following experimental TBI

A study by Dash et al., first reported that moderate-severe controlled cortical impact (CCI) 

enhances the incorporation of BrdU into newborn neurons in rats (Dash et al., 2001). This 

enhanced neurogenesis could be observed as early as 24 hr post-injury and continued for 7 

days. This study also showed that some of these newborn neurons differentiated into mature 

neurons that expressed NeuN. Several other studies have corroborated these findings 

following CCI, and have extended these result to show that while most of the newly 

generated neurons do not survive, some extend their axons through the mossy fibers and 

make synaptic connections with CA3 neurons (Blaya et al., 2019; Dash et al., 2001; Yan et 

al., 2018; Zhang et al., 2020). Interestingly, this neurogenic effect appears to be related to 

the magnitude of injury employed, as mild CCI did not have a demonstrable effect on 

hippocampal neurogenesis (Wang et al., 2016).
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Using the fluid percussion injury (FPI) model of experimental brain injury, Dietrich and 

colleagues demonstrated enhanced BrdU incorporation in several brain regions including the 

injured cortex, white matter tracts, subventricular zone and the dentate gyrus of the 

hippocampus (Urrea et al., 2007). While most of these proliferating cells matured to express 

astrocytic and microglial markers, enhanced neurogenesis was observed in the hippocampus. 

Similarly, Sun et al., demonstrated that hippocampal neurogenesis is increased after FPI in 

both juvenile and adult rats, with the degree of neurogenesis and number of new neurons 

generated being significantly higher in juvenile animals (Sun et al., 2005). This same group 

subsequently showed that of the newly generated neurons that survived for 10 weeks, 

approximately 30% could be labeled by the retrograde tracer Fluorogold when injected into 

the CA3 subfield, suggesting they integrated into the hippocampal circuit (Sun et al., 2007).

Although the mechanism(s) underlying the increased proliferation of progenitor cells and 

enhanced neurogenesis after TBI remain to be elucidated, a variety of morphogens, growth 

factors, transcription factors and epigenetic mechanisms have been implicated in the 

regulation of neurogenesis (Liu and Song, 2016). For example, bone morphogenic protein 

(BMP) signaling has been implicated in the regulation of neural stem cells proliferation both 

in vitro and in vivo (Mira et al., 2010). Over expression of Noggin, an endogenous BMP 

inhibitor, promotes neural stem cell proliferation (Gobeske et al., 2009). Using a mouse 

model of CCI, Logan et al., examined the expression of BMPs and Noggin in the 

subventricular and subgranular zones (Logan et al., 2013). Contrary to expectations, these 

authors reported that TBI increased the expression of many BMP family members without 

any significant change in Noggin levels.

A large body of evidence shows that neuronal activity can alter hippocampal neurogenesis 

(Kempermann et al., 1998; Voss et al., 2019; Yun et al., 2018). For example, the expression 

of the DNA demethylase GADD45b is increased in mature granule neurons in response to 

neuronal activity (Ma et al., 2009). Increased GADD45b has been shown to demethylate the 

regulatory regions of the FGF and BDNF genes, thereby increasing their expression and 

release where they can act on neuronal progenitor cells to promote neurogenesis (Ma et al., 

2009). Consistent with this, when FGF-2 knockout mice were subjected to controlled 

cortical impact injury, the number of newly generated neurons (labeled with BrdU) was 

significantly reduced compared to injured wild-type controls (Yoshimura et al., 2003). In 

contrast, overexpression of FGF-2 increased the numbers of dividing cells and BrdU-

positive neurons in injured wild-type mice (Yoshimura et al., 2003). Similarly, when mice 

lacking the BDNF gene were subjected to moderate TBI, the survival of adult-born 

immature neurons was significantly compromised (Gao and Chen, 2009). Interestingly, 

direct infusion of BDNF into the adult rat hippocampus not only resulted in a significant 

increase in BrdU labeled neurons in the granule layer, but also increased the ectopic 

localization of newborn neurons in the hilar region (Scharfman et al., 2005), a phenomenon 

that has been previously observed after TBI (Robinson et al., 2016; Shapiro, 2017).

Mossy cells, which reside in the hilar region of the hippocampus, are glutamatergic and are 

known to form synapses with hilar inhibitory interneurons (Scharfman and Myers, 2012). 

Chemogenetic activation of mossy cells causes GABA release (via stimulation of inhibitory 

neurons) onto neural stem cells, promoting quiescence. In contrast, mossy cell inhibition 
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facilitates proliferation by reducing GABA release onto stem cells (Yeh et al., 2018). As we 

and others have shown that TBI can cause the death of hilar GABAergic neurons 

(Lowenstein et al., 1992; Santhakumar et al., 2000; Zhao et al., 2018), the loss of these 

inhibitory neurons is likely to remove the inhibitory constraint on local neural stem cells and 

facilitate their proliferation after TBI.

In the developing brain, the regulation of neurogenesis, axon pathfinding, dendritic 

development, and synaptic assembly are critically dependent on signaling by the Wnt family 

of proteins (Salinas, 2012). Recently, it has been appreciated that modulation of Wnt 

signaling cascades could also be important in stimulating neurogenesis, repair of the blood-

brain barrier, and cognitive recovery after brain injury (Lambert et al., 2016; Piccin and 

Morshead, 2011). Consistent with this, it has been shown that intravenous administration of 

recombinant Wnt3a to brain injured mice enhances neurogenesis (Zhao et al., 2016). Taken 

together, these results suggest that TBI-triggered alterations in neurogenesis may be the 

result of a complex interplay of growth factor and morphogen signaling, neurotransmitter 

imbalances, and endogenous cell loss.

Functional consequences of altered neurogenesis after TBI

Based on the observation that TBI alters hippocampal neurogenesis, several studies have 

investigated the functional consequences of enhancing/impairing neurogenesis in the injured 

brain. Lu et al., was one of the first studies to show that increasing neurogenesis was 

associated with improved neurological outcome after TBI (Lu et al., 2003). In this study, the 

nitric oxide donor DETA/NONOate was administered daily to rats after CCI injury. 

Compared to injured rats that received vehicle, animals treated with DETA/NONOate 

showed increased proliferation, survival, migration and differentiation of neural progenitor 

cells. These neurogenic effects were associated with improved neurological functional 

outcome. Similarly, Bullock and colleagues reported that post-injury infusion of S100B, a 

neurotrophic protein secreted by astrocytes, enhanced neurogenesis and improved the 

performance of injured rats in the Morris water maze task (Kleindienst et al., 2005). 

Likewise, administration of basicfibroblast growth factor, erythropoietin, epidermal growth 

factor, insulin-like growth factor 1, thymosin β(4), antidepressants, statins, and other 

proneurogenic compounds, have all been demonstrated to enhance neurogenesis and 

improve cognitive outcome (Blaya et al., 2014; Carlson and Saatman, 2018; Han et al., 

2011; Kleindienst et al., 2005; Lu et al., 2005; Sun et al., 2010; Sun et al., 2009; Xiong et al., 

2011; Yoshimura et al., 2003). While these studies support the premise that treatments can 

be used to improve outcomes after TBI by targeting neurogenesis, the effects of these 

treatments on other cell types cannot be excluded.

To address this knowledge gap, Kernie and colleagues demonstrated that disruption of 

neurogenesis (using ganciclovir) after TBI results in exacerbated hippocampus-dependent 

learning and memory dysfunction (Blaiss et al., 2011). Similarly, Hamm and colleagues 

used the antimitotic agent arabinofuranosyl cytidine (Ara-C) to directly assess the role of 

injury-induced hippocampal neurogenesis and cognitive recovery after fluid percussion 

injury (Sun et al., 2015). These authors found that Ara-C reduced the injury-triggered 

proliferative response of hippocampal progenitor cells and abolished the innate recovery of 
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hippocampus-dependent learning and memory when tested weeks after the discontinuation 

of treatment.

Although these and other studies indicate that increased neurogenesis after TBI is beneficial, 

detrimental effects have been reported, including reduced proliferative capacity (Atkins et 

al., 2010; Neuberger et al., 2017; Wang et al., 2011), and aberrant migration and sprouting 

(Ibrahim et al., 2016; Robinson et al., 2016; Villasana et al., 2015). For example, using 

doublecortin promotor-driven reporter mice, Villasana et al., reported that neurons generated 

after TBI have increased dendritic complexity including enhanced dendritic branching 

proximal to the soma and widely splayed dendritic branches (Villasana et al., 2015). 

Similarly, newborn neurons that failed to properly migrate, or migrated beyond the dentate 

gyrus, have also been observed (Robinson et al., 2016; Shapiro, 2017). As newborn neurons 

mature into excitatory neurons, aberrant migration and formation of inappropriate synaptic 

connections may be a part of the mechanisms leading to seizure susceptibility in animals 

following TBI. Consistent with this, post-CCI treatment of injured mice with the mTOR 

antagonist rapamycin was found to attenuate mossy fiber sprouting and reduce the incidence 

of post-traumatic seizures (Butler et al., 2015, 2017). Likewise, administration of the 

VEGFR2 antagonist SU1498 to suppress injury-induced neurogenesis after lateral fluid 

percussion injury was found to reduce seizure susceptibility (Neuberger et al., 2017).

Controlled cortical impact injury causes the acute loss of newborn neurons

In addition to enhancing hippocampal neurogenesis, CCI has been shown to cause the acute 

death of doublecortin-positive newborn neurons (peaking within two to three days after 

injury) as well as reducing the dendritic arborization of newborn neurons that survive 

(Figure 3) (Gibb et al., 2015; Rola et al., 2006). The death of doublecortin-positive newborn 

neurons appears to be apoptotic in nature, as has been demonstrated using TUNEL (terminal 

deoxynucleotidyl transferase dUTP nick end labeling) staining (Li et al., 2016; Xiong et al., 

2008). Consistent with this, it has been reported that downregulation of Survivin, a member 

of the inhibitor of apoptosis (IAP) protein family, exacerbates the loss of newborn neurons 

(Zhang et al., 2015).

As newborn neurons are involved in specific forms of learning and memory, their loss is 

anticipated to contribute to learning and memory dysfunction after TBI. Thus, determining 

the mechanisms underlying the apoptosis of newborn neurons, and the identification of 

strategies to reduce their loss, is an area of continued research. Using conditional BDNF 

knockouts, Gao and Chen showed that loss of BDNF in the dentate gyrus exacerbated the 

death of newborn neurons, indicating that the survival of these neurons may be enhanced by 

augmenting BDNF signaling after TBI (Gao and Chen, 2009). Vascular endothelial growth 

factor (VEGF), a key pro-angiogenic factor, has been shown to increase neurogenesis in 

response to enriched environment, exercise, and antidepressant treatment (Cao et al., 2004; 

Fabel et al., 2003; Schmidt and Duman, 2007). Using a rat FPI model, Lee and Agoston 

reported that intraventricular administration VEGF increased the number of BrdU and 

Prox1-positive neurons. This increase appeared to have resulted from a reduction in the 

death of BrdU+ newly generated neurons rather than increased proliferation of neural 

progenitor cells (Lee and Agoston, 2010).
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Recently, we have demonstrated that endoplasmic reticulum (ER) stress plays a role in the 

apoptotic death of newborn neurons after TBI (Hood et al., 2018). Specifically, our study 

showed that prolonged ER stress activated the pro-apoptotic transcription factor C/EBP 

homologous protein (CHOP), and that inactivation of CHOP enhanced the survival of 

doublecortin positive newborn neurons. Post-injury administration of guanabenz, an agent 

which reduces ER stress by increasing transcription of a number of cytoprotective genes 

including growth arrest and DNA damage 34 (GADD34) protein, was found to protect 

against doublecortin-positive neurons loss (without effecting proliferation), to preserve 

dendritic arborization, and also improved one-trial fear conditioning tested 4 weeks after the 

injury (Hood et al., 2018).

Finally, it has been proposed that some of the protective effects observed following stem cell 

administration are related to their ability to promote cell survival via release of paracrine 

factors. For example, systemic administration of BMSCs (or isolated mesenchymal stem 

cells, MSCs) does not result in any significant infiltration of these cells into the injured brain 

(Fischer et al., 2009; Harting et al., 2009). However, these cells influence a number of TBI 

pathologies including reducing blood-brain barrier permeability, attenuating inflammation, 

and increasing the survival of newborn neurons (Lu et al., 2001; Mahmood et al., 2003; 

Mahmood et al., 2002; Shin et al., 2016). Interestingly, one of the molecules secreted by 

these cells was identified as the matrix protease inhibitor Timp3 (Menge et al., 2012). Post-

TBI intravenous administration of recombinant Timp3 reproduced many of the actions of 

stem cell administration, including reducing the loss of hippocampal neural stem cells and 

preserving newborn neuron dendritic outgrowth (Gibb et al., 2015).
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Perspective (Summary)

There is accumulating evidence that neurogenesis continues beyond development, and 

persists in the adult brain. In experimental animal studies, it has been shown that adult 

neurogenesis contributes to various hippocampal functions, including long-term spatial 

memory retention, context fear memory, cognitive flexibility, pattern separation, systems 

consolidation, and forgetting. It is still a subject of debate whether adult neurogenesis in 

the human hippocampus contributes to these cognitive functions. TBI influences 

hippocampal neurogenesis in three major ways. (1) It increases the rate of neurogenesis. 

A portion of these newborn neurons survive and integrate into the hippocampal circuit, 

making synaptic connections with CA3 pyramidal neurons, as well as perforant fibers 

from the entorhinal cortex. The mechanism(s) underlying the proliferation of neural stem 

cells have not been well elucidated, although multiple lines of evidence point to 

contributions by multiple factors. Although multiple neurotropic and growth factors have 

been shown to enhance neurogenesis, it remains to be determined if the expression of 

these factors are altered in the injured brain. Based on emerging data, it is likely that a 

combination of these factors act in concert to maximally increase neurogenesis. (2) 

Depending on injury type and severity, TBI can also trigger the acute loss of pre-existing 

newborn neurons. Apoptosis appears to the mechanism underlying the loss of 

doublecortin-positive newborn neurons. This apoptosis is likely to have been triggered, at 

least in part, by ER stress. Recent studies have reported that treatments that decrease the 

acute apoptotic loss of newborn neurons after injury can improve cognitive function in 

experimental TBI models. (3) TBI alters the dendritic arborization of surviving newborn 

neurons, with both reduced dendritic complexity and aberrant sprouting observed. 

Although it has been reported that enhanced post-injury neurogenesis may increase 

seizure susceptibility, possibly due to aberrant sprouting and migration, it is generally 

thought that ongoing neurogenesis plays a role in recovery of the injured brain and 

restoration of cognitive function.
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Figure 1. Differentiation of progenitor cells into mature granule neurons.
The timeline of maturation is indicated above each stage. Each stage of progenitor cell 

differentiation can be studied using antibodies to the indicated markers. The axons of mature 

neurons join the mossy fibers where they make synapses with CA3 neurons.
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Figure 2. Examples of cognitive tasks used to assess the role of adult hippocampal neurogenesis.
A) Context fear discrimination task (Frankland et al., 1998; Huckleberry et al., 2016). In this 

task, a test animal is repeatedly exposed to two chambers that share some features, but are 

different in others. In the “shock” chamber, the animal receives a mild foot shock in the 

absence of any salient cues (e.g. tone or light), while no shock is delivered in the “safe” 

chamber. The ability to differentiate between the “shock” and “safe” chambers is assessed 

by monitoring the freezing response over the course of training. B) One-trial context fear 

(Drew et al., 2010). In this task, animals are trained to fear a training chamber in the absence 

of a salient cue. After a 1-2 minute exploratory period, a single foot shock is delivered. Fear 

memory is tested by placing the animal back into the training chamber after a delay and 

monitoring freezing behavior. The specificity of the fear is assessed by measuring freezing 

behavior in a novel environment. C) Delayed non-match to place (Clelland et al., 2009). 

This a variant of the radial arm maze task in which animals are trained over a period of days 

to find a food pellet placed in a randomly chosen arm. All other arms are blocked during 
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training. During the non-matching phase of the task, animals can choose a newly opened 

arm that is baited, or the original arm, which is not baited.
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Figure 3. Consequences of CCI and FPI on adult hippocampal neurogenesis.
A large body of literature indicates that controlled cortical im pact injury reduces the 

survival of newborn neurons within 1-3 days of injury. This reduction in DCX-positive 

neurons (shown in grey) has been observed in rats, mice, and New Zealand rabbits both 

ipsilateral and contralateral to the injury. Furthermore, CCI also reduces dendritic 

arborization of the surviving newborn neurons at these acute time points. Concurrent with 

this loss of newborn neurons, examination of BrdU incorporation (indicated in red) has 

revealed that enhanced proliferation of neural progenitor cells occurs as early as 24 hrs post-

injury. A large percentage of these cells fail to make synaptic connections with CA3 

neurons, and undergo apoptosis. Both the surviving newborn neurons (generated prior to 

injury) and the newly generated neurons (indicated in red color) can mature into granule 

neurons and incorporate into the hippocampal circuit by 3-6 weeks post-generation. Fluid 

percussion injury does not appear to cause acute loss of doublecortin-positive cells, but does 

result in enhanced progenitor cell proliferation. Although generally thought to be a 

reparative mechanism, enhanced neurogenesis has been reported to potentially reduce the 

threshold for seizure activity.
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