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Preface 

 

Alzheimer’s disease (AD) is an incurable and fatal disease that 
threatens the lives of aging individuals. 100 years after the disease was 
first described, solutions for effective prevention and treatment still 
remain elusive[1]. Significant research efforts have so far led to insights 
concerning the cellular and molecular basis of AD that have illuminated 
potential causes of AD in the human brain.   Increasing lines of evidence 
indicate that multiple factors contribute to the clinical manifestation of 
AD.   

In this respect, the discovery of endogenous neural stem cells in the 
adult brain, and their capacity to functionally integrate into existing 
brain circuits has received considerable attention in the neuroscience 
field[2].  Our improved understanding of regulation and induction of 
adult neurogenesis has garnered interest in the therapeutic capacity of 
adult neurogenesis. Understanding the basic mechanisms of adult 
neurogenesis may allow us  to further understand the relationship 
between neurogenesis and AD. This is relevant since a) adult 
neurogenesis occurs in only few areas of the nervous system, including 
the hippocampus[3], b) neurogenesis is positively correlated with 
learning and memory function[4], and c) the hippocampus is heavily 
affected in AD, both structurally and functionally; neuropathology and 
cell loss are extensive in this brain region, where reduced volume 
reflects disease progression[5,6]. Moreover, AD patients suffer from 
prominent cognitive decline early in the course of disease. Since 
neurogenesis in rodents can be modified by pharmacological and 
environmental interventions, positive induction of neurogenesis could 
form a relevant target when evaluated within a multifactorial disease 
context[7].    

In this thesis I will explore the relationship between adult 
neurogenesis and AD in both human brain tissue and mouse models 
using the latest findings and tools. This will be done by starting broadly 
with details about these topics and later focusing on experiments that 
bring these areas together.   
 
1.  ALZHEIMER’S DISEASE 

1.1 Epidemiology: aging and AD incidence  
An impetus for doing AD research starts with projected costs, both 

human and financial, associated with the expected burden of care in the 
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near future. In the 21st century, changing demographics will place a 
huge burden on healthcare systems around the world.  In fact, the world 
population is currently undergoing a demographic shift in age, and this 
shift in age has been reported as, “no other force is likely to shape the 
future of national economic health, public finances, and policy making 
as the irreversible rate at which the world’s population is aging” [8]. 

Aging is the primary risk factor for developing AD; both the 
prevalence and incidence of AD increases dramatically with age [9].  
Early AD onset cases, synonymous with familial inheritance of rare 
mutations, make up less than 5% of all reported AD cases, while a 
number of gene polymorphisms are associated with increased risk to 
develop the disease. For the majority of sporadic occurring cases of AD, 
no major genetic risk factor is known. Hence, aging is a primary cause 
for AD development. However, understanding aging in general and the 
aging process of the brain in particular, has been a long-standing 
problem for mankind. As average life expectancy increases throughout 
the world so does the number of elderly men and women who become 
increasingly susceptible to AD. 

AD is the most prevalent neurodegenerative disease worldwide and 
has become a national health problem in the US and the Western world.  
A report issued in 2009 estimated that 7 million people in Western 
Europe and over 4 million in North America are currently afflicted with 
the disease[10].  It is estimated that by 2050, these numbers will 
increase to 13 and 11 million respectively if preventative treatments do 
not become available [9,10]. Worldwide prevalence is estimated to 
quadruple by 2050 at which time 1 in 85 persons will be living with the 
disease[11]. 

Because AD is such a debilitating disease and patients can suffer 
from AD for several years or even longer during which they require 
intensive care and nursing, the cost of AD for society is substantial. 
National direct and indirect cost of caring for AD patients have been 
estimated to be upwards of 100 billion USD per year, and this figure will 
undoubtedly rise with the projected growing number of AD cases[12]. 
In The Netherlands, the projected 10-year costs of care are close to 
100,000 EUR per individual (calculated by1996 values)[13]. According 
to the World Alzheimer Report, the worldwide costs of dementia in 
2010 were roughly 600 billion USD, with roughly 70% of the costs 
occurring in Western Europe and North America [14].  The total costs 
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associated with care are projected to reach 1.1 trillion USD by 2050 
within the United States, a 500% increase in current expenditure[15].   
 
1.2 Neuropathology 

Alois Alzheimer, a German psychiatrist and neuropathologist, first 
described Alzheimer's disease in 1907.  He used classical Silver staining 
techniques to identify neuropathological aberrations that are still used 
to this day for diagnosis. We now know they are based on 
accumulations of two aberrant proteins that are likely implicated in AD 
etiology. Despite an early identification of these protein accumulations, 
it wasn’t until 1984 and 1986 when major findings were published that 
identified amyloid-β peptide[16] and hyperphosphorylated tau 
protein[17] as the main components of the classic AD 
neuropathological alterations.    

AD has two characteristic neuropathological hallmarks, i.e. senile 
plaques and neurofibrillary tangles, that are mainly constituted of 
amyloid-β (Aβ) and hyperphosphorylated tau protein respectively. 
Accumulation of these proteins is contributes to neuronal dysfunction, 
atrophy, and degeneration of the neurons in the hippocampus, cerebral 
cortex, and other select brain subregions. These distinguishing 
neuropathological features, however, may not account for all clinical 
outcomes. While the diagnosis of AD can only be definitely ascertained 
through postmortem histological examination of the brain for these 
lesions[18], the further molecular, biochemical and genetic 
characterizations of the Aβ and tau proteins have advanced our 
understanding of how these lesions relate to, and explain at least part of 
AD etiology, progression, and the clinical manifestation of the disease.  

The genetic factors known to cause early-onset AD have provided 
unique insights as potential mechanisms for disease pathogenesis. To 
date, three genes have been identified as containing fully penetrant, 
causal mutations that result in early-onset AD, also referred to as 
familial AD. They have been described as both genetically complex 
(indicating that there is no simple mode of inheritance that accounts for 
their heritability) and heterogeneous in AD [19]. These mutations can 
be found on the genes encoding the amyloid β protein precursor (APP), 
presenilin-1 protein (PSEN1) and the presenilin-2 protein (PSEN2). 
Their identification was fundamental to clarify the mechanisms behind 
the familial forms and have improved our understanding of the 
sporadic forms of AD. These heterogeneous mutations interact with 
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each other and with non-genetic risk factors exerting only small or 
modest effects with weak genotype-phenotype correlations [20]. All 
three mutations involve the differential processing of APP and result in 
various lengths of amyloid-β (Aβ) peptides. The discovery that Aβ can 
act as an initiator of disease pathogenesis in early-onset AD has led to 
the formulation of the ‘amyloid cascade hypothesis’ and the general 
expectation that Aβ may be critical in sporadic cases as well [21].   

 
Box 1.2.1: Proteolytic processing of Amyloid Precursor Protein 

(APP) 

Aβ peptide is a proteolytic cleavage product of APP, a type-1 
transmembrane protein of unknown function. The two aspartyl 
proteases responsible for cleavage and conversion of APP to Aβ are 
referred to as β- and γ-secretases [22]. However, most APP molecules 
undergo cleavage by another enzyme called α-secretase, that cleaves 
this protein near the middle of the Aβ domain [23], resulting in a 
cleavage product with a large soluble ectodomain (APPs-α) that is 
released into the extracellular space. The remaining C-terminal 
fragment can then be cleaved by γ-secretase to create a smaller 
fragment known as the p3 fragment. The exact function of such 
proteolytic processing in normal, healthy neurons has yet to be defined, 
although research has indicated that cleavage of APP by γ-secretase 
allows the release of the APP intracellular domain (AICD) to the nucleus 
where it is thought to participate in transcriptional signaling[24].  
Cleavage of APP by β-secretase leaves a longer C-terminal fragment that 
is retained in the cellular membrane and is subjected to further 
cleavage by γ-secretase, which finally results in the Aβ peptide cleavage 
product. Given the involvement of Aβ in the diagnosis of AD, the 
biochemistry and mechanisms for production of Aβ peptides have been 
rigorously investigated both in in vivo and in vitro experiments. While 
Aβ is constitutively secreted by mammalian cells and normally occurs in 
plasma and cerebrospinal fluid (CSF), Aβ and APP misprocessing are 
still targeted as primary causes of AD[25,26]. See next page. 
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The second major pathological feature of AD is hyperphosporylated 

tau protein.   Microtubule-associated protein (MAP) tau promotes 
assembly of tubulin and helps to maintain intracellular transport and 
structural stability in most cell types including neurons. Tau is 
abnormally phosphorylated in AD brain along numerous serine and 
threonine epitopes on the protein. Such hyperphosphorylation causes 
disengagement of tau from microtubules and aggregation of 
filamentous proteins. Hyperphosphorylated tau is considered to be the 
major subunit in both the paired helical filaments (PHF) as well as the 
neurofibrillary tangles (NFTs) [17,27].   

 
Box 1.2.2:  Mechanisms of tau hyper-phosphorylation and 

cytotoxicity 

Tau is the substrate for a number of kinases, such as glycogen 
synthase kinase 3 (GSK3), cyclin dependent protein kinase 5, and 
protein kinase A [28]. Dephosphorylation of phospho-tau protein has 
been shown in vivo by alkaline phosphatase, protein phosphatase 2A 
(PP-2A), PP-2B, and PP-1, all of which convert it into a normal state 
lacking toxic properties [29,30].  PP-2A and PP-1 are responsible for 
90% of the serine/threonine protein phosphatase activity in 
mammalian cells [31]. Activities of PP-2A and PP-1 have been shown to 
be compromised in AD [32,33], indicating that insufficient 
dephosphorylation could also be implicated in the appearance of 
phospho-tau.   

Hyperphosphorylated tau (phospho-tau) accumulates into 
PHF/NFT but is not directly toxic within neurons and does not induce 
an apoptotic cascade. The manner in which tau is toxic is not related to 
formation of NFT but appears specific to the hyperphosphorylation of 
tau. Indeed, it has been shown that as much as 40% of phospho-tau is 
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not aggregated into NFTs [34].  Pathologically active phospho-tau does 
not bind tubulin but instead sequesters normal tau in addition to other 
MAPs, which subsequently interrupts the assembly and disassembly of 
normal microtubules  [35,36]. 

 
 
 
1.3 Memory and behavioral deficits associated with AD 

Alzheimer's disease is most evident during the daily activities where 
memory and eventually executive functions are impaired.  
Manifestations of the disease evolve from mild memory impairments to 
severe cognitive dysfunction. Many times changes in mood accompany 
the decline in memory[37,38].  It is important to understand that at this 
time no single test or behavioral measurement can confirm AD.  
Nonetheless, neuropsychological studies combined with imaging 
studies have established that the cognitive deficits associated with AD 
are distinct from age-associated cognitive decline [39]. Despite much 
progress in identifying peripheral biomarkers and changes in brain 
through imaging, measuring functional memory deficits still remain a 
sensitive way to measure Alzheimer disease over time[40].  

Initially, impairments may manifest as an inability to retain recently 
acquired information. This is described as episodic memory, as opposed 
to semantic memory.  Episodic memory is associated with a time and 
place while semantic memory is not[41]. Deficits in working spatial 
memory have been documented in AD[42] with interventional studies 
showing an ability to improve specific spatial tasks [43]. The 
hippocampus plays a critical role in episodic memory (reviewed by 
Pennartz)[44].    
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Since mice can be tested for performance in memory tasks, this 
gives us the ability to test pharmacological and activity-based 
interventions in AD related behaviors of mouse models. Indeed, 
identifying and measuring behavioral changes in recently developed AD 
mouse models is considered critical to proving the efficacy of a 
candidate drug or treatment paradigm.  We will further review 
hippocampus-dependent behaviors later in this introduction.  
 
1.4 Alzheimer’s disease: Overlap between neurobiology of aging and 
disease 

While AD is primarily classified as a proteinopathy, the implications 
of Aβ and tau protein accumulations are very complex. It is clear that 
human aging causes a number of physiological changes; untangling 
processes associated with normal aging from Alzheimer's disease 
process is not an easy task. In addition to amyloid and tau pathology, 
inflammation plays and unknown role in the progression of the disease.   
Adding to the complex general pathological picture, post-mitotic 
neurons in the hippocampus have been observed to re-enter the cell 
cycle as part of an apoptotic cascade, often in close association with the 
tangle pathology. These features of AD pathology further demonstrate 
the uniqueness of the disease.   As we review adult neurogenesis, some 
special consideration will be discussed in light of these particular 
disease features.  
 
2     ADULT NEUROGENESIS  

2.1  Adult Neurogenesis: conserved, functional and modifiable 
One of the most exciting findings in recent neuroscience research 

has been the discovery that new neurons are produced in the adult 
brain.  The field has advanced rapidly since the introduction of 
Bromodeoxyuridine (BrdU) to trace cell lineage and life-long 
neurogenesis has been demonstrated in almost all mammals, including 
humans[45]. Neurogenesis in mammals decreases dramatically with 
age and studies of humans indicate similar reductions. Although there is 
no direct link between changes in adult neurogenesis per se and the 
risk for, or severity of, Alzheimer's disease, both are strongly correlated 
with aging. Given their restricted occurrence in the hippocampus, a 
brain structure critical to higher cognitive functions, and the fact that 
neurogenesis is modifiable, the relation between Alzheimer's disease 
and adult neurogenesis is of considerable interest.   
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Specialized micro-environments in particular appear to support the 
production of new cells in the brain. These zones are unique as they 
contain neural stem cells (NSCs) with the capacity to proliferate, 
migrate, and differentiate into adult, functional cell-types. NSCs 
proliferate and produce identical multipotent NSCs with the capacity to 
produce neurons, astrocytes, or oliogodendrocytes[46]. Self-renewal 
and the ability to differentiate into specialized cell types are exceptional 
properties that distinguish stem cells from other dividing cells, 
properties conferred by the microenvironment surrounding stem cells.  
Interestingly, stem cells isolated from the same regions behave 
differently when transplanted to other brain regions, confirming the 
important role for the local micro-environment or the neurogenic niche 
that enables stem cell maturation into fully functional neurons in these 
zones only [47](reviewed by Morrison).  It is apparent that regulation 
of neurogenesis occurs through cell-intrinsic and cell-extrinsic 
mechanisms.  

 It is important to understand that stem cells have the capacity to 
generate cell types other than neurons. This implies that NSC 
proliferation does not necessarily result exclusively in the generation of 
new neurons.  Likewise the use of a protein marker that identifies cell 
proliferation may also identify non-stem cells such as mature glia in the 
brain that can also proliferate in the adult brain.  

In the brains of adult mammals, new cell birth and neurogenesis has 
been best described in two locations; the subventricular (SVZ) and 
subgranualar zones (SGZ) located in the lateral ventricles and 
hippocampal dentate gyrus, respectively. Two types of NSCs have been 
identified by morphology and molecular markers (reviewed by 
Zhao)[3], namely radial NSCs (Type-1) and non-radial NSCs (Type-2).  
Within the DG, GFAP astrocytes are the NSCs of the brain that generate 
new granule neurons through a series of immature cells [48,49].  Wnt 
signaling has been previously demonstrated to be responsible for the 
neurogenic activity of these astrocytes [50].   

In the hippocampus, immature neurons migrate from the SGZ into 
the granule cell layer (GCL) of the dentate gyrus (DG) where they 
mature into granule neurons. Similarly, neuroblasts born in the SVZ 
migrate tangentially towards the olfactory bulb along the rostral 
migratory stream (RMS) [51,52] an area that has also been identified in 
human brain [53]. Migratory, DCX-positive (+) neurons present in the 
primate SVZ were found to co-express polysialylated neural cell 
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adhesion molecule (PSA-NCAM), identifying a migratory pathway to the 
striatum [54].  

Recent studies show further that neurogenesis may also occur 
outside the classical neurogenic niches of hippocampus and SVZ; 
indeed, rare neurogenesis has also been reported in the cortex, 
amygdala, hypothalamus and substantia nigra, notably often in 
response to insult or other challenges [55-58]. Ischemia/reperfusion in 
the striatum can e.g. recruit new neurons from glial precursors in 
closely related brain regions like the subventricular zone [59,60]. 
Moreover, neurogenesis has been reported after hippocampal or 
cortical damage from excitotoxic, ischaemic or epileptic events [59,60] 
[61-64]. Interestingly, factors like brain-derived neurotrophic factor, 
insulin-like growth factor 1, fibroblast growth factor 2 and vascular 
endothelial growth factor [65-67] that are expressed after hypoxia, are 
known stimulators of adult neurogenesis [68-70]. 
 
2.2  Neurogenesis in Primates  

The fact that neurogenesis occurs throughout the lifespan of many 
different species including rodents, primates and even humans, 
indicates an important role for this form of structural plasticity that is 
conserved throughout evolution. Chapter 3 of this thesis highlights a 
novel population of plastic cells described in the brains of the adult 
common marmosets, a small new-world monkey studied in relation to 
psychosocial stress.  Marmosets are small New World monkeys native 
to Brazil.  They have been studied in laboratory settings since the 1960s 
because of their small size and primate brain.  Their behavior and social 
order have been extensively studied in their native habitat. The study 
highlights the fact that areas of the brain with adult neurogenesis 
occurring under normal physiological conditions continue to be refined.    

As discussed earlier, neurogenesis is conserved in the dentate gyrus 
and olfactory bulb.   While marmosets have neurogenesis in these two 
areas, a distinct, less well characterized migratory stream exists in 
primates and allows neuroblasts to migrate directly to the amygdala, an 
area associated with emotional memories[71]. The temporal stream 
(TS) has only been described in rhesus and squirrel monkeys[55]. 
However, due to structural homology it was suspected to also exist in 
other primates.  
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� Open Research Question:   

If neuronal progenitors migrate to the amygdala, how extensive is 

this cell population in primates compared to a traditional zone of 

adult neurogenesis such as the dentate gyrus?  

 
3   THE HIPPOCAMPUS: A CRITICAL STRUCTURE FOR LEARNING 

AND MEMORY DURING HEALTH AND DISEASE 

3.1  Hippocampus: Structure and Function 
As argued in the previous section, the hippocampus is unique in that 

it contains stem cells that continue to generate new neurons in the 
adult brain of several mammalian and primate species, including 
humans. The hippocampus is also well known for its critical role in 
higher-level cognitive functions. In regard to AD, the hippocampus is 
severely affected and reduced in volume in this condition. Also the two 
main neuropathological lesions of AD, i.e. amyloid-β (Aβ) plaques and 
neurofibrillary tangles (NFTs), advance through the brain in a 
hierarchical manner, with the hippocampus being affected already early 
in the disease [72]. In the early stages of disease, these protein 
accumulations are not directly correlated with cognitive decline, and 
pathology has e.g. been found in the hippocampus of elderly individuals, 
irrespective of their cognitive status[73]. Given this central role of the 
hippocampus in my thesis, I will address the main structural and 
functional properties of this structure in more detail below. This is also 
of relevance for the behavioral tests that were applied in the second 
half of my thesis. 
 
3.2  Hippocampal anatomy and the trisynaptic circuit 

The SGZ is part of the dentate gyrus (DG), an integral portion of the 
hippocampal formation. The DG largely contains granule neurons and 
has a trilaminar anatomy organized in a unique trisynaptic circuit 
involved in specific and largely unidirectional information processing 
(reviewed by Amaral)[74]. Anatomically, the trisynaptic circuit starts 
with projections from the entorhinal cortex to DG granule neurons. 
Mossy fibers from DG granule neurons then project to the large 
pyramidal neurons in the Cornu Ammonis 3 (CA3) subregion of the 
hippocampus and these CA3 pyramidal neurons then project to 
hippocampal CA1 neurons, that in their turn, project into the cortex. 
The CA1 and CA3 regions of the hippocampus are known to contain 
“place cells “, which exhibit high firing rates corresponding to a specific 
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location within a given environment. Very early work also established 
the important role of the hippocampus in forming new memories, 
whereas recent studies have implicated the DG in complex aspects of 
learning and memory, such as pattern separation and completion (see 
3.3). As such, the hippocampus is considered to be involved in encoding 
spatiotemporal maps of the environment [75].  
 
3.3  Hippocampal specific behaviors 

The hippocampus is a brain structure of critical importance in 
cognition and executive functions like spatial and working memory 
tasks. In this thesis we will evaluate the role of adult neurogenesis for 
this structure and its functional relevance for health and disease. In 
order to measure hippocampal function in quantitative detail, the 
Morris water maze is commonly used for mice and rats.  

The Morris Water Maze (MWM) was designed to test spatial 
learning and memory with high relevance for hippocampal function. 
Richard G. Morris first described the original maze requiring rodents to 
find a submerged platform in a pool of opaque water. Distal cues are 
placed on the walls to allow the animals to navigate to the platform. 
During learning and recall of placement of the submerged platform 
within the pool, a number of measurements are used to assess 
performance. A review of the testing criteria and the procedure 
provides an accurate description of the methodology used in this 
thesis[76].   

Many studies have shown that modulation of adult neurogenesis 
either directly or indirectly, contributes to adaptations in hippocampal 
function [77,78]. Pattern separation and pattern completion are two 
related behaviors where adult neurogenesis is known to play an 
essential role (reviewed by Sahay et al., and Aimone et al) [79,80].  
Pattern separation is the process of making similar inputs and 
representations less similar while pattern completion involves the 
reconstruction or remapping of stored representations from partial 
inputs [81].  

We can subdivide structural plasticity in the adult brain into 
regulation of synapses connecting neurons and the generation of new 
neurons through adult neurogenesis.  While synaptic plasticity is 
thought to be the main structural change corresponding to cognition, 
ongoing neurogenesis is a novel and unique form of structural plasticity 
that has the potential to modify structural arrangements in this brain 
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region on a longer time scale. While new neurons born in the 
subgranular zone (SGZ) progress through proliferation, migration and 
neuronal differentiation before becoming new DG neurons, stage-
specific markers are available to identify the individual phases of the 
neurogenic process.  

Although the total number of new neurons incorporated in the 
hippocampus per day may be quite low during aging, adult 
neurogenesis does generate new, functional neurons within an existing 
brain circuit and as such, represents a potential for adaptation. The 
extent of neurogenesis present from early age onwards has been 
described previously as the 'neurogenic reserve'; a special type of brain 
plasticity that could, when the hippocampus is actively engaged, allow 
for adaptation and resistance to accumulated deleterious insults, such 
as those developing during e.g. aging and/or Alzheimer pathology.[82]. 
 
4 HIPPOCAMPAL CELL PROLIFERATION IN ALZHEIMER’S DISEASE 

 

4.1  Cell cycle abnormalities and adult neurogenesis during AD 
When discussing adult neurogenesis and Alzheimer disease we must 

confront some unique evidence regarding proliferation in the 
hippocampus.  Besides neurogenesis, there is evidence that mature 
neurons re-enter the cell cycle, driven by mechanisms that are not 
completely understood.  Normally, proliferation in the brain, outside 
the neurogenic niches, only occurs during development; mature 
neurons in the brain are post-mitotic and do not divide to produce 
identical daughter cells.  Only recently has proliferation of microglia 
and astrocytes started to be examined during aging and disease.  

Cell-cycle abnormalities have been reported in mature neurons in 
hippocampus during AD, and additionally at stages considered 
prodromal to dementia such as mild cognitive impairment[83]. 
Understanding such proliferative changes in the aged and diseased 
brain are of considerable interest because expression of cell cycle 
proteins in the CA1 areas of the hippocampus is not seen without 
disease. Immunohistochemical studies identified cell cycle proteins in 
pyramidal neurons with significant AD pathology, namely tangle-
bearing neurons of the hippocampus. These proteins included various 
cyclins and cyclin-dependent kinases [84-89].   Work in this area has 
identified that re-expression of cell-cycle proteins in mature neurons is 
part of an apoptotic cascade[90].   Whether such responses are 



Chapter 1 23 

 

functionally significant or exclusively represents an abortive exit 
remains unclear. 

Regarding neurogenesis during AD, a limited number of studies 
have attempted to examine adult proliferation and neurogenesis in the 
postmortem human brain using immunocytochemical markers. These 
studies reported equivocal results; one report described increased cell 
proliferation and expression of doublecortin (DCX), a marker of 
immature neurons [91] [92,93], in a cohort of senile AD cases, 
suggesting that neurogenesis is increased in AD [94]. Proliferation and 
transient neurogenesis have been observed in rodent models of brain 
injury [95].  The evidence indicates that neural stem cells are capable of 
proliferation during AD in a compensatory mechanism, but whether 
they receive the appropriate inputs from the hippocampus to mature 
naturally and integrate into the dentate gyrus is unknown.   

Proliferation and markers of proliferation are not limited to neurons 
in the hippocampus.  A study in a presenile patients found increases in 
proliferation but did not replicate the neurogenesis results; 
proliferating cells were significantly increased in the AD hippocampus 
but were morphologically identified as non-neuronal glia [96].  These 
cells were not observed exclusively in granule cell layer but additionally 
in subregions known to contain large numbers of glia cells, suggesting 
that glia proliferation occurred during AD.  
 
4.2  Astrocytes and microglia in the AD brain 

There has been a long-standing focus on neuronal changes during 
health and disease of the brain. This nearly exclusive focus on neurons 
in the brain has changed. The complex interactions between neurons 
and glia and the role of glia in neuronal function have become well 
accepted. This includes the use of protein markers such as the astrocyte 
marker GFAP, which is known to have multiple alternatively spliced 
isoforms with specific structural functions [97]. For instance, in the 
human SVZ, the isoform GFAP delta (GFAPδ) is expressed in quiescent 
neuronal progenitors[98].  

Microglia are immune cells of the brain and serve an important role 
in surveillance, trophic support, and synaptic pruning.  The extensive 
presence of microglia at sites of amyloid deposition in humans has been 
previously documented [99-101], strongly suggesting that these cells 
play an important role in metabolism, maintenance and/or morphology 
of the plaque pathology. While cell-cycle proteins in neurons have been 
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extensively documented, it remained unknown whether proliferation of 
microglia and/or astroglia occurs during disease progression and 
whether this can contribute to the proliferative changes seen in the AD 
hippocampus.   

There is evidence that the innate immune system generates an 
active response to remove excess Aβ from the brain[102].  In light of 
this phenomenon, immunological approaches to clearing Aβ from the 
brain have been developed and active and passive immunization 
strategies have reached clinical testing.  To briefly review this topic, Aβ 
deposition is thought to be reduced by Fc receptor mediated microglial 
phagocytosis[103].  Indeed, passive immunization with antibodies 
raised against Aβ have demonstrated that microglia are responsible for 
clearing Aβ plaques through Fc-receptor mediated phagocytosis and 
subsequent degradation[104].   

The first immunotherapy study was stopped early due to serious 
side effects.  AN-1792 (Elan Pharmaceuticals/Wyeth) reached  Phase IIa 
clinical trials in the US and Europe when the program was suspended in 
January 2002 when approximately 5% of the patients in the active 
treatment group developed symptoms of aseptic meningo-
encephalitis[105].   While AN-1792 suffered from considerable 
shortsightedness regarding drug safety, it became evident from this 
strategy, that understanding the role of microglia during each stage of 
AD was important to understand if immunotherapy was to be used 
successfully without causing deleterious inflammation.   

Within months of publication of this thesis, phase III clinical data 
from the leading immunotherapy, a fully humanized monoclonal 
antibody will be expected.  Anticipation of the results is extremely high 
within the Alzheimer’s field; the results of the study will be intensely 
scrutinized.   Active and passive immunotherapy will continue to be 
tested in clinical trials, although at this time we do not fully understand 
how microglia respond to plaques during disease progression.  
 
� Open Research Question: 
Do glia cells proliferate during AD in response to Aβ plaque 

accumulation? 

 
 
 
 



Chapter 1 25 

 

5     MODULATING NEUROGENESIS DURING AGING AND AD 
5.1  Known mechanisms of positive and negative regulation 

This thesis is concerned with regulation under normal physiological 
conditions   i.e. non-acute/traumatic conditions.   We know that 
neurogenesis is highly susceptible to environmental/experience-
dependent modulation such as voluntary exercise and environmental 
enrichment which stimulate survival and steer new cells to a neuronal 
phenotype [106,106]. Studies have further identified factors that can 
regulate production and survival of hippocampal neurons maturing 
during rodent adulthood. Some, like estrogen, environmental 
complexity[107-109], and NMDA-related excitatory input [110] 
positively regulate neurogenesis, while others like cholinergic 
denervation[111], stress, and aging [112] decrease levels of 
neurogenesis. Stress is well known to reduce different stages of 
neurogenesis [113] that have been implicated in depression and in 
antidepressant drug action[114-117]. Of interest, high circulating levels 
of stress hormones form a substantial risk factor for Alzheimer 
disease[118,119] Acute and chronic brain diseases generally elicit acute 
and chronic responses from the endogenous NSC population.  
Traumatic head injuries, epileptic seizures, and transient global and 
focal ischemia all increase hippocampal neurogenesis in rodents.  The 
effects of transient neurogenesis occurring under these conditions have 
unknown effects on the hippocampal circuit (reviewed by Castellani et 
al.)[120].   

In this thesis I explored the ability of pharmacologic agents and 
physical exercise to counteract the negative regulators of neurogenesis 
that occur during aging and stress conditions. The rationale behind 
these two approaches is explained in the next two sections.  

 
5.2  Regulation of neurogenesis by antidepressants 

Antidepressants, such as the SSRI Fluoxetine hydrochloride 
(fluoxetine) are prescribed to more than 40 million patients 
worldwide[121]. Yet, the exact mechanism of action for most 
antidepressants, as well as the pathophysiology of depression in 
general, is not well understood[122]. The altered HPA axis activity and 
observed hippocampal atrophy in a subset of depressed 
patients[123,124] as well as the time-to-effect of most antidepressants 
of more than a month, has raised the possibility that prolonged stress-
induced reductions in adult hippocampal neurogenesis may at least in 
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part contribute to the structural and functional alterations in this 
condition [114-116,125]. In 2000, the first evidence was found that 
antidepressants increase neurogenesis in the brains of rats [126] 
suggesting that neurogenesis and anti-depressive action could be 
linked[127].  There is a wealth of research supporting a role for adult 
neurogenesis in the therapeutic effect of antidepressants, although 
deficiencies in neurogenesis have yet to be established as an etiological 
cause of depressive disorders.  

Therapeutic benefits of antidepressants generally occur not until 
after a 4-week delay. Notably, this coincides with the maturation time-
course of newly born neurons [112].  Supporting evidence has further 
been published showing that chronic treatment with antidepressants 
increases survival and rate of maturation for nascent neuroblasts 
[126,128]. Furthermore, experiments with different classes of 
antidepressants (tricyclics and SSRIs) showed reversal of depression-
like phenotypes in tests such as novelty suppressed feeding (NSF)[129]. 
The link between neurogenesis and behavior was tested further by 
selectively deleting newly born cells; e.g. hippocampal progenitor 
selective knockouts and X-ray ablation of the neural stem cells, all 
blocked changes in NSF indicating that hippocampal neurogenesis is 
required for antidepressants to exert their effect on clinical 
improvements [129,130].   

 
� Open research question:  

Are other antidepressants, such as the duloxetine, a unique dual 

SSRI/SNRI, as effective as other antidepressants or physical exercise 

with regard to their ability to increase neurogenesis? 

 
It is important to mention that many of the adult-generated cells die 

within the first few weeks [131],[132] due to selection mechanisms 
most likely determined by a balance between local neuronal activity 
and trophic support [133]. Significant proportions of the newborn cells 
(>50%), however, survive and eventually differentiate into fully 
functional neurons. Although neurogenesis on a short time scale is 
thought to have a rather limited direct input into the adult hippocampal 
circuit, modulation of neurogenesis for prolonged periods of time is 
thought to significantly influence hippocampal learning and pattern 
separation[134,135]. Moreover, neurogenesis appears to be required 
for the behavioral effects of antidepressants.[129], [77,136]. 
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5.3  Regulation of neurogenesis by activity 

Exercise similarly acts as an antidepressant [137] and induces 
neurogenesis, as further described in Box 4.   

 
Box 5.3.1: Regulation of neurogenesis by voluntary wheel running 

While a number of known physiological changes occur with physical 
exercise, we will primarily focus on effects in the brain, particularly the 
hippocampus. Most of the data we will review has been collected in 
mice allowed to freely exercise on a running wheel.  As wheel running 
has been shown to potently stimulate neurogenesis in mice, this 
method will be used later in the thesis. Voluntary wheel running 
resulted in a robust enhancement in the survival of newly born cells in 
the DG of the hippocampus as well as an increase in synaptic 
plasticity[138,139]. This finding has been replicated in different mouse 
strains, ages and exercise paradigms, as reviewed by van Praag [140].  

Running also enhances learning and memory in aged mice[141], 
which supported that age-related declines in neurogenesis could be 
reversed. However, details about benefits of running are still 
forthcoming.  Many times, mice are allowed to exercise for 4 weeks, 
coinciding with the development time for new neurons. Whether long-
term exercise paradigms has the same benefit in aged or genetically 
modified models of AD is unknown and addressed in this thesis.    

 
Exercise elevates monoamine levels[142] including the precursor 

for serotonin synthesis, tryptophan hydroxylase [143], which may 
mediate the reported anti-depressant effect of exercise. Clinical data 
from humans shows that running and antidepressants have similar 
efficacy for treating major depressive disorder [144]. In the 
hippocampus, running is further known to increase the levels of 
different trophic factors [145,145,146,146], the extent of angiogenesis, 
dendritic spine density  and synaptic plasticity [139]. Specific to the 
dentate gyrus (DG) subfield of the hippocampus is a robust increase in 
neurogenesis with exercise[140]. Both running and antidepressants 
increase BDNF levels [145,147], which is hypothesized to contribute 
significantly to neurogenesis and mood regulation [148].  
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� Open Research Question:   

Does chronic exercise, started in middle age, prevent age-associated 

loss of spatial memory? 

 

 
5.4  Alzheimer’s disease mouse models 

In the last part of the thesis we discuss and produce experiments in 
which we actively modified neurogenesis through activity and 
pharmacology in a transgenic AD mouse model. While identifying 
neurogenesis and pathology in the AD brain can be done through 
relatively straightforward methods, evaluating data from transgenic AD 
mice often requires a careful interpretation. Whereas AD has a long 
asymptomatic phase and generally a late onset with a complex, mixed 
neuropathology, most AD mouse models are in fact incomplete because 
they do not reproduce all aspects of AD.  These mouse models allow key 
elements of AD to be tested instead of the full spectrum of the 
disease[149]. 

To begin discussing the transgenic AD animals available, we need to 
revisit the proteins and enzymes implicated in AD, as genes coding 
human proteins are introduced into these animals. In a traditional 
sense, we expect that introducing a pathogenic protein from a human 
into a mouse would faithfully recapitulate the human condition. In 
practice however, the phenotype of Alzheimer disease mouse models 
must be carefully documented and experimentally tested as reviewed in 
Chapter 7. 

 The phenotype of each model is dependent on the promoters, 
transgenes, methods, and techniques used to experimentally study the 
animals.   Each model has its own pathological signature and this 
requires when designing experiments to evaluate neurogenesis.  In 
chapter 7 we take a more in-depth look at transgenic models of 
Alzheimer’s disease including mice expressing mutant APP.  Earlier we 
briefly described the biochemical basis for APP cleavage and the 
generation of Aβ peptides. Transgenic animals have been generated 
that express both mutant APP as well as the enzymes responsible for 
cleaving APP to Aβ.  Given the interaction between these factors, many 
transgenic strains highly overexpress a mutant protein that is 
preferentially cleaved by a corresponding mutant enzyme, such as the 
bigenic mice that express mutant PS1 and human APP. As reviewed 
recently, most APP and APP/PS1 mouse models show reductions in cell 
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proliferation[150], but this depends on the age at which they are 
studied and the extent of neuropathology.  

These APP or amyloid based animals lack however the pathological 
phosphorylation of tau protein and also tangles do not develop. This led 
to further development of mice with multiple mutant transgenes in 
which the development of these pathological features is either 
introduced separately and/or accelerated and aggravated.  In the final 
chapter of this thesis I study modulation of neurogenesis in the well-
known triple transgenic mouse line (3xTg mice).  Much of the important 
details regarding the 3xTg mice will be discussed in Chapter 9 while in 
the general discussion I will also review and compare our findings with 
those produced in other laboratories.   

The 3xTg mice were first described in 2003[151,152], and since that 
time have been widely distributed to investigators. They quickly 
became one of the most frequently used AD models because the 3 
mutated transgenes are responsible for recapitulating several aspects 
of AD.   An exciting report was also issued regarding neurogenesis in 
these mice.  Pathogenic accumulations of Aβ occurred within neurons in 
the brain; these accumulations were responsible for behavioral deficits 
and correlated with the electrophysiological responses recorded from 
the brain. Interestingly, these mice were shown to have impaired 
neurogenesis compared to their non-transgenic littermates in a sex and 
age-specific manner[153]. Based on this evidence the following 
research questions were introduced: 
 

� Open Research Questions: 

Can antidepressant treatment or exercise increase neurogenesis 

and reduce AD neuropathology in these animals?   

Do age and/or disease preclude the stimulation of adult 

neurogenesis? 

 
In Chapter 8 these questions will be discussed in relation to 
experimental findings and ongoing work in this area[154].  
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6  OUTLINE OF THIS THESIS 

This thesis includes 5 primary studies on aspects of adult 
neurogenesis in relation to Alzheimer's disease as well as 2 review 
chapters on the topic.   

Chapter 2 provides a closer look at the therapeutic potential of 
neurogenesis to treat Alzheimer's disease. In this chapter we explore 
current thoughts about adult neurogenesis and the potential of 
neurogenesis as an effective therapy.  

One goal for translational neuroscience is to conduct basic research 
in models with predictive value for humans.   Indeed, our 
understanding of adult neurogenesis in primates is incomplete and 
expanding as new brain regions are studied. In chapter 3 we performed 
basic research on a adult new world primate and report on the 
occurrence of new neurons in the hippocampus as well as amygdala 
under stress conditions.  

In chapter 4 we sought to identify the phenotype of the proliferating 
cells present in the hippocampus of aged (>70 years of age) humans 
and AD patients. This chapter provides results on the actual extent of 
proliferation in the affected human AD brain and relates this to glia cell 
responses and cognitive status.  The wider question is determining how 
amyloid plaque pathology influences adult neurogenesis.   

In chapter 5 we switch to activity and pharmacology dependent 
neurogenesis; two different antidepressant drugs, fluoxetine 
hydrochloride (marketed as Prozac) and duloxetine hydrochloride 
(marketed as Cymbalta), a novel anti-depressant with dual-
pharmacology, are compared with exercise to evaluate their potential to 
stimulate neurogenesis in female C57Bl6J mice.  

Chapter 6 uses the same non-transgenic inbred mouse strain as in 
chapter 5 but here, middle-aged animals are started on long-term 
exercise. Instead of measuring the acute effects of these interventions 
on neurogenesis and cognition, we chronically treated mice to 
investigate if long-term activity could preserve spatial memory during 
aging.    

In chapter 7 we review mouse models of Alzheimer disease and 
experimental results already published.  This includes changes in 
neurogenesis reported in many of the commonly used Alzheimer mouse 
models. This provides an overview of work already completed in this 
area and the questions that remain to be answered.  
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Chapter 8 utilizes a similar study design as described in Chapter 6 
but here we used the 3xTg mouse model of Alzheimer disease, a widely 
studied model previously reported to have deficit in hippocampal 
neurogenesis.  Middle-aged 3xTg mice were maintained on either 1) 
fluoxetine 2) open access wheel running or 3) combined fluoxetine and 
wheel running for 11 months.  This study adds multiple components, 
namely the presence of AD pathology in the mouse model and the 
synergistic treatment paradigm.   

In chapter 9 the results from all chapters are reviewed and 
discussed with  indications for further areas of study and 
experimentation. 
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Abstract 

 

The human brain produces new neurons mediating hippocampal 
plasticity but also having a potential role in hippocampal-related 
disorders, such as Alzheimer’s disease and dementia.  Factors such as 
stress and aging that decrease adult neurogenesis also serve as 
independent risk factors for Alzheimer’s disease.  Causality between 
loss of neurogenesis and hippocampal dysfunction has not been 
established, however neurogenesis is an attractive research avenue for 
therapy since it is readily modifiable.  Activities such as running and 
enrichment increase proliferation of neural stem cells and survival of 
nascent neuroblasts.  Adult neurogenesis may alternatively reflect 
capacity to overcome age-dependent insults and neurodegeneration in 
the hippocampus.  This collectively indicates that stimulation of 
endogenous cells or transplantation of neural stem cells are potential 
pathways reversing the behavioural changes associated with 
neurodegenerative disorders by augmenting structural plasticity of the 
hippocampus. Continued research in this area and in appropriate 
animal models of disease is critical for evaluating if neurogenesis-based 
therapeutic strategies will have the potential to aid those with 
degenerative conditions. 
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Preface 

Numerous clinical trials are under way to evaluate therapeutic 
approaches to stop the progression of Alzheimer’s disease (AD). Despite 
the significant efforts towards, for example, clearance of amyloid 
plaques by vaccination therapies, these approaches may still fall short 
of cognitive recovery in the AD population as they do not directly focus 
on the regeneration of damaged tissue and restoration of brain 
function. Adult neurogenesis is a unique form of structural plasticity in 
the brain that has important implications in hippocampal-dependent 
learning and behavior. While not shown to have direct links with AD, 
adult neurogenesis is carefully regulated by various factors, including 
ones that impact AD, and should be evaluated independently and in 
relation to Alzheimer’s pathology. Comprehensive therapy would 
ideally remove the hallmarks of the disease and provide a level of 
functional recovery, i.e. by increasing neurogenesis. The therapeutic 
potential of endogenous neuronal stem cells (NSCs) and grafted stem 
cells in damaged brain regions should therefore be considered in the 
context of AD. Although the appropriate delivery of exogenous NSCs to 
restricted areas of the affected AD brain remains a major challenge, 
ongoing neurogenesis by endogenous NSCs provides an exciting avenue 
that has the potential to resolve cognitive deficits in people with AD. 

 
Alzheimer’s Disease 

AD is a fatal and devastating disorder characterized by progressive 
memory loss and severe cognitive deficits. AD has two pathological 
hallmarks: amyloid beta (Aβ) plaques, derived from amyloid precursor 
protein (APP), and neurofibrillary tangles, consisting of 
hyperphosphorylated tau protein. Tau protein is a microtubule-
associated protein (MAP) responsible for cytoskeletal stability. It is 
implicated in cellular plasticity, migration, division, regulation of the 
cell-cycle, and neuronal differentiation. Neurofibrillary tangles are 
accumulations of hyperphosphorylated tau that are well-correlated 
with cognitive deficits, brain atrophy, and neuronal loss in some brain 
regions.  

Early onset and familial forms of AD are caused by mutations in APP, 
presenilin-1, or presenilin-2 proteins resulting in overproduction of 
fibrillogenic Ab species. Most cases (>95%), however, are sporadic late-
onset AD not associated with mutations impacting Aβ metabolism. 
Therapies against Aβ have been forerunners in the field and provide an 
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accurate view of the problems associated with developing an effective 
therapy. Data from phase I trial immunization, for example, showed 
clearance of Aβ plaques; however neurofibrillary tangles and cognitive 
scores were not significantly changed [1]. 

 
Adult Neurogenesis 

During development and throughout life, endogenous neural stem 
cells self-renew to produce identical multipotent cells. Astrocytes are 
the NSCs of  the brain and produce neurons, astrocytes and 
oliogodendrocytes [2,3].  In the adult brain, two zones have been 
identified where adult neurogenesis occurs. NSCs located in the 
subgranular zone (SGZ) of the dentate gyrus proliferate and migrate 
into the granular cell layer [4]. Neurons also develop from stem cells 
located in the subventricular zones of the lateral ventricles. Here, 
committed progenitor cells migrate via the rostral migratory stream 
into the olfactory bulb where they are involved in olfactory 
discrimination learning [5,6]. 

The hippocampus has a vital role in higher cognition [7]. While 
synaptic plasticity is thought to be the main structural change 
corresponding to cognitive function, ongoing neurogenesis is a novel 
and unique form of structural plasticity. New neurons generated in the 
subgranular zone form granule cells in the dentate gyrus of the 
hippocampus and are thought to have a rather limited input into the 
adult hippocampus on a short time scale. While the number of new 
neurons incorporated in the hippocampus may be quite low during 
aging, adult neurogenesis represents potential for adaptation. This has 
been described previously as the neurogenic reserve hypothesis; 
neurogenesis is a special type of brain plasticity that, when the 
hippocampus is actively engaged, allows for adaptation and resistance 
to accumulated deleterious insults [8]. 

Many adult-generated cells die within the first few weeks [9,10] due 
to selection determined by local neuronal activity and trophic support 
[11].  Significant proportions of the newborn cells, however, eventually 
differentiate into fully functional neurons.12 Neurogenesis has a 
significant role in hippocampal learning and appears to be required for 
the behavioral effects of antidepressants [13,14]. 

Recent studies show further that neurogenesis may also occur 
outside the classical neurogenic niches; rare neurogenesis has been 
reported in the cortex, amygdala, hypothalamus and substantia nigra 



Chapter 2 45 

 
[15–18], notably often in response to insult. Ischemia/reperfusion in 
the striatum can recruit new neurons from glial precursors in closely 
related brain regions like the subventricular zone [19,20]. Neurogenesis 
has also been reported after hippocampal or cortical damage from 
excitotoxic, ischaemic or epileptic events [21–25]. Interestingly, 
hypoxia-inducible expression of brain-derived neurotrophic factor, 
insulin-like growth factor 1, fibroblast growth factor 2, and vascular 
endothelial growth factor [26–28] are known stimulators of adult 
neurogenesis [29–31]. 

Regulation of adult neurogenesis occurs via a wide array of intrinsic 
growth factors, hormones and environmental factors. Environmental 
factors, such as enriched housing, learning experiences or physical 
exercise stimulate neurogenesis; however, aging, glucocorticoid 
hormones or stress potently inhibit it. Different stimuli can affect 
different stages of the neurogenic process,[32] each targeting specific 
populations. Many studies show that adult neurogenesis directly, or 
indirectly, contributes to adaptations in hippocampal function [33]. 

Proliferation and neuronal differentiation rates show age-
dependent declines in laboratory animals [4,34–37].  Low levels of 
neurogenesis have been reported in older primates [38,39] and the 
elderly human brain [40–42].  However, stem cells from aged 
individuals remain capable of proliferation and neuronal differentiation 
[37,43]. This in vivo evidence suggests that aging does not affect NSCs 
capacity for proliferation and neuronal differentiation such that 
endogenous cells cannot be used therapeutically. 

 
Neurogenesis in the Alzheimer’s Brain 

A limited number of studies have examined postmortem human 
brain tissue using various immunocytochemical markers of 
neurogenesis. These studies have produced different results but 
collectively they provide crucial evidence. One report describes 
increases in doublecortin, a marker of immature neurons, in a cohort of 
senile AD cases, suggesting that neurogenesis is increased in AD [44].  
Doublecortin is a MAP linked with migrating neuroblasts [45,46] but 
has additionally been found to be very sensitive to degradation during 
post mortem delay [42] and additional studies indicate that it may also 
be expressed by astrocytes under pathological conditions [47]. A study 
in a younger cohort of presenile patients did not replicate these results, 
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finding that doublecortin expression was present in only a minority of 
cases [42]. 

Significant increases in proliferation have been observed however, 
these observations are non-specific for ongoing neurogenesis; 
proliferating Ki-67 antigen positive cells were found in AD but not 
observed exclusively in the granule cell layer [42]. Other investigators 
found that expression of the mature neuronal markers, MAP isoforms 
MAP2a and b, were found to be decreased in AD dentate gyrus, whereas 
total MAP2, including expression of the immature MAP2c isoform, were 
less affected. This may suggest that new cells in the AD dentate gyrus do 
not become mature neurons, although proliferation is increased [48]. 

Some of the basic questions regarding the relationship between 
neurogenesis and AD have yet to be answered. Does inflammation, 
active during the early stages of AD, impact the local microenvironment 
and ongoing neurogenesis? Do age and disease preclude the use of 
exogenous stem cells from replacing dysfunctional neurons?  If these 
neurons can successfully integrate will significant behavioral 
improvements be observed?   

 
Future Directions 

To better understand disease progression and underlying 
mechanisms, various transgenic mouse lines have been developed 
expressing the AD related proteins amyloid precursor protein, 
presenilin 1 and/or tau [49,50]. These models recapitulate various 
aspects of AD and frontal temporal lobe dementia and are inherently 
useful for understanding the timing of neurogenetic changes in AD 
progression. Such studies have so far produced conflicting results 
showing increases [51], non-significant changes [52], and decreases 
[53] in hippocampal neurogenesis in mouse models that depend, in 
part, on methodological differences in markers for neurogenesis and 
the age of the animals. Additional studies have also shown that tau 
expression is linked to differences in neurogenesis [54]. For reviews, 
see Thompson et al. [55] and Kuhn et al. [56].  

 
Conclusion 

AD is characterized by cognitive deficits and progressive memory 
loss. In addition to neuropathology in various brain regions, the 
hippocampus is particularly affected. Stem cells in the SGZ of the 
dentate gyrus produce new neurons that have acute and long-term 
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consequences for hippocampal dependent learning and memory.  The 
consequences of dysfunctional neurogenesis are unknown but the 
deleterious conditions known to reduce neurogenesis are also risk 
factors for AD.  A few primary studies have been completed with 
Alzheimer tissue indicating that neurogenic responses may be initiated, 
but that new neurons fail to integrate into the DG.  Similar results are 
observed in animal models, where neurogenesis responds to various 
pathological stimuli, but conclusive evidence has yet to show this 
phenomenon produces functional neurons that impact behavior. 

Whether a neurogenic response can be completed depends on local 
cues and on the composition of the neurogenic niche, for which 
vasculature-related and brain derived growth factors are important.  
But many questions still abound regarding the hippocampal 
environment, specifically whether successful stimulation of 
neurogenesis is possible during late aging and under pathological 
conditions.  Indeed, discriminating early hippocampal changes such as 
gliosis and inflammation, which may suppress neurogenesis, hold the 
greatest promise for long-term maintenance of this crucial mechanism. 

Future research should focus on how neural stem cells respond to 
chronic and acute insults.  This will further improve our understanding 
of the factors that determine a permissive local microenvironment, and 
how, by modulation, regenerative responses can be completed 
successfully. 
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Abstract: 

Adult neurogenesis in the primate brain is generally accepted to 
occur primarily in two specific areas; the subgranular zone (SGZ) of the 
hippocampal dentate gyrus (DG) and the subventricular zone (SVZ) of 
the lateral ventricles. Hippocampal neurogenesis is well known to be 
downregulated by stress and aging in rodents, however there is less 
evidence documenting the sensitivity of neuroblasts generated in the 
SVZ. In primates, migrating cells generated in the SVZ travel via a 
unique temporal stream (TS) to the amygdala and entorhinal cortex. 
Using adult common marmoset monkeys (Callithrix jacchus), we 
examined whether i) adult-generated cells in the marmoset amygdala 
differentiate into doublecortin-positive (DCX+) neuroblasts, and ii) 
whether lasting changes occur in DCX-expressing cells in the DG or 
amygdala when animals are exposed to 2 weeks of psychosocial stress.  

A surprisingly large population of DCX+ immature neurons was 
found in the amygdala of these 4-year-old monkeys with an average 
density of 163,000 DCX+ cells per mm3. Co-labeling of these highly 
clustered cells with PSA-NCAM supports that a subpopulation of these 
cells are migratory and participate in chain-migration from the SVZ to 
the amygdala in middle-aged marmosets. Exposure to 2 weeks of 
isolation and social defeat stress failed to alter the numbers of BrdU+, 
or DCX+ cells in the hippocampus or amygdala when evaluated 2 weeks 
after psychosocial stress, indicating that the current stress paradigm 
has no long-term consequences on neurogenesis in this primate.  
 

 

Keywords: Adult neurogenesis, Stress, Nonhuman primate, 
Doublecortin, PSA-NCAM, Aging 
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Abbreviations: 

subventricular zone (SVZ)  

subgranular zone (SGZ) 

Neural stem cells (NSCs) 

Dentate gyrus (DG) 

Granule cell layer (GCL) 

rostral migratory stream (RMS) 

Bromodeoxyuridine (BrdU) 

Temporal horn of lateral ventricles (tLV) 

Temporal stream (TS) 

Doublecortin (DCX) 

polysialylated neural cell adhesion molecule (PSA-NCAM) 

Basal Medial (BM) 

Basolateral Ventral Medial Amygdala nucleus (BLVM) 

Basolateral Intermediate Amydala nucleus (BLI) 

Entorhinal cortex (EC) 

Ventral Cortical Amygdaloid Nucleus (VACo) 

Medial (Me) 

Lateral amygdala (La) 
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Introduction: 

 Adult neurogenesis occurs in at least two specific locations in the 
brains of adult mammals: the subventricular (SVZ) and subgranular 
zones (SGZ) located in the lateral ventricles and hippocampal dentate 
gyrus respectively. These zones are unique, specialized micro-
environments that support the production of new cells. They contain 
neural stem cells (NSCs) with the capacity to proliferate, migrate, and 
differentiate into adult, functional neurons. Neuronal differentiation of 
adult-generated cells represents a novel form of structural plasticity 
with considerable relevance for olfaction and cognition [1, 2]. This 
process can be identified through markers such as Doublecortin (DCX), 
a microtubule associated protein found selectively in immature, 
migratory neurons. DCX is required for the proper migration of 
immature neurons [3, 4] and is considered an endogenous marker for 
adult neurogenesis [5, 6].  

In the hippocampus, immature neurons migrate from the SGZ 
into the granule cell layer (GCL) of the dentate gyrus (DG) where they 
mature into granule neurons. Similarly, neuroblasts born in the SVZ 
migrate tangentially towards the olfactory bulb along the rostral 
migratory stream (RMS)[7, 8], an area that has recently also been 
identified in human brain [9]. Migratory, DCX-positive (+) neurons 
present in the primate SVZ were found to co-express polysialylated 
neural cell adhesion molecule (PSA-NCAM), identifying a migratory 
pathway to the striatum [10]. In parallel with other markers of 
neurogenesis, DCX expression in the rodent hippocampus decreases 
strongly with age and is reduced after stress as well [11-15]. 

A distinct, less well characterized migratory stream exists in 
primates allowing neuroblasts to migrate directly to the amygdala, an 
area associated with emotional memories [16]. The temporal stream 
(TS) has only been described in rhesus and squirrel monkeys, however 
due to structural homology it is suspected to exist in other primates. A 
cell fate study combined with migration of lipophilic dye identified a 
stream of cells extending from the temporal horn of the lateral 
ventricles (tLV) to the amygdala and piriform cortex [17]. The 
contribution of cells found in the TS to the amygdala has yet to be 
quantified.    

Here, we studied neurogenesis in the hippocampus, amygdala 
and associated cortex of four-year-old, middle-aged marmoset monkeys 
using BrdU and DCX immunocytochemistry and further established the 
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migratory nature of the DCX+ immature neurons using co-labeling for 
PSA-NCAM. Secondly, although stress and stress hormone exposure 
reduces neurogenesis in the DG of young rodents and monkeys [14, 18, 
19], it was not known whether psychosocial stress affects the DG and 
amygdala to the same extent in this primate species. In rodents, 
reductions in neurogenesis after psychosocial stress are long lasting 
and can persist despite a normalization of cortisol levels [20, 21]. Stress 
has also been shown to reduce neurogenesis in adult primates [19, 22].  
We thus studied whether isolation and social defeat stress altered 
neurogenesis (DCX+) and newborn cell survival (BrdU+) in a lasting 
manner in the marmoset DG and amygdala and studied their brains 
following an additional 2 week recovery and resocialization period in 
order to mitigate acute effects and allow a normalization of the initial 
cortisol rises.    
 
Materials and Methods 
Stress exposure in adult marmosets 

All experimental procedures were approved by the Animal 
Experimentation Committee of the Dutch Institute of Applied Scientific 
Research (TNO-DEC # 2148). All aspects of animal care are described in 
Standard Operating Procedures in agreement with the current 
guidelines of the European Community. Ten 4-year-old adult male 
(n=5) and female (n=5) common marmosets (Callithrix jacchus) were 
subjected to a 6-week experiment. All monkeys were bred and raised at 
the Biomedical Primate Research Centre (BPRC), Rijswijk, The 
Netherlands, and randomized to stress (n=5, 3:2 male: female) and 
control groups (n=5, 3:2 male: female) prior to the start of the study. 
The stress protocol (Figure 1), a 6-week paradigm, was composed of 
three segments;  normal housing for behavioral observation (days 0-
12), isolation stress and social defeat (stress cohort only) (days 12 to 
27), followed by a re-socialization period of 2 weeks (days 27- 40). This 
design was employed in order to study whether social stress had lasting 
consequences on neurogenesis and structural plasticity.  

During the second week of isolation, animals from the stress 
cohort were placed in the territory of a dominant monkey of the same 
sex for 10 minutes to additionally expose them to a social-defeat 
paradigm. Animals were observed and tested during these periods 
using separate read-outs including behavioral observation and body 
weight. Cortisol concentrations were determined in 24-hour urine 
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samples collected in metabolic cages. Samples were collected twice 
during the normal housing, once in the second week of the isolation 
period and once at the end of the experimental period directly out of 
the bladder during euthanasia. 25 µls of the urine sample were applied 
in antibody-coated tubes in duplicate using commercial 
radioimmunoassays (Corti-Cote) according to standard procedures (MP 
Biomedicals Europe, Illkirch France). Subsequently, 0.5 ml of “cortisol 
tracer solution” with 125I-cortisol was applied, which binds in 
competition with the urine cortisol. After incubation of 45 minutes at 
37oC the liquid was removed. This was followed by separation of bound 
and unbound radioactivity and counting of bound radioactivity to 
determine cortisol concentration. 
 

 
 

Figure 1: Timeline for BrdU injection during a 6-week study. Marmosets were 
observed for 2 weeks. Prior to beginning the stress component all animals were 
injected with 5-bromo-2´-deoxyuridine (BrdU). Stress cohort animals were housed in 
isolation for one week followed by one week of isolation and daily social-defeat in the 
territory of a dominant male animal. Stress animals were then given two weeks of re-
socialization before euthanization. 

 
Bromodeoxyuridine injection and immunohistochemistry 

To analyze whether stress exposure had affected the survival 
rate of newborn cells, 5-bromo-2´-deoxyuridine (10 mg/ml dissolved in 
0.007 M NaOH/0.9% NaCl, at a dose of 200 mg/kg., Sigma) was injected 
subcutaneously before onset of isolation, i.e. at day 12. Twenty-eight 
days later, i.e. at day 40, which would allow sufficient time for newborn 
cells to undergo neuronal differentiation, animals were euthanized by 
decapitation under isoflurane/NO2 inhalation anesthesia and blood was 
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collected from each marmoset after decapitation. The brains were then 
removed immediately. The right hemisphere was washed and placed in 
4% paraformaldehyde overnight for immunohistochemistry while the 
left hemispheres were kept in nitrogen and used for proteomics 
analysis in a separate study. 

Before sectioning from a dry-ice cooled tissue block on a sliding 
microtome, the brains were transferred to 30% sucrose in 0.1 M PBS, 
pH 7.4, until they sank. Brains were then cut in the coronal plane in 40 
μm sections; free floating sections were washed thoroughly in 0.05 M 
PBS, pre-incubated with 0.3% H2O2, and incubated with the primary 
antibodies (Table 1). Antibodies were diluted in 1% BSA-0.05 M PBS, 
0.5% Triton for 1 hr at room temperature and then overnight at 4o C: 
rat anti-BrdU (Accurate Chemical Westbury NY), rabbit polyclonal anti-
GFAP (DakoCytomation, Denmark), goat anti-DCX (Santa Cruz 
Biotechnology), mouse PSA-NCAM (Millipore, Billerica, Massachusetts), 
corresponding secondary antibodies were incubated at 1:200 for 2 hrs 
at room temperature. ABC reagent (Vestastain Elite; Vector 
Laboratories, Burlingame, CA) was applied for 2 hrs at room 
temperature. Sections were double stained for BrdU and DCX with 
Diaminobenzidine + 0.08% Nickel (DAB-N; Sigma Germany) and DAB 
respectively leaving a black precipitate on BrdU+ nuclei and a brown 
precipitate on DCX+ cells.  

 
Table 1. 
Target protein Immunogen Species Dilution Source/ Cat. no.  

Anti-BrdU 5-bromo-
deoxyuridine 

Rat 1:1000 Accurate Chemical 
CloneBU1/75 (ICR1) 

Anti-DCX Peptide: aa 385-
402 human DCX 

Goat 1:800 Santa Cruz Biotech.  
Sc-8066 

Anti-PSA-NCAM Viable 
meningococcus 
group B 

Mouse 1:400 Millipore 
MAB5324 

Anti-GFAP GFAP (cow spinal 
cord) 

Rabbit 1:1000 DAKO 
Z0334 

 
 
Quantification 

The sampling volume of the DG and amygdala were determined 
by drawing contours around these regions of interest using the 
StereoInvestigator system (Microbrightfield, Williston, VT).  In the 
hippocampus, DCX+ and BrdU+ positive cells were present in small 
numbers and all positive cells (on average 14 markers per section) 
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were therefore quantified manually. Markers in the DG were counted 
using 20x and 40x objectives in 3 mid-level hippocampal sections. 
BrdU+ nuclei in the amygdala were also hand-counted individually after 
morphological assessment again using 3 selected sections matched to 
the same anterior-posterior level. The amygdala ranges from 
approximately +5.50 through +3.64 mm Bregma as published in the 
marmoset brain atlas [23], also available online [24]. Sections for 
quantification were identified at the level of approximately +4.28 mm 
Bregma. To quantify DCX+ cells in the amygdala a different strategy was 
employed due to the presence of a very large number of cells. 
Quantification was completed using the StereoInvestigator system by 
systematically sampling regions of interest at regular intervals. 
Overcounting bias is avoided by the use of upper and lower guard 
zones, i.e. excluding cells found within 1.5 μm of the top and bottom of 
the dehydrated section according to standard stereological procedures.   

 
DCX/PSA-NCAM Immunofluorescence  

 To establish whether DCX+ neurons were indeed migratory, co-
expression of DCX and PSA-NCAM was examined using double 
immunofluorescence and confocal imaging. Sections were co-incubated 
with antibodies for DCX and PSA-NCAM and then incubated 
independently with Alexa-488 donkey anti-goat and Alexa-647 donkey 
anti-mouse (1:200 Molecular Probes, Carlsbad, California). Fluorescent 
signals were imaged with a Zeiss LSM 510 confocal laser-scanning 
microscope; emission signals from the Alexa-488 and Alexa-647 probes 
were assigned to green and red channels, respectively. Images obtained 
by immunofluoescence were not digitally manipulated in any way but 
were cropped to provide clearly framed images. 
 
 

 

Antibody Characterization 
 The monoclonal mouse anti-PSA-NCAM detects a single band on 
Western blot according to manufacturer's technical information; 
recognizing the 180-kDa, highly sialiated form of NCAM found 
predominantly in embryonic brain [25]. The staining pattern we 
observed is identical to that described in previous reports [26, 27].  The 
goat polyclonal anti-DCX detects a single band at 40 kDa on Western 
blot of adult rat OB [5, 28]. Staining morphology for DCX+ cells was 
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identical to a prior publication (Oomen, et al., 2010).  Rat monoclonal 
anti-BrdU reacts with BrdU in single-stranded DNA (manufacturer's 
technical information). We observed no labeling when anti-BrdU was 
incubated with non-BrdU-injected rats used as a control. The 
morphological pattern of staining we observed was identical to that 
described in previous reports [29, 30]. 
 The rabbit polyclonal anti-GFAP antibody precipitates one 
distinct GFAP protein from cow brain extract (manufacturer's technical 
information).  The antibody identifies a 50-kd band in western blot 
analysis of brain tissue [31]. The distribution and morphology of GFAP+ 
astrocytes matched previous descriptions [32]. 
 

Results 

Hippocampal neurogenesis 

 In the dentate gyrus, BrdU+ cells were confined to the granule 
cell layer, SGZ, and hilus. The black immunostained BrdU+ nuclei had a 
round morphology making them easy to identify; only cells in the SGZ 
and GCL were used for quantitative analysis. DCX+ cells appeared as 
immature neurons or neuroblasts within the granule cell layer with a 
robust cytoplasmic staining. Many labeled cells had secondary and 
tertiary processes that were relatively short and lacked further 
bifurcations. These processes typically extending in a radial manner 
through the granule cell layer (Fig 2A-C); generally, the morphology 
was similar to other published images e.g. DG of rodents [5, 33].  In the 
DG, approximately 3-fold more DCX+ cells were observed than BrdU+ 
cells. BrdU: control 9910 ± 3120 (mean ± SE) cells/mm3, stress cohort 
6220 ± 820 (mean ± SE) cells/mm3, DCX: control 32000 ± 3640 (mean ± 
SE) cells/mm3, stress 24300 ± 3670 (mean ± SE) cells/mm3. Rare 
double-positive BrdU/DCX cells were observed in the DG (Fig 2D); the 
two markers were never co-localized in the hilus. Populations of BrdU- 
and DCX-positive cells were not significantly correlated (Pearson 2-
tailed test, R= 0.32, p = 0.08) in the marmoset DG. This corresponds 
with a higher number of immature neuroblasts transiently expressing 
DCX and a lower number of BrdU+ surviving cells.   
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Figure 2: DCX expression in the marmoset hippocampus. Low numbers of DCX+ 
cell bodies are found mainly in the first and second inner third of the granular cell 
layer (GCL), some of which are bipolar (left arrow in A). Their dendrites are short and 
their dendritic extent generally small (right arrow in A). DCX+ cells are often oriented 
in a radial manner and seem to undergo secondary division (arrow in B). Some DCX+ 
dendrites can be followed through the GCL (arrowheads in C). Double labeling for DCX 
and BrdU identified clear examples of newborn BrdU-positive cells and doublets 
(arrows in D), that rarely co-express DCX (arrowheads in D). Figure E shows an 
example of a BrdU+ newborn cell (left arrow) in the subgranular zone next to the hilus 
(H), that weakly co-expresses DCX. In the same subregion, a single labeled DCX+ cell is 
present with its dendrite running parallel to the GCL (arrowheads in E). Inset shows 
another example of a BrdU/DCX+ cell within the GCL. Figure F shows 2 DCX+ cells 
with well-developed dendrites (arrowhead) close to a BrdU+ newborn cell (arrow) 
located in the entorhinal cortex. 
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Neurogenic markers in the amygdala 

As neural stem cells located in the lateral ventricle are known to 
deliver new astrocytes and neurons to the amygdala and neocortex, we 
analyzed coronal sections directly rostral of the hippocampus. 
Immunostaining for PSA-NCAM identified expression in the wall of the 
lateral ventricle (Fig 3A). The lateral ventricle ends adjacent to the 
caudal amygdala and PSA-NCAM was observed in a manner consistent 
with lateral migration from the SVZ (Fig 3B).  In the caudal amygdala, 
DCX+ cells were first observed in the ventral basolateral nucleus where 
it borders the temporal horn of the lateral ventricle (tLV). Adjacent to 
the ventricle, DCX+ cells line the amygdala where it borders the 
hippocampus and entorhinal cortex (EC). The highest density of cells 
was observed closest to the ventricle and slightly more dispersed at 
locations further from the ventricle. In these immediate areas, no BrdU+ 
cells were observed.   
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Figure 3: Photomicrographs illustrating PSA-NCAM expression in the wall of the 

lateral ventricle and caudal amygdala. A-B) Immunostaining for PSA-NCAM 
identified expression in the wall of the lateral ventricle (LV). C-D) Immunostaining can 
be observed where hippocampus and temporal horn of the lateral ventricle (tLV) end 
near the ventral amygdala. 

 
 
In the midrostrocaudal level, the basolateral nucleus is 

subdivided into the ventral medial (BLVM) and intermediate (BLI) 
subregions. The high density of DCX+ cells extended through these 
regions bordering the EC (Fig. 4A-G). Interestingly, DCX+ neurons in the 
BLVM and BLI have projections extending through the ventral cortical 
and medial nuclei, located adjacent to the optic tract. In contrast to 
DCX+ cells in the GCL, the processes of these cells in the amygdala had 
no appreciable orientation (Fig. 4A-H). As rare DCX-expressing 
astrocytes have been documented in the human cortex [34], we also 
investigated this possibility by immunostaining sections with anti-GFAP 
antibody. In these areas, mature GFAP-expressing astrocytes had a 
uniform distribution within nuclei of the amygdala and had a cellular 
morphology entirely distinct from the DCX-expressing cells (data not 
shown). 
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Figure 4: A-D. Photomicrographs illustrating the distribution of DCX+ cells over 

different anatomical levels of the marmoset amygdala. A) In sections immediately 
adjacent to the hippocampus cells reside in the basolateral and lateral amygdala 
nuclei. B-D) DCX+ cells are primarily found in the ventral nuclei but also in the lateral 
nucleus. DCX+ cells are also found in 1st and 2nd layers of the entorhinal cortex. The 
area between these two populations is largely devoid of DCX+ positive cells. 
Numerous densely clustered DCX+ cell bodies are present in the ventromedial (BLVM) 
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and intermediate parts (BLI) of the basolateral amygdaloid nucleus, that are bordered 
by the entorhinal cortex (EC). DCX+ cell bodies are further abundant in the ventral 
anteriorcortical nucleus of the amygdala (VACo). Numerous fibers leave the BLVM and 
BLI and traverse the basomedial amygdaloid nucleus (BM) projecting towards the 
medial amygdaloid nucleus (Me) and anterior amygdaloid area (AA), where DCX+ 
fiber clusters are seen, likely representing fiber endings (Figure 4G). Details of 
projecting DCX+ fibers are shown in Figures 3 E and F. This projection is more 
extensive in the anterior regions of the basolateral nucleus (Figure 4A, B) than in 
other regions (Figures. 4C-F). 

 
In the amygdala, the highest density of BrdU+ cells occurred in 

the BLVM and BLI subregions rostral of the tLV (Fig. 5). BrdU+ nuclei 
were more sporadically distributed throughout the other nuclei of the 
amygdala and were not highly clustered, or e.g. limited to the 
intersection between the amygdala and EC. BrdU+ and DCX+ were 
rarely co-localized in this region (Supplemental Fig. 1). Within the 
amygdala, a significant positive correlation existed for BrdU and DCX 
(Pearson 2-tailed test, R= 0.59, p= 0.002).     

DCX+ cells were found in entorhinal cortical (EC) layers I and II 
(Fig 5D), BrdU+ and DCX+ cells were co-imaged in this area (Fig 5F). 
BrdU+ nuclei were also found in the inner layers of the EC, a subregion 
of the EC largely devoid of DCX+ cells. These BrdU+ cells were most 
often observed as a single nucleus and only occasionally seen in clusters 
or doublets. The DCX+ cells displayed a complex dendritic morphology 
distinct from the clustered amygdala population where they appeared 
less mature due to their close proximity to each other. DCX+ cells in the 
EC were present in clusters which is distinct from the organization seen 
in the amygdala.   

In the amygdala, BrdU+ cells were found at densities of 3560 ± 
530 and 2780 ± 200 cells/mm3 for control and stress cohorts 
respectively, DCX+ cells were found at averages of 163000 ± 56900 and 
164000 ± 7590 cells/mm3cells in each amygdalar midlevel section. 
DCX+ cells are more than 50 times more prevalent than BrdU+ cells. 
These figures may underestimate the population of cells found within 
specific nuclei of the amygdala due to difficulty in properly delineating 
these highly specific areas. The DCX+ cell population can be found 
across nuclei of the amygdala (Fig 6); these nuclei lack histochemical 
markers necessary to determine their borders (personal 
communication with Xavier Palazzi, author of the marmoset brain 
atlas).  
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Figure 5: Photomicrographs illustrating the dense clusters of DCX+ cells and 

fibers in the amygdala. The highest density of BrdU-labeled cells occurred in the 
BLVM and BLI subregions (Figure A and B, resp.) while lower densities are found in 
the VACo (C). DCX+ fibers in the VACo appeared highly interconnected and have 
different orientations. This is in contrast to the DCX+ fibers in the BLI (arrow in 2B) or 
the DCX+ fibers leaving the BLVM and BLI, most of which were directed towards Me 
and AA (A and arrow in B; see also Fig 4A).  
In addition, considerable numbers of DCX+ cells were present in the more basolateral 
parts of the entorhinal cortex (EC) where DCX expression was mainly confined to the 
outer layers I/II (Figure D). Higher magnifications show this group of cells, similar to 
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the VACo, to be strongly interconnected with many DCX+ dendrites touching other 
DCX+ cells or dendrites (Figure D-G, arrows in E). Double labeling for BrdU (black) 
and DCX (brown) identified the presence of newborn cells in the EC (arrows in figure 
F). In the lower layers III/IV, isolated cells are occasionally found. Their dendrites 
often have a radial orientation (Figure G, H) and frequent bifurcations (arrow in H).  
 

 
 

 
 
 
Figure 6: Anatomical representation of DCX+ cells present in the marmoset 

amygdala. Rostral of the hippocampus, DCX+ cells appear closely associated to the 
temporal horn of the Lateral Ventricle (tLV) where the caudal amydala begins. In 
midlevel sections, DCX+ cells are found as a dense band in multiple nuclei of the 
amygdala where it borders the entorhinal cortex (Er). This includes the BLVM, BLI, 
VACo, and lateral (LA) nuclei. In the rostral amygdala this band of cells occupies a 
smaller volume of the nuclei. The present areas of interest illustrated here are found 
from approximately Bregma +5.50 through +3.64 mm. 
 

Doublecortin and PSA-NCAM in the amygdala and entorhinal 

cortex 

Since DCX is typically expressed in migratory neurons, we next 
immunostained sections from the amygdala for PSA-NCAM. Cell 
adhesion is prevented when a carbohydrate such as polysialic acid 
binds extracellular domains of neural cell adhesion molecule, allowing 
cells to migrate. Our results indicated that PSA-NCAM had a very similar 
distribution to DCX in the amygdala. This provides evidence that DCX+ 
amygdala bound neuroblasts have a migratory capacity (Figure 7A-L). 
The BLVM and BLI have large populations of densely packed DCX+ cells, 
most commonly found dispersed and without a distinct orientation. Co-
imaging of DCX expression and PSA-NCAM at high magnification 
revealed that many of the DCX+ cells are indeed tangentially contacting 
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PSA-NCAM sheathed axons. However, autonomous cell bundles were 
also observed. At lower magnification, PSA-NCAM was expressed on 
highly clustered DCX+ cells. While it was clear that most of the DCX+ 
cells expressed PSA-NCAM, some cells in the amygdala were observed 
without a strong overlap with PSA-NCAM.   

In the entorhinal cortex DCX and PSA-NCAM were also co-
imaged, indicating that these cells may have an immature and/or 
migratory capacity (Figure 7M-O).  These cells were morphologically 
different from the amygdala bound cells, and typically had branched 
extensions. However, these processes also express PSA-NCAM perhaps 
indicating structural plasticity in the EC. None of the observed images of 
PSA-NCAM expression suggested radial migration from the amygdala to 
the EC.    
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Figure 7: DCX+ cells in the adult marmoset express PSA-NCAM. A-C, D-F) A dense 
band of DCX+ cells co-express PSA-NCAM on extensions that run laterally in the plane 
in the basolateral intermediate nucleus.G-I, J-L) A diffuse band of DCX+ cells co-
express PSA-NCAM on extensions that run tangentially. M-O) DCX+ cells in the 
piriform cortex display a more mature morphology with branched processes that 
express PSA-NCAM. P-R) Two immature neurons in the DG express PSA-NCAM 
confirming that these molecular markers of neurogenesis are found in a known 
neurogenic zone. Scale bars = 50 μm (A and G), 20 μm (D, J, M, and P) 
 

Delayed influence of psychosocial stress 

The stress protocol was designed to evaluate lasting rather than 
acute consequences of psychosocial stress on structural plasticity. RIA 
urine analysis indicated that the monkeys had indeed experienced 
stress; mean cortisol concentrations were significantly elevated during 
the two weeks of isolation and social defeat in the stress cohort (Fig 8A; 
p< 0.01 student’s one-tailed t-test) as compared to the control group for 
the same 6 weeks period. During the re-socialization period, there was 
a significant normalization in measured cortisol levels (p<0.05 
student’s one-tailed t-test). When the groups were evaluated by sex, no 
significant differences were observed (Fig 8B). 

Semi-quantitative analysis of the hippocampal DG for the 
presence of BrdU and DCX positive cells did not reveal significant 
differences in the distribution or number between stress and control 
cohorts (Figure 8C) (BrdU; p <0.14, DCX; p<0.16; student’s t-test). 
Similarly, in the amygdala, stress effect on BrdU+ and DCX+ cell 
populations were not significantly different, nor were obvious 
differences in cellular morphology observed in animals in the stress 
compared to control cohort (BrdU; p<0.19, DCX; p<0.49 student’s t-
test).   
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Figure 8: Stress induction during a 2-week period is not associated with reduced 

neurogenesis in the dentate gyrus or amygdala. A) Urinary corticosterone levels 
are significantly elevated in middle aged marmosets exposed to a combined isolation 
and social defeat stress (student’s t-test p = 0.004). B) Although reductions were 
present in DCX, in neither the hippocampus nor the amygdala were significant 
differences found in the number of BrdU+ or DCX+ cells after stress exposure (DG: 
BrdU (p = 0.14), DCX (p = 0.16), Amygdala: BrdU (p = 0.18), DCX (p = 0.48) 
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Discussion  

The main finding of this study is the presence of a surprisingly 
large population of DCX-expressing newborn cells in the amygdala of 4-
year-old (middle-aged) common marmosets. Moreover, low numbers of 
adult generated BrdU+ cells and immature DCX+ neurons were found in 
the hippocampus, entorhinal and adjoining temporal cortex, as also 
seen in other primate species and as was expected for animals this age. 
Exposure to a 2-week period of social stress followed by a 2-week 
recovery period revealed no lasting effects of stress on structural 
plasticity in the marmoset.  

Some recent studies have now documented structural plasticity 
and/or DCX expression not only in the DG but also in cortical and/or 
amygdalar regions in various species including primates, but generally 
not to such an extent as found here [17, 35-42]. Indeed, our data from 
the DG and amygdala provides quantitative evidence of a large 
population of neuroblasts and/or immature neurons in the amygdala 
when compared to a known neurogenic zone. The low numbers of 
newborn neurons found in the hippocampal DG are consistent with the 
low rates reported earlier in middle aged and aging marmosets [43], 
however the large population of DCX+ cells present in the amygdala of 
middle-aged animals was unpredicted.  

Our quantitative analysis of the DG and amygdala demonstrated 
that structural plasticity persists in the amygdala of marmoset 
monkeys, consistent with a previous study in squirrel monkeys (Saimiri 

sciureus) that reported approximately 14 BrdU+ nuclei per amygdala 
section [17]; this was the result of a 50 mg/kg intravenous injection of 
BrdU and coronal sectioning at 40 μm. Using sections of identical 
thickness, we here identified approximately 30 BrdU+ nuclei and 1600 
DCX+ cells in each coronal section in the amygdala of middle aged 
common marmosets.  Importantly, the earlier study established that 
migratory cells from the SVZ differentiated into mature neurons in the 
amygdala (41% BrdU+/NeuN+). A small population of BrdU+ cells (7%) 
was found to be MAP-2+ in the temporal stream and amygdala 28 days 
after BrdU injection. Our findings are in agreement with these results 
demonstrating structural plasticity in the amygdala.   

The staining pattern we see for DCX is consistent with earlier 
evidence of neurogenesis in the amygdala of New World monkeys. 
Previously, newborn neurons, observed as a thick band of Bcl-2 
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expressing cells, and chains of PSA-NCAM+ cells were observed to 
invade the amygdala [17]. Our double immunofluorescence analysis 
confirms the presence of DCX+ cell bodies and projecting axons that co-
express PSA-NCAM in the amygdala, thereby verifying the migratory 
capacity of cells in this structure. We also documented DCX+/PSA-
NCAM+ cells in the first and second cortical layers of the entorhinal 
cortex with immunoreactivity absent in the area separating these 
cortical layers from the amygdala. This is consistent with findings that 
oligodendroglial progenitors reside in piriform cortex [42].   

Our results from the DG are consistent with the known kinetics 
of these two markers: BrdU labels newborn cells while DCX, at least in 
rodents, is expressed for approximately 10 days. [3, 5, 44, 45].  We 
observed rare colocalization of BrdU and DCX in the DG and amygdala, a 
finding that demonstrates that at least some of these cells are newly 
generated. In the amygdala, the DCX+ population was significantly 
higher, approximately 50 times more prevalent than BrdU+ cells. This 
represents a distinctly different relationship from that found in the DG, 
perhaps indicating that DCX is not transiently expressed.   

At this time we have no evidence that DCX+ cells in the amygdala 
are functionally integrated.  However, based on protein expression we 
expect they participate in mechanisms of structural or synaptic 
plasticity.  DCX is typically associated with cell migration due to 
developmental regulation necessary for cell migration [4].  However, 
prenatally born cells can also maintain DCX expression and an 
immature neuronal phenotype [35]. DCX is additionally expressed by a 
subset of mature neurons. In adult rat brain, differentiated neurons in 
select areas, including the piriform cortex, co-express DCX and PSA-
NCAM [46], reviewed by Gomez-Climent [47]. These finding agree with 
observations that DCX expression is not limited to migratory 
neuroblasts alone and may be involved in other aspects of cellular 
orchestration of synaptic plasticity. DCX coprecipitates with adapter 
proteins involved with protein sorting and vesicular trafficking [48]. 
The formation of new neurites implies the participation of 
microtubules. Indeed, DCX participation in microtubule reorganization 
has been linked to axonal outgrowth or synaptogenesis [49]. In this 
respect, it is interesting to note that in a rodent model dendritic 
arborization was increased in neurons of the basolateral amygdala 
following chronic stress [50].   
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Amygdala-bound DCX+ cells express PSA-NCAM which strongly 

suggests these cells participate in chain migration, an unusual type of 
cell displacement where large bulks of cells are arranged in contact 
with axon bundles. This is in agreement with previous findings in 
primates [8, 22] where migrating chains of cells have been observed 
along the length of the entire lateral ventricle system, both in humans 
and nonhuman primates [9, 22, 51, 52]. Our stainings are consistent 
with earlier evidence of the temporal stream however verification is 
ideally completed with stainings in the sagittal plane.  

The role of NCAM is well established as assembly of the CNS 
architecture depends on this transmembrane protein [53]. The 
extracellular domains, when bound by the carbohydrate polysialic acid 
(PSA), prevent cell-cell adhesion, and permit structural plasticity in the 
brain [54, 55]. PSA is attached exclusively to NCAM in the brain; PSA-
NCAM immunoreactivity thereby identifies migratory cells exclusively. 
Coordinated expression of PSA-NCAM and DCX is conserved in 
populations of cells migrating from the SVZ [22, 56-59]. These findings 
have not been extended to humans yet. Migratory progenitor cells are 
present in the human RMS [60] but evaluation of the same molecular 
markers failed to identify migration through the TS to the amygdala 
[61].   

Exposure to isolation and social-defeat stress is known to 
represent a severe stressor for these social animals. Indeed, a 
significant increase in urinary cortisol was induced during stress 
conditions and normalized at the time of sacrifice. Depressive-like 
behaviors were commonly observed until the last day of sacrifice in the 
stress group (not quantified systematically), however the current stress 
paradigm failed to significantly affect BrdU+ or DCX+ cell numbers.  
Despite the rise in cortisol, the nature and duration of these stressors 
during a 2-week exposure period may have been too mild to 
significantly reduce structural plasticity in a lasting manner. In rodent 
studies of stress on hippocampal neurogenesis or amygdalar plasticity 
[50], stress duration is often prolonged, i.e. applied for 21 days prior to 
immediate sacrifice, and frequently contains a physical component, like 
restraint, that was not present here. If we assume transient expression 
of DCX, lasting from approximately 4 to 14 days in new neuroblasts, a 
putative initial reduction in DCX+ cells might have normalized during 
the 2 weeks of re-socialization. In the current paradigm animals were 
sacrificed 28 days after BrdU injection.  In a previous paper on 
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marmosets, a significant reduction in neural stem cell proliferation was 
reported when sacrifice occurred shortly after stress exposure [19]. In 
rodents, changes in neurogenesis after chronic stress [14, 18] were 
indeed shown to be reversible following a recovery period [12].  

In conclusion, neurogenesis in the DG and amygdala of adult 
marmosets was found to be insensitive to a psychosocial stress 
paradigm that included a recovery period.  Quantification of two 
markers of neurogenesis provide evidence there were no long-lasting 
changes in the population of surviving BrdU-labeled cells and DCX+ 
neuroblasts in each anatomical region. Whether the population of cells 
in the amygdala is entirely dependent on SVZ migration remains to be 
determined, but a large pool of migratory neuroblasts is present in the 
amygdala that is unlikely to be supported fully by new cell migration 
from the lateral ventricle. Given the similarities in distribution in other 
primate species, this suggests evolutionary conservation of structural 
plasticity outside the classic SVZ and SGZ zones. The exact functional 
role of these DCX+ cells in the amygdala remains to be further 
discovered. 
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Supplementary Figure 1: DCX+/BrdU+ cells are found in the marmoset 

amygdala. A) DCX+ cells in the BLA with short processes B) at high magnification 
show nuclear BrdU+ staining. C) DCX+ cells in the VACo are more complex but 
similarly D) at high magnification show BrdU+ nuclei. Scale bars = 500 μm (A,C), 20 
μm (B,D) 
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Abstract 
 

Microglia and astrocytes are thought to contribute to 
Alzheimer’s disease (AD) by responding to early disease features and 
contributing to chronic neuroinflammation. Despite the potentially 
pivotal role these cells play in disease progression, little is known about 
proliferation of these cell types during AD.  Previously, increased cell 
proliferation was identified in glia-rich regions of the AD hippocampus 
however the phenotype of these proliferating cells was not determined. 
We addressed this earlier finding by developing two triple-
immunohistochemical stainings to identify astrocytic and microglial 
proliferation in coordination with amyloid beta (Aβ) plaque deposition.  
Accordingly, three cohorts of age-matched individuals (aged >70 years) 
were studied for proliferative changes by co-localizing proliferating cell 
nuclear antigen (PCNA) with GFAP+ astrocytes and Iba1+ microglia.  
PCNA+ cells were found across hippocampus indicating ongoing 
proliferation.  Iba1+ cells, found in the same areas, co-labeled with 
PCNA, indicating microglial proliferation within the hippocampus of 
aged individuals.  Proliferating Iba1+ cells were specifically seen within 
the borders of Aβ plaques indicating an active response to plaque 
accumulation however Iba1+ cell density and morphology remained 
unchanged between disease cohorts.  Our data indicates that microglial 
proliferation occurs within the aged human hippocampus in a process 
spurred by Aβ plaques.  This process appears in various Aβ plaque 
subtypes and may contribute to known mechanisms of chronic 
neuroinflammation.    
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antibody (Ab)  

amyloid-β (Aβ) 

Alzheimer disease (AD) 

blood-brain barrier (BBB) 
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dentate gyrus (DG)  

glial fibrillary acidic protein (GFAP) 

GFAP immunopositive (GFAP+) 

glia maturation factor (GMF) 

Herpes Simplex Virus (HSV) 

Iba1 immunopositive (Iba1+) 

interleukin-1 (IL-1) 

neurofibrillary tangles (NFT)  

P2X7  receptor (P2X7R) 

paired helical filament (PHF-1) 

proliferating cell nuclear antigen (PCNA) 

PCNA immunopositive (PCNA+) 

Receptor of Advanced Glycation Endproducts (RAGE receptor) 

subgranular zone (SGZ)  
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Introduction 

Alzheimer disease (AD) is an age-associated chronic 
neurodegenerative disease and the most common form of dementia. 
The two main pathological lesions of AD, amyloid-β (Aβ) plaques and 
neurofibrillary tangles (NFTs) advance through the brain in a 
hierarchical manner, with the hippocampus affected early in the 
disease[1].  These protein accumulations are not directly correlated 
with cognitive decline as NFTs have been found in the hippocampus of 
elderly individuals irrespective of their cognitive status[2].   This brain 
structure is however highly relevant to the disease due to its critical 
role in learning, memory, and executive behavioral functions[3].  In 
addition to Aβ plaques and NFTs, neuroinflammation and glial changes 
are known to occur during AD[4].  Indeed, mixed epidemiological 
evidence has shown that anti-inflammatory drugs reduce the risk for 
AD[5].   

Neuroinflammation during AD is highly complex[6, 7] but microglia 
have been specifically implicated in aging and neurodegeneration[8, 9]. 
Multiple roles have been established for these immune cells during 
health and disease (reviewed by Graeber)[10]. While a number of 
endogenous protein markers exist, activated microglia express Iba1, an 
inducible protein that regulates actin remodeling[11]. Iba1 
immunopositive (Iba1+) cells exist in different activated states in the 
CNS that are morphologically identifiable. Activated cells typically have 
an amoeboid or rod-like morphology, as opposed to minimally activated 
cells that have short ramified processes. Microglia have been found to 
migrate to Aβ lesions[12] and have been identified in the periphery of 
Aβ plaques[13-15].  Microglia can degrade Aβ peptide in vitro[16, 17] 
and participate in clearance of Aβ from the brain[18], therefore 
responding for the aberrant protein accumulations.  This initial activity 
may however have deleterious effects as microglia are broadly 
implicated in neuroinflammation during AD (reviewed by McGeer)[19].  
These cells should be additionally noted as  having multiple age-related 
changes in morphology and function.  Most notably, it has been shown 
that microglia decline in proliferative function in aged and AD brains 
tissue; microglia exposed to repeated challenges to over time have a 
diminished capacity for proliferation that corresponds with cellular 
deterioration [20].  A proinflammatory signature has nonetheless been 
identified in AD hippocampus [21].  Activation and recruitment of 
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microglia occurs in concert with astrocytes as they secrete interleukin-
1 (IL-1), a major cytokine and potent activator of astrogliosis[22, 23].  

Astrocytes change with aging and AD showing hypertrophy with Aβ 
plaque pathology, but their active role in disease progression is 
unknown. Amyloid plaques can show intense astrocytic participation 
that is thought to correspond to ongoing degradation [24]. Astrocytic 
degradation of Aβ1-42 is known to depend on the aggregation state of 
the peptide[25], consistent with reports showing that cultured 
astrocytes can degrade Aβ1-42 [26] and N-terminal truncation of Aβ 
occurs in vivo[27, 28].  We previously documented increased 
proliferation in glia-rich regions of the hippocampus in pre-senile AD 
patients (≤70 years old) [29]. However, the phenotype of these 
proliferating cells, and their relationship to Aβ plaques, was unknown. 
Given the role of microglia and astroglia in disease, we anticipated 
proliferation of these cell types could explain the increased 
proliferation in AD.   

In the current study we therefore developed two triple-
immunohistochemical stainings to detect astrocyte or microglial 
proliferation in combination with Aβ pathology and examined three 
cohorts of age-matched individuals that differed in cognitive and 
neuropathological staging. We assessed; a) whether elderly cohorts 
(>70 years old) of demented or AD subject exhibited increased 
proliferation, b) if astrocytes (GFAP+) or microglia (Iba1+) contribute 
to these proliferative changes; and c) if proliferation has a direct 
relationship with Aβ pathology. Control and dementia cohorts were 
matched for AD pathology (Braak stages 1-2), but distinguished by 
cognitive status, i.e. demented or non-demented, and were compared to 
an AD cohort with severe pathology (Braak stages 4-5).     
 
Materials and methods 
Subjects 

Hippocampal brain tissue was obtained via the Netherlands Brain 
Bank rapid autopsy program in accordance with all local ethical 
legislation and in accordance with the ethical standards laid down in 
the 1964 Declaration of Helsinki. Signed informed consent was 
available for all patients in the study. Brain tissue was dissected and 
fixed in 10% buffered formalin for 1-2 months, then dehydrated before 
paraffin embedding. 8 μm sections were mounted on Superfrost Plus 
slides. Hippocampal tissue was obtained from 8 age-matched non-
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demented controls (Con), 8 clinically demented (Dem) cases, and 8 
confirmed Alzheimer disease (AD). Braak staging of the three groups 
were respectively: Con: 1.4 ± 0.2, Dem: 1.5 ± 0.2, AD: 4.8 ± 0.3. Age 
(yrs): Con: 80± 3 years of age, Dem: 84 ± 2, AD: 81 ± 2. Brain weight (g): 
Con: 1208 ± 65, Dem: 1238 ± 87, AD: 1125 ± 50. No significant 
differences in postmortem delay or fixation duration were present and 
the groups were further balanced male: female in a 1:1 ratio 
(Supplementary Table 1).  

 
Immunohistochemistry 

Sections were deparaffinized in xylene and rehydrated through 
graded ethanol solutions, then washed in 0.05 M PBS prior to antigen 
retrieval by heating in a food steamer (MultiGourmet FS 20, Braun, 
Kronberg/Taunus, Germany) for 60 minutes at 100 o C in citrate buffer 
(pH = 6.0). Sections were cooled to room temperature prior to 
incubation with 0.3% H2O2 to quench endogenous peroxidase activity. 
Primary antibodies were diluted in Dako Washing Buffer (Dako S3006, 
Glostrup, Denmark) supplemented with 10% fetal calf serum and 
incubated for 1 hr at room temperature (RT) and then overnight at 4o C.  

Triple immunostaining was performed through sequential 
development steps.  First, anti-Aβ antibody(Ab) (1:2,000 MAB1561, 
clone 4G8, Millipore, Billerica, MA, USA) was reacted with biotinylated 
sheep anti-mouse (1:500 Jackson ImmunoResearch, West Grove PA, 
USA), followed by incubation with avidin-peroxidase (Sigma, Germany) 
and development with Diaminobenzidine (DAB, Sigma, Germany) 
substrate. After washing, sections were incubated with anti-PCNA Ab 
(1:25,000 Dako M0879, Glostrup, Denmark) overnight, followed by 
donkey anti-mouse Alkaline Phosphatase conjugated Ab, and NBT/BCIP 
substrate to produce a blue stain. In order to inactivate the binding 
properties of the first round of antibodies and to retrieve additional 
GFAP and Iba1 epitopes, sections were then treated with EDTA (10 mM, 
pH = 9.0) in TRIS buffer for 30 minutes followed by washing and final 
incubation with rabbit polyclonal anti-GFAP (1:1,500 Dako Z0334, 
Glostrup, Denmark) or anti-Iba1 Ab (1:1,500 kindly provided by Dr. S. 
Kohsaka, National Institute of Neuroscience, Tokyo, Japan). 
Subsequently, sections were incubated with Alkaline Phosphatase-
conjugated donkey anti-rabbit (Jackson Immunoresearch, USA) and 
developed with Fast Red substrate to stain, in separate series, 
astrocytes and microglia dark red.   
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All secondary antibodies were incubated for 1 hr at room 

temperature. The anti-Aβ 4G8 antibody was found previously to 
provide the most consistent staining of diffuse plaques in FFPE human 
tissue. 4G8 Ab (recognizing amino acids 17-24 of Aβ peptide) 
recognizes extracellular APP domains containing the Aβ epitope and 
thus labels granule and pyramidal neurons as well as Aβ plaques. The 
anti-PCNA antibody has been validated before and identifies 
proliferating cell profiles in human brain. Iba1 has been validated to 
identify activated microglia in various CNS disorders like Creutzfeldt-
Jacob disease, brain tumor and influenza encephalitis . Glial fibrillary 
acidic protein (GFAP) is a classic member of the intermediate filament 
protein family involved in astrocyte cytoarchitecture and generally 
considered a sensitive marker of reactive astrogliosis in the CNS.   
 

Morphometry and quantification 
Cross sectional areas for the dentate gyrus and CA subregions 

were determined using StereoInvestigator software (Microbrightfield 
Inc, USA) linked to a Zeiss Axiophot microscope (Carl Zeiss AG, 
Germany) to outline the appropriate hippocampal subregions. No 
significant differences were observed across subregions, however 
surface areas of the CA1/2 trended toward being smaller in the AD 
cohort (one-way ANOVA p = 0.14). Cell count values were normalized to 
the surface area of each anatomical subregion.   

Quantification of PCNA+ and Iba1+ cells was obtained from the 
PCNA/Iba1/Aβ stained slides, while quantification of GFAP+ cells was 
obtained from the PCNA/GFAP/Aβ triple stained sections. All 
phenotypic quantification was performed in mid-level sections of the 
hippocampus.   

 
Results 
PCNA expression found across disease cohorts and hippocampal 

subregions 

We first studied GFAP+ and PCNA+ cells across cohorts to 
evaluate any association between the two protein markers.   We found 
PCNA+ cells at a low density throughout the main subregions of the 
hippocampus including the dentate gyrus (DG) and subgranular zone 
(SGZ) (Fig 1a, b), areas populated with granule neurons and neural 
stem cells respectively.  PCNA+ cells were seen adjacent to GFAP+ cells 
in the hilus and Cornus Ammonis (CA) regions of the hippocampus. 
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These cells were typically small and did not display membrane-bound 
APP (labeled by 4G8 antibody) as observed in adjacent granule and 
pyramidal neurons.  Hypertrophic GFAP+ astrocytes infiltrating Aβ 
plaques did not co-label with PCNA in any hippocampal subregion (Fig 
1c,d).  Regardless of astrocyte morphology, location, or plaque 
association, these cells did not co-label with PCNA.   

Within the CA regions, PCNA+ cells were found in astrocyte-rich 
regions that lacked Aβ pathology (Fig. 1f), and, consistent with our 
previous findings, they were also present in the vascular epithelium 
(Fig. 1g,h). The population of PCNA+ cells was not significantly elevated 
in the AD cohort; rather the dementia cohort showed the greatest 
amount of proliferation (Fig. 1j). Quantification of PCNA+ cells trended 
toward a significant increase in the dementia cohort: Con: 3 ±1 cells, 
Dem: 18 ±5 cells, and AD: 12 ±3 cells within the CA1/2 subregion (one-
way ANOVA p=0.07 excluding dementia case 97-004 with an 
exceptionally high density of 232 PCNA+ cells in the CA1/2). 

GFAP+ astrocytes showed a characteristic, spider-like cellular 
morphology. They were seen in close proximity to neurons and blood 
vessels with endfeet clearly visible, contacting blood vessel walls. In the 
CA regions and subiculum hypertrophic astrocytes were observed with 
processes infiltrating diffuse, primitive, and dense-core Aβ plaques (Fig 
1c,d). These cells had larger cell bodies and processes compared to 
astrocytes not associated with plaques, however, not all astrocytes 
close to plaques (within 50 µm) showed this hypertrophic morphology. 
GFAP expression was enriched in the stratum moleculare and stratum 
lacunosum of the AD hippocampus, where astrocytes are found 
preferentially with Aβ plaques (Fig 1e). A significantly increased 
population of GFAP+ cells was observed in the CA1/2 area in the AD 
patient cohort compared to controls (Fig 1i) (one-way ANOVA p = 0.02). 

The population of Aβ plaques with invasive hypertrophic GFAP+ 
astrocytes was increased in the AD population (One-way ANOVA 
p<0.001). However, we did not observe any indication that mature 
astrocytes proliferate in the presence of Aβ plaques.  
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Figure 1. GFAP and PCNA expression in the human hippocampus A) Immuno-
labeled GFAP+ (red) and PCNA+ (blue) did not co-localize in the SGZ or other areas of 
the hippocampus. B) PCNA+ cells (arrows) were found in glia-rich regions and C) and 
blood vessels of the hippocampus. D) PCNA+ cells were observed in the presence of 
hypertropic astrocytes with processes infiltrating Aβ plaques (black). E) A low-
magnification image representative of GFAP and Aβ plaques distributed through the 
CA areas, with heavy staining in the stratum moleculare and stratum lacunosum F) 
GFAP+ cells were found at higher density in the CA1/2 region in the AD versus Control 
subjects (One-way ANOVA p<0.001). Scale bars: left panels A and D, B = 50 μm. right 
panels A and D, C = 20 μm; panel E = 500 μm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 4 91 

 
Iba1 morphology unchanged across conditions, microglia 

proliferate in all hippocampal subregions.  

Since GFAP+ astrocytes did not co-label with PCNA, we next used 
combined Iba1-PCNA immunocytochemistry to test microglial 
proliferation. In the brains of aged subjects, Iba1+ microglia had a 
ramified morphology with observable processes. There were neither 
morphological alterations nor quantitative changes in Iba1 expression 
across patient cohorts (one-way ANOVA p = 0.43)(Figs 2a-d). 
Furthermore, local expression of Iba1 was not associated with areas 
enriched for GFAP expression or Aβ deposits, like the stratum 
moleculare and stratum lacunosum (Fig 2e).  

Microglia within the CA subregions co-labeled with PCNA+ (Fig 2f) 
and Iba1+/PCNA+ co-expression was also seen in the DG and SGZ (Fig 
2g,h). We closely inspected mature pyramidal neurons for evidence of 
PCNA expression, but never observed neurons co-labeled with PCNA 
although clear examples of proliferating and non-proliferating microglia 
were found adjacent to pyramidal neurons (Fig 2i, j). A Herpes Simplex 
Virus (HSV) encephalitis brain sample was included as positive control 
(Fig 2k,l). HSV encephalitis is observed as an acute focal, necrotizing 
inflammation; infection of neurons is thought to occur after infection of 
vascular endothelium[39]. In agreement, frequent PCNA+/Iba1+ cells 
were found in blood vessels. These Iba1+ cells had an amoeboid 
morphology, unlike the ramified cells found in the aged patient cohort, 
indicating active clearance of cellular debris.    
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Figure 2. Iba1 morphology and proliferation in human hippocampus A-C) 
Representative images for Con, Dem, and AD subjects respectively, illustrating no 
morphological changes in the appearance of Iba1+ (red) cells. D) Quantitative analysis 
of Iba+ cell density showed no significant difference between cohorts. Ramified Iba1+ 
cells throughout the hippocampus coexpress PCNA (arrowheads): E) representative 
Aβ and Iba1 distribution, F) ramified and proliferating Iba1+ cells the in CA3 in the 
absence of Aβ plaques, G-H) in the GCL across patient cohorts, I-J) near pyramidal 
neurons expressing APP (black). K-L) Positive control section from a brain infected 
with Herpes Simplex Virus encephalitis (HSVE). Infected vessels show activated Iba1+ 
microglia and co-expression of PCNA (arrowheads). Scale bars A-C= 100 μm, E= 500 
μm, F= 50 μm, G-J = 20 μm, K = 50 μm, L=20 μm. 

 
 

Aβ plaque load, morphology and degradation 
Similar to earlier studies, the 4G8 antibody labeled diffuse, 

primitive, dense-core, and remnant Aβ plaque profiles[24]. Remnant 
plaques show intense astrocytic participation with ragged edges 
indicative of degradation. The control and dementia groups had a 
similar degree of Aβ staining in the hippocampus; Aβ plaques in control 
and dementia cases were mainly confined to the subiculum and 
parahippocampal gyrus. As expected, total Aβ plaque load was 
significantly increased in the hippocampus in the AD cohort compared 
to the control and dementia groups (one-way ANOVA p<0.001) (Fig 3g). 
Morphologically, the plaque pathology in the AD cohort was distinct 
from the control and dementia sections; AD cases had a significant 
increase in dense-core (One-way ANOVA p<0.01) and GFAP-associated, 
i.e. degraded plaque subtypes (One-way ANOVA p< 0.001).   

Interestingly, Iba1+ cells often formed a concentric ring around 
Aβ dense-cored plaques and were generally found in close association 
to plaques (Fig 3a-d). Iba1+/PCNA+ double-labeled cells were visible 
within the borders of Aβ plaques (Figs 3b). Also, PCNA+ single-labeled 
cells were found associated with degraded plaques, often within 200 
µm of all plaque subtypes (Figs 3e,f). The majority of plaques however, 
did not show evidence of proliferating PCNA+/Iba1+ microglia. 

Despite this evidence that microglia proliferate directly at sites 
of Aβ deposition and in proximity to plaque-laden areas, there was no 
quantitative increase in overall Iba1+ cell numbers in the AD cohort. 
Similarly, no statistically significant increases were found in the 
number of Iba1+ cells co-localized with Aβ plaques in AD compared to 
the control and dementia cohorts (one-way ANOVA p= 0.49).  
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Figure 3. Glia Participate in plaque morphology and degradation. Please note that 
chromogen Fast Red was used to visualize either microglia (top panels) or astrocytes 
(bottom panels) in these images; A-D) Iba1+ cells participate in the formation of 
dense-core plaques; proliferating Iba1+ cells (arrowheads) are seen within plaques. 
(E-F) GFAP+ astrocytes participate in degradation of multiple plaque subtype; 
proliferating cells (arrowheads) within the borders of plaques degraded by GFAP+ 
astrocytes. Scale bars A-F = 50 μm. G) Plaque load was significantly increased in the 
AD cohort compared to Con and Dem cohorts (One-way ANOVA p<0.001) H) 
Hippocampal cross sectional areas were not significantly different. 

 

 

Discussion 

We investigated proliferative changes in glia of the human 
hippocampus with a specific focus on cognitive status and Aβ pathology. 
Proliferating cells were found throughout the hippocampal subregions 
including the CA areas and astrocyte-rich regions. In contrast to a group 
of younger cases we studied before[29], proliferation was not increased 
in either the senile dementia or AD cohorts when compared to age-
matched controls. PCNA+ profiles were never observed in GFAP+ 
astrocytes indicating that mature astrocytes do not proliferate or re-
enter the cell cycle during dementia or AD. Iba1+ microglia however, 
did co-express PCNA across cohorts. They were specifically present 
within the borders of Aβ plaques, indicating that microglia proliferate 
directly at the site of Aβ deposition.  Our observations agree with 
previous findings regarding microglial participation in formation and 
maintenance of Aβ plaques, specifically dense-core subtypes identified 
by a concentric ring of Iba1+ microglia.   

In contrast to our previous study that utilized a group of 
younger, i.e. pre-senile AD patients (mean age 66 years) [29], the 
present study was conducted with an older cohort of AD and dementia 
subjects (mean age 81 years).  Proliferation was highest, although not 
statistically significant, in the dementia cohort when compared to the 
control subjects and AD cases suggesting that proliferation and 
microgliosis may impact cognitive function.     

The morphology of the microglial cells indicated that they were 
minimally activated, when compared to the hyper-ramified and rod-like 
Iba1+ morphologies observed e.g. in pediatric epilepsy patients[40]. 
Our present Iba1 stainings highlight that compared to other severe 
neurological disorders, microglia do not show dramatic changes in 
quantity or morphology during AD. Whereas aged microglia in general 
do not show maximal activation when studied morphologically, there is 
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evidence that these cells in functional terms, are highly pro-
inflammatory. Ex-vivo microglia cultures isolated from aged mice have 
shown elevated production of proinflammatory molecules Il-6 and TNF-
α, while microglia from old animals further have a decreased ability to 
internalize Aβ compared to young animals[41].  

An interesting concept in this respect is that microglial and 
astroglial responses may be coordinated in a concerted manner that 
increases neuroinflammation. As recently described, increased levels of 
glia maturation factor (GMF) were detected in the periphery of Aβ 
plaques[42].  GMF is primarily expressed in astrocytes and responsible 
for enhanced production of TNF-α, Il-1β, Il-6, and IP-10 by microglia 
[43]. Hence, a combination of primary astrocytic and microglial 
responses may occur during plaque deposition. As each cell type 
responds to Aβ plaques, microglial proliferation and astrocytic GMF 
expression may be complementary processes that enhance local 
inflammation at Aβ plaque sites. It will be of interest to address the 
relationship between these events in future studies.   

Our data showing microglial proliferation agrees with previous 
findings regarding P2X7  receptor (P2X7R) in the AD brain.  This 
membrane-bound, purigenic, ATP binding receptor is expressed in both 
monocytes and microglia.  Microglia isolated from AD brain have shown 
elevated P2X7R expression where the receptor was found to facilitate 
Aβ induced cytokine production [44]. Interestingly, transfection of cells 
with P2X7R leads to increased proliferation rates[45].  In primary 
hippocampal cultures, overexpression of P2X7R, in the absence of 
pathological insults, is sufficient to drive microglial activation and 
proliferation[46].  In an AD mouse model, P2X7R was up regulated in 
microglia cells that surrounded plaques[47].   

While proliferating microglia are seen in the hippocampus, the 
source of these cells remains to be determined. CNS microglia are 
unique because two populations exist, namely resident cells present 
since development, and infiltrating microglia that are derived from 
circulating bone marrow-derived monocytes that pass the blood-brain 
barrier (BBB). Iba1 identifies microglia in the brain regardless of their 
source.  Determining the kinetics of microglial infiltration during a 
chronic disease is challenging, however hints have been provided.  
During the early stages of experimental autoimmune encephalitis 
resident microglia incorporate thymidine analog BrdU+ when no 
monocytic infiltration is present, indicating that proliferation of local 
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cells expands the microglial population during the early disease phase 
[48][49].  It is not clear if these models can be expanded to AD as 
experimental evidence suggests circulating cells may be involved in AD.  
In vitro experiments indicate that monocyte recruitment across the 
BBB is increased by Aβ peptide interaction with RAGE receptor[50]. 
Additionally, bone marrow-derived microglia have been shown to 
drastically reduce plaque burden in AD models[51].  As such, the source 
and kinetics, i.e. mitotic and apoptotic regulation of each population 
remains to be determined during AD.     

Proliferation in brain microvessels may also serve as an 
indicator of progressive disease.  In agreement with earlier studies, we 
found PCNA+ cells associated with the vasculature [29, 52]. These cells 
may represent perivascular macrophages, or monocytes becoming 
perivascular macrophages [52]. Alternatively, PCNA+ expression 
associated with the vasculature may correspond with damaged blood 
vessels. Stroke-associated conditions and oxidative endothelial injury 
are well known to induce PCNA expression in vascular smooth muscle 
cells isolated from brain arterioles[53, 54] but from the patients 
records, there are no indications that this has played a role in our 
cohort.  

PCNA+ profiles were clearly missing from mature hippocampal 
neurons, which are known to re-enter the cell cycle during AD.  
Expression of PCNA in mature hippocampal neurons is part of a cascade 
of events preceding neuronal death[55]. In agreement, other cell-cycle 
makers, including cyclin B1, cyclin D, and cdk4 have been observed in 
neurons during prodromal or later stages of AD[56]. These neurons are 
often also positive for intraneuronal accumulations of paired helical 
filament (PHF-1) tau [57]. Cell cycle protein expression during AD is 
supported by reports of increased neuronal aneuploidy in early AD[58], 
reviewed by Bonda et al.[59]. Our study does not conflict with the 
literature regarding neuronal cell cycle re-entry.  Our triple-staining 
protocol was specifically developed to identify proliferation in glia; a 
number of methodological differences exist between our protocol and 
those identifying neuronal cell cycle re-entry.  We employed a unique 
antigen retrieval technique with a low concentration of PCNA antibody 
to create a sensitive method for detecting proliferating glia and 
perivascular macrophages.  Our results agree with previous 
neuropathological studies showing that microglia proliferate and 
change morphology consistent with activation[60]. 
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Despite its limitations, postmortem histological investigation of 

human brain remains important, particularly since modeling glial 
participation in transgenic mice has so far provided conflicting results. 
For instance, microglia played almost no role in the formation and 
maintenance of Aβ plaques in transgenic mice that lacked 
microglia[61]. However, others have shown microglial engagement in 
dense-cored plaques, more closely mirroring human pathology[62]. 
Bone marrow-derived microglia found inside the brain have been 
shown to drastically reduce plaque burden in animal models of 
disease[51]; a number of studies have found that increased microglia 
activation reduced Aβ accumulation in APP transgenic mice[63-65]. 
Real time, in vivo 2-photon imaging further showed that plaques 
remain stable over time despite a rapid microglia response[12], which 
was confirmed in a follow-up study of study of longer duration [66]. 
However, the fact that transgenic mice seldom recapitulate the regional 
variability of Aβ plaques seen in human AD suggests that these mouse 
models are not well suited for studying the complex in situ microglial 
responses that occur in the human brain[67].     

We have refined earlier findings regarding cell proliferation, 
showing that Iba1+ microglia proliferate in the hippocampus of aged 
individuals.  The data and discussion here, while focused on Aβ plaques, 
does not rule out stimulation through additional mechanisms.  
Collectively it appears that neuroinflammation plays an important role 
in the AD phenotype, this work further establishes microglia as an 
important player in the balance of health and disease.  
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Abstract 

Hippocampal neurogenesis can be regulated by extrinsic factors, such 
as exercise and antidepressants.  While there is evidence that the 
serotonin re-uptake inhibitor (SSRI) fluoxetine enhances neurogenesis, 
the new dual serotonin/norepinephrine reuptake inhibitor (SNRI) 
duloxetine has not be evaluated in this context.  In addition, it is unclear 
whether effects of antidepressants and running on cell genesis and 
behavior are of similar magnitude in mice.   Here, we assessed  
neurogenesis and open field behavior in 2 month old female C57Bl/6 
mice after 28 days of treatment with either fluoxetine (18 mg/kg), 
duloxetine (2, 6 or 18 mg/kg) or exercise. New cell survival, as 
measured by 5-bromo-2´-deoxyuridine (BrdU) labeled cells, was 
enhanced by 200% in the running group only. Both running and 
fluoxetine, but not duloxetine, increased the percentage of new cells 
that became neurons. In the open field test, drug treated animals spent 
less time in the center than controls and runners. In addition, fluoxetine 
treatment resulted in reduced locomotor activity.  Together, the data 
shows that the neurogenic response to exercise is much stronger than 
that produced by antidepressants and implies that the reported 
anxiolytic effect of these two drugs are unlikely to be mediated by adult 
neurogenesis in C57Bl/6 mice.  
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1. Introduction 

Depression and anxiety disorders are common health problems 
with 10-20% lifetime prevalence [1].  Antidepressants, such as the SSRI 
Fluoxetine hydrochloride (fluoxetine) are prescribed to more than 40 
million patients worldwide [2]. The mechanism of action for 
antidepressants as well as the pathophysiology of depression is poorly 
understood [3]. The observed hippocampal atrophy in depressed 
patients [4, 5] has raised the possibility that stress-induced reductions 
in adult hippocampal neurogenesis may in part underlie the condition 
[6-9]. Additional evidence in support of a link between adult 
neurogenesis and depression is that antidepressants promote newborn 
cell proliferation[10, 11] survival and neurogenesis [11-13] . In 
addition, the 3–4 week therapeutic lag coincides with the maturation 
time-course of newly born neurons[14] (Jacobs et al., 2000). 
Furthermore, some classes of antidepressants (tricyclics and SSRIs) 
reverse depression-like phenotypes in behavioral tests for anxiety, like 
the novelty suppressed feeding task (NSF) [15] . 

 Similar to pharmacological agents, exercise has anti-depressant 
and anxiolytic effects [16].  Clinical data from humans shows that 
running and antidepressants have similar efficacy for treating major 
depressive disorder [17].  In the hippocampus running increases 
trophic factor levels [18, 19], angiogenesis [20], dendritic spine density 
[21] and synaptic plasticity [22]. Specific to the dentate gyrus (DG) 
subfield of the hippocampus is a robust increase in neurogenesis with 
exercise [23]. Both running and antidepressants increase BDNF levels 
[18, 24], which is hypothesized to contribute significantly to 
neurogenesis and the regulation of mood [25]. In addition, exercise 
elevates monoamine levels [26] including the precursor for serotonin 
synthesis, tryptophan hydroxylase [27], which may mediate the 
reported anti-depressant effect of exercise. Despite the similar 
behavioral and neurogenic effects of exercise and antidepressants, few 
direct quantitative and qualitative comparisons have been made 
previously [24, 28].  Neither has much attention been paid to significant 
gender differences in prevalence of anxiety; girls are twice as likely as 
boys to have experienced an anxiety disorder by age 6 [29, 30].  These 
differences extend through adolescence and into adult populations.  
Separate epidemiological studies have identified that women are at 
higher risk for developing anxiety disorders than men [31, 32].  
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Lifetime prevalence for depression is about  21% in women and 13% in 
men in the United States[33].   

Therefore, we compared effects of two antidepressants and 
running on neurogenesis and open field behavior, as a test for anxiety in 
female mice. Specifically, the SSRI fluoxetine and the more potent, new 
antidepressant duloxetine [34] were evaluated in a chronic four week 
dosing paradigm and compared to exercise. These two compounds 
differ in inhibitory constants (Ki) and pharmacokinetics; Duloxetine 
e.g., is a 4-fold more potent inhibitor of serotonin receptors and 
preferentially partitions to the brain, while fluoxetine has low blood-
brain-barrier penetration [34], By comparing both fluoxetine and 
duloxetine, the norepinepherine reuptake inhibition (NRI) 
pharmacology present in duloxetine could be evaluated. To study 
potential effects on neurogenesis, the 18 mg/kg duloxetine dose was 
compared to a previously published 18 mg/kg fluoxetine dose [15]  in 
addition to a 10-fold lower dose (2 mg/kg), and a middle dose (6 
mg/kg). Here we show, that in contrast to running, neither the dual-
pharmacology anti-depressant Duloxetine nor fluoxetine improved new 
cell survival whereas fluoxetine did enhance neuronal differentiation of 
the newly generated cells. These findings suggest a low likelihood that 
psychotropic effects of SSRI and SNRI compounds are mediated by adult 
neurogenesis. 

 
 

 

2.    Results 

2.1 Behavior 

All of the mice where individually housed at the start of the 
experiment with one group assigned to running wheel cages (n=6).  The 
average distance run per day was 4.5 + 0.7 km.  Twenty-one days after 
the start of the experiment mice were tested in open field arenas to 
evaluate exploratory behavior and anxiety. One way analysis of 
variance (ANOVA) with repeated measures over time (30 min total, 
divided into 5 min bins) revealed that there was a significant 
interaction between distance traveled over time and group (F(5,25) 
=1.61, p<0.044). Specific post-hoc comparisons showed that the 
fluoxetine treated mice had significantly reduced overall locomotor 
activity as compared to controls (p<0.047), and a strong non-significant 
trend as compared to runners (p=0.057) (Fig. 1a).  Furthermore, to 
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assess anxiety levels the time spent in the center of the open field was 
measured. One way ANOVA (Group x Center time) revealed a significant 
difference between the groups (F(5,30) = 3.08, p<0.02). Post-hoc 
comparisons showed that fluoxetine treated mice (p<0.016) as well as 
both the duloxetine 6 mg/kg and 18 mg/kg groups (p<0.05) spent less 
time in the center than controls and runners (Fig. 1b). Taken together, 
the open field data suggest that motor activity is reduced by fluoxetine 
at a dose of 18 mg/kg and that neither fluoxetine nor duloxetine has 
anxiolytic effects in female C57Bl/6 mice (Figure 1). 
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Figure 1: Locomotor activity in the open field.  a. Mice on the SSRI fluoxetine 
traveled a smaller distance than controls (p<0.047) or runners (p<0.057).  b. Mice on 
fluoxetine (p<0.016) and duloxetine (6 and 18 mg/kg), (p<0.05) spent significantly 
less time in the center and more time in the periphery of the maze than controls and 
runners. N=6 mice per group, error bars indicate SEM. *p<0.05. 

 

2.2 Survival and phenotype of newborn cells 

Mice were injected with bromodeoxyuridine (BrdU) for four days 
(75 mg/kg) to label dividing cells.  BrdU is a thymidine analog 
incorporated into the DNA of dividing cells during genome replication.  
This allows BrdU containing nuclei in the DG to be identified through 
immunohistochemistry.  One way ANOVA showed that there was a 
significant difference between the groups (F(5,30) = 21.87, p<0.0001). 
Specific comparisons showed that runners had a significantly higher 
number of BrdU positive (BrdU+) cells as compared to all other groups 
(p<0.0001) (Fig. 2e).  

In order to establish whether BrdU+ cells had matured to become 
granule neurons in the DG we co-labeled these cells with mature 
neuronal nuclei marker (NeuN).  Sections were double-labeled with 
primary antibodies for BrdU and NeuN and incubated with species-
specific secondary antibodies conjugated to Alexa-488 and Cy5 
fluorophore dyes, respectively.  Z-stack images were obtained on a 
spinning-disk confocal microscope and neurons in the DG were 
analyzed for the presence of both markers (Fig. 2a-d).  Since only the 6 
mg/ kg dose of duloxetine showed a trend toward increased survival of 
BrdU+ cells, this was the only duloxetine group to be evaluated for cell 
fate analysis. One way ANOVA showed a significant difference in the 
percentage of BrdU/NeuN positive cells between the groups 
(F(5,30)=21.87, p<0.0001).  Specific comparisons showed that both 
fluoxetine (p<0.003) and running (p<0.0006) significantly increased the 
population of BrdU/NeuN-positive cells, while there was no effect of 
duloxetine (Fig. 2f).   
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Figure 2:  The effects of running and antidepressants on cell survival and 

neurogenesis.  Representative photomicrographs (a. control, b. duloxetine 6 mg/kg, 
c. fluoxetine 18 mg/kg, d. runner) of the SGZ demonstrate the location of BrdU labeled 
cells (green) within the contour of the DG labeled with NeuN (red).  e. Running mice 
had a more than 2-fold increase in the number of surviving BrdU labeled cells.  F.  
Fluoxetine and running both significantly increased the percentage of BrdU cells co-
localizing with the neuronal marker (NeuN). N=6 mice per group, error bars indicate 
SEM. *p<0.003. 
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3. Discussion 

We studied female C57Bl6 mice to compare the effects of chronic 
treatments with antidepressants and exercise on parameters of anxiety 
and neurogenesis. In the open field, the SSRI fluoxetine reduced 
distance traveled in the open field indicating that locomotor activity 
was suppressed. Surprisingly, both duloxetine (at doses of 6 and 18 
mg/kg) and fluoxetine (18 mg/kg) reduced the amount of time spent in 
the center of the open field.   Regarding new cell survival, only runners 
had a significant increase in BrdU+ cells as compared to control 
animals.  However, both exercise and fluoxetine enhanced neuronal 
differentiation. The SNRI duloxetine affected neither cell survival nor 
neurogenesis. These findings suggested that only some classes of 
antidepressants can exert a mild neurogenic effect which does not 
clearly correlate with reduced anxiety in the open field.  

Interestingly, there was no effect of fluoxetine on new cell survival. 
This finding differs from the initial report in male rats [12], but is 
consistent with research by others in female rats [35].  Our results 
support previous findings that the neurogenic effects of anti-
depressants are also indeed hinged upon age..  There is evidence that 
enhanced survival occurs upon administration of fluoxetine in mice that 
are less than 3 months-old but that aging abolishes this effect on new 
cell survival [36, 37]. Our study with young mice however, does not 
show increased BrdU labeling in the C57Bl/6 strain, similar to another 
study [38].  A side by side comparison of inbred mouse strains found 
that responses to fluoxetine were dependent on inherent predisposition 
for serotonin-induced neurogenesis [39].  Separate experiments 
confirmed that chronic fluoxetine administration did not alter 
hippocampus neurogenesis in BALB/cJ mice [40] or in Sprague-Dawley 
rats [41].  Altogether the outcome of the present study and work by 
others indicates that anti-depressants have a mild neurogenic effect 
that depends on sex, strain, age and pharmacology of the 
antidepressant.  

Upon testing in the open field runners did not differ from controls 
with regard to distance traveled and the amount of time spent in the 
center of the field. As running is considered anxiolytic it may be 
expected that runners would adapt more quickly to the open field and 
would spend more time in the center. However, in mice there appear to 
be gender differences in this regard. Male mice show better adaptation 
and more center entries after two weeks of voluntary wheel running 
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[42]. Consistent with the results of the present study, in an experiment 
in which mice ran for 3 months female runners did not differ in open 
field behavior from controls [43]. 

Analysis of the effects of antidepressants on open field behavior 
revealed differences between the SNRI duloxetine and the SSRI 
fluoxetine. Adaptation to the open field was not changed by treatment 
with duloxetine. This is consistent with other reports that duloxetine 
does not affect locomotor activity [44]. Fluoxetine treated mice, on the 
other hand, showed reduced locomotion in the open field. This finding 
is in contrast to several reports using a similar dose range that show 
that fluoxetine increased activity [44, 45]. Other researchers, however, 
report that a lower dose of fluoxetine (6 mg/kg) reduces the amount of 
voluntary wheel running [46] and that a 10 mg/kg dose reduces 
distance traveled in the open field [47].  In addition, treatment with 
fluoxetine as well as duloxetine at the 6 and 18 mg/kg doses resulted in 
less time in the center of the field than controls and runners. These 
findings may be specific to the C57Bl/6 strain as it has been reported 
that there is only an increase in center time with fluoxetine in the more 
anxious Balb/C mouse strain [47]. 

Consistent with previous reports, 4 weeks of voluntary wheel 
running resulted in a robust enhancement in the survival of newly born 
cells in the DG of the hippocampus as well as an increase in 
neurogenesis. This finding has been replicated in different mouse 
strains, ages and exercise paradigms [23, 48]. The antidepressants, on 
the other hand, appear to have minimal neurogenic effects. The potent 
SNRI Duloxetine did not change cell survival or neurogenesis at any of 
the doses tested. It is possible that this anti-depressant has an entirely 
different mechanism effect on the factors mediating neurogenesis when 
compared to fluoxetine. While administration of duloxetine has been 
associated with a significant increase in BDNF mRNA levels in frontal 
cortex [49], in the hippocampus only the synaptic compartment shows 
a change [50]. Fluoxetine, on the other hand results in a significant 
upregulation of BDNF protein in the hippocampus [51] and was shown 
to increase neuronal differentiation in the present study, consistent 
with previous research in mice [37, 38].  However in rats, fluoxetine has 
not shown induction of BDNF protein[12, 35], indicating that the ability 
of fluoxetine to induce BDNF may be species-dependent[52] 

In summary, the present study shows that exercise has a robust 
effect on hippocampal neurogenesis, whereas of the two 
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antidepressants tested only fluoxetine enhanced neuronal 
differentiation. In addition, antidepressant treated mice spent less time 
in the center of the open field. These findings suggest there is no close 
association between the neurogenic and anxiolytic effects of 
antidepressants in female C57Bl6 mice. 

 

4. Experimental Procedures 

4.1 Mice 

Female C57Bl6J mice (5 weeks old) were purchased from the 
Jackson Lab (Bar Harbor, ME).  The mice were maintained on a 
standard NIH-07 diet (Harlan-Tekland, Indianapolis, IN) with free 
access to water during a 12-hour light/12-hour dark cycle.  Two weeks 
after arrival the animals were housed individually and randomly 
assigned to control (con), Fluoxetine 18mg/kg (flu 18), and  Duloxetine 
2/6/18 mg/kg  (dul 2/6/18) or running (run) groups.  Anti-depressants 
were obtained from Toronto Research Chemicals (TRC Inc, North York, 
Ontario, Canada), dissolved in sterile saline, and administered once-
daily by subcutaneous injection. Control animals received sterile saline 
only, injections were performed daily shortly before lights out at 
18:00hrs.  The running mice were housed with a running wheel and 
distance run was recorded daily (Clocklab, Coulborn Instruments, 
Whitehall, PA). In order to analyze newborn cells, BrdU (75 mg/kg) was 
injected intraperiotoneally for the first 4 days. Twenty eight days later, 
animals were deeply anesthetized by isoflurane inhalation and perfused 
with phosphate buffered saline.  Animals were decapitated and brains 
were immediately removed. The right hemisphere was washed and 
placed in 4% paraformaldehyde for immunohistochemistry while the 
left hemisphere was dissected and frozen on dry ice for biochemical 
analysis in a separate study.  All animal procedures were done in 
accordance were approved by the National Institute of Health Animal 
Care and Use Committee.   

 
4.2 Open Field Arenas  

Animals from all 6 groups were randomized and tested on 2 
consecutive days in an open field arena (27.3 x 27.3 cm, height 20.3 cm) 
( Med Associates Inc., Georgia, VT).   Animals were placed in the center 
of the arena at the beginning of the testing paradigm and were left 
undisturbed for 30 minutes.   All testing occurred between 08:00 and 
11:00 hrs on the day of testing. The center zone was defined as a 10.2 
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cm square equidistant from the peripheral walls. Each arena had a black 
floor and walls where x-y movements are monitored by two sets of 
pulsed-modulated infrared photobeams.  This tracking system records 
data directly to a networked computer and measures ambulatory 
counts, entries into defined zones, distance traveled, and time spent in 
each zone (Med Associates Inc., Georgia, VT).   
 

4.3 Bromodeoxyuridine immunohistochemistry 

Fixed brain hemispheres were transferred to 30% sucrose in 0.1 
M PBS, pH 7.4, until they sank. Brains were then cut coronally in 40 µm 
serial sections on a fast-freezing sliding microtome and stored in a 96-
well plate.  A one-in-six series of free floating sections was washed 
thoroughly in TBS and pre-incubated with 0.6% H2O2 for 30 minutes. 
After rinsing, the sections were incubated in 2N HCl at 37° C for 30 
minutes to denature DNA then neutralized in 0.1 M Borate buffer at RT.  
After thorough washing, the sections were blocked with TBS++ (3% 
Donkey Serum-0.05 M TBS, 0.5% Triton-X 100) for 30 min at room 
temperature and incubated with rat anti-BrdU (1: 200, Accurate 
Chemical Westbury NY) overnight at 4o C.  Thereafter, the sections were 
washed and immersed in biotin-SP-conjugated donkey anti-rat IgG (1: 
250, Jackson ImmunoResearch, West Grove, PA) followed by 2 hrs in 
ABC reagent (1:1000, Vestastain Elite; Vector Laboratories, Burlingame, 
CA).  The sections were then incubated with the substrate 3, 3’-
Diaminobenzidine (D4418, Sigma, St. Louis, MO) for 5 min to visualize 
the cells that had incorporated BrdU.   All cells within the granule cell 
layer and subgranular zone were counted with a 40x objective.  Six mid-
level dentate gyrus sections were counted from the right hemisphere of 
each animal and multiplied by 6 corresponding to the 1:6 sampling 
through the region yielding a standardized total number of BrdU+ cells 
in the right hemisphere. 
4.4 Double immunofluorescence for cell fate analysis 

Free floating sections (1:6 series) were simultaneously incubated with 
primary antibodies against BrdU (1: 100 Accurate Chemical Westbury 
NY) and NeuN (1:100 Millipore, Billerica, MA).   Antibodies were diluted 
in TBS++ and then sections were incubated for 48 hr at 4o C.  After 
rinses in TBS++ and TBS sections were co-incubated with donkey ant-
rat Alexa Fluor 488 (1:250, Molecular Probes, Carlsbad, CA) and donkey 
anti-mouse Cy3 fluorophore dyes (1:250, Jackson ImmunoResearch, 
West Grove, PA) for 2 hours at RT.  Z-stacked images of cells in the 
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granule cell layer were imaged on an Olympus IX81 spinning disk 
confocal microscope (Olympus, Center Valley, PA). At least 50 cells in 
the DG of each mouse were analyzed for double-labeling between BrdU 
and the neuronal marker NeuN. 
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ABSTRACT 

Age-related memory loss is considered to commence at middle-
age and coincides with reduced adult hippocampal neurogenesis and 
neurotrophin levels. Consistent physical activity at midlife may 
preserve brain-derived neurotrophic factor (BDNF) levels, new cell 
genesis and learning. In the present study, 9-month-old female 
C57Bl/6J mice were housed with or without a running wheel and 
injected with bromodeoxyuridine (BrdU) to label newborn cells. Morris 
water maze learning, open field activity and rotarod behavior were 
tested 1 and 6 months after exercise onset.  Here we show that long-
term running improved retention of spatial memory and modestly 
enhanced rotarod performance at 15 months of age. Both hippocampal 
neurogenesis and mature BDNF peptide levels were elevated after long-
term running.  Thus, regular exercise from the onset and during middle-
age may maintain brain function. 
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INTRODUCTION 

Memory deteriorates during the course of normal aging. In 
humans, this process begins in early adulthood and progresses linearly 
from age 20 to age 80 (Park et al.,2002). From middle age onwards, age 
related cognitive, anatomical and physiological deficits begin to appear 
(Granger et al., 1996; Lynch et al., 2006). The hippocampus is 
particularly vulnerable in this regard. Rodent studies have shown 
reduced dendritic branching, spine density and decreased 
vascularization (Black et al., 1990;Geinismann et al., 1992; Sonntag et 
al., 1997; Driscoll et al., 2003; Mattson and Magnus, 2006). In addition, 
adult neurogenesis (Kuhn et al., 1996), brain-derived neurotrophin 
factor (BDNF) and trkB levels (Silhol et al., 2005) as well as 
BDNFmediated synaptic plasticity (Rex et al., 2006) are reduced. 
Concomitantly, hippocampal-dependent memory function deteriorates 
with age (Erickson and Barnes, 2003). Moreover, age-related deficits in 
spatial navigation tasks, such as the Morris water maze (Morris et al., 
1982) occur earlier in females than males (Markowska,1999; Frick et 
al., 2000). 

Accumulating evidence indicates that exercise improves 
hippocampal function, even in aged animals. Spatial learning is 
enhanced in old mice following voluntary wheel running (van Praag et 
al., 2005; Barrientos et al., 2011) or treadmill exercise (Albeck et al., 
2006; Aquiar et al., 2011). Physical activity also increased dentate gyrus 
new cell number and neuronal differentiation though to a lesser extent 
than in young animals (van Praag et al., 2005; Kohman et al., 2011). In 
another study, voluntary exercise reversed age-related decline in cell 
proliferation but failed to reachthe level of younger animals 
(Kronenberg et al., 2006). Exercise increases BDNF expression in the 
hippocampus (Cotman and Berchtold, 2002) and in the dentate gyrus in 
particular (Farmer et al., 2004) in young rodents. Interestingly, exercise 
in aging animals was not as effective at increasing BDNF levels as in 
young rodents (Adlard et al., 2005) or had no effect after 4 weeks of 
voluntary wheel running (Barrientos et al., 2011; see however Aquiar et 
al., 2011). 

In the present study, we aimed to determine the effects of long-
term running, commenced in adult (9-month-old) mice on adult 
hippocampal neurogenesis, BDNF levels, spatial learning and motor 
behavior. Here we show that consistent voluntary exercise maintains 
the retention of spatial memory (after 6 months of running), enhances 
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hippocampal neurogenesis and increases mature BDNF peptide 
levels(following 8 months of exercise) upon middle-age. Motor 
behavior in the open field and rotarod showed trends towards 
improvements with running. Predominantly, exercise at the onset and 
throughout middle-age in female mice benefits cognition. These 
beneficial effects may be mediated at least in part by enhanced 
hippocampal neurogenesis and neurotrophin levels. 

 
METHODS 

Mice and General Experimental Procedures  

Female C57Bl/6J mice (8-weeks-old) were purchased from the 
Jackson Labs (Bar Harbor, ME). The mice were maintained on a 
standard NIH-07 diet (Harlan-Tekland, Indianapolis, IN) with free 
access to water during a 12-hour light/12-hour dark cycle. Animals 
were group housed until the start of the experiment at 9 months of age 
when mice where housed individually and randomly assigned to 
control (n=10) or running (Run, n=9) groups (Figure 1). Mice in the 
running group were housed with a running wheel and distance run was 
recorded daily (Clocklab, Coulborn Instruments, Whitehall, PA). In 
order to analyze the survival of newborn cells, bromodeoxyuridine 
(BrdU) (50 mg/kg) was injected i.p. for the first 10 days of individual 
housing. Mice were then subjected to 2 series of behavior testing at 10- 
months and 15-months of age. The weights of the mice were recorded 
at monthly intervals.  
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Figure 1. Timeline of short and long-term running effects on behavior and 
neurogenesis. Animals were housed with a running wheel from 9 months of age. In 
order to analyze the survival of newborn cells, bromodeoxyuridine (BrdU) (50 mg/kg) 
was injected i.p. for the first 10 days of individual housing. After 1 month (B1) and 6 
months (B2) an identical battery of behavioral testing was performed. Once the 
second testing session was complete, the animals were euthanized at 17 months of 
age.  The table below shows the housing conditions, mouse strain used, sex and the 
number of mice per group at the beginning of the experiment. 

 
Eight months after the start of the study animals were deeply 

anesthetized by isoflurane inhalation and perfused with 0.1M 
phosphate buffered saline. Animals were decapitated and brains were 
immediately removed. The right hemisphere wasplaced in 4% 
paraformaldehyde for 48 hrs, followed by equilibration in 30% sucrose. 
Tissue was sectioned coronally (40 μm) on a freezing microtome 
(Thermo-Fisher) and stored at -20° C in cryoprotectant solution. The 
left hemisphere was dissected and frozen on dry ice for western blot 
analysis of mature BDNF and later stored at -80ºC. All animal 
procedures were done in accordance with the National Institute of 
Health Animal Care and Use Committee. 
 
Morris Water Maze 

Mice were trained in the Morris water maze (Morris et al., 1982) 
to find a platform hidden 5 mm below the surface of a pool (1.40-m 
diameter) filled with watermade opaque with white nontoxic paint. 
Starting points were changed daily for each trial. A trial lasted either 
until the mouse had found the platform or for a maximum of 60 sec. 
Mice rested on the platform for 10 sec after each trial. If the mouse did 
not find the platform in 60 sec it was gently guided towards it and left 
there for 10 sec.  Mice were trained with 4 trials per day over 6 days. 
Upon completion of training, the platform was removed for 60-sec 
probe trials at 4 hr (6 month time-point) and 24 hr (1 month and 6 
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month time-points) after the last training session. Latency to find the 
platform, swim speed and time spent in quadrants were recorded semi-
automatically by a video tracking system (Anymaze, Stoelting Co.). 
Open Field 

Animals from the 2 groups were randomized and tested on 2 
consecutive days in an open field arena (27.3 x 27.3 cm, height 20.3 cm) 
(Med Associates Inc., Georgia, VT). Animals were placed in the center of 
the arena at the beginning of the testing paradigm and were left 
undisturbed for 30 min. All testing occurred between 08:00 and 11:00 
hrs on the day of testing. The center zone was defined as a 10.2 cm 
square equidistant from the peripheral walls. Each arena had a black 
floor and walls where xy movements were monitored by two sets of 
pulsed-modulated infrared photobeams. This tracking system recorded 
data directly and measured total distance traveled in the arena and in 
each zone (Med Associates Inc., Georgia, VT). 
 
Rotarod 

Five min trials on an accelerating paradigm from 3 to 30 rpm 
were used for testing on the rotarod. The mice were placed on the 
rotating rod and the latency to fall and the number of falls was 
recorded. This was repeated 3 times consecutively and the averages 
were used as measures of strength and locomotor ability. 
 
Bromodeoxyuridine immunohistochemistry and cell counts 

A 1:6 series of free-floating coronal sections (40μm) was washed 
in TBS and pre-incubated with 0.6% H2O2 for 30 min. After rinsing, the 
sections were incubated in 2N HCl at 37° C for 30 min to denature DNA 
and then neutralized in 0.1 M borate buffer for 10 min at room 
temperature. After thorough washing, the sections were blocked with 
TBS++ (3% Donkey Serum, 0.05 M TBS, 0.5% Triton-X 100) for 30 min 
at room temperature and incubated with rat anti-BrdU (1:200, Accurate 
Chemical Westbury NY) overnight at 4oC. Thereafter, the sections were 
washed and immersed in biotin-SP-conjugated donkey anti-rat 
secondary IgG (1:250, Jackson ImmunoResearch, West Grove, PA) 
followed by 2 hours in ABC reagent (1:800, Vectastain Elite; Vector 
Laboratories, Burlingame, CA). The sections were then incubated with 
the substrate 3, 3’-Diaminobenzidine (DAB) (Sigma, St. Louis, MO) for 5 
min to visualize the cells that had incorporated BrdU. BrdU+ cells were 
counted in a 1:6 series of the first 7 sections starting at the rostral 
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dentate gyrus (240 μm apart) through a 20X objective (Olympus, BX51). 
The volume of the dentate gyrus for each group of animals was 
determined by DAPI staining a 1:6 series of sections and outlining the 
granular cell layer (GCL) and subgranular zone (SGZ) on a microscope 
equipped with Stereoinvestigator (Microbrightfield). Seven sections 
were outlined making boundary contour tracings to determine the area 
of the dentate gyrus at each level. Area values were used by the 
Cavalieri method to determine hippocampal volume. 
 
Double immunofluorescence staining for cell fate analysis 

Free floating sections (1:6 series) were simultaneously 
incubated with primary antibodies against BrdU (1: 100 Accurate 
Chemical Westbury NY) and the neuronal marker NeuN (1:100 
Millipore, Billerica, MA) after the denaturation, neutralization, washing 
and blocking steps described above. Antibodies were diluted in TBS++ 
and then sections were incubated for 48 hr at 4o C. After rinses with 
TBS and blocking in TBS++, sections were co-incubated with donkey 
anti-rat Alexa Fluor 488 (1:250, Molecular Probes, Carlsbad, CA) and 
donkey anti-mouse Alexa Fluor 568 dyes (1:250, Jackson 
ImmunoResearch, West Grove, PA) for 2 hours at room temperature. 
Fluorescent signals were imaged with a Zeiss LSM 510 confocal laser-
scanning microscope. Confocal and z-stacked images were used to 
determine the percentage of BrdU-positive cells co-labeling with NeuN. 
Based on the total number of BrdUpositive cells analyzed, the 
percentage of BrdU-positive cells with a neuronal phenotype was 
calculated. Based on this percentage, the total number of BrdU+/NeuN+ 
cell numbers could be calculated from the total number of BrdU+ cells. 
 
Doublecortin immunohistochemistry 

Migrating neuroblasts located within the GCL were identified by 
immunohistochemistry. A 1:12 series of sections were stained for the 
presence of microtubule-associated protein doublecortin (DCX) (1:800, 
Santa Cruz Biotechnology, Inc. ) for 1 hr at room temperature and 
overnight at 4° C. After washing thoroughly, sections were reacted with 
biotinylated donkey anti-goat secondary antibody (1:500, Jackson 
ImmunoResearch) with a tyramide amplification step. Chromogen 
development with DAB (20 mg/100 ml TB, 0.01% H2O2) was carried 
out for 20 min. Quantification of DCX cells was carried out by manually 
counting and classifying each cell in the suprapyramidal and 
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infrapyramidal blades of the hippocampus using an Olympus BH-2 at 
400x total magnification. 
 
 

 

BDNF Western Blot 

To assay mature BDNF peptide levels, hippocampal tissue was 
homogenized in 400 μl of a 1 X RIPA buffer containing protease 
inhibitors (Complete Mini, Roche Diagnostics) using pestles and 
microtubes (ISC BioExpress) and then sonicated for 10 sec (Ultrasonic 
Processor, Model GE70). After incubation at room temperature for 10 
min, the lyzed samples were centrifuged at room temperature for 10 
min and the supernatants collected. The protein concentrations were 
then measured using the Bradford method (Bio-Rad). Following this, 
the lysates were reduced with 5X DTT at 70ºC for 1 hr to break the 
strong disulfide bonds of BDNF. The samples were subsequently diluted 
to a final concentration of 3 μg/μl with the lysis buffer used above and a 
4X LDS NuPAGE sample buffer (Invitrogen). Before electrophoresis, the 
samples were heated to 90ºC for 5 min, rapidly cooled on ice for 1 min 
and then equilibrated to room temperature for 10 min. The samples 
were loaded onto a 4-12% NuPAGE Bis-Tris gel. The electrophoresis 
was carried out in 1 X MES buffer with added antioxidant and the 
proteins in the gel were transferred to an Immobilon-FL PVDF 
membrane (Millipore) using NuPAGE transfer buffer (Invitrogen). The 
polyclonal rabbit BDNF antibody (Santa Cruz Biotechnology, Inc.) and 
an infraredlabeled goat anti-rabbit secondary antibody (Li-Cor 
Biosciences) were used to detect BDNF on the membrane. The 
polyclonal rabbit β-tubulin antibody (Li-Cor Biosciences) was used a 
loading control. A positive control of human recombinant BDNF was ran 
alongside our samples. For quantification purposes, the membranes 
were scanned by a Li-Cor Odyssey Infrared Scanner and the intensities 
of the BDNF bands were normalized to those of β-tubulin. 
 
Statistical Analysis 

All statistical analyses were carried out using either Statview 
(Abacus Corporation) or GraphPad Prism. For Morris water maze 
latency, one way analysis of variance (ANOVA) with repeated measures 
was performed followed by Fisher’s posthoc tests for individual days. 
For the time in quadrants, a one-way ANOVA was performed on each 
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group followed by Fisher’s post-hoc tests. For two-group comparisons, 
unpaired student’s t-tests were carried out. 
 
RESULTS 

 
Behavioral Testing, Running Distance and Weights 

Animals underwent a battery of behavioral tasks to investigate the 
effects of long-term running during middle age. These tasks tested 
spatial learning and memory, anxiety, and motor abilities following 
short-term (1-month) and prolonged (6-months) exercise. The average 
distance run per day by the mice in this study was 4.0 + 0.5 km. The 
weights of the mice [at the onset (26.6 + 0.9 gr, Controls; 26.4 + 0.4 gr, 
Runners) and after 5 months of running (30.6 +1.6 gr, Controls; 27.7 
+0.9 gr, Runners)] did not differ between groups at any time point 
during the experiment (F(1,16)=1.59, p=0.22). 
 
Morris Water Maze 

To assess spatial learning and memory, mice were tested in the Morris 
water maze. There were no observable differences between groups 
after 1 month of treatment (Fig. 2A). All animals in the study learned 
the task to criterion within 6 days (F(1,16)=0.05, p=0.83) with both 
groups remembering equally well the location of the platform in a 
probe test 24 hrs after the last training session (Controls: 
F(3,36)=10.72, p<0.0001; Runners: F(3,32)=19.57, p<0.0001; Fig. 2C). 
After 6 months of running, mice were trained to a different platform 
location. There was no differences between groups in acquisition of the 
task over 6 days of training (F(1,16)=0.71, p=0.41, data not shown). 
However, during the probe tests, only the running group showed a 
significant preference for the target quadrant at 4-hr after the last 
training session (Controls: F(3,32)=2.81, p=0.06; Runners: 
F(3,32)=10.87, p<0.0001; Fig. 2B). Specific comparisons showed that 
time spent in the platform quadrant by the runners differed from all the 
other quadrants (p<0.05). At the 24-hr probe test the runners showed a 
trend towards preference for the target quadrant (F(3,32)=2.74, 
p=0.06; Fig. 2D), whereas controls did not do so. No differences in swim 
speed or path length were detected between groups (data not shown). 
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Figure 2. Effects of short and long-term running paradigms on cognitive, locomotor 
and anxiety-related behaviors. Morris water maze training (A) and a 24-hr probe trial 
(C), to test for retrieval of spatial memory, after 1 month of running showed no 
difference between the groups (N=9-10 per group). At 6 months after housing with a 
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running wheel, the runners, unlike the controls, showed a clear preference for the 
target quadrants on the 4-hr (B) and the 24-hr (D) probe trials (N=9 per group). At the 
1 month timepoint, runners displayed significant improvements on performance in 
the open field in terms of distance travelled (E) and a greater percentage of distance 
travelled in the center versus the peripheral area of the arena (F) compared to 
controls (N=9-10 per group) . These effects were no longer apparent after 6 months of 
running (E,F) (N=9 per group). Though not significantly different, the rotarod 
performance of the runners indicated strong trends towards an increase in the latency 
to fall (G) at 1 month (N=9-10 per group) and a decrease in the number of falls (H) at 6 
months (N=9 per group) compared to controls. Data represents the mean ± SEM. 
(*p<0.05; ^ represents a strong trend). Dashed lines in B, C and D represent 15 
seconds or one quarter of the time allotted for completion of the probe trial. 

 
 
Open Field 

The open field assay measures anxiety-related behaviors as well 
as motor capacity. In the open field, running animals showed increased 
distance travelled in the arena (t(10)=4.63: p=0.0009) as well as an 
increased ratio of distance travelled in the center to distance travelled 
in the periphery (t(10)=2.83: p=0.02) compared to controls after 1 
month (Fig. 2E,F). This indicates that the runners were less anxious, 
travelling more in the center of the arena as opposed to the peripheral 
area. Interestingly, there was no significant difference between groups 
at 6 months for both of these parameters (Distance: t(10)=0.78: p=0.45; 
Ratio: t(10)=1.69: p=0.12; Fig. 2E,F). 
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Rotarod 

Rotarod performance was assessed after 1 month and 6 months 
of housing with a running wheel to test for strength and motor abilities. 
Runners showed trends towards an increase in latency to fall at 1 
month (t(17)=1.85: p=0.08; Fig. 2G) and a decrease in the number of 
falls at 6 months of age (t(16)=1.76: p=0.09; Fig. 2H). This finding, taken 
together with the open field data, suggests an improved locomotor 
ability after short and long-term running. Long-term survival of BrdU 
labeled cells in the dentate gyrus  The thymidine analog BrdU was 
injected for the first 10 days after housing with a running wheel to label 
dividing neural progenitor cells. After 8 months of treatment, BrdU 
labeled cells were counted in the GCL to determine survival of these 
cells. A significant difference was found between the groups. Specifically 
running elevated the number of surviving BrdU+ cells (t(16)=8.65: 
p<0.0001; Fig. 3A). There was no difference between groups in the 
volume of the GCL of the dentate gyrus (Controls: 10576358±53376 
μm2; Runners: 1156982±70911 μm2 ; t(16)=0.91: p=0.38). 
 
Neurogenesis in the dentate gyrus 

Double-labeling of cells for BrdU and the neuronal marker NeuN 
showed no difference in the percentage of cells labeled with both 
markers (Controls: 63.17±10.76 %; Runners: 58.00±5.59 %; t(9)=0.40: 
p=0.70). However, the total number of new neurons was higher in the 
running than the control group (t(9)=4.47: p=0.002; Fig. 3B). 
Representative images from each group are shown in Fig. 3 E and G. 
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Figure 3. Consistent running results in increased hippocampal neurogenesis. The 
number of BrdU+ cells (A) as well as the total number of new neurons (B) was 
significantly increased in runners as compared to controls (N=5-9 per group) . The 
number of type D cells in the suprapyramidal layer of the dentate gyrus (C) in the 
runners was greater than controls but it did not reach significance (N=9 per group).  
There was no difference in type C cells in the suprapyramidal layer of the dentate 
gyrus between the groups (N=9 per group) (D). Examples of photomicrographs of 
BrdU+/NeuN+ labeling of newborn neurons in controls (E) and runners (G).  
Photomicrographs displaying doublecortin (DCX) expressing immature neurons in the 
dentate gyrus of control (F) and running (H) mice. Arrows and labels indicate the type 
D and type C cells analyzed in this study. Scale bars = 50μm. Data represents the mean 
± SEM. (*p<0.05; ^ represents a strong trend). 

 
 
Postmitotic hippocampal neuroblasts 

Microtubule associated protein DCX is found in migratory neuroblasts 
in the hippocampus (Brown et al., 2003). It has been shown previously 
that DCX+ neuroblasts have multiple developmental stages and that 
postmitotic neurons can be identified by branching dendrites in the 
molecular layer. We distinguished morphologically different DCX+ cells 
based on previously identified stages of neuronal differentiation 
(Plümpe et al., 2006). Pre-mitotic DCX+ cells have shorter and less 

developed dendrites (type C). Mature post-mitotic DCX+ cells (type D) 

have at least 1 dendrite that extends into the GCL. To be classified as 

post-mitotic the dendrite must have 1 or more branch point at the 

intersection with the molecular layer or have a delicate dendritic tree 

branching within the GCL, as described previously (Oomen et al., 2010). 

 

Type C & D cells were counted in the GCL. For D cells, a trend towards 

significance was observed. Runners had more type D cells in the 

suprapyramidal blade of the dentate gyrus compared to controls 

(t(16)=1.99: p=0.06; Fig. 3C). There was no significant difference in 

type D cells in the infrapyramidal blade (Controls: 72.00±8.25; Runners: 

82.67±10.67; t(16)=0.79: p=0.44). The type C cells in the 

suprapyramidal blade (t(16)=0.65: p=0.52; Fig. 3D) or the 

infrapyramidal blade (Controls: 148.00±34.70; Runners: 182.70±17.18; 

t(16)=0.89: p=0.38) did not differ between the groups. Representative 

images from each group are shown in Figs. 3 F and H with arrows 

indicating examples of type C and D cells. 
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BDNF levels in the hippocampus 

Our data indicate that mature BDNF peptide, as measured by western 

blot, was increased in the hippocampus of long-term runners as 

compared to controls (t(15)=3.36: p=0.004; Fig. 4A,B). 
 
 
 
 

 

 
 
 

Figure 4. Long-term running leads to an increase in hippocampal levels of mature 
BDNF peptide. Runners have increased levels of mature BDNF peptide compared to 
controls after 8 months of running (A). Data were normalized to β-tubulin loading 
controls. (B) Image of immunoblot showing increased mature BDNF peptide levels in 
the runners. BDNF band is a positive control. Data represents the mean ± SEM. 
(*p<0.05). 

 
DISCUSSION 

The results from the present study show that consistent exercise 
starting at adult age (9 months-old) through middle age in female 
C57Bl/6 mice improves spatial memory (at 15 months-old), and 
increases adult hippocampal neurogenesis and mature BDNF peptide 
levels (at 17 months-old). In addition, modest enhancements of motor 
behavior in the open field and rotarod were observed. Our data are 
consistent with reported beneficial effects of shorter exercise protocols 
in young and aged animals and suggest that long-term running may 
protect against the onset of age-related memory decline. 

Initial testing of the mice in the Morris water maze after one 
month of running at 10 months of age, the time-point at which some 
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studies have suggested that memory deficits begin to appear in 

C57Bl/6J mice (Magnusson, 1997) did not reveal any differences 
between the sedentary and running mature adult mice in either 
acquisition or retention of the task. Both groups showed a clear 
preference for the target quadrant during the probe trial. At this age, 
the mice may not demonstrate memory impairments yet or the 4-trial 
per day training paradigm may not have been challenging enough. 
Previous research in young adult rodents applied a 2-trial per day 
training paradigm to demonstrate enhanced memory function in 
running mice (van Praag et al., 1999) and rats (Vaynman et al., 2004). 
Upon re-testing in the water maze, when mice were middle-aged (15-
months-old), sedentary and running mice learned the task at equal 
rates, consistent with other research in middle-aged female C57Bl/6J 
mice (Frick et al., 2000). However, only the runners showed a 
significant retention of the platform location after completion of 
training. Thus, onset of memory deficits at middle-age may be 
prevented or delayed by running. 

Upon testing in the open field, runners differed from controls 
with regard to total and center distance traveled at the first behavioral 
testing time-point. Runners traveled a greater distance in the arena and 
in the center compared to the periphery.  Running is generally 
considered to have anti-depressant effects (Salmon et al., 2001) and the 
increased center distance suggests it is also anxiolytic (Salam et al., 
2009).  Upon re-testing at 15 months there was no longer a difference 
between control and running mice, likely due to the increased activity 
in the sedentary group, which is consistent with an increase in open 
field activity observed in 17-month-old C57Bl/6J mice by other 
researchers (Frick et al., 2000). A trend towards improved performance 
in the rotarod was also observed at both time-points. In particular, at 
the 15 month time-point the runners showed a trend towards less falls, 
suggesting that exercise may help prevent or delay the onset of motor 
frailty with aging. This finding could not be accounted for by differences 
in weights of the mice. These results support benefits of exercise in 
aged mice for motor function (Valdez et al., 2009). 

To begin to evaluate potential mechanisms underlying the 
observed behavioral improvements as a result of exercise we evaluated 
both hippocampal neurogenesis and neurotrophin levels. Increasing 
evidence suggests that adult neurogenesis (Altman et al., 1965; Zhao et 
al., 2008; Lucassen et al., 2010) plays an important role in learning and 
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memory (Aimone et al., 2011). Adult neurogenesis declines with aging 

(Kuhn et al., 1996; Heine et al., 2004; Olariu et al., 2007) and can be 
reversed to some extent with voluntary wheel running (van Praag et al., 
2005; Kronenberg et al., 2006; Kohman et al., 2011), possibly due to 
peripheral factors delivered to the brain with running (Fabel et al., 
2003; Kobilo et al., 2011; Villeda et al., 2011). Interestingly, BrdU 
labeling in 9-month-old adult animals revealed that the new neurons 
generated survived until 17 months, supporting previous research 
pertaining to long-term survival of new neurons (Kempermann et al., 
2003), and were enhanced in number by exercise. Furthermore, 
runners showed a trend towards increased DCX+ ‘type D’ cells (Plümpe 

et al., 2006) in the suprapyramidal blade of the dentate gyrus. More 

DCX+ cells have been found in the suprapyramidal blade than in the 

infrapyramidal blade in sedentary young adult (2-month-old) but not in 

middle-aged (10-month-old) mice (Jinno, 2010). Functional activation 

of the adult generated neurons as measured by immediate early gene 

expression is more pronounced in the supra- as compared to the 

infrapyramidal blade (Ramirez-Amaya et al., 2006). Thus, benefits of 

running for learning and memory may be influenced by regional 

neurogenic enhancements. One possible caveat to our study is the fact 

that the experiments were performed on cycling females. Considering 

the prolonged exercise paradigm during the onset of mouse menopause 

between 13-16 months of age (Nelson et al., 1982), and the reported 

effects of estrous on dentate gyrus cell proliferation, but not new cell 

survival (Tanapat et al., 1999), this is likely not a factor in our results. 

Mature BDNF peptide levels were found to be elevated after 8 

months of wheel running, suggesting that the duration of running is 

important. These findings extend research in young rodents showing 

that exercise enhances neurotrophin gene expression and protein 

levels, in particular in the hippocampus (Neeper et al., 1995; Cotman 

and Berchtold 2002). Previous studies with shorter periods of exercise 

(one month) had suggested that running was not effective at increasing 

BDNF levels in aging animals (Adlard et al., 2005; Barrientos et al., 

2011; see however Aquiar et al., 2011). BDNF is a key trophic factor 

that plays critical roles in both synaptic plasticity and cell survival 

(Black, 1999). Exercise-induced elevated BDNF levels may enhance 

hippocampal synaptic function (Vaynman et al., 2004) and support the 

survival of newly born neurons (Farmer et al., 2004; Li et al., 2008; Choi 

et al., 2009). Indeed, recent research showed that BDNF plays a role in 
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cognitive effects of exercise in humans and is associated with increased 

hippocampal volume (Erickson et al., 2011). Further research may be 

needed to determine the effects of running in both young and aged 

animals on pro-BDNF levels as well as other neurotrophins relevant to 

adult neurogenesis and synaptic plasticity, such as NT-3 (Shimazu et al., 

2006). 
In conclusion, long-term voluntary exercise during middle-age 

improves spatial memory, enhances hippocampal neurogenesis and 
increases mature BDNF peptide levels. In the open field a transient 
anxiolytic effect was observed and rotarod performance showed trends 
towards improvements with running. Thus, exercise starting at the 
onset and continued throughout middle-age benefits cognition, mood 
and motor coordination in female mice. 
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Abstract 

 The hippocampus is critical for learning and memory and 

heavily affected in dementia. The presence of stem cells in this structure 

has led to an increased interest in the phenomenon of adult 

neurogenesis and its role in hippocampal functioning. Not surprising, 

investigators of Alzheimer’s disease have also evaluated adult 

neurogenesis due to its responsiveness to hippocampal damage. 

Although causal relationships have not been established, many factors 

known to impact neurogenesis in the hippocampus, are implicated in 

the pathogenesis of AD. Also, adult neurogenesis has been proposed to 

reflect a “neurogenic reserve” that may determine vulnerability to 

hippocampal dysfunction and neurodegeneration. Since neurogenesis is 

modifiable, stimulation of this process, or the potential use of stem cells, 

recruited endogenously or implanted by transplantation, has been 

speculated as a possible treatment of neurodegenerative disorders. As 

the structural and molecular mechanisms governing adult neurogenesis 

are important for evaluating therapeutic strategies, we will here review 

collective literature findings and speculate about the future of this field 

with a focus on findings from Alzheimer’s mouse models. Continued 

research in this area and use of these models is critical for evaluating if 

neurogenesis based therapeutic strategies will indeed have the 

potential to aid those with degenerative conditions.   
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Introduction  

Our understanding of stem cell biology including adult 

neurogenesis is rapidly developing and currently approaching a 

crossroads with investigators seeking new methods to confront 

neurologic conditions such as AD. The discovery of stem cells within the 

human body had led to anticipation that these unique cells can be used 

therapeutically. Stem cells are restricted to specific micro-

environments and have been identified through unique molecular 

markers that distinguish these cell populations.  

Characterization of stem cell niches and of the dynamics of these 

unique microenvironments can provide a great deal of insight into stem 

cell regulation during physiological and pathological conditions. While 

experimental evidence illustrates that stem cells can be utilized for 

therapeutic uses during neurodegenerative conditions, a great deal of 

information has yet to be uncovered regarding the relationships 

between endogenous neurogenesis and its functional role. The 

functional significance of adult neurogenesis will have to be fully 

understood before potential regenerative capacities of these cells for 

the brain can be utilized for the treatment of Alzheimer disease. 

Transgenic models allow investigators to identify how genes 

impact phenotype; in recent years, various mouse models have been 

produced that recapitulate pathological lesions and behavioral 

characteristics of Alzheimer’s disease. Some models have been 

evaluated for changes in neurogenesis providing insight into gene 

interactions and adult neurogenesis during neurodegenerative 

conditions. Important translational studies have been conducted that 

identify differences between neurogenesis in humans and other 

mammals.  Progress in these areas allows biologists to identify the 

critical signaling and structural elements needed to successfully 

stimulating neurogenesis.  Evaluating the therapeutic potential of 

endogenous neurogenesis and grafted neurons is contingent on 

progress in these areas. 

 

Adult Neurogenesis 

Introduction 

In the brains of adult mammals, new cell birth and neurogenesis 

has been characterized in two locations; the subventricular (SVZ) and 

subgranualar zones (SGZ) located in the lateral ventricles and dentate 

gyrus, respectively.  These specialized micro-environments support the 
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production of new cells in the brain and are representative, but 

structurally distinct, of stem cell niches found in other tissues. These 

zones are unique as they contain neural stem cells (NSCs) with the 

capacity to proliferate, migrate, and differentiate into adult, functional 

cell-types. Self-renewal and multipotency are exceptional properties 

distinguishing stem cells from other dividing cells, properties conferred 

by the microenvironments surrounding stem cells. The highly 

structured nature of SGZ and SVZ determines stem cell maintenance 

and effectively controls proliferation and maturation of nascent cells 

selectively. Due to complex experimental constraints, little definitive 

evidence regarding the factors that control maintenance of stem cells in 

these niches has been collected so far but identifying common and 

distinct mechanisms impacting stem cell maintenance in these zones is 

a critical area of discovery to fully appreciate the potential of 

endogenous stem cells for repair. 

The SGZ is part of the dentate gyrus (DG), an integral portion of 

the hippocampal formation. The DG has a unique trilaminar anatomy 

and represents a trisynaptic circuit that corresponds with highly 

specific information processing (reviewed by Amaral)[1].  Interestingly, 

stem cells isolated from the same regions behave differently when 

transplanted to other brain regions, confirming the important role for 

the local environment or neurogenic niche that enables stem cell 

maturation into functional neurons in these zones only[2], (reviewed by 

Morrison).  It is within this local context that neural stem cells are able 

to mature into granule neurons of the DG.  

Granule neurons and their interconnections define operation 

and structure of the DG.  The trisynaptic circuit starts with projections 

from the entorhinal cortex that connect to DG granule neurons.  Mossy 

fibers from DG granule neurons then project to large pyramidal neurons 

in the Cornu Ammonis 3 (CA3) region of the hippocampus and these 

CA3 pyramidal neurons project to hippocampal CA1 neurons.  Thus the 

hippocampal formation is a critical region of the brain responsible for 

executive functions such as spatial and working memory tasks. 

Importantly, AD progresses through structures of the brain in a well-

defined, hierarchical spatial sequence that initially does not impact this 

area. AD is not often clinically diagnosable until pathology advances to 

include the hippocampus, amygdala, frontal, temporal, and/or parietal 

lobes when anterograde memory and executive functions are impacted.  
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For these reasons we will focus almost exclusively on neurogenesis in 

the DG impacting hippocampal structure and function.  

NSCs proliferate and produce identical multipotent NSCs with 

the capacity to produce neurons, astrocytes, or oliogodendrocytes[3]. 

Within the DG, astrocytes are the NSCs of the brain and generate new 

granule neurons through a series of immature cells[4, 5]. Wnt signaling 

has been previously demonstrated to be responsible for the neurogenic 

activity of these astrocytes[6].  Two types of NSCs have been identified 
by morphology and molecular markers (reviewed by Zhao)[7]. 
Recognizing adult NSCs in vivo is dependent on these criteria and 
typically labeled with molecular markers within the DG.  NSC daughter 
cells are multipotent, having not been selected for a cell fate up to that 
point.  A population of these daughter cells matures to become neural 
progenitor cells (NPCs) that further divide and/or mature as functional 
neurons.   
 

Markers of Neurogenesis  

 A prerequisite for discussing the published literature in this field 
is reviewing markers and methodologies used to identify neurogenesis. 
There are a number of techniques and this review only provides a brief 
discussion serving primarily to introduce these concepts.   
 Identification of NPCs is critically dependent on proper location, 
cell morphology, and selective protein expression. Type-1, radial 
astrocytes, and Type-2, non-radial astrocytes, co-express specific 
proteins that distinguish these cells within the SGZ of the DG e.g. NPCs 
express Nestin[8], Sox2, and glial fribrillary acidic protein (GFAP)[9-11] 
indicating their astrocytic nature. Astrocytes in the SGZ also express the 
unique structural marker GFAP-δ observed in stem cells of the SVZ and 
subpial zones[12].  Sox2 expression describes the pool of NPCs with 
capacity to generate all three neural lineages[11]. Sox2 is a member of 
the Sox (SRY-related HMG box) gene family; this transcription factor, 
known to be expressed during development and in adult brain NSCs, 
binds DNA at a single HMG DNA-binding domain[13, 14]. Interestingly, 
Sox genes further encode proteins that regulate transcription and 
determine cell fate during development e.g. the Sry (sex-determining 
region of Y chromosome) gene encodes mammalian testis-determining 
factor[15].  

Many of the protein markers described above have been studied 
through the combined use of the birth date marker Bromodeoxyuridine 
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(BrdU), a synthetic thymidine analog typically injected in vivo. BrdU is 

incorporated into the DNA of dividing cells during genome replication 

and allows for later co-labeling with phenotypic molecular markers. 

Critically, the time between injection and euthanasia will determine the 

cell population identified. Typically observations are made: a) 24 hours 

after injection to label the population of proliferating cells, b) 3-6 weeks 
after injection to label and identify cells that have migrated and 
survived. By utilizing two cohorts of animals with these survival times it 
is possible to identify and stereologically count proliferating and 
mature cells.  Co-labeling BrdU positive cells with additional markers 
can confirm that a cell in question is indeed a daughter cell from a 
neural stem cell that has differentiated into a specific adult glial or 
neuronal phenotype.  Such duel label cell-fate analyses allow molecular 
markers to be appropriately identified with newly generated cells.  
Markers such as NeuN [18] and S100β are used quite frequently in the 
field to identify mature neurons and astrocytes respectively.   The 
location of a BrdU positive cell also aids in confirming the phenotype of 
a mature cell.  

Molecular markers of neurogenesis have been identified during 
development and can be expressed in other brain regions. Previous 
rodent studies have established that e.g. the microtubule associated 
protein Doublecortin (DCX) is expressed in migrating, immature 
neurons that co-express neuron-specific class III β-tubulin (Tuj1). Its 
pattern of distribution overlaps with that of adult neurogenesis in e.g. 
the hippocampus. DCX is a well accepted molecular marker of 
neurogenesis in rodents; In utero electroporation during cortical 
development in E14 mice revealed the requirement of DCX for proper 
migration of immature neurons to the cortical plate[16].  Radial 
migration is disrupted when an RNAi against the 3’UTR of DCX is 
administered providing evidence for non-cell-autonomous components 
of DCX expression.  However, in adult cortex, DCX is also observed in 
cortical astrocytes and in various neurodegenerative disorders. As 
there is no evidence that these cells have been generated from 
endogenous stem cells, this suggest that in neurodegenerative 
conditions, DCX may have additional functional roles, such as e.g. in 
glia-to-neuron communication[17].  

In the next section we will review findings regarding the discrete 
function of neurogenesis in the SGZ niche and comment further on our 
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ability to characterize adult neurogenesis in detail and the potential of 

these unique cells.  

 

Plasticity and Regulation  

  While synaptic plasticity is thought to be the main structural 

change corresponding to rapid changes in cognitive function, the 

addition of new neurons to an existing circuit through adult 

neurogenesis represents a novel and unique from of structural 

plasticity for the longer term. In young rats, it has been estimated that 

approximately 9000 new cells per day are generated in the entire 

hippocampus, but a considerable proportion of these cells die within 

several days[19]. While the number of new neurons incorporated into 

the DG may be quite low, particularly during aging, investigators regard 

this ongoing phenomenon as potential for adaptation. The Neurogenic 

Reserve hypothesis states that ongoing adult neurogenesis is a special 

type of brain plasticity allowing for adaptation during activity that may 

influence vulnerability to accumulating deleterious events[20]. Through 

a global evaluation of neurogenesis it is arguable that the functional 

consequences of adult neurogenesis will only become apparent over 

long time scales.   

The fact that neurogenesis occurs throughout the lifespan of 

many species indicates an important role that is conserved throughout 

evolution. Interestingly, the process is highly susceptible to 

environmental/experience-dependent modulation, i.e. voluntary 

exercise and environmental enrichment change in vivo fates of the 

newborn cells[21]. Various studies have further identified factors that 

can regulate production and survival of hippocampal neurons maturing 

during rodent adulthood. Some, like estrogen[22-24], environmental 

complexity[25-31], exercise[32-34] and NMDA-related excitatory 

input[35-37] positively regulate neurogenesis, while others such as 

stress[38-44], cholinergic denervation[45], and aging[26, 31, 46, 47] 
decrease the levels of neurogenesis (reviewed by Casadesus)[48].  
Acute and chronic brain diseases, such as Alzheimer’s disease, have 
acute and chronic responses from the endogenous NSC population.  
Head injury, epileptic seizures[49] and transient global and focal 
ischemia[50-53] increase hippocampal neurogenesis, but the effects on 
hippocampal circuit properties and Alzheimer’s disease are poorly 
understood (reviewed by Castellani et al.)[54].   
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While the links between Alzheimer’s disease and neurogenesis 

are controversial, connections have been established between 

neurogenesis and depression. Stress-induced reductions in 

neurogenesis have been implicated in depression and in antidepressant 

drug action[38-44].  Adult CA1 pyramidal neurons and DG granular 

neurons express both mineralcorticoid (MR) and glucocorticoid 

receptors (GR). Prolonged exposure to stress may induce alterations in 

HPA feedback that can subsequently lead to overexposure to 

glucocorticoids. Of interest, high circulating levels of stress hormones 

form a substantial risk factor for Alzheimer disease[55]. Whether 

neurogenesis that occurs during these pathological conditions 

contributes to functional recovery is still an enigma; distinguishing 

between the capacity for recovery and those factors responsible for 

functional recovery is not firmly established.  

 

Behavior  

Importantly, the aforementioned factors not only effect 

neurogenesis but also correlate with changes in behavioral 

performance, including hippocampal learning and memory [56-62]. 
This suggests a direct relationship between neurogenesis and cognitive 
function. For example, housing rodents in an enriched housing 
environment [25-31] or allowing them access to a running wheel [32-
34] increases the survival of progenitor cells and also leads to an 
enhanced performance in the water maze task; conversely, other 
factors such as stress, which are linked to a decrease in neurogenesis, 
impair behavioral performance on such tasks[38-44]. One of the most 
direct studies to address this question utilized an inducible transgenic 
model to ablate adult-born hippocampal neurons through expression of 
Bax in hippocampal neural precursors. These mice showed impairment 
of relational spatial memory while less complex forms of spatial 
memory were unaltered[63, 64]. Previous work established that spatial 
learning promotes newborn neuron death in the DG (63).  Therefore, 
neurogenesis appears to be, at least in part, involved in modulating 
behavioral output and more specific aspects of hippocampal learning 
and memory.  

The role of neurogenesis has also been evaluated through more 
direct measurements of hippocampal-dependent tasks and changes in 
synaptic activity. In adult rats, investigators found that a substantial 
reduction in the number of newly generated neurons directly impaired 
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hippocampal-dependent trace conditioning, a task in which an animal 

must associate stimuli that are separated in time. This reduction in 

neurons had no effect on learning during hippocampal-independent 

tasks[58]. Also later studies indicated a role for adult neurogenesis in 

the encoding of time in new memories[65]. Therefore neurogenesis 
appears to be involved in modulating specific aspects of hippocampal-
related cognitive output and as such, may prove important in 
degenerative diseases associated with selective impairments in this 
region such as AD.   

Changes in synaptic number have important functional 
consequences on behavior, especially cognition. In neurodegenerative 
conditions, changes in synaptophysin are better correlated with disease 
progression than plaque load or cell death[66]. Alterations in synaptic 
density during normal aging have been revealed; an inverse correlation 
exists between age and presynaptic terminals[67].  Mechanisms of 
hippocampal synaptogenesis and its direct significance to learning and 
memory are presently being established [58, 68].  Decreased 
neurogenesis resulting from a loss of activity associated with synapse 
strength, could further impair hippocampal behavior. Ongoing adult 
neurogenesis implies a contribution to enrichment of synaptic density 
since new synapses are formed. Also, newly generated cells have lower 
long-term potentiation thresholds therefore changes in their numbers 
may affect functioning of the hippocampal circuit.  Maintenance of adult 
neurogenesis could stabilize synaptic density, alleviating synapse loss 
and reducing age-associated changes. It has been shown that a loss of 
hematopoietic stem cells results in premature aging[69], however, 
currently no evidence has been collected regarding the relationship 
between loss of stem cells and specific neurologic dysfunction in 
humans.  

Potential for Recovery  

 Alzheimer’s is the most prevalent form of dementia associated 
with aging. Interestingly, clear age-dependent reductions in NPC 
proliferation have been shown in rodents and old monkeys. Both 
physical and cognitive activities reduce this age-dependent decline in 
precursor cell proliferation. Maintenance of stem cell proliferation and 
the local microenvironment responsible for proper migration and 
connection, could prevent deterioration of the hippocampus. 
Investigators have established that neurons born in aged mammals are 
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just as functional as neurons that develop through neurogenesis in 

young mammals[70]. This phenomenon has been observed if the 

activity treatment is started in midlife, yielding improved learning 

performance[26].   
Different models of pathology have shown robust and transient 

increases in adult cytogenesis that are nonspecific and likely involved in 
gliogenesis. This non-specific up regulation or proliferation will at least 
not result in acute functional recovery. Indeed, the main function of 
adult neurogenesis does not seem to lie in regeneration of neurons that 
have been lost during the course of disease. A more restricted view of 
adult neurogenesis implies that utilizing neurogenesis for healthy aging 
occurs over longer durations and may be perhaps most beneficial if 
activity is established in midlife to preserve adult neurogenesis prior to 
clinical presentation with dementia or Alzheimer's disease. 

Astrocytes play a critical part in maintenance of neurogenesis; 
the effects of gliosis associated with pathology and aging have not been 
fully examined and could provide a more coherent understanding of 
age-related declines. Astrocytes provide trophic and metabolic support 
to neurons; astrocyte number and complexity distinguish the human 
brain from other mammals[71] and astrocytes are known to play an 
important role in SGZ neurogenesis[6], and factors secreted by activated 
astrocytes have been identified that modulate neural/progenitor cell 
differentiation but the significance of gliosis within the context of adult 
brain function and neurodegenerative diseases like AD has not been 
resolved.   

 
Alzheimer’s disease 

Introduction 

Alzheimer’s disease is the most prevalent form of dementia in 
the elderly and is best characterized as an age-dependent 
neurodegenerative disease. Questions regarding the role of 
neurogenesis in neurodegenerative conditions are warranted due to the 
high amount of overlap between risk factors that seemingly link these 
two areas together.  However, little evidence has been found to describe 
direct links between a loss of neurogenesis and the occurrence of 
neurodegenerative conditions124. Indeed, cognitive dysfunction 
observed during AD is largely attributed to cellular dysfunction 
resulting from atrophy and a selective loss of hippocampal neurons. 
Without a direct implication for neurogenesis in disease etiology, 
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models of AD have so far typically evaluated neuronal dysfunction 

occurring after AD lesion formation and occasionally in relation to 

responses in neurogenesis.   

  

Alzheimer’s pathology: APP and Aβ peptide 

 The main lesions in the AD brain consist of pathological 

accumulations of amyloid β peptide (Aβ) and hyperphosphorylated tau 

proteins. However, the relationship between these lesions and cognitive 

dysfunction is poorly correlated. Genetic identification of three genes 

associated with Alzheimer pathology has provided insight into the 

molecular and cellular mechanisms underlying AD.  Mutations in these 

genes are fully penetrant and result in AD. They have been described as 

both genetically complex and heterogeneous[72]. These mutations can 

be found on genes encoding the amyloid β protein precursor (APP), 

presenilin-1 protein (PSEN1) and the presenilin-2 protein (PSEN2) and 

are fundamental to both familial and sporadically acquired forms [73]. 

The role of Aβ as an initiator of disease pathogenesis in early-onset AD 

has lead to the formulation of the amyloid cascade hypothesis[74]  

(reviewed by Walsh and Selkoe[75]). The biological activity of the 

peptide is unknown but under normal physiological conditions, Aβ is 

constitutively secreted by mammalian cells and is found in plasma and 

cerebrospinal fluid (CSF) [76, 77]. 
Soluble Aβ oligomers are regarded as pathogenic molecules 

having been implicated in the physical degeneration of synapses [78]. In 

vivo experiments have established that oligomers cause a failure in 
long-term potentiation (LTP) of neurons in the hippocampus[79], 
indicating that oligomers and intraneuronal accumulations are 
responsible for synaptic failure[80]. Aβ peptide is additionally 
truncated and can be chemically modified. Most recently evidence has 
been collected regarding N- truncated pyroglutamate (pE) Aβ. 
Glutamate at the N-terminus of Aβ can be cyclized by glutaminyl cyclase 
to yield pyroglutamate (pE) which is resistant to proteolysis and seeds 
aggregation. Inhibition of glutaminyl cyclase attenuates production of 
pE-modified Aβ and is being evaluated as a therapeutic target[81].      

Recent evidence regarding Aβ plaques have shown that 
microglia rapidly respond to accumulated Aβ, migrating to the site of 
deposition and extending processes to the lesion[82]. This fast response 
however does not correspond to plaque clearance; plaques remain in 
the parenchymal space despite these microglial responses. Plaques 
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occur as four histologically distinguishable subtypes including remnant 

plaques described as ragged with intense astrocytic participation[83]. 

The relationship between astrocytes and plaque pathology is not well 

understood.  It has been previously demonstrated that cultured 

astrocytes bind and degrade Aβ1-42[84]; N-terminal truncation of Aβ in 

human astrocytes indicates active in vivo degradation[85, 86]. Diffuse 
remnant plaques are more common in non-demented subjects and are 
not well correlated with Alzheimer disease.   

Mature astrocytes can degrade Aβ plaques but the mechanisms 
responsible for gliosis in the brain and the astrocyte responses to 
plaques, be it astrogenic or not, are not well delineated. Gliosis, 
characterized by GFAP expression in mature astrocytes increases with 
oxidative stress and aging  in humans and rodents[87]. Although some 
astrocyte-secreted factors are known that can affect progenitor 
proliferation, it is not known whether gliosis in vivo has a detrimental 
effect on neurogenesis in the SGZ that has been shown to decrease 
significantly with age[47].   

 
Alzheimer’s pathology: Tau  

   Tau accumulations are required for positive post mortem 
diagnosis of AD. In contrast to amyloid plaques, neurofibrillary tangles 
(NFTs) have a substantial correlation with disease severity. Tau 
promotes the assembly of tubulin, a function governed by protein 
phosphorylation, and maintains structure in most cell types including 
neurons.  In AD brain, accumulations of abnormally hyper-
phosphorylated tau is observed at serine and threonine epitopes. 
Hyper-phosphorylated tau is a subunit in paired helical filament (PHF) 
and NFTs [88]. Pathologically active phospho-tau does not bind tubulin 
but instead sequesters normal tau in addition to other MAPs which 
interrupts assembly and disassembly of normal microtubules [89, 90]. 
Tau is not only of interest for AD, but also for neurogenesis as it is 
involved in cellular plasticity during e.g. neuronal migration, cell 
division and growth[91, 92].   

Tau protein is alternatively spliced to 6 different tau variants with 
either 3 (Tau-3R) or 4 (Tau-4R) microtubule binding repeats. Tau-4R 
has a higher binding affinity for microtubles and a developmental 
switch has been described for the change from Tau-3R to Tau-4R. Using 
a knockout-knockin approach, it was shown that expression of 4R 
reduces cell proliferation and increases differentiation and neuronal 
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maturation[92].  Additional work with models of Alzheimer’s disease 

has provided some evidence that tau pathology follows accumulations 

of intraneuronal Aβ.  Evaluations with the triple transgenic model have 

shown that amyloid pathology precedes tau pathology[93].  However 

the neuropathological hallmarks of AD are generally insufficient 

markers of early pathological mechanisms and serve poorly as clinical 

correlates of cognitive function and outcome. Accumulated research 

indicates that multiple components are necessary to establish clinical 

manifestations of AD and dementia identifying AD as a multi-factorial 

disease.   

 

Alzheimer pathology: cell cycle re-entry and apoptosis 

Outside identified neurogenic regions of the brain, aberrant 

expression of cell cycle proteins has been identified in neurons that are 

highly correlated with tau pathology.  This is unsual as postmitotic 

neurons do not enter the cell-cycle and are arrested in G0; molecular 

regulation in  post-mitotic mature neurons are unique from other 

tissue-specific cell types because they constantly regulate cell-cycle 

[94]. Nuclear localization of cyclin dependent kinase 5 (cdk5) has been 

identified in quiescent neurons where it is thought to act as a cell cycle 

repressor[95].  Interestingly, overexpression of p25 in vivo 

demonstrates that activation of cdk5 may be responsible for tau 

hyperphosphorylation and aggregation[96]. The dynamics of cell-cycle 
regulation are of specific interest because alterations in expression of 
cell-cycle proteins have been identified in the brains of AD patients 
(reviewed by Lee)[97].  It has been suggested that expression of cell 
cycle proteins in AD brain tissue may indicate the pathological changes 
not directly associated with Aβ.  Indeed a recent mouse model with 
aberrant inducible expression of MYC resulted in loss of CA1 neurons, 
providing evidence that induction of cell cycle proteins in mature 
neurons can result in apoptosis and cell loss [98].   

Apoptosis was originally suspected to contribute to the volume 
loss in the AD hippocampus and other brain regions. Indeed, initial 
studies reported extensive presence of e.g. DNA fragmentation or 
apoptosis specific markers in neurons in the AD hippocampus and 
cortex[99-101]. More recent papers suggest than at least in animal 
models, apoptosis is a prominent mode of cell death in e.g. aging 
PS/APP mice[102, 103] however these results  are difficult to compare 
to, or confirm in human brain. 
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  Aside from the fact that additional and different modes of cell 

death have been identified more recently, apoptotic cell death remains 

a very fast process that can be completed within hours. As such, in 

terms of methodology, "trapping" a cell while undergoing apoptosis is 

extremely difficult to do in thin tissue sections from human postmortem 

brains that have experienced prolonged disease duration[104, 105].   

 

Human postmortem tissue studies 

While seemingly conflicting reports have been published 

regarding neurogenesis in AD, each study provides a snapshot into the 

complexity encountered in identifying changes in neurogenesis in 

postmortem tissue. Conflicting reports, utilizing different patient 

cohorts used markers of immature neurons, including DCX, to identify 

neurogenesis in tissue from AD and control patients. A biochemical 

study of aged AD and control patients described higher expression of 

DCX and PSA-NCAM expression in the disease cohort [106]. However, 
histological examination in a younger cohort of pre-senile AD cases 
revealed that proliferative changes were increased in the hippocampus 
but were associated with glia and vasculature, and not with regions 
where neurogenesis was to be expected[107]. In the later study, 
expression of DCX could only be identified in approximately 20% of all 
cases evaluated and did not show any relevant connection with stage of 
disease. A third study has found dramatically decreased expression of 
MAP proteins in the DG indicating that increased neuroproliferation 
during AD does not produce new neurons, a finding providing some 
resolution of the prior conflicting reports[108].   

 
Measuring AD and neurogenesis in vivo 

Ultimately, temporal associations between disease states and 
neurogenesis may provide insight regarding the contribution or risk 
associated with reduced or depleted neurogenesis. Data directly 
obtained in human subjects is ideal since postmortem human and non-
human primate studies have identified distinct differences in 
neurogenesis.  In parallel, a concerted effort is also underway to identify 
biomarkers and imaging techniques to identify those at risk of 
developing Alzheimer’s disease. These facts highlight the utility of 
direct in vivo measurements in humans[109]. Recent experimental 
evidence describes the use of a novel imaging technique for identifying 
human NPCs in live human subjects. Although some discussion exists 
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concerning the methodology[110], proton nuclear magnetic resonance 

spectroscopy (1H-MRS) was reported to identify the 1.28-ppm 

biomarker as being selective for newborn and proliferating precursors 

in vitro and rodent brain preparations[111]. Subsequent analysis of this 

MRS biomarker in live human subjects revealed substantial numbers of 

newborn cells in the live human hippocampus but not the cortex, as had 

been found before in postmortem tissue samples[112], while 

confirming a clear reduction with age, similar to published rodent 

literature[47, 113]. Determining the relationship between deposition of 

Aβ and disease has been greatly aided by advances in imaging and 

biomarkers. Identification of Pittsburgh Compound B[114] and ongoing 

investigations into surrogate biomarkers are of relevance for early 

identification of AD and in parallel will provide improved correlations 

between pathology and dementia. The relevance of plaques in disease 

continues to evolve as more information is collected, including cellular 

responses to their accumulations. 

 

Mouse models of Alzheimer’s disease 

Introduction 

 Mouse models of AD serve a critical function in our 

understanding of genotype-phenotype interactions and also allow 

therapeutic strategies to be tested. Transgenic AD models have 

primarily focused on measures of efficacy associated with disease 

markers or behavior modification. Neurogenesis has so far been 

evaluated only to a limited extent in mouse models of AD; further 

characterization of these models and more importantly, new model 

development, is needed.  

In the following paragraphs we will review work conducted with 

Alzheimer’s mouse models and the special circumstances of each one. 

As promoter, transgene, and age at which the mice are evaluated are 

critical to interpretation of the results, a brief description of each study 

is followed by critical information relevant to the results. For an 

overview of the studies conducted on neurogenesis in AD mouse 

models the table presented offers a quick reference for testing already 

completed.      

 

Presenilin 1 transgenics 

Interest in γ-secretase and the generation of highly fibrillogenic Aβ42 

has led to the development of presenilin-1 (PS1) transgenic mice 
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expressing mutant PS1.  PS1 is part of the γ-secretase complex but this 

pleiotropic gene also participates in mechanisms regulating cellular 

proliferation. Although PS1 is a key regulator in Notch and Wnt 

signaling mechanisms, there is no direct evidence demonstrating that 

familial PS1 can influence proliferation or survival of NPCs in humans.  

PS1 signaling is responsible for developmental maturation of glia and 

neurons (reviewed by Gaiano and Fishell)[115]. In Wnt signaling PS1 is 

directly involved with β-catenin turnover, a mechanism responsible for 

proliferation of progenitor cells in the developing brain[116]. Normal 
PS1 facilitates phosphorylation of β-catenin leading to proteosomal 
degradation; mutant PS1 cells have increased stability of β-catenin 
leading to downstream nuclear signaling events. It is therefore not 
surprising that neuronal expression of mutant PS1 with a Thy1 
promoter increased proliferation in the DG of 4-month old transgenic 
mice[117]. Increased cell proliferation did not result in increased 
neuron survival in the hippocampus of these mice.    

Table 1 provides a direct comparison of the studies that have 
utilized PS1 models.  PS1/PS2 KO mice were evaluated at two ages and 
found to have increased proliferation and survival[118].  A study of PS1 
expressed under the NSE promoter found that proliferation was 
reduced by both wild-type and mutant PS1. Interestingly, the wild-type 
PS1 mice had increased survival of immature neurons while the 
mutants did not[119].  A follow-up to this study incorporated groups 
with environmental enrichment - expression of the wild-type protein 
was sufficient to increase survival of immature neurons expressing 
Tuj1. Enrichment in these mice increased proliferation and survival 
compared to the non-enriched group. This normal physiology was not 
preserved in mice expressing mutant PS1; enrichment increased 
proliferation however there were no changes in Tuj1 expression and 
less surviving BrdU+ cells[120]. A more sensitive experiment was 
produced by crossing mutant PS1 knock-in mutants with PS1 
knockouts. Investigators generated mice with one mutant copy of PS1. 
Expression of mutant PS1 resulted in impaired learning in a contextual 
fear conditioning test. This impaired associative learning was positively 
correlated with impaired neurogenesis[121]. The investigators, through 
comparison with the parental knock-in line, concluded that expression 
of wild-type PS1 can override the mutant PS1 gene.   

Continued research with PS1 mutants is justified since the 
expression of human transgenes does impact neurogenesis. It is difficult 
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however to assess whether behavioral changes are due to increased 

neurogenesis or expression of the transgene making direct cause-effect 

relationship between neurogenesis and learning difficult. 

Electrophysiological analysis can eliminate the possibility of changes in 

synapse function.  Evaluating the collective nature of Alzheimer’s 

mutation can also be done through double knock-in experiments that 

utilize PS1 and APP[122]. 

  

Amyloid Precursor Protein transgenics 

Transgenic models of Alzheimer’s further include mice 

expressing mutant APP; typically bigenic mice are generated expressing 

mutant PS1 and human APP as murine APP does not generate 

fibrillogenic peptides. As reviewed recently, most APP and APP/PS1 

mouse models show reductions in cell proliferation[123]. Limited 

information is present concerning the subsequent survival of the 

newborn cells. Table 2 provides a list of studies completed with APP 

models but does not provide a comprehensive inventory of all studies 

completed to date. While the data is quite variable, some consensus has 

been achieved.  A study evaluating APP and APP-PS1 mice showed that 

APP mice had no difference in hippocampal neurogenesis when 

evaluated by BrdU incorporation.  At this age the mice do not have 

amyloid deposits, however, when the mice were evaluated at 25-

months of age, APP mice exhibited significant increases in the number 

of BrdU and DCX positive cells[124]. A separate study utilizing different 

APP-PS1 mice at 8-months of age showed increased BrdU and NeuN 

positive cells compared to controls despite finding that APP-PS1x 

NestinGFP mice exhibited decreases in nonproliferative Nestin positive 

NPCs[125].  From these results it is arguable that endogenous 

neurogenesis is elevated in response to pathology, however the 

molecular mechanisms establishing this response have yet to be 

elucidated.  Furthermore the functionality of these new neurons has not 

been assessed; however these models certainly provide the framework 

for such experimentation.  

The relationship between  Aβ and neurogenesis has also been 

combined in interventional studies:  environmental enrichment or 

running was expected to lead to improvements in behavior associated 

with reductions in Aβ plaque load and possibly increases in 

neurogenesis. As expected, mice provided with environmental 

enrichment had increases in newborn cell proliferation and survival. 
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These changes also corresponded to improved performance in a spatial 

memory task, but surprisingly, there was no change in plaque load. The 

results indicate that despite plaque burden, the neurogenetic 

environment is preserved allowing for functional recovery[126]. 
Curiously this recovery dissociates structural from functional 
pathology.   
 

Tau transgenics 

So far, a few mouse models of tauopathy have also been 
evaluated.  Here we see again that different models result in different, 
sometimes surprising, albeit not completely conflicting data sets84, 87,106, 

108,109, . A model utilizing human tau with two mutations, describes 
induction of hyperphosphorylation and NFTs in 3 to 6 month-old 
animals in the hippocampus.  Cell bodies of the DG are spared at this 
young age but neuritis in these areas are immunopositive for AT8, 
indicating aberrant phosphorylation of tau, similar to what is found in 
AD. Compared to non-Tg mice, transgenic tau mice had two-fold higher 
DCX levels and significantly higher expression of TUC-4 in the DG 
through 6 months[127].  Mice with non-mutant human tau also show 
signs of proliferation, however this proliferation was identified outside 
the SGZ and SVZ[128]. Using a knockout-knockin approach, it was 
further shown that expression of 4R tau reduces cell proliferation and 
increases differentiation and neuronal maturation, confirming an 
important role for tau in neuronal plasticity and differentiation[92]. 
Also, in young mice carrying the tau-P301L mutation that is associated 
with frontotemporal lobe dementia, increased long-term potentiation in 
the dentate gyrus (LTP) was observed parallel to improved cognitive 
performance. As neither tau phosphorylation, motor deficits or 
neurogenesis could account for these changes, this demonstrated that 
protein tau plays an important role in hippocampal memory, and that it 
is not the tau mutations per se, but rather the ensuing 
hyperphosphorylation that must be critical for cognitive decline in 
tauopathies like FTD and AD87. 
 

Other models of acute and chronic neuropathology 

As mouse models do not always provide a full spectrum of 
relevant pathology, parallels to other models of neurodegeneration can 
assist the Alzheimer field. These findings are also mixed; increased 
neurogenesis is observed during ischemia[129] and trauma[130], 
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however functional recovery after the events due to responses in 

neurogenesis have not been clearly demonstrated. Additionally, these 

acute traumatic events have been described previously but have not 

provided the molecular mechanisms responsible for proliferation in 

neurodegenerative conditions. In models for other human 

neurodegenerative diseases like Parkinson’s disease, neurogenesis 

doubled after lesioning when measured by incorporation of BrdU[131], 

however other investigators have explained this as a glial 

response[132].  Transplantation of dopaminergic neurons and stem 

cells has been evaluated for treatment of Parkinson’s disease and the 

literature reflects the difficulty in successfully transplanting cells to the 

substantia nigra (reviewed by Deierborg et al.)[133]. 

While transplanted cells can survive and reverse some 

behavioral symptoms, the mechanisms underlying the observed benefit 

are unclear and there is little evidence for neuronal replacement. In 

most cases only a few grafted cells survive and these neurons do not 

show the same phenotype as the cells they are replacing in the lesion. 

Moreover, the functionality of these cells in unknown, afferent and 

efferent connections have not been established for grafted cells while 

also tumor formation may occur.  

In stroke models, endogeneous production of NSCs has been 

observed which is of interest for understanding the effects of stem cell 

or neurogenetic therapies. New neurons migrating to the site of the 

lesion differentiate to the appropriate phenotype, however >80% of the 

neurons die in the weeks following the stroke. Thus, in the weeks 

following the ischemic lesion only a small fraction (~0.2%) of the 

neuronal population has actually been replaced. The results of these 

experiments have been followed up by selective lesion techniques that 

spare the architecture of the brain using targeted apoptotic 

degeneration[134]. The new neurons generated under these 

circumstances extend axons. This implies that self-repair mechanisms 

of neurogenesis are restricted to the proper structure responsible for 

migration and survival of the new neurons.  

 

Emerging areas 

 Inflammation and the role of glia 

The AD brain is characterized by a pronounced inflammatory 

response and various inflammatory mediators like cytokines, 

complement factors and microglia cells are found to respond to amyloid 



162 Review of adult neurogenesis in AD transgenics 

 

deposition. Evidence has been collected showing that reduction of 

proinflammatory mediators and/or microglia activation through 

pharmacologic treatment can restore or increase neurogenesis in 

different models of hippocampal insult including demyelization models 

of MS. Blocking inflammatory microglia has been shown to restore 

neurogenesis after LPS injection in adult rats[135]. So, while classically 

activated microglia impair neurogenesis, microglia associated with 

adaptive immunity have been identified as neuroprotective and 

participating in the regulation of neurogenesis. Environmental 

enrichment causes increases in CNS specific T-cells acting in concert 

with resident microglia contributing to progenitor cell proliferation and 

survival of neuroblasts[136]. Mice in enriched environment have more 
microglia expressing IB-4 and MHC-II proteins in the dentate gyrus. 
Mice with severe combined immune deficiency (SCID) housed in this 
enriched environment fail to show increases in proliferation or 
neuroblast survival, indicating impaired neurogenesis in these animals. 
Separate experiments confirmed that spatial learning and memory are 
dependent on the presence of autoimmune T cells and that brain-
derived neurotrophic factor expression (BDNF) was increased, showing 
a positive correlation with neurogenesis and spatial learning and 
memory.   

These findings are interesting because Alzheimer’s disease is 
characterized by inflammation and activated microglia. A comparison of 
autoimmune T cells and cytokine activated microglia expressing MHC-II 
proteins in an Alzheimer population would provide insight regarding 
the status of neurogenesis during the disease state. Preventing 
inflammation associated with AD may create a more permissive 
environment that could preserve adult neurogenesis.   

 
Transplantation  

Development and maturation of stem cells into functional cells of 
the CNS has also been explored through transplantation. Intrastriatal 
transplantation of human fetal mesenchephalic tissue containing 
postmitotic dopaminergic neurons demonstrated that replacement of 
neurons can indeed be therapeutic[137, 138].  Grafted neurons 
normalized striatal dopamine release and survived despite ongoing 
disease destroying the endogenous population. These results highlight 
the exceptional potential for stem cell based therapies. Yet, there are 
numerous hurdles that currently limit the ability to predict the outcome 
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of stem cell transplantation and it is outside the scope of this report to 

identify the sources and potential design of stem cells transplantation 

studies. However, evaluating the fundamental biology of stem cells is of 

critical importance for attempts to replace mature cells, either by 

transplantation or recruitment of endogenous pools.   

 

Models of disease and neurogenesis 

Further characterization of the neurogenic micro-environment is 

necessary to fully understand the dynamics of the niche during aging 

and pathological conditions. Signaling and activity within the 

hippocampus are responsible for maintenance and development of 

granule neurons occurring only under the conditions found in the 

neurogenic niche. Failing functionality of this micro-environment 

precludes incorporation of new functional neurons. Additionally, while 

the function of new neurons and regulation is still poorly understood, 

disruptions in neurogenesis have functional consequences such as 

observable behavioral changes. Specific activity-dependent signaling 

mechanisms are of interest within this context[139, 140].  

While neurogenesis can indeed increase after lesioning of the 

brain during acute trauma or stroke, Alzheimer disease presents a 

distinct problem where chronic long-term mechanisms deplete the 

hippocampus of activity and neurons. Given this paradigm, a proper 

understanding of the neurogenetic environment, including the cells 

interacting with NSCs, is absolutely necessary for increasing the 

number of functional neurons. Mouse models of AD provide an 

opportunity to characterize these dynamics.  While preliminary studies 

have been completed, these models provide the foundation for more 

advanced study of adult neurogenesis. With continued work in this 

field, the essential hope for better Alzheimer’s therapies will be 

realized. 
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Table 1: PS1, a pleiotropic gene involved with Notch and APP 

processing, has been evaluated through transgenic mice for the effect 

on adult neurogenesis.  The data suggests that proliferation of NPCs can 

be induced when mutant PS1 is expressed by Thy1 and NSE promoters.  

Interestingly, increased survival of neurons has been observed in this 

model through different manipulations.  

 

 

Table 2: PS1xAPP mutants provide a platform for evaluating the 

relationship between neurogenesis and pathology.  Thus far 

investigators have focused on proliferative changes and survival of new 

neurons during aging in these animals.  Attempts to restore or modify 

neurogenesis for therapy will need to address the special conditions 

found in these models.  
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Abstract 

Reductions in adult neurogenesis have been previously 

documented in the 3xTg mouse model of Alzheimer's disease, notably 

occurring at the same age when spatial memory deficits first appeared.  

As these findings associated reduced neurogenesis with behavioral 

deficits in the 3xTg model, we tested whether activity and 

pharmacological interventions known to increase neurogenesis could 

prevent deficits in spatial memory in the 3xTg model.  We chronically 

administered the antidepressant fluoxetine to one group of mice, 

allowed open access to a running wheel in another, and combined both 

treatments in a third cohort.  All treatments lasted 11 months in order 

to test the ability to induce neurogenesis and preserve spatial memory.  

Backcrossed 3xTg mice had low levels of neurogenesis that were 

increased by wheel running.  However, 3xTg mice, at an age of 20 

months, did not exhibit any deficit in spatial learning or memory as 

measured in the Morris Water Maze. The 3xTg mice expressed 

prominent intraneuronal Aβ levels in the cortex and amygdala, but very 

little in the CA1 hippocampal subfield. Running appeared to increase 

Aβ, while fluoxetine seemed to reduce Aβ accumulations however the 

overall density of Aβ and AT8 tau accumulations was not significantly 

altered by the test conditions. Our results indicate that the 3xTg mice, 

when backcrossed to a C57Bl6 strain, lose their behavioral phenotype 
documented in the unmodified 3xTg mouse maintained on a hybrid 
genetic background. We conclude that running and synergistic 
treatment of running and fluoxetine increases long-term survival of 
neurons generated during middle-age in the backcrossed 3xTg mouse 
model of AD. 
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Introduction 

Previous chapters of this thesis established epidemiological, 

biochemical, and therapeutic reasons to study Alzheimer disease (AD). 

Modeling AD is frequently performed with transgenic mice carrying 

multiple mutated copies of the genes known to, at least partially, 

underlie the disease (see Chapter 8). The popular 3xTg mouse model 

was first described in 2003 and displays both amyloid beta (Aβ) and tau 

accumulations; these mice are an attractive model to study AD in view 

of their reported behavioral and neuropathological phenotype that 

recapitulates several aspects of the disorder (1,2).  Initial findings from 

these mice demonstrated that intraneuronal Aβ accumulations 

preceded tau pathology(3). Behavioral deficits could be observed 

during an early phase of pathology when increasing levels of 

intraneuronal Aβ disrupted neuronal integrity and induced cognitive 

deficits in the mice in the Morris Water Maze (3). The authors further 

showed that vaccination with an anti-Aβ antibody reversed behavioral 

deficits by clearing Aβ deposits, but not tau neuropathology (3).  

Adult neurogenesis is regarded as a special type of brain 

plasticity that influences vulnerability to accumulating deleterious 

events (4) and may reflect susceptibility to disease. Surprisingly, 

neurogenesis was never quantified during interventional studies in 

3xTg mice. Sex and age-dependent deficits in adult neurogenesis were 

first described in the 3xTg mice in 2008.   Female 3xTg mice were 

shown to have reduced neurogenesis in the dorsal hippocampus 

starting at 4 months-of-age and a significant correlation between 

intraneuronal Aβ and reduced neurogenesis at 12 months-of age (5). 

This suggested that deficits in neurogenesis preceded later AD 

pathology and correlated with behavioral deficits in the animals.  This 

study was instrumental in stimulating interest in neurogenesis as a 

therapeutic target to reverse behavioral deficits associated with AD.  

While aging and disease reduce neurogenesis in adult rodents, 

neurogenesis is inducible through activity and pharmacology-

dependent mechanisms (see Chapters 1, 6, 7).  Acute running 
conditions can reverse the decline in hippocampal neurogenesis and 
improve spatial memory in aged animals; running increases 
neurogenesis and improves recall to the location of a submerged 
platform similar to levels observed in young animals (6). Fewer studies 
have tested methods of increasing neurogenesis over longer time scales 
and addressed implications for learning and memory late in life.  This is 
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particularly important in the context of Alzheimer disease, where aging 

and disease occur simultaneous.  

We know that promoter/ transgene constructs can have direct 

effect on neurogenesis reported in AD mouse models (as reviewed in 

Chapter 7).   Previous work establish that wheel running increased 

adult neurogenesis in transgenic Amyloid precursor protein (APP) mice 

with transgenes expressed under the same promoter as used in the 

3xTG mice (7), suggesting activity will similarly induce neurogenesis in 

3xTg mice.  If deficiencies in neurogenesis are responsible for 

behavioral deficits in the 3xTg mouse, interventions such as running 

and antidepressant therapy would be able to reverse these deficits.  In 

view of our results in aging wildtype mice (chapter 6) and for reasons 
discussed earlier (Chapters 5&6), we sought to evaluate the effects of 
prolonged interventions (11 months) starting in middle age mice (9 
months-of age). Such a design bares considerable relevance for 
prevention and possibly treating humans, where AD is often not 
discovered until late in the course of the disease when behavioral and 
neuropathological deficits have manifested already. 

While running is a potent stimulus for hippocampal 
neurogenesis and spatial memory in various mouse strains (8-10), the 
underlying mechanisms involve a number of effects, such as increasing 
brain derived neurotrophic factor (BDNF) and angiogenesis (11,12). 
Running wheel activity stimulates neurogenesis through both effects on 
stem cell proliferation and on survival of new neurons (13). The 
antidepressant fluoxetine has been shown to increase neuronal 
maturation(14). Furthermore, as additive effects of running and 
fluoxetine treatment had previously potentiated the expression of 
BDNF mRNA in the brain, we expected that in our present study, 
synergistic application of running and SSRI treatment would have an 
aggregate effect greater than either treatment alone (15).   As we set out 
to correlate behavioral changes with the survival of new neurons, here 
we only measured the survival and phenotype of new cells.  Two 
cohorts of animals were used to evaluate BrdU cell survival at 1 and 11 
months of treatment.  

We further evaluated the ability of both interventions to impact 
the extent of neuropathology by measuring Aβ and tau pathology in 
these animals. A relatively novel aspect of the biochemistry and 
neuropathology of Aβ is the accumulation of intraneuronal Aβ as 
observed in human brain (16).  Neuropathology in the human brain 
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suggests that intraneuronal Aβ is one of the earliest pathological events 

in AD (17).  As synaptic pathology correlates better with cognitive 

dysfunction than the accumulation of amyloid plaques (18), many 

studies of Aβ seek to establish a mechanistic link between Aβ and the 

physical damage to synapses and to the eventual neuronal death (19) 

(reviewed by Gouras)(20).  The 3xTg mouse model is unique in that it 

was the first model to show evidence that intraneuronal Aβ expression 

could indeed replicate many of the behavioral and complex 

neuropathological changes present in AD patients (3).   

 

Materials and Methods 

 

Mice 

3xTg mice were first generated by Prof. FM LaFerla (University 

of California, Irvine, USA) and acquired by the National Institute on 

Aging (NIA, Baltimore, MD, USA).  3xTg mice, harboring PS1M146V, 
APPswe, and tauP301L transgenes, were first backcrossed to the 
C57Bl6 strain for 7 generations. The mice were maintained on a 
standard NIH-07 diet (Harlan-Tekland, Indianapolis, IN) with free 
access to water during a 12-hour light/12-hour dark cycle. Female mice 
were group housed until the start of the experiment at 9 months-of-age 
then singly housed for the duration of the experiment. Female 3xTg 
mice were randomly assigned to control (Con), fluoxetine (Flu), running 
(Run), and synergistic treatment with fluoxetine and running 
(FluxRun). Running mice (Run and FluxRun groups) were housed in 
running wheel cages where running distance was recorded hourly 
(Clocklab, Coulborn Instruments, Whitehall, PA).  

Two cohorts of animals were used to evaluate acute and chronic 
responses to the described conditions. Cohort 1: Animals were 
chronically treated with the conditions listed above for ten months with 
behavioral testing at 1-month and 10-month time points. Mice were 
euthanized on day 333, 11 months after the start of the study at 20 
months of age. Cohort 2:  Animals were treated acutely for 1-month (n= 
3-4 per group), to determine the acute effects of treatment on the 
survival of new neurons labeled in the DG.  At the end of each study, 
animals were deeply anesthetized by isoflurane inhalation and perfused 
with phosphate buffered saline.  Animals were decapitated and brains 
were immediately removed. The right hemisphere was placed in 4% 
paraformaldehyde for 48 hrs, followed by equilibration in 30% sucrose. 
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Tissue was sectioned coronally (40 μm) on a freezing microtome 

(Thermo-Fisher) and stored at -20° C in cryoprotectant solution. The 

left hemisphere was dissected and frozen on dry ice for biochemical 

analysis of BDNF.  All animal procedures were done in accordance and 

were approved by the National Institute of Health Animal Care and Use 

Committee.    

 

Administration of fluoxetine in drinking water and running  

 Fluoxetine was dissolved in drinking water and replaced every 3 

days.  A pilot study established that running mice drink comparable 

amounts of water as sedentary controls. Fluoxetine is soluble in water 

up to a concentration of 4 mg/ml; in this study we dissolved fluoxetine 

at 0.12 mg/ml such that oral dosing was 18 mg/kg/day (based on pilot 

data on water consumption).   

Similarly, running animals did not show higher consumption of 

water compared to sedentary controls. Data from Run and FluxRun 

groups were recorded and analyzed with Clocklab software: Run 2.2 + 

0.6 km/day, FluxRun 1.1 + 0.5 km (see Table 1). Data collected from 
Run and FluxRun mice was highly variable as discussed in the Results.  
 

Behavior: Morris Water Maze 

Mice were trained in the Morris water maze(21), to find a 
platform hidden 5 mm below the surface of a pool (1.40-m diameter) 
that was filled with water made opaque with white nontoxic paint.  
Starting points were changed daily for each trial. A trial lasted either 
until the mouse had found the platform or for a maximum of 60 sec. 
Mice rested on the platform for 10 sec after each trial.  Mice were 
trained with 4 trials per day over 6 days. Upon completion of training, 
the platform was removed for 60-sec probe trials; probe trial were held 
4 hours and 24 hours after the last training session.  Platform latency 
was recorded (Anymaze, Stoelting Co., USA).   
 

Behavior: Rotor-Rod performance 

 The Rotor-Rod test was used to assess sensorimotor 
coordination and motor performance at 10 and 20 months of age. 
Latency to first fall and the total number of falls were measured during 
3 trails of 5 minutes using a program with constant acceleration to 25 
rpm.    
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Bromodeoxyuridine immunohistochemistry and cell counts 

In order to analyze newborn cells, BrdU (50 mg/kg) was injected 

i.p. for the first 10 days for each cohort of animals. A one-in-six series of 

free-floating sections (40 µm) was washed in PBS and pre-incubated 

with 0.6% H2O2 for 30 minutes. After rinsing, the sections were 
incubated in 2N HCl at 37° C for 30 minutes to denature DNA then 
neutralized in 0.1 M Borate buffer at RT.  After thorough washing, the 
sections were blocked with PBS++ (3% Donkey Serum-0.05 M PBS, 
0.5% Triton-X 100) for 30 min at room temperature and incubated with 
rat anti-BrdU (1: 200 in PBS, Accurate Chemical Westbury NY) 
overnight at 4o C.  Thereafter, the sections were washed and immersed 
in biotin-SP-conjugated donkey anti-rat IgG (1: 250, Jackson 
ImmunoResearch, West Grove, PA) followed by 2 hrs in ABC reagent 
(1:800, Vestastain Elite; Vector Laboratories, Burlingame, CA).  The 
sections were then incubated with the substrate 3, 3’-Diaminobenzidine 
(D4418, Sigma, St. Louis, MO) for 5 min to visualize the cells that had 
incorporated BrdU. BrdU-positive cells were counted in a one-in-six 
series of sections (240 µm apart) through a 20X objective (Olympus, 
BX51) throughout 6 hippocampal sections per animal starting at 
approximately Bregma -1.46.    

The volume of the DG for each group of animals was determined 
by DAPI staining a 1:6 series of sections and outlining the GCL and SGZ 
on a microscope equipped with Stereoinvestigator software 
(Microbrightfield). Seven sections were outlined making boundary 
contour tracings to determine the area of the DG at each level. Area 
values were used by the Cavalieri method to determine hippocampal 
volume. No significant differences in total area were found between 
groups (One-way ANOVA p = 0.86, F = 0.25).  

 
Double immunofluorescence for cell fate analysis 

Free-floating sections (1:6 series) were simultaneously 
incubated with primary antibodies against BrdU (1: 100 Accurate 
Chemical Westbury NY) and the neuronal marker NeuN (1:100 
Millipore, Billerica, MA) after the denaturation, neutralization, washing 
and blocking steps described above. Antibodies were diluted in PBS++ 
and then sections were incubated for 48 hr at 4o C.  After rinses with 
PBS and blocking in PBS++, sections were co-incubated with donkey 
anti-rat Alexa Fluor 488 (1:250, Molecular Probes, Carlsbad, CA) and 
donkey anti-mouse Alexa Fluor 568 dyes (1:250, Molecular Probes, 
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Carlsbad, CA) for 2 hours at room temperature. A laser-scanning 

microscope was used to identify cells positive for both BrdU and NeuN 

markers. Fluorescent signals were imaged with a Zeiss LSM 510 

confocal laser-scanning microscope and confocal and z-stacked images 

were used in coordination to determine the percentage of BrdU-

positive cells with a neuronal phenotype by expression co-labeling of 

BrdU with NeuN.   

 

Aβ immunohistochemistry and densitometry 

The extent of Aβ immunoreactivity was determined by using a 

technique documented previously that utilizes formic acid (FA) based 

antigen retrieval (22). This procedure was modified to accommodate 

sections cut floating sections cut at 40 μm sections. These sections were 

washed and mounted on Superfrost slides, 4 sections were mounted on 

each slide. Antigen retrieval was achieved by boiling sections in 0.01 M 

citrate buffer (pH 6.0) followed by a 3-minute incubation with 88% FA. 
The primary Ab was directed against N-terminal Aβ peptides (1:250 IBL 
Japan #18584). Sections were developed using biotinylated secondary 
Ab, Goat anti-Rabbit 1:200, and Vector Labs ABC (Vector Labs, 
Burlingame, CA USA). Images, taken at total 100x magnification, were 
collected on an Olympus BX-51 microscope equipped with a DP-50 
camera (Olympus, Hamburg, Germany). Images were converted to 8-bit 
greyscale images  with NIH Image J (v. 1.61) and then converted into 
binary positive/negative images by using a threshold limit held 
constant for all images in a given brain region.  Percent area fraction 
was determined through the use of a macro in Image J.    
 
Tau immunohistochemistry and densitometry  

As reviewed in Chapters 1 and 7, tau protein is aberrantly 
hyperphosphorylated at serine and threonine residues during AD. The 
monoclonal Ab AT8 recognizes tau protein phosphorylated at both 
serine 202 and threonine 205(23). Tau accumulations can occur in the 
absence of Aβ and serve as hallmarks for neurodegenerative 
tauopathies (reviewed by Lee and Goedert) (24,25).    

AT8, a mouse monoclonal Ab, is blocked with goat anti-mouse 
FAb fragments to bind endogenous mouse antigens (1:200 goat anti-
mouse FAb fragments diluted in 2% NGS, 0.4% triton, 0.1 M PBS). After 
subsequent thorough washing (6 x 10 min in PBS), sections were 
incubated with 1:1000 AT8 for 1 hr at RT and 4°C overnight.  The 
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following day sections were washed and incubated with biotinylated 

sheep anti-mouse Ab (1:200). Avidin-Biotin complex was applied at the 

lab-tested  concentration (1:800) and sections were developed with 

diaminobenzene (DAB) according to standard procedures.   

 

 

BNDF Western Blot 

To measure mature BDNF peptide levels, hippocampal tissue 

was homogenized in 400 μl of the 1 X RIPA buffer containing protease 

inhibitors (Complete Mini, Roche Diagnostics) using pestles and 

microtubes (ISC BioExpress) and then sonicated with four pulses of 10 

seconds at scale 4 (Ultrasonic Processor, Model GE70) at room 

temperature. The lyzed samples were centrifuged at room temperature 

for 10 min and the supernatants were transferred to fresh tubes. The 

lysates were reduced with 100 mM DTT at 70ºC for 1 h to break the 

strong disulfide bonds of BDNF. The protein concentrations were 

measured using Bradford method (Bio-Rad).  The samples were diluted 

to final concentration of 3 μg/μl with the lysis buffer and 4 X LDS 

NuPAGE sample buffer (Invitrogen). Before electrophoresis, the 

samples were heated at 90ºC for 5 min, rapidly cooled on ice for 1 min 

and then equilibrated to room temperature for 10 min. Equal amounts 

of 15 μg of the proteins were loaded onto 4-12% gradient NuPAGE 

neutral polyacrylamide gel.  The electrophoresis was carried out in 1 X 

MES buffer and the proteins in the gel were transferred to Immobilon-

FL membrane (Millipore) using NuPAGE transfer buffer according to 

the manufacture’s protocol (Invitrogen). The polyclonal rabbit BDNF 

antibody (Santa Cruz Biotechnology, Inc.) and an infrared-labeled goat 

against rabbit secondary antibody (Li-Cor Biosciences) were used for 

immunostaining according to Li-Cor’s protocol. The specificity of BDNF 

antibody staining was confirmed by co-migration with the reduced 

human recombinant BDNF (0.1 g) monomer (Neuromics). 

 

 

Statistical analysis  

All statistical analyses were carried out using GraphPad Prism. 

For Morris water maze latency, one way analysis of variance (ANOVA) 

with repeated measures was performed followed by Bonferroni 

posthoc tests for individual days. For the time in quadrants, a one-way 

ANOVA was performed on each group followed by Bonferroni post-hoc 
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tests.  For comparisons of 2 groups, Student’s t-test was used to 

determine if means were significantly different and assign statistical 

significance.  

 

 

Results 

Fluoxetine impairs motor coordination and appears to reduce 

running distance 

Our study design allows us to collect data on running distances 

in the Run and FluxRun cohort non-invasively during the study.  We 

found surprising evidence that a high degree of variability was present 

for running distance in the middle-aged 3xTg mice (Table 1). Both Run 

and FluxRun groups showed similarly large ranges for total distance 

traveled in the running wheel.  This was evident when evaluating data 

from 28 and 333 days.  At both time points, FluxRun animals show 

lower average distances, however these differences are not significant 

(Student’s 2-tailed t-test, 28 days p =0.61, 333 days p = 0.09).  
Fluoxetine did not impair motor coordination at 1 month (data not 
shown), however impairment was evident at 20 months; Flu mice 
displayed a significantly higher frequency of falls when measured over 
three trials in the Rotor-rod test(Fig 1A, One-way ANOVA p<0.05). 

 

 
Fig 1: Total falls in the Rotor-rod test at 20 months of age 

During a program of constant acceleration on the Rotor-rod, 3xTg mice given 
fluoxetine show a higher total number of falls when measured across trials.  All three 
trials were conducted in succession on the same day with approximately 1 hr between 
trials (repeated measures ANOVA F(3,54)= 5.82, p<0.05). 
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Table 1: Total distance range and average for Flu and FluxRun groups  

Data collected from the running wheels reflects that both Run and FluxRun groups has 

a high degree of variation.  FluxRun animals showed a trend for running less distance 

on average that the Run cohort, however the means are not significantly different 

(Student’s 2-tailed t-test, 28 days p =0.61, 333 days p = 0.09).  

 

Group Days Range:  
Total distance  
(km) 

Average 
distance (km) 

Stdev.  
(km)  

Run 1-28 5.4 – 123.0  54.2  51.4  
FluxRun 1-28 2.1 – 120.4  40.3  44.3  
Run 1-333 231 – 1367  738 461 
FluxRun 1-333 28 – 1188  367  420 

  
 

Chronic running stimulates BrdU+ cell survival and adult 

neurogenesis 

The thymidine analog BrdU was injected for the first 10 days to 
label dividing neural progenitor cells. To measure the short-term effects 
of running and fluoxetine, a separate cohort of animals was used to 
quantify BrdU+ cell survival 1 month after injection when 3xTg mice 
were 10 months of age. BrdU labeled cells were counted in the SGZ and 
granule cell layer.  At this time there was a high amount of variability 
between groups and mean cell survival was not significantly different 
between groups (Fig 2A).  

To measure long-term effects of running, fluoxetine and 
synergistic treatment, BrdU+ cell survival was also measured after 10 
months of treatment when the animals were 19 months of age. A 
significant difference was found between treatment groups, specifically 
that running and combined treatment had elevated the number of 
surviving BrdU+ cells (Fig 2B). However, neither group showed a 
significant correlation between running distances and BrdU+ survival 
(data not shown: groups combined, Pearson r = 0.23, p= 0.2125; Run 
only, Pearson r = 0.14, p= 0.38; FluxRun, Pearson r = 0.28, p= 0.27).  
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Fig 2: BrdU+ cell survival 1 month and 11 months after beginning treatment.  A) 

1 month after increasing neurogenesis with fluoxetine (Flu), running (Run), or 

combined therapy (FluxRun), none of the treatment groups show significant 

elevations in BrdU+ cell survival compared to controls (Con) (One-way ANOVA F(3, 

9)= 0.97, p= 0.44) . 

B) 11 months after starting treatment, significant increases in BrdU+ cell survival 

were seen for both Run and FluxRun groups compared to non-running controls. (One-

way ANOVA F(3,23)= 5.27, p<0.01) 

 

Neuronal differentiation is unaffected by treatments 

To investigate the ability of running, fluoxetine, and synergistic 

treatment to influence adult born cell fate and neurogenesis, confocal 

imaging was used to identify BrdU+/NeuN+ cells. BrdU in this paradigm 

identifies cells born during the first 10 days of the experiment while 

NeuN identifies mature neurons. Co-imaging these markers and 

quantifying BrdU+/NeuN+ cells across cohorts showed there was no 

significant difference in the percentage of cells labeled with both 

markers (control: 65 ±11%, Flu 59±7%, Run: 77±7%, and FluxRun 
48±12%)  
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Fig 3: Percentage of BrdU+ cells expressing the neuronal marker NeuN 

None of the treatment groups showed significant differences in the percentage of 

BrdU+ newborn cells expressing NeuN as marker for mature CNS neurons (One-way 

ANOVA F(3,19)= 2.27, p= 0.11) 

 

 

Aged 3xTg mice do not exhibit impairments in learning or memory 

To assess spatial learning and memory, mice were tested in the 

Morris water maze. Surprisingly, there were no observable differences 

between groups after 1 month of treatment (Fig. 4A). All animals in the 

study learned the task to criterion within 6 days, with both groups 
remembering equally well the location of the platform in a probe test 24 
hrs after the last training session. After 11 months of running, at 20 
months of age, mice were trained to a different platform location. There 
was no difference between groups in acquisition of the task over 6 days 
of training or in the probe tests.  

During the 6- and 24-hour probe tasks, mice in Con, Run, and 
FluxRun had a preference for the target quadrant (Fig 4C, D). Mice 
treated with fluoxetine, did not show this preference. No differences in 
swim speed or path length were detected between groups (data not 
shown).   
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Fig 4: 3xTg mice show no impairment in learning or memory during testing in 

the MWM at 10 or 20 months of age.   

A) 1 month data reflects that all groups learned the MWM to criterion (latency to 

platform < 20s) (repeated measures ANOVA F(3,198)= 1.97, p=0.16)  and B) 
remembered the location of the platform 24 hrs after their last training session (Con 
F(3,27)=13.44, Flu F(3,27)= 54.91, Run F(3,24)= 11.60, FluxRun F(3,27)= 17.09, 
P<0.001) Bonferroni post-test p<0.05 target vs each quandrant.  .  C) 10 months after 
starting the experiment, 3xTg mice were re-trained and Con, Run, and FluxRun 
showed significant preferences for the target quadrant during 4 hr probe trials (Con 
F(3,12)=9.00, Run F(3,21)= 6.00, FluxRun F(3,18)= 9.34, P<0.01) Bonferroni post-test 
p<0.05 target vs each quandrant, Flu F(3,21)= 2.94, p = 0.06) D) 24 hr probe trials 
(Con F(3,12)=13.14, Run F(3,21)= 21.50, FluxRun F(3,18)= 22.81, P<0.01) Bonferroni 
post-test p<0.05 target vs each quadrant, Flu F(3,21)= 6.61, p <0.01).  
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Mature BDNF protein in the hippocampus 

Mature BDNF was measured by Western blot; there was no significant 

difference in BDNF expression between the groups.     

 

 
 

Figure 5:  Mature BDNF protein in the hippocampus 

No significant differences were observed in the amount of soluble BDNF across 

cohorts. BDNF protein, as measured by Western blot, was standardized to the 

housekeeping gene, beta-tubulin (One-way ANOVA F(3,23) = 0.56, p = 0.64). 

 

 

 

Aβ expression in the 3xTg mouse 

Markers of AD neuropathology remain a common endpoint to 
determine the efficacy of a new drug.  While fluoxetine has no known 
pharmacological interaction with any of the enzymes directly related to 
the generation of Aβ peptide, there are many secondary mechanisms 
capable of influencing Aβ accumulation of in the brain.  
 Given the important role of intraneuronal Aβ in the 
pathogenesis, we used a specific immunocytochemical protocol for 
intraneuronal Aβ. This technique also identifies extracellular Aβ 
plaques, but not beta C-terminal fragments (β-CTFs)(supplementary Fig 
1). In the rostral hippocampus, intraneuronal Aβ is observable 
primarily in the cortex and amygdala (Amy) (Fig 6A-B, Fig 7 A-H). In 
contrast to these areas, extracellular Aβ plaques are predominantly 
found in the CA1 region and Subiculum (Sub) (Fig 6C-D, Fig 7 I-P).   
These structures were anatomically identified and quantified across 
three separate sections that were standardized to specific rostral-
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caudal orientation to make appropriate comparisons (representative 

levels Fig 6).   A 1:6 series of tissue sections was used to determine 
neuropathology, such that neighboring sections are 240 μm apart.  If 
three consecutive sections were not available for quantification within 
an anatomical region, within the proper rostral-caudal orientation 
(amygdala and cortex -1.46 � -2.30 mm, CA1 -1.94 � -2.78 mm, 
subiculum -2.46 � -3.30 mm), the animal was not included for analysis.  
Missing or damage sections were not frequently observed.  
 Densitometry was used to measure Aβ accumulations, as labeled 
by immunohistochemistry with anti-Aβ antibody (IBL #18584) 
recognizing the N-terminus of Aβ.  Both intraneuronal and extracellular 
Aβ are recognized by the antibody, similarly densitometry employs a 
thresholding technique that captures intraneuronal and extracellular 
Aβ information indiscriminately.   For each brain subregion, 
photomicrographs were saved as an image sequence and a threshold 
was determined that identified specific staining while omitting 
background staining for the image sequence.  The image sequence was 
then evaluated for percent area fraction using 3 threshold values, 
namely the originally determined threshold value in addition to one 
higher and one lower.  Under no circumstances did changing the 
threshold value, used to determine the percent area fraction, change the 
outcome of the statistical comparison between groups.    
 This procedure was repeated to evaluate the density of AT8 
positive neurons in the caudal CA1. These cells have intense 
cytoplasmic and basal dentritic staining, including fibers found in the 
subiculum.  A low threshold value was used to selectively identify 
neuronal cell bodies and minimize the amount of dendritic staining 
quantified for percent area fraction density measurements.  
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Figure 6:  Overview and regions of interest used for quantification of Aβ 

pathology in 20 month-old female  3xTg mice. 

A) Cortical and amygdala Aβ pathology were quantified at anatomical levels of 

approximately Bregma -1.46 mm.  B) Cortical, amygdala and CA1 pathology were 
quantified at -1.94, while quantification of the subiculum continued through -2.46 (C), 
staining of the subiculum was quantified in the caudal hippocampus, here at -2.70 mm, 
but as far back as -3.30 mm.  scale bar = 600 μm.   
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Figure 7: Intraneuronal Aβ and Aβ plaque load in selected subregions of the 

3xTg mouse brain. 

A-D) Examples of Aβ deposition in the amygdala of 3xTg mice, showing intraneuronal 

Aβ and extracellular Aβ deposits across cohorts.  E-H) Intraneuronal Aβ is found in the 

cortex of all cohorts, however no evidence of extracellular deposits was present.  I-J) 

In the CA1 region, the majority of detected Aβ is present in extracellular plaques, note 

that no neuronal profiles are seen when compared to the cortex. M-P) Dense staining 

of extracellular plaques is predominantly found in the subiculum across cohorts (scale 

bar = 100 μm) Q) Densitometry of the amygdala across cohorts reflects that while 

running appears to increase Aβ, fluoxetine may reduce Aβ accumulations.  Flu and 

FluxRun groups had lower area fraction scores compared to Run, but not to Con. (0ne-

way ANOVA F(3,24)= 4.79, p<0.05) Bonferroni post-test Flu vs Run p<0.05, FluxRun 

vs Run p<0.05) R) Similarly, in the cortex fluoxetine appears to reduce Aβ 

accumulations, however these differences are not statistically significant (One-way 

ANOVA F(3,22)= 1.00, p= 0.41) 
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Hyperphosphorylated tau in the caudal hippocampus 
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Figure 8: AT8 tau pathology in the CA1 region of the 3xTg mouse 

A-C) Neurons of the CA1 regions showed robust staining for hyperphorylated tau 

protein as identified by AT8 immunnostaining. Sections were rotated while being 

photographed to exclusively frame the CA1. Quantification was carried out on sections 

beginning at -1.94 mm Bregma and continuing through approximately 

-3.16 mm Bregma, scale bar = 600 μm. D) None of the interventions showed an ability 
to reduce pathological hyperphosphorylation identified by the monoclonal Ab AT8 
(ANOVA F(3,22) = 0.58, p = 0.61) 

 

Discussion 
 

Our data indicates that running, started in middle-aged 3xTg 
mice increased neurogenesis in old animals. Cells labeled with BrdU 
survived in the DG for 11-months indicating that neurons generated in 
middle-age are maintained through old-age.  As we used parallel 
cohorts to identify cell survival both 1 and 11 months after running and 
fluoxetine treatment we can see that some loss of the labeled neurons 
does occur over 10 months (Fig 2 A and B).  It appears that only a 
modest loss of cells occurs during the 10-month interval.  Control 3xTg 
mice had 173 labeled cells (avg) at 10 months-of-age and 149 labeled 
cells (avg) per DG at 20-months of age. This labeling paradigm is the 
same as that used in Chapter 6, where control C57Bl6 mice of 15 
months of age had 260 labeled cells (avg), suggesting 3xTg mice have 
lower neurogenesis compared to the C57Bl6 parental strain.   This 
indirect observation suggests backcrossed 3xTg mice have reduced 
neurogenesis similar to the original report.    

In 20 month-old mice, running and synergistic treatment both 
increased survival of new cells in the dentate. This was observed in 
fluoxetine treated runners despite evidence that fluoxetine reduces 
wheel running distance and impairs motor performance.  Data collected 
by the running wheels indicates a trend for reduced total distance in 
animals given fluoxetine in their drinking water. This agrees with a 
previous report that fluoxetine can significantly reduce running wheel 
activity during acute treatment (26). Our evidence suggests that acute 
fluoxetine treatment is responsible for reduced running wheel activity, 
but further shows that long-term drug treatment impairs motor 
coordination in 3xTg mice. This conflicts with other evidence that 
fluoxetine increases activity in rodents(27,28). Determining if these 
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effects are dose-dependent, and further exploring acute and chronic 

effects of fluoxetine may help explain these observations on activity and 

motor coordination.   

Running in the 3xTg mice appeared to be highly variable 

between animals.  This may have contributed to the inability to detect 

elevated BDNF, as seen in Chapter 6.  A previous experiment suggested 
that synergistic treatment would potentiate BDNF expression; this was 
done through quantification of BDNF mRNA (15).    We did not observe 
this effect for BDNF protein.  Combining this with the observation that 
neurogenesis was quantitatively lower in the FluxRun group suggests 
that Fluoxetine and Running cannot be combined in a simple additive 
manner.   

 Prior to initiating this experiment, a delayed behavioral 
phenotype had been observed in the backcrossed 3xTg model at the 
NIA and we therefore started the experiment later, i.e. when our 
animals were 9-months of age. Two other experiments demonstrate 
this delay in phenotype.  A study of male 3xTg mice, aged 12-months, 
reported no behavioral deficits during a 6 week trial of psychosocial 
stress(29), however a study utilizing male 3xTg mice reported 
behavioral deficits at 18 months of age (30). All three trials with the 
backcrossed strain demonstrate a significant delay in phenotype when 
compared to the original stain where cognitive deficits were 
documented as early as at 6 months of age in both male and female 
3xTg mice (3). Hence, for future research with the 3xTg mice, 
experiments with the original hybrid strain are preferable.  The 
backcrossed strain appears to have significantly delayed behavioral 
phenotype that has yet to be systematically reviewed.     

The female 3xTg mice in this study showed no deficits in spatial 
learning or memory during testing in the MWM.   Spatial learning and 
memory measured in the MWM is known to represent learning under 
stressful conditions; the MWM can produce a robust elevation in 
corticosterone release in rodents(31). Occupancy of GR receptors is 
further known to play an critical role in determining performance in the 
MWM(32).  Interestingly, female 3xTg mice show elevated 
corticosterone levels after 5 days of MWM training, a sexual 
dimorphism not present in male 3xTg mice (33).  Corticosterone levels 
were not quantified following each trial in our MWM experiments.  
Future study with the 3xTg model should ideally measure 
corticosterone concentrations for both sexes.  Additional spatial tasks, 
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such as the Barnes maze, that generally do not induce a stress response, 

should be used in coordination with the MWM to test the contribution 

of a stress response to spatial performance.   

Other studies have been published regarding wheel running in 

3xTg mice.  One of the first studies in this area found that wheel running 

was effective at attenuating sex-specific cognitive deficits in the mice; 

only the female running mice showed a consistent attenuation of spatial 

memory problems with exercise (34). Other behavioral changes have 

been observed,  chronic exercise was e.g. shown to prevent 

deterioration in the anxiety and startle response in the 3xTg mice (35). 

Outside of the traditional markers of AD neuropathology, wheel 

running was further shown to reduce markers of oxidative stress in the 

brains of aged 3xTg mice and to protect mice against an age-related loss 

of synaptic integrity; the best neuroprotection was attributed to 6 
months of running in mice 7 months-of-age(35). A separate study 
showed that voluntary running increased neurogenesis when evaluated 
at 9 months of age; running however did not change the fate of the 
newborn cell phenotypes, which agrees with our results in the same 
mice (36).  

Antidepressants have been under investigation for benefits 
other than treating depression and anxiety.  This includes testing in 
3xTg mice for their effects on neurogenesis and neuropathology. 
Amitriptyline, a tricyclic antidepressant, when given for 4 months was 
shown to increase neurogenesis, improve performance in the MWM, 
and increase BDNF protein levels in chronically treated male 3xTg mice 
(30). Paradoxically however, this study also showed that amitriptyline 
increased Aβ deposition in the brain. This surprising finding highlights 
that while antidepressants, such as fluoxetine, without direct 
pharmacology enzymes responsible for APP cleavage, can nonetheless 
impact its clearance and deposition. Earlier work had established that 
paroxetine, another antidepressant from the SSRI class, reduced 
expression of APP by binding a promoter region in the 5'UTR(37) while 
additional work with this drug showed cognitive benefits when 
measured in the Morris Water Maze (38).   These studies indicate that 
antidepressants can exert indirect effects on Aβ plaque deposition in 
the 3xTg model, each with unique mechanisms of action.  Whether 
these drugs can have a meaningful impact on Aβ deposition in human 
remains to be determined.   
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Although the backcrossed 3xTg mice lack a strong behavioral 

phenotype, the animals used in this experiment were systematically 

genotyped and exhibited both Aβ and tau accumulations.  Determining 

how backcrossing contributed to behavioral phenotype could be 

approached experimentally, potentially identifying neuroprotective 

genes.  Identifying gene expression changes between the hybrid and 

backcrossed 3xTg strain would require additional experiments. 

Quantitative gene expression changes could be identified by microarray 

and quantitative PCR for each region of the brain. Identified genes from 

the screening could be prioritized based on known protein structures 

and functions.  Ideally, western blotting would be utilized in 

coordination with immunohistochemistry to identify cell-type specific 

protein expression. Further analysis of soluble and insoluble fractions 

of Aβ peptide by ELISA might shed light on the proteolytic cleavage of 

APP. Further experiments would also be needed to identify possible 

changes in Aβ oligomers and determine if trafficking and/or clearance 

were altered in the backcrossed strain.   

At this time we can only speculate that backcrossing the 3xTg 

mouse may have led to a loss of intraneuronal Aβ in the CA1. This is 

difficult to address because we don’t have a direct comparison, namely 

pathology examples from the hybrid 3xTg mouse of the same age 

produced with the same antibody.  In this study we used an antibody 

directed against N-terminal Aβ (IBL #18584).  A similar antibody has 

been used in the hybrid strain; a monoclonal antibody directed at 

amino acids 1-5 of N-terminal Aβ (3D6, Elan, South San Francisco, CA, 
USA) has been used to visualize Aβ deposits have been used in hybrid 
3xTg mice at ages of 2, 14, and 20 months, a (39).  These authors found 
that 3D6 labels Aβ deposits across the cortex and pyramidal layer of the 
CA1 in 2 month-old animals where Aβ appears as perisomatic puncta or 
granules. The density of these accumulations increases at 14 months, 
the authors show evidence of 3D6 labeling is fairly prominent in 
principal neurons at this age.  In 20-month-old transgenics puncta are 
evidenct in the CA1, where 3D6 labels the neuronal somata, however 
this is less dense than intraneuronal staining seen in the cortex 
(39)(Supplemental Fig 2, panels A, B). A conformation specific antibody, 
which identifies fribrillar oligomers (40), has also been used to identify 
intraneuronal CA1 staining in hybrid 3xTg mice, aged 18-months, that 
were maintained on the hybrid background (41) (Supplementary Fig 2 
panel E, F). By comparing staining patterns between hybrid and 
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backcrossed 3xTg mice for cortical and hippocampal subregions this 

limited evidence indicates that a loss of intraneuronal Aβ in the 

hippocampus may be responsible for the loss of behavioral phenotype.  

The study also highlights basic aspects in the generation of 

mouse models that are worth discussing in detail. Mario Capecchi and 

Oliver Smithies first described the generation of transgenic mice by 

somatic recombination of DNA (reviewed by Capecchi)(42) and shared 

a Nobel Prize with Sir Martin J. Evens for their discovery. Using this 

technique, DNA is transfected into cells from the Sv129 mouse line, 

these cells are then microinjected into the blastocyst from the C57Bl6 
mouse line (supplemental Fig 3).  The animals produced from this 
procedure are chimeric, expressing regions of Sv129 (with the genetic 
modification) and C57Bl6 genes. This chimeric mouse must therefore 
be bred with a mouse from the parental strain, generating an F1 
population of animals that are 75% C57Bl6 and 25% Sv129. Subsequent 
breeding and monitoring transgenic animals allows an investigator to 
continuously and predictably increase the percentage of the genome 
derived from the parental strain. This backcrossing approach allows 
Sv129 genes to be systematically replaced with B57Bl6 genes.   

In further discussions of the 3xTg mice, others have observed 
significant problems with backcrossing and retrieving the originally 
described phenotype when the mouse embryos are frozen. In personal 
communications with Dr. Frank LaFerla, he confirmed his lab had done 
the backcrossing, noticed a significant delay in the onset of the 
phenotype and immediately stopped working with the backcrossed 
stain (personal communication). The 3xTg mice are now widely 
available from commercial vendors, namely the Jackson laboratory. 
Investigators that have received mice generated from frozen embryo 
found the phenotype of the animals were significantly delayed 
(personal communication with Dr. Jorge Palop). For experiments where 
a reversal of the behavioral deficit is a major study endpoint, the 
original hybrid 3xTg mouse line is preferable to backcrossed and mice 
colonies derived from frozen embryos.  

Ultimately, our study shows that neurogenesis is modifiable in 
3xTg mice.  Behavioral tasks to measure spatial learning and memory, 
such as the MWM, may not be well adapted or sensitive enough to 
accurately measure changes in neurogenesis that occur over long time 
scales.   Backcrossing the 3xTg mouse strain should be avoided, as it 
seems evident that this leads to a significant change in the behavioral 
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phenotype, thereby diminishing their predictive value as a model of 

Alzheimer disease.  

 

 

 
 

Supplementary Fig 1:  N-terminal Ab selectively recognizes intraneuronal Aβ 

and extracellular plaques 

A) Representative staining patterns for the 4 regions examined across the 

experimental conditions.  Intraneuronal Aβ is seen in the amygdala and cortical layers.  

In the hippocampal CA1 and subiculum, the majority of labeled Aβ is observed in 

extracellular plaques. B) To rule of the possibility of cross-reactivity of the N-terminal 

Ab with β-cleaved C terminal fragments (CTFs)(43), SPA4CT mice overexpressing 

CTFs were immunostained with C-terminal APP Ab ( Synaptic Systems, Gottingen, 

Germany) and the Aβ N-terminal Ab. 
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Supplementary figure 2: Comparing cortical and hippocampal Aβ accumulations 

with 3 antibodies (3D6, IBL, and OC) in aged 3xTg mice  

In an effort to identify differences due to backcrossing, this figure compares cortical 

and hippocampal staining in 3xTg mice.   A) In 20-month-old non-backcrossed mice, 

intraneuronal Aβ puncta are condensed in the cortex, increasing density of puncta at 

the axon terminal is denoted by letters a-d  B) This is also seen to a lesser extent in the 

CA1, where 3D6 labels neuronal somata; diffuse plaques, and axonal processes are 
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also seen in the stratum oriens (s.o.) Panels A, B reproduced from Fig 2 of Cai et al. 

2012(39) C) 20-month-old backcrossed mice, presented in this study, show similar 

intraneuronal puncta in the cortex with identifiable accumulations at the axon 

terminals D) however no discernable neuronal profiles are seen in the CA1 of 

backcrossed 3xTg mice indicating that intraneuronal Aβ is absent in these animals E) 

18-month old non-backcrossed mice are positive for intraneuronal Aβ as detected by 

conformation specific OC antibody in the cortex. F) 3xTg mice on the non-backcrossed 

background show low levels of intraneuronal Aβ in the CA1 when measured with 

conformation specific OC antibody.  Panels E, F adapted from Fig. 4 Wirths et al. 

2011(41).  
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Supplemental Figure 3 

This diagram shows the rationale for backcrossing a mouse.  In this cartoon, the 

mutation is noted by (+/-), indicating a gene knockout.  We see the (+/-) genotype is 

maintained while the percentage of genes attributed to the C57Bl6J strain increases 
with each successive crossing (light blue “x”).  Genotyping through PCR is needed after 
each cross to identify the mutant mice.  Image credit: 
http://en.wikipedia.org/wiki/File:Backcrossing_mice_from_chimera.svg 
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Preface 

 

Adult neurogenesis is known to play a critical role in learning 

and memory while Alzheimer disease is primarily viewed as a disease 

of cognition and memory dysfunction.  In terms of neurobiology, the 

two topics converge in the hippocampus, a brain structure critically 

important for learning, memory, pattern separation, and executive 

functions that manifest as human behavior. This thesis aimed to 

improve our understanding of neurogenesis and the relevance of this 

process to Alzheimer disease.  To do this, experiments were pursued 

across different models to evaluate distinct research questions.   

Ultimately, as basic research is collected on each topic we are 

approaching a more integrated understanding for the therapeutic 

potential of adult neurogenesis for AD.   A few paragraphs will conclude 

each topic covered, followed by a discussion of new directions relevant 

to work compiled here. 

 

1.  CHAPTER SUMMARY 

 

 In Chapter 3 we studied the consequences of psychosocial stress 

on neurogenesis in middle-aged common marmosets, a new world 

primate. Importantly, neuroblasts were found in the basal and lateral 

nuclei of the amygdala at a dramatically higher density when compared 

to the hippocampal dentate gyrus.  We further showed that these DCX-

positive immature neurons were migratory as shown by PSA-NCAM co-

expression.  Similar cells were also seen in the entorhinal cortex of this 

species. Our findings, and those of others, show that immature neurons 

are present in the amygdala and entorhinal cortex respectively, where 

they may serve an important role in structural plasticity and behavior.  

We established that hippocampal neurogenesis in marmosets is not 

sensitive to psychosocial stress exposure when measured after two-

week recovery period. Similarly, stress failed to change the density of 

neuroblasts present in the amygdala. 

 In Chapter 4, we studied proliferation of neuroinflammatory 

cells in the aged human hippocampus (>70 years age) in relation to 

amyloid pathology and AD.  Our work followed up a primary 

publication showing that proliferation was increased in AD but 

occurred largely in glia-rich regions of the hippocampus. In our study, 

we co-labeled the proliferation marker PCNA with GFAP expressing 
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astrocytes, and Iba1 expressing microglia, two glial subtypes found in 

the brain.  While astrocytes failed to co-express proliferation marker 

PCNA, we demonstrated that Iba1 expressing microglia proliferate in 

the AD brain. This phenomenon was observed across disease conditions 

and in the presence of Aβ plaques, indicating that Aβ plaques spur 

microglial proliferation.  This suggests that microglial proliferation 

occurs during the early stages of disease, making an unknown 

contribution to neuroinflammation and the subsequent progression of 

cognitive decline and dementia.   

In Chapter 5 we tested the ability of a novel antidepressant drug 

to stimulate neurogenesis in the dentate gyrus of young female C57Bl6J 
mice. We compared the ability of duloxetine, a dual-pharmacology 
SSRI/SNRI, to induce neurogenesis against the SSRI fluoxetine and 
physical activity i.e. wheel running. Our findings indicate that neither 
drug was able to improve the survival of new neurons in the dentate, 
although increased neuronal differentiation was observed for 
fluoxetine. Behaviorally however, the animals treated with fluoxetine 
and duloxetine experienced higher levels of anxiety compared to 
control animals. Compared to the minor effect of fluoxetine, wheel 
running produced a profound increase in neurogenesis that would be 
the basis for our follow up experiment in middle-aged mice.  

In Chapter 6 we tested the ability of physical activity to stimulate 
neurogenesis and hippocampal function in middle-aged female C57Bl6J 
mice. We found that mice allowed to exercise through long-term wheel 
running performed better in a spatial memory test compared to control 
animals. Our data shows increases in cell survival that were paralleled 
by elevated BDNF protein levels in the dentate gyrus. This indicates that 
prolonged wheel running can increase long-term cell survival and 
reverse age-dependent deficits in spatial memory.  BDNF likely plays an 
important role in mediating the effect of wheel running, but we did not 
study how this occurs. These data sets reflect that prolonged exercise in 
mid-life has beneficial effects on both hippocampal structure and 
function.  

In chapter 8 we report on a similar experimental paradigm as 
described in chapters 5 and 6 that utilizes the 3xTg Alzheimer mouse 
model.  In this experiment, pharmacology and physical activity are 
combined to evaluate the ability of synergistic treatment to reverse 
deficits in neurogenesis.  Wheel running significantly increased 
neurogenesis in 3xTg mice but did not significantly elevate BDNF as 
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seen in the C57Bl6 study.  Surprisingly the 3xTg mice never exhibited 
deficits in spatial learning and memory, disassociating the relationship 
between neurogenesis and spatial learning and memory performance.  
This finding is reviewed carefully, with special attention for the genetic 
composition of the 3xTg mice, the phenotype of these animals, and the 
behavioral tests employed.  
  
2.  REVISTING NEUROGENESIS IN ADULT MARMOSETS 

 

2.1  Evidence for the temporal stream and amygdala bound 

neuroblasts 

 

Our findings in the marmoset study follow up on earlier work 
carried out in rhesus and squirrel monkeys by Rakic and Bernier, 
among others (1-3). We found extensive populations of DCX expressing 
neuroblasts in the amygdala and entorhinal cortex of the middle-aged 
marmoset. Previous work established that adult neurogenesis 
decreases dramatically with aging paralleled by significantly reduced 
DCX expression in the rat hippocampus (4-7).  This paradigm is 
conserved in humans, stem cell proliferation and new neurons survival 
are significantly reduced as age increases (8-10). As such, these large 
populations of neuroblasts in the marmoset amygdala were 
unpredicted.    Migration from the SVZ to the amygdala was observed 
via the temporal stream, a unique migratory path from the sub 
ventricular zone to the amygdala.  However we don’t know if migration 
during adulthood is responsible for the entire population of immature 
cells, or if alternatively, the cell population exists during development 
and is continuously supplemented by the temporal stream over time.  

As DCX was widely expressed in the basal and lateral nuclei of 
these middle-aged animals, our finding challenges the view of an 
exclusive transient expression of DCX.   Other studies have shown that 
persistent expression of DCX does occur to a lesser extent in other brain 
regions(11).  Additional evidence strongly suggests that maturation of 
new neurons is significantly longer.  This phenomenon, delayed 
maturation, has been documented in rodents (6,12) and extended to 
primates, where the maturation time for new DG neurons in the aged 
macaque monkey was shown to exceed 6 months (13).  While this 
finding has not been demonstrated for the amygdala, such an extended 
maturation/differentiation time, and thereby a longer time window to 
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detect DCX expression, can at least partially explain the presence of the 

high number of cells.  This also explains why DCX cells were much more 

prevalent than BrdU-labeled cells in the same area.  

Despite the high density of DCX+ cells in the amygdala, 

particularly when compared to the hippocampus, we can only speculate 

on the exact functional role of these cells in the amygdala.  DCX has an 

established functionality as a microtubule associated protein with 

additional roles in intracellular vesicle transport, migration(14) , and 

glia-to-neuron interactions (15).  Long-term expression, starting during 

early life, of DCX and PSA-NCAM has been documented previously, 

consistent with a functional role for DCX in mature cells of aged 

animals(16). The nature of these cells can be better defined once their 
location and connections are more thoroughly mapped e.g. compared 
with lower species.  

Regarding stress and the amygdala, other studies have shown 
that stress can impact plasticity.  Early social-isolation stress affected 
protein markers of structural plasticity, namely synaptophysin, GAD65, 
GAD67, and PSA-NCAM, in the basolateral amygdala of postnatal rats 
(17).  Maternal separation during early development alters behavior 
and neuronal systems in the offspring of rats and mice.  Early weaning 
in mice results in a persistent increase in anxiety-like and aggressive 
behavior in adulthood, neuroendocrine stress responses, features that 
have been associated with specifically precocious myelin formation in 
amygdala(18). Whether the amygdala of marmosets is also affected by 
early life events remains to be determined. For this, addition 
experiments need to be undertaken to study the marmoset amygdala 
during development.  Interestingly, in human studies, psychosocial 
factors from early childhood are correlated with amygdala volumes in 
adulthood(19), while prenatal stress is known suppress cell 
proliferation in various developing brain areas including the 
amygdala(20,21). Ideally, a longitudinal study for the effect of aging 
could be carried out in marmosets to identify the persistence of cell 
population in the amygdala. 

In adulthood we found that the amygdala and hippocampal 
bound DCX cells were not reduced by psychosocial stress exposure. 
This contrasts with the situation in rats, social stress was recently 
reported to reduce DCX cell numbers for months after the stressful 
event(22).  This suggests that the recovery period after stress in the 
marmosets may not have influenced our results to a major extent. 
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However, this would require dedicated experiments to be substantiated 

(see section 2.3). At this time we cannot exclude species differences in 

the sensitivity to stress. This is supported by the fact that we also did 

not observe any effect of sex differences, whereas in the developing rat 

amygdala clear sex-differences in neurogenesis were reported (23). 

    

 

2.2  The case for neural stem cells in the entorhinal cortex 

 

We also documented the presence of DCX /PSA-NCAM labeled 

cells in the entorhinal cortex.  When our study was initiated no concrete 

evidence had been published regarding neural stem cells in this area for 

primates, although earlier reports had identified their presence in 

rodents(11). DCX/PSA-NCAM labels migrating cells, but cells in the 

entorhinal cortex are not derived from the temporal stream.  We found 

no evidence of a migratory path from the SVZ to the entorhinal cortex 

as BrdU-labeled cells and PSA-NCAM would have identified a migratory 

path between the two areas.  Rather, experimental evidence suggests 

neural progenitors are indeed present in the entorhinal cortex of 

marmosets. Work in a transgenic rodent model has established that 

stem cell progenitors capable of producing DCX-positive cells are 

present in the entorhinal cortex (24).  This is consistent with the BrdU-

positive cells we found in this region.   These published findings 

complement our study and strongly suggest that progenitor cells, 

capable of generating new neurons, do exist in the entorhinal cortex of 

middle-aged marmosets.  This could be further supported through cell 

fate analysis, co-imaging BrdU-labeled cells with phenotypic protein 

markers to trace maturation and cell lineages.   

 

 

2.3  Brain region specific stress effects 

 

So far, relatively few studies have investigated regulation of 

neurogenesis by stress, running, or antidepressants in primates. 

Regarding stress, previous work had established that psychosocial 

stress reduced proliferation of stem cells within the primate SGZ (25) 

but other regions were not studied. In our paradigm, animals were 

exposed to 2 weeks of psychosocial stress, defined by an isolation and 

dominant-intruder paradigm, which was followed by 2 weeks of re-
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socialization before sacrifice. This paradigm induced a significant 

cortisol response. It remains to be seen whether a more severe stressor, 

or e.g. a shorter recovery period, might have resulted in a different 

impact of neurogenesis in this brain region.   More severe stressors, 

with appropriate ethical oversight, can be administrated to determine 

the acute and long-term responses of the DCX+ cell populations.  

Likewise, more careful biochemical analysis of the amygdala can yield 

hints about the susceptibility of these cell populations to stress-induced 

changes.  

 

 

2.4  Future directions for research on the primate amygdala 

 

Our first report on neuroblasts in the marmoset amygdala is 

important because the amygdala plays an important role in behavior 

and emotion, further study – in addition to the issues raised in sections 

2.1-2.3- should provide a more detailed understanding of the specific 

nuclei that contain DCX+ neuroblasts and their functional role in the 

amygdala. Some important remaining questions are: 

 

� Aging reduces stem cell proliferation in the SGZ and SVZ in 

marmosets(25) and maturation of new neurons has been  shown 

to exceed 6 months in middle-aged macaque monkey(13).  What 
specific changes occur during aging of the brain that mediate the 
reduction in progenitor proliferation and the delayed 
maturation of new neurons in the dentate gyrus of primates?  
 

� Does aging delay the maturation of neuroblasts in the amygdala 
in a similar manner?  

 
� What role do these proliferating cells play in emotional memory 

and behavior? 
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3    MICROGLIAL CHANGES IN THE ADULT BRAIN: RELEVANCE 

TO ALZHEIMER’S DISEASE AND NEUROGENESIS 

 

3.1 Shifting the neuropathological criteria to include earlier 

events 

 

Chapter 1 describes the behavioral and clinical changes 

associated with Alzheimer's disease and the important role that 

microglia play in amyloid plaque metabolism.   One of the main efforts 

of Alzheimer's disease research is to distinguish normal physiological 

changes within the aging spectrum from pathological changes leading to 

dementia and AD.  The pathological cascade of events that eventually 

manifest in Alzheimer's disease has a detectable pre-clinical phase, 

where subtle changes in the brain may be measured as subtle 

behavioral deficits. As more biochemical, imaging, and behavioral data 

has been gathered, the criteria for diagnosing AD has been revised 

under these principles (26).  As described earlier, a normal immune 
response to Aβ accumulation occurs to remove excess Aβ from the 
brain.   

Chapter 4 explores the role glia cells play during amyloid plaque 
accumulation and disease progression. Whether microglia can remove, 
or limit Aβ plaque growth, successfully without spurring a downstream 
inflammatory cascade remains to be determined. The topic is 
particularly interesting because removing Aβ plaque remains a primary 
endpoint for many drugs currently in clinical development.   Our study 
was designed to measure proliferative changes in individuals with AD 
pathology (aged >70 yrs).  Cohorts with matching mild pathology 
(Braak stage 1-2) but different cognitive status i.e. demented vs non-
demented were compared to an AD cohort with heavy pathology (Braak 
stage 4-5).  
 

3.2  Microglial proliferation in human tissue samples 

 

Our study shows that microglia proliferate in the brain 
regardless of mental state or severity of AD neuropathology.  While we 
saw proliferating microglia across cohorts, there was a trend for 
increased proliferation in the dementia cohort.  This suggests that 
microglial proliferation is a distinct feature of disease progression 
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correlated with a change in cognitive state. Clearly, the study should be 

expanded dramatically to increase the number of samples included.    

There is wide interest in using human brain samples to more 

clearly identify factors responsible for Alzheimer’s disease progression.  

A similar study evaluated reactive astrocytes in the vicinity (<50 μm) of 

dense-core Aβ plaques and tangles showed that Aβ load reached a 

plateau early in the disease, while glial responses increased linearly 

throughout the disease course(27).  Stereology-based quantification 

was performed on 15 controls and 91 AD patients, identifying a positive 

correlation between GFAP reactive astrocytes and tangle burden.  The 

authors hypothesized that a certain threshold of Aβ plaque burden is 

needed to trigger a glial response; this triggering effect leads to a 

pathogenic cascade increasing independent of Aβ plaques(27).   This 

study highlights that large sample cohorts are often needed for 

statistically accurate quantification of cellular and morphological 

changes occurring during Alzheimer disease; AD-type neuropathology 

is known to have high biological variability(28).    

Proliferation is strongly suggested to occur due to increases in 

Aβ plaque volume(29).  Accurately measuring plaque volume in vivo 

was previously conducted by two-photon excitation (2PE) microscopy.  

2PE-scanning microscopy allows for high-resolution and high-

sensitivity in intact brain tissue, but it is not used in living human 

subjects for a number of ethical reasons(4).   While the number of Aβ 

plaques load is known to increase in a hierarchical manner through the 

brain(30), there has been no simultaneous effort produced to identify 

plaque volumes with disease stages, i.e. hierarchical Braak stages.    

Postmortem quantitation of individual plaques was formerly the 

only standard method of evaluating plaque density.  Currently a number 

of imaging modalities allow AD to be measured in living patients.  

Whole brain imaging can identify glucose utilization and Aβ plaques in 

living subjects (reviewed by Johnson)(31).    Longitudinal cognitive 

decline is associated with Aβ plaque deposition(32), however Aβ 

deposition occurs prior to clinical decline the presence of Aβ plaque 

alone is not sufficient produce cognitive deficits(33).  It is now possible 

to detect individual Aβ plaques in vivo at a resolution of 35 μm, and ex 

vivo at a resolution of 20 μm(34).   If we assume that early 

accumulation of Aβ corresponds with increases in plaque volume, we 

would therefore conclude the microglial proliferation occurs during the 

early stages of disease.   A dedicated study of plaque volumes and 
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subtypes, in coordination with microglial engagement would answer 

these questions.  

We know that ultimately, Aβ is not successfully removed from 

the brain during Alzheimer’s disease, suggesting that progressive 

neuroinflammation accompanies progressive amyloid plaque 

accumulation.   The data presented in this thesis argues that early 

changes in microglial activation and proliferation linked to Aβ 

deposition are critical for the disease outcome.   

 

3.3  Microglia and synaptic plasticity 

 

To be clear, we did not measure neurogenesis in the human 

subjects described in Chapter 4.  Previous unpublished observations 

indicated that markers of neurogenesis would be expressed at low 

levels precluding a valid comparison between the test cohorts.  

However, microglia play an important and possibly even critical role in 

neurogenesis (reviewed by Ekdahl)(35);  microglia are known to shape 

adult hippocampal neurogenesis through apoptosis-coupled 

phagocytosis within 2-4 days of cell birth (36), further highlighting the 
importance of the neurogenic niche in regulating neurogenesis(37).  
Interestingly, this work has shown that microglia, identified by Iba1 and 
low levels of CD11b and CD68, are not activated by LPS injection and 
maintain their ability to carry out phagocytosis(36). In a similar 
manner, during ischemic stroke, microglia are known to migrate into 
the SVZ; these microglia are considered proneurogenic and allow for 
persistant SVZ neurogenesis (38).  

Adult neurogenesis is complemented by synaptic plasticity and 
an appropriate regulation of synaptic connections.  Normal 
functionality of microglia is seen in association with synaptic pruning 
(reviewed by Temblay) (39,40).  We do not know at this point if aged 
microglia and/or activated microglia can exert these synaptic plasticity 
functions during AD.  There is reason to believe that impaired synaptic 
pruning can have dramatic effects. Autism and schizophrenia are 
developmental problems characterized by aberrant connectivity; 
improper microglial pruning extranumerary synapses is suspected to 
contribute to these disorders(41).  The etiology of schizophrenia is 
unclear, however there has been a recent focus on microglial activation 
and inflammation(42) including models documenting morphological 
changes in microglia of  the dentate gyrus(43).   Microglial cells are 
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likewise implicated in autism disorders.  Rett syndrome is an X-linked 

autism spectrum disorder characterized by a mutation in MECP2(44).  

The disease can be experimentally prevented by peripheral IV-injection 

of bone marrow of C57Bl6 mice into transgenic mice with Rett 
syndrome (MECP -/y).  This results in the production of bone-marrow-
derived microglial cells; pharmacologically inhibiting phagocytic 
activity of these microglia significantly diminishes the benefits of 
transplantation(45).  
 
3.4  Neuroinflammation and adult neurogenesis 

 

Microglial activation and proliferation are known to occur 
simultaneously, however the temporal expression of activation and 
proliferation markers has not been systematically documented.  Our 
study identified activated microglia (Iba1+), with a strictly proliferative 
marker, PCNA, which has no direct role in inflammation.   As discussed 
in Chapter 4, the P2X7 receptor is thought to drive microglial activation 
and proliferation(46).  Blocking the receptor severely decreases 
proliferation, while overexpression through transfection drives 
proliferation(47).    

Our findings regarding microglial proliferation correspond with 
results produced in a mouse model of AD; activated microglia, but not 
the astrocytes, were found to proliferate in the presence of Aβ plaques 
(48).   During aging and increasing Aβ plaque deposition, the authors 
found a 41-fold induction of microglial proliferation in AD transgenics 
compared to non-transgenic mice(48).  Proliferation corresponded with 
transcriptional changes in neuroprotective and inflammatory markers.  
If this accurately reflects the human condition, we would expect a large 
induction of microglial proliferation by Aβ plaques.  Microglia are 
known to be significantly altered by aging and appear to become more 
pro-inflammatory under pathological conditions. For instance, ex-vivo 
microglia cultures isolated from aged mice have shown elevated 
production of proinflammatory molecules Il-6 and TNF-α(49).  The 
ability of microglia to internalize Aβ may be further compromised as 
microglia from old animals have a decreased ability to phagocytose Aβ 
compared to young animals (49). 

There is substantial evidence indicating that inflammation 
reduces neurogenesis. Acute inflammation, induced by LPS, is known to 
have a deleterious effect on neurogenesis(50). Interleukin 1 (IL-1β) 
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reduces neurogenesis through activation of the kynurenine 

pathway(51). This suggests that neuroinflammation can nonetheless 

reduce the production of new neurons.   

Our present data further reflect that microglia proliferate within 

the brain. Since peripheral microglia cells are capable of invading the 

brain, where they can contribute to or prevent further 

neuropathological progression, further study of the Iba1 

immunopositive cells can identify resident cells or infiltrating microglia 

cells.  

 

3.5  Future directions on microglial proliferation in AD 

 

Studying the neuropathology of Aβ deposition, microglia, and 

inflammation systematically during progressive disease stages would 

provide definite results about the contribution of microglial 

proliferation and inflammation in aged individuals.  Single time-point 

measurements cannot address the role of microglia in disease causality. 

This can be accomplished by monitoring microglial proliferation around 

Aβ plaques through in-vivo 2PE imaging. This technique can 

additionally be combined with longitudinal mouse study to establish 

when microglia become inflammatory.   In this regard, stereological 

methods have been established for counting astrocytes and microglia in 

the brains of aging mice(52,53). 

 
� Do proliferating microglia excrete the proinflammatory cytokines?  Is 

this response dependent on disease stage or the proximity of 

astrocytes to an Aβ plaque?   

 

Proliferation of endogenous, resident microglia has been 

documented as occurring prior to infiltration from bone marrow 

derived microglia(54,55). To address the relevance of peripheral blood-

derived microglia to inflammation, parabiotic mice i.e. mice with 

conjoined blood supply can be studied.  This allows labeled bone-

derived microglia to be identified, along with their involvement with A 

deposition.  

 
� Does Aβ deposition trigger the infiltration of bone-marrow derived 

cells?   

 



224 General Discussion 

 

Passive immunotherapy in a mouse model of AD shows that acute 

treatment has a therapeutic effect on dendritic spines, allowing for a 

significant increase in dendritic spine formation far away from plaques.  

This treatment did not have any effect on spine plasticity near 

plaques(56).   
 

� Will therapy directed at removing Aβ via activation of microglia 
reduce neuroinflammation and restore the normal function of 
microglia?  

 
4.  DISCUSSION ON ACTIVITY AND PHARMACOLOGY-

DEPENDENT NEUROGENESIS 

 

4.1  Defining basic questions  

 

 In chapters 5, 6, and 8 we tested methods of inducing adult 
neurogenesis through pharmacology and wheel running in inbred 
wildtype mice and in a triple transgenic mouse model of Alzheimer's 
disease.  By inducing neurogenesis we aimed to reverse age and 
disease-related deficits in neurogenesis and behavior.  We addressed 
the following questions: 

1. Can duloxetine, a dual pharmacology, SSRI/NRI stimulate 
neurogenesis in young C57Bl6 mice? How does this compare to 
stimulatory effect of running? 

2. Can long-term running, administered from middle age onwards, 
modulate neurogenesis and age-mediated behavioral changes? 

3. Can a combination of pharmacology and running show a 
synergistic effect in the 3xTg model of AD?  Will these methods 
show neuroprotective effects that prevent behavioral deficits or 
alter the accumulation of AD neuropathology in these animals?  

In the following sections I discuss advances made toward answering 
these questions and explore associated areas that improve our 
understanding for these topics. 
 
4.2 Sexual dimorphisms in behavior 

 
Female mice were used in all three studies.   Sex differences in 

spatial learning and memory have been document; male and female 
humans and rodents show remarkable differences in the visual cues 
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they use to orient themselves. This has been described for the radial 

arm maze where gonadal hormones induce qualitative differences in 

visual-spatial navigation in rats.  The two sexes perform comparably in 

the test under standard conditions, however female rats are highly 

dependent on landmarks within the context while male rats use the 

geometric shape of the context as an anchor and can navigate better 

when the landmarks are moved or hidden(57) .  

In humans, men and women have distinct advantages for 

different spatial tasks, as demonstrated in mental rotation tasks(58).  

We know that the hippocampus is involved in these tasks however the 

different behavioral performance seems to be linked to subtle 

differences in pre-frontal and parietal cortex activation during 

navigation. Unfortunately imaging data at this time is contradictory so 

we don’t know with certainty why these differences in behavior occur.   

Overall, data from studies that exclusively use females cannot be 

generalized indiscriminately to male subjects. Our conclusions in 

chapters 5, 6 and 8 therefore may not apply to male rodents and male 
vs. female performance should be evaluated prior to generalizing about 
behavior in both sexes.  

 
4.3 Refining antidepressant-induced neurogenesis 

 
An escalating dose scheme showed that duloxetine, a dual 

SSRI/SNRI, did not alter neuronal survival or cell fate, when compared 
to running and fluoxetine. Fluoxetine had a partial effect in increasing 
neuronal differentiation. Our results were somewhat surprising as 
previous work had established that subcutaneous injection of fluoxetine 
(10 mg/ml for 15 days) increased proliferation of amplifying progenitor 
cells, as measured by BrdU and cyan protein expression in a transgenic 
reporter mouse (59) (60).  Since we were interested in the behavioral 
impact of the new neurons we only measured survival of BrdU-positive 
cells and not proliferation.  Our data suggested that both mouse age and 
strain influence sensitivity to fluoxetine-induced neurogenesis. This 
was also established by other studies showing that fluoxetine-mediated 
survival only occurs in mice less than 3 months-old; when older animals 
are included, aging abolishes the effect on new cell survival in a strain 
dependent manner (61) (62). Our results also agree with comparisons 
of several inbred mouse strains in which responses to fluoxetine were 
found to depend on inherent predisposition for serotonin-induced 
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neurogenesis (63,64). Separate experiments have now confirmed that 
chronic, i.e. 4-week administration fails to induce neurogenesis in 9-
week old BALB/C mice(65) or in Sprague-Dawley rats, aged 1, 2.5, and 
12 months (66). 

When I started my experiments, the generally accepted view was 
that antidepressants promote proliferation and neurogenesis. 
Meanwhile it has become evident –also from work described in this 
thesis- that the effect of antidepressants on neurogenesis cannot be 
generalized and depends, among other things, on age and strain.   
 
4.4 Antidepressants and anxiety related behavioral changes 

 
In regard to behavior, we reported on anxiety phenotypes that 

were measured in an open field task.  Under the hypothesis established 
earlier, increases in neurogenesis were expected to result in lower 
levels of anxiety in the animals. However, the drugs fluoxetine and 
duloxetine reduced the time spent in the center of the maze, 
unexpectedly indicating higher levels of anxiety. Although running 
produced a robust effect on the survival of new cells in the dentate, this 
did not correspond with any measureable change in the open-field 
assay. Clearly, in this mouse strain, there is no correlation between 
induction of neurogenesis and decreased anxiety-related behavior 
when measured in the open-field task. A study utilizing the more 
anxious Balb/C mouse strain found that fluoxetine did increase center 
time i.e. reduce anxiety, suggesting that only anxious mouse lines will 
show a decreased anxiety in the test (67). 

The open-field assay was used consistently at the National 
Institute on Aging to evaluate anxiety related behaviors. However, the 
open-field test may not be the ideal behavioral assay to measure the 
anxiolytic effects of pharmacology-induced neurogenesis. In the seminal 
findings regarding fluoxetine and neurogenesis, the authors tested 
animals in a Novelty Suppressed feeding (NSF) task (68).  Recently an 
ablation model showed that mice lacking neurogenesis exhibited longer 
latencies to feed in the same task, i.e. an anxiety phenotype(69).  
Collectively the experiments confirm that the NSF task is sensitive for 
measuring anxiety behaviors associated with a gain or loss of 
neurogenesis.   Both articles conclude that increased neurogenesis is 
needed for antidepressants to induce their behavioral effects when 
measured in these specific tests.  
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While the NSF is well accepted by the field, only one study has 

established that wheel running simultaneously increases neurogenesis 

and decreases latency to feed in the NSF task(70). In addition to a 

dependency on the age or strain of the mice, or on the class of drugs 

tested, behavioral effects of antidepressant drugs are known to have 

neurogenesis-dependent and neurogenesis-independent effects(63).  
Measured anxiety is often specific for a mouse-strain and particular 
experimental conditions. Ideally, a behavioral phenotype is 
measureable across behavioral tests. So far, there is no standardization 
of procedures between institutions that ensure that protocols are 
carried out in a similar fashion. Behavioral experiments are additionally 
sensitive to factors that are not systematically documented.   
 
4.5  Future directions for studies on pharmacology-dependent 

neurogenesis and behavior 

 

� What mechanism is responsible for fluoxetine-induced 
neurogenesis? Perhaps this will lead to more potent 
compounds? 

 
The study of duloxetine established that that this drug does not 

induce neurogenesis in this model, however research on fluoxetine and 
duloxetine is far from complete. Fluoxetine is known to 
pharmacologically block the serotonin reuptake transporter (SERT) 
receptor, blocking uptake of serotonin, chemically known as 5-
hydroxytryptamine (5-HT), from the synaptic cleft.   Historically, this 
singular pharmacology is the most referenced mechanism of action for 
fluoxetine. However, additional research indicates that fluoxetine has 
high affinities for other 5-HT receptor subtypes, acting as an agonist or 
antagonist depending on the particular receptor(71,72),  modifying 
behavior independent of SERT(73).  Genetic analysis has shown that 
fluoxetine eliminates 5-HT from specific neurons and acts 
independently of the SERT receptor to regulate 5-HT receptors and 
downstream targets such as acetylcholine, GABA, and glutamate 
neurotransmission.(74).   
 GABA and glutamate play critical roles in the maturation of new 
neurons in the dentate (reviewed by Mattson) (75,76).  GABAergic 
excitation promotes differentiation and integration during adult 
neurogenesis(77,78).   As such, the downstream effects of fluoxetine 
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continue to be updated.  If fluoxetine does impact the maturation of 

new neurons in a GABA-dependent fashion, we would anticipate 

activation of cyclic-AMP response element binding protein (CREB)(79).   

By manipulating the expression of SERT, 5-HT, and GABA receptors, 

identifying the major pathways responsible for neuronal maturation 

and survival could lead to the further identification of new 

pharmaceuticals with the ability to modulate these pathways.  

 

4.6  Wheel running as a potent inducer of neurogenesis and 

BDNF 

 

As we documented, wheel running mediated an increase in 

neurogenesis and prevented an age-mediated loss of spatial memory.   

Age-related deficits in spatial navigation tasks, such as the Morris water 

maze (Morris et al., 1982) occur earlier in females than males (80).  The 

sex-dependent effect on MWM performance has not been systematically 

analyzed.  Isolating sex-hormone effects from other genes contained in 

the X chromosome can be accomplished by using mice transgenic for 

sex-determining Sry gene, making it possible to create chromosomally 

female mice that develop male testes and vice versa(81).   This provides 

a model system for evaluating sexually dimorphic neural and 

behavioral traits(82).  

We observed increased BDNF protein in the dentate gyrus in 

mice with access to running wheels, but stopped short of 

experimentally proving that BDNF is solely responsible for increased 

neurogenesis and preventing the age-related behavioral deficit. BDNF 

KO mice have been created to evaluate the role of BDNF in the brain. 

BDNF null mice die with the first few weeks of birth, so only 

heterozygous mice have been tested.  These mice show reduced levels 

of BDNF mRNA(83), learning deficits, and impaired hippocampal 

LTP(84,85).   However, other reports have shown that heterozygous 

BDNF mice, while having reduced LTP, show no change in spatial 

memory(86). This underlines, that in the wheel running paradigm, 
BDNF is not the only neurotrophic factor positively induced. Exercise, 
such as wheel running, is known to increase levels of BDNF, but 
simultaneously increases a host of other factors predicted to benefit 
brain plasticity (reviewed by Cotman)(87). 

It had been established earlier that BDNF is reduced during 
aging (80) and reduced BDNF has also been observed in human AD 
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brain tissue(75), suggesting it may serve as a therapeutic target for 

maintaining neurogenesis, preserving neuronal integrity, and 

protecting against Alzheimer disease.   Indeed, the neuroprotective 

effects of BDNF have been verified in rodent and primate models of AD 

(88).  While many beneficial downstream effects of BDNF have been 

observed, there are multiple mechanisms activated by BDNF binding.  

BDNF binds multiple receptors, namely p75NTR and TrkB, which 

contribute to the downstream effects of BDNF induction(89).  

In conclusion: we observed upregulation of neurogenesis and 

BDNF protein after wheel running that was associated with improved 

behavioral performance, however we there is no experimentally 

derived evidence that BDNF was the critical mediator of behavioral 

effects. This would require dedicated experiments, preferably with 

transient inactivation of specific pathways downstream of BDNF.     

 

 

4.7  Future directions for activity-dependent neurogenesis 

 

Wheel running induces a number of changes in the 

hippocampus, not only promoting the survival of new cells in the 

dentate.   We did not get to explore the fact that wheel running acutely 

and transiently increases the number of type-2 progenitor cells(90) in 

addition to the survival effects(91).    How these effects are mediated 

will continue to be explored.  We established that BDNF is induced 

during wheel running, but that BDNF does not exclusively mediate the 

effects of wheel running.  

 
� What other neurotrophic factors are critical to maintaining the brain?  

Do these factors have a therapeutic capacity for treating Alzheimer 

disease?  

 

FGF2 is known to directly stimulate adult neurogenesis(92), and to 

protect the brain during traumatic brain injury(93).  Fibroblast-derived 

growth factor (FGF2) can restore neurogenesis in the brain of an AD 

mouse model (94).   Whether activity increases FGF2 remains 

underdetermined but this neurotropic factor may play a critical role in 

neurogenesis and neuroprotection.  

 



230 General Discussion 

 

Walking has alone, shown an ability to increase hippocampal CA1 

long-term potentiation(95).   Repetitive motor movements, such as 

walking, trigger changes in hippocampal theta rhythms, which may be 

responsible for these changes in LTP and neurogenesis.  Kempermann 

points out that cholinergic input from the medial septal area is 

responsible for theta rhythms and adult neurogenesis(96,97).  At this 
time, theta rhythms are mostly seen very briefly during sleep/wake 
cycles(98).  This does not rule out that activity with the ability to induce 
specific oscillatory patterns could be exploited for therapeutic use.  
 

4.8  Running, motor impairments, and BDNF in 3xTg mice 

 

As shown in chapters 5 and 6, running is a potent activator of 
neurogenesis in female C57Bl6 mice.  A great deal of variability was 
present in the distance traveled in the running wheel for the 3xTg mice, 
parallel to a wide range in the values for the BrdU+ surviving cells.  This 
is evident in the acute study of BrdU+ survival in the 3xTg mice as no 
significant increases in survival were found when evaluated at 4 weeks.  
We expected to see an acute effect on cell survival, as documented in 
Chapter 5.  At 11 months, running and fluoxetine increased long-term 
survival however cell survival was not correlation with total distance (r 
= 0.16, p<0.38 One-tailed Pearson).  For middle-aged C57Bl6 mice, 
described in chapter 6 shows that BrdU+ cell survival was correlated to 
total distance (r = 0.52, p<0.01 One-tailed Pearson).  This reflects that 
wheel running activity is not equivalent between wildtype C57Bl6 and 
3xTg mice (see also section 5).    

It appears that fluoxetine may have further complicated our 
ability to interpret any synergistic effect of combined use because the 
drug influenced motor coordination and appeared to reduce running 
distance in animals receiving the drug.  Indeed, there was a trend for 
decreased total distance in the fluoxetine treated runners (Student’s t-
test, p = 0.09).  There was earlier evidence that fluoxetine could impact 
activity: several reports in the same dose range showed that fluoxetine 
increased activity(99,100) while other groups reported that a lower 
dose of fluoxetine reduced voluntary wheel running(101) and distance 
traveled in the open field (67).   Exercise is known to have 
antidepressant and anxiolytic effects in rodents and humans(102).  
Single-housing mice i.e. isolation, has been shown to increase locomotor 
activity and reduce anxiety in C57Bl6J mice(103).  
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The 3xTg mice were tested for motor performance at 10 month 

and 20 months of age in the Rotor-rod assay.  Fluoxetine-treated 20 

month-old mice had significantly more frequent falls compared to 

untreated mice (One-way ANOVA p<0.05).   Notably, motor 

impairments following fluoxetine treatment have also been seen in 

other species(104).  Reduced activity in the running wheel could reflect 

a problem with motor coordination that occurs earlier but was only 

apparent at 20 months-of-age.  Among the known effects of SSRIs, 

fluoxetine has been shown to impact the HPA axis, by increasing 

hippocampal GR expression(105).  In vivo work established that 

fluoxetine decreased levels of thyroxine (T4) and triiodothyronine 

(T3)(106), two hormones secreted by follicular cells of the thyroid 
gland.  The two related hormones, T3 and T4, regulate production of 
thyroid-stimulating hormone (TSH). The effect of fluoxetine on the HPA 
axis and thyroid function may have thus contributed to this somewhat 
unexpected phenotype of the fluoxetine-treated 3xTg mice.   

Variability in running distance also should be considered when 
evaluating BDNF expression in the brain of 3xTg mice. Chapter 6 
provided solid evidence that running elevated neurogenesis and 
expression of BDNF in female C67Bl6 mice. In the 3xTg mice we did not 
see increased expression of BDNF in running or combined running-
fluoxetine treatment groups. This is not consistent with the expectation 
that combined running and fluoxetine treatment would have an 
additive effects as previously measured by total BDNF mRNA(107).   

Motor impairments, anxiety, and motivation could be 
systematically tested in the future. For instance, an alternative to free 
access wheel running is a forced running paradigm when mice are 
placed on a treadmill in constant motion.  This needs to be tested 
carefully because a stress response might interfere or normalize any 
stimulatory effect of the exercise.  If motivation to run is affected by the 
drug treatment, it could be measured by counting the frequency of 
stops over a fixed distance.  

 
4.9  Induction of neurogenesis: new drugs and new pathways 

 

 Since I began work on activity and pharmachology-dependent 
mechanisms of neurogenesis, some fundamental principles of adult 
neurogenesis have been reported with clear implications as 
pharmacological targets.   Earlier, the role of microglia in apoptotic cell 
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death was mentioned (36).  If new neurons enter programed cell death, 
one strategy to increase neurogenesis would be to block entry into 
apoptosis.  A proneurogenic chemical, potentially working through this 
mechanism, was described in 2010.  The chemical, P7C3, was 
discovered through an unprecedented in vivo screen of 1000 
compounds for biological activity (108).   While the pharmacological 
target of P7C3 has not yet been published, the evidence presented 
indicates that P7C3 protects new neurons from entering apoptosis.  
Similarly, the expression of anti-apoptotic BCL-xL, is implicated in 
steering proliferating stem cells to produce more neurons and 
respectively fewer glia(109).  
 Additional work has uncovered essential new findings regarding 
the glucocorticoid receptor (GR).  As discussed previously, elevated 
cortisol levels are known to decrease hippocampal neurogenesis.  This 
is thought to occur through the GR.  Now, additional research has 
established that the GR may mediate neuronal differentiation.  At least 
two studies have shown that the GR plays an important role in 
mediating cell differentiation to neuronal phenotypes. The SSRI 
sertraline, increased neuronal differentiation through a GR-dependent 
mechanism and proliferation of a stem cell line was dependent on co-
treatment with GR agonist dexamethasone (110).    There is more to 
explore regarding GR, because it’s also known that antagonism of GR 
with mifepristone prevents stress-induced apoptosis of new cells in the 
dentate(111).  
 
 

5. REVISITING THE BACKCROSSED 3XTG MODEL 

 

5.1 Rationale, behavioral phenotype, and other considerations 

 

At the end of Chapter 8, I discuss the fact that 3xTg mice in this 
study had been backcrossed to the C57Bl6 line; they were originally and 
most frequently maintained on a hybrid Sv129 background.  
Backcrossing was done because the Sv129 strain is generally 
considered to have poor performance in learning and memory tasks.  
Based on published literature we can assume that backcrossing 
resulted in a suppression of the AD behavioral phenotype.  

The 3xTg mice were tested in an identical testing paradigm as 
the C57Bl6 mice described in Chapter 6. While intraneuronal plaques 
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and tau deposits were present, these neuropathological features had no 

detectable effect on spatial learning or memory as measured in the 

MWM.   Our data is interesting because we show that a model of 

Alzheimer’s is able to maintain spatial learning and memory behaviors 

at an old age when plaques and tangles are present. 

Whereas the C57Bl6 mice showed age-related deficits in spatial 
memory at 15 months of age, the 3xTg mice did not show any 
behavioral deficit at 20 months of age and appeared to be cognitively 
intact.  A few considerations, however, should be taken into account.  
While not extensively documented, repeated trials in the MWM are 
known to improve performance in the task (personal communication 
Charles Vorhees, author of the MWM protocol).   The 3xTg mice 
underwent three MWM trials, i.e. at 11, 15, and 20 months of age; this 
could have contributed to their maintenance.  Sexual dimorphisms have 
been reported in the 3xTg mice regarding stress response, motor skills, 
and endocrine function. However, these data sets suggest opposing 
effects that would not benefit female 3xTg in MWM performance.  For 
instance, young female mice performed worse than male mice in stress 
related tasks; this correlated with elevated cortisol levels during MWM 
testing(112).  Previous work, in a forced running task with young 3xTg 
mice, showed that exercise had a strong gender component, namely 
that female mice performed better in motor skill assays.  Female 3xTg 
mice also showed significant gender effects for immunoendocrine 
status; female Tg mice have increased white adipose tissue and 
decreased thymus weight compared to their non-Tg littermates, a 
difference not present in the male cohorts(113).   

Backcrossing the mice may have changed their genetic 
background in such a manner that alterations could have occurred in 
their brain structures and/or physiological responses to MWM testing.  
This might involve associated brain regions, such as the amygdala, pre-
frontal cortex, and additionally physiological responses e.g. blood 
pressure, heart rate, and cortisol concentration. Only systematic testing 
of the mice across a series of generations and a battery of behavioral 
tests would shed light on the sex and backcrossing components of the 
behavioral phenotype.  This was clearly beyond the scope of this thesis.  
 

5.2  Intraneuronal Aβ in backcrossed and hybrid 3xTg mice 
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Chapters 1 and 7 provide reviews of Alzheimer pathology and 

cleavage of APP to Aβ peptide. The 3xTg mouse model is unique 

because itwas the first model to show a relationship between 

intraneuronal Aβ and behavioral deficits (114).  It has become widely 

accepted that Aβ burden, i.e. plaque deposition, is uncoupled from 

behavioral phenotypes in mouse models, while soluble higher-ordered 

Aβ oligomeric species show a more conserved relationship with 

behavioral deficits (reviewed by Ashe) (115).  These findings suggested 

that measuring intraneuronal Aβ would be the most sensitive method 

to correlate pathology to the behavioral changes.  

My staining protocol was therefore specially designed to identify 

intraneuronal Aβ accumulations, using a primary antibody directed 

against N-terminal Aβ peptides (IBL Japan #18584).   This protocol 

described in chapter 8 was initially published in formalin-fixed paraffin 

embedded (FFPE) sections cut at 4 μm(116). We reproduced the 
staining by mounting 40 μm sections on special slides prior to formic 
acid antigen retrieval.  While intraneuronal Aβ was seen in the 
amygdala and cortex, there was no strong intraneuronal staining in the 
hippocampus and subiculum of the backcrossed 3xTg mice.    

Comparing the amount of pathology we see in Chapter 8 with 
3xTg mice on the hybrid background is difficult because, at this time, no 
studies exist that utilize the same conditions.   However, a monoclonal 
antibody directed at amino acids 1-5 of N-terminal Aβ (3D6, Elan, South 
San Francisco, CA, USA) has been used to visualize Aβ deposits in the 
hybrid 3xTg strain at ages of 2, 14, and 20 months(117).  The authors 
found that 3D6 labels intraneuronal perisomatic Aβ puncta that, in 14-
month-old animals, is found as robust intraneuronal staining in the CA1.  
This evidence suggests that that the IBL N-terminal Aβ would be able to 
detect the same intraneuronal pattern in the CA1 of the backcrossed 
mice.  Without a direct comparison between the hybrid and 
backcrossed strain using the same antibody, it is very difficult to gauge 
if this is truly the reason for the loss of behavioral phenotype in the 
backcrossed strain.  

It should be noted that pathology findings in the original hybrid 
stain have also been revised recently.  Investigators currently working 
with the mice consistently note that the presence of pathology is 
significantly later than first reported(118,119).  Intraneuronal Aβ 
accumulations in the 3xTg mice have become the subject of intense 
debate.  One research group found that when brain tissue from 3xTg 
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mice was stained with a combination of antibodies, that APP was 

preferentially found within neurons not the cleavage product Aβ (120). 

This finding has been extended by reports showing that intraneuronal 

Aβ is only a minor component of the intraneuronal pool of Aβ and APP 

species in these mice (119). Our staining with the N-terminal antibody 

is sensitive for selective intraneuronal and extracellular Aβ plaques and 

there is no evidence of cross reactivity with APP or APP C-terminal 

fragments (CTFs).   Our data shows that intraneuronal Aβ is present 

predominantly in the cortex and amygdala, but not sufficiently present 

in the CA1 and subiculum to disrupt hippocampal-mediated behavior.   

 

5.3  Future directions for neurogenesis research in 3xTg mice  

 

Successful experiments have recently been conducted with the 

3xTg mouse and wheel running intervention at two different ages 

(105). Investigators maintained the animals on the original hybrid 

background and compared Tg mice with non-Tg littermates; 

interventions of 1- and 6-months in duration were started when the 
animals were 1 or 6 months of age.  Running had broad beneficial 
effects and ameliorated cognitive deterioration as measured by the 
Morris water maze (121).  Wheel running partially protected the mice 
from changes in synaptic strength and improved antioxidant defense, 
supporting the notion that exercise protects broadly against 
neurodegeneration.  Interestingly, and similar to our study, no changes 
in open field behavior or Aβ or tau pathology in the animals were 
observed.  A separate study further found that exposure to wheel 
running or an enriched environment for 6 months could restore adult 
neurogenesis to levels seen in non-Tg mice(122).   

Based on these observations, experiments to evaluate activity 
and pharmacology-induced neurogenesis in the 3xTg mouse should be 
carefully designed.  The model should not be backcrossed to the C57Bl6 
strain as this altered the phenotype and may have introduced a higher 
degree of phenotype variability.  Backcrossed 3xTg mice have low levels 
of neurogenesis and show intraneuronal Aβ accumulations in the 
amygdala and cortex.  The deficiencies in adult neurogenesis and low 
levels of intraneuronal Aβ accumulations were not responsible, nor 
were they correlated with poor performance in learning and memory 
tests.  
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We must therefore question the predictive value for these 

models, which are pursued in an effort to learn more about human 

health and disease.   Here, we see that manipulating the genetic 

background of an animal can have unanticipated consequences 

resulting in an inability to reproduce earlier results.   Until more 

advanced and creative methods can be agreed upon, we must read and 

discuss these findings in good faith that this work will aid future 

development.    

 

6.  FINAL REMARKS 

 

 The discovery and characterization of resident neural stem cells 

has completely reversed earlier notions of the brain as a static and 

unchangeable structure.  We now have a basic knowledge of how neural 

stem cells produce new neurons in the adult brain and how these new 

cells can impact specific aspects of behavior. Our understanding of the 

significance of neurogenesis and the ability to control this process for 

therapeutic purposes will likely expand prodigiously in coming years.  

The findings presented here provide insight into the complex regulation 

of this process and the difficulties encountered when attempting to 

stimulate stem cell proliferation in the brain for modifying age- and 

disease-associated behaviors. The work further highlights the 

important role for glial cells during health and disease. Although a 

number of daunting questions wait to be answered, hope for those 

afflicted by neurodegenerative diseases continues to build as research 

on neurogenesis advances.   
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General Summary 

 

 The recent discovery of resident neural stem cells (NSCs) and 

their restorative potential has reversed earlier notions of the brain as a 

static and unchangeable structure. The process of adult neurogenesis, 

particularly generation of new neurons from NSCs located in the adult 

hippocampal dentate gyrus, has attracted considerable interest. This 

process is modifiable, conserved across mammalian species, and plays 

an important role in cognition and behavior, as measured 

experimentally e.g. in specific spatial memory and pattern separation 

paradigms. Although much less is known about its role in humans, 

neurogenesis appears to be important for maintaining cognitive 

function during aging. Neurogenesis decreases with age, which may 

reflect increased vulnerability to neuropathology, age-related memory 

deficits, and Alzheimer’s disease.  Research described in this thesis 

focused on proliferation and neurogenesis in the adult and aging brain, 

through postmortem studies of middle-aged primates, human 

Alzheimer’s subjects, and interventional studies in mice that included 

behavioral analysis.  

 We studied changes in structural plasticity and neurogenesis in 

relation to psychosocial stress exposure in a primate model. In humans, 

we established that microglia proliferate in the hippocampus of aged 

individuals, with potential importance for hippocampal neurogenesis 

and neuroinflammation.   We further experimentally tested whether 

activity and pharmacology can stimulate neurogenesis and behavior in 

inbred mice (young and old) and in a well-known mouse model of AD; 

studies performed to evaluate the therapeutic capacity of neurogenesis 

to modulate behavioral deficits and Alzheimer neuropathology. 

 

In Chapter 3 we studied the consequences of psychosocial stress 

on neurogenesis in two brain regions of the middle-aged common 

marmoset, a new world primate. We established that neurogenesis in 

the hippocampus of marmosets is not sensitive to psychosocial stress 

exposure when measured after a two-week recovery period. 

Surprisingly, large numbers of neuroblasts were found to be 

additionally present in the basal and lateral nuclei of the amygdala, at a 

dramatically higher density compared to the hippocampal dentate 

gyrus in animals this age. Stress failed to change the density of 

neuroblasts in the amygdala in this species. We further showed that 
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these DCX-positive, immature neurons co-express PSA-NCAM which 

strongly suggests the cells remain migratory. Similar cells were also 

seen in the entorhinal cortex. These results indicate that substantial 

populations of immature neurons are present in the amygdala and 

entorhinal cortex of the middle-aged marmoset. Whether these cells 

play a role in structural plasticity and behavior, possibly even emotional 

memory, has yet to be established. 

 

In Chapter 4, we studied proliferation of glia cells in the aged 

human hippocampus (>70 years age) in relation to amyloid pathology 

and dementia. Our work followed up on our previous publication 

showing that proliferation was increased in the hippocampus of 

presenile AD patients, an increase that appeared to be largely due to 

proliferation in glia-rich regions of this brain region. However, the 

phenotype of these proliferating cells was not established.   

In our study, we co-labeled the proliferation marker PCNA with 

GFAP-expressing astrocytes, and Iba1-expressing microglia. While 

astrocytes failed to co-express the proliferation marker PCNA, we could 

demonstrate that Iba1 expressing microglia cells that proliferate the AD 

brain. This phenomenon was observed across disease conditions and in 

the presence of Aβ plaques, indicating that Aβ plaques may spur 

microglial proliferation. This suggests that microglial proliferation 

occurs during the early stages of disease, and could make a so far 

unknown contribution to neuroinflammation in general and to the 

subsequent progression of cognitive 

decline and dementia in particular. 

 

Regarding pharmacology-dependent neurogenesis, previous 

work had established that antidepressants from the selective serotonin 

reuptake (SSRI) class increased neurogenesis and neuronal maturation, 

leading to higher neuronal cell survival in young inbred mice. In 

Chapter 5, we first evaluated the ability of duloxetine hydrochloride, a 

dual-pharmacology SSRI/SNRI compound to induce neurogenesis. 

Duloxetine was compared with fluoxetine, a classic and commonly 

prescribed SSRI, and voluntary wheel running, to measure stimulation 

of neurogenesis in young female C57Bl6J mice.  
 Our findings indicate that neither drug was able to improve the 
survival of new neurons in the dentate, although increased neuronal 
differentiation was observed for fluoxetine. Behaviorally however, 
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fluoxetine and duloxetine treated mice demonstrated higher levels of 

anxiety compared to control animals. Compared to the minor effect of 

fluoxetine on neuronal differentiation, wheel running produced a 

profound increase in neuronal cell survival that would be the basis for 

our follow-up experiment in middle-aged mice. 

 

In Chapter 6 we tested the ability of prolonged i.e. 6 months 
physical activity to stimulate neurogenesis and hippocampal function in 
female C57Bl6J mice when started in middle age. Animals were tested 
in the Morris Water Maze to evaluate the ability of this intervention to 
prevent age-mediated declines in spatial learning and memory.  
 Our results show that wheel running in middle-aged mice 
preserved spatial memory performance. The mice further showed 
elevated neurogenesis and increased levels of BDNF protein, a 
neurotropic factor with known neuroprotective properties. Mice 
allowed to exercise through long-term wheel running further 
performed better in a spatial memory test. This indicates that 
prolonged wheel running reversed age-dependent deficits in spatial 
memory and in neurogenesis. They also show that BDNF likely plays an 
important role in mediating the effects of wheel running. These data 
sets reflect that prolonged exercise in mid-life has beneficial effects on 
both hippocampal structure and function. 
 

In Chapter 8 we report on a similar experimental paradigm as 
described in chapters 5 and 6 but applied to the 3xTg AD mouse model, 
harboring 3 mutant transgenes (APP, PS1, and tau) and recapitulating 
both Aβ and tau pathology, the main neuropathological hallmarks of AD. 
We explored the synergistic treatment of the 3xTg mice with fluoxetine 
and voluntary wheel running, with the expectation that combined 
intervention would have an additive effect in reversing deficits in 
neurogenesis and hippocampal-mediated behavior. Wheel running was 
shown to significantly increase neurogenesis in 3xTg mice but did not 
significantly elevate BDNF as was found before in the aging C57Bl6 
mice. Surprisingly, the 3xTg mice never exhibited deficits in spatial 
learning and memory, disassociating the relationship between 
neurogenesis and spatial learning and memory performance. This 
finding is carefully reviewed, with special attention for the genetic 
background of the 3xTg mice, the phenotype of these animals, and the 
behavioral tests employed. 
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Our findings presented here provide insight into the complex regulation 

of neurogenesis and the difficulties encountered when attempting to 

stimulate stem cell proliferation in the brain for modifying age- and 

disease-associated behaviors. Our work further highlights the 

important role for glial cells during health and disease. This body of 

work implies that further scientific pursuit of adult neurogenesis and 

AD will result in better therapeutic options for treating Alzheimer’s 

disease. 
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Samenvatting 

 

Het aloude dogma dat het volwassen brein een statische 

structuur zou zijn waarin geen nieuwvorming meer mogelijk is, is 

recent verlaten toen ontdekt werd dat er nog steeds nieuwe 

zenuwcellen gevormd worden in de volwassen hersenen. Deze 

nieuwgeboren zenuwcellen ontstaan uit stamcellen aanwezig in het 

brein. Ze worden via een aantal tussenstadia na verloop van tijd 

volwassen en leveren dan een functionele bijdrage aan het volwassen, 

reeds bestaande, zenuwnetwerk waarin ze opgenomen worden. Dit 

proces van 'adulte neurogenese' blijft tot op hoge leeftijd door gaan in 

ten minste 2 delen van de hersenen; de subventriculaire zone (SVZ) van 

de laterale ventrikels, een gedeelte betrokken bij het verwerken van 

reukinformatie, en in een hersenstructuur genaamd de subgranulaire 

zone (SGZ) van de hippocampus. Dit  hersengebied speelt een 

belangrijke rol bij leren en geheugen, en is bv bij de ziekte van 

Alzheimer sterk aangedaan.  

Neurogenese speelt zeer waarschijnlijk een belangrijke 

functionele rol; het komt allereerst voor in zeer veel verschillende 

diersoorten, inclusief de mens, en is geconserveerd tijdens de evolutie. 

Daarnaast wordt neurogenese sterk gereguleerd door een groot aantal 

hormonale of omgevingsfactoren die bv de aanmaak van de nieuwe 

cellen, hun overleving, of de hoeveelheid zenuwcellen die er uit 

gevormd worden, kunnen beinvloeden. Een voorbeeld is blootstelling 

aan stress, wat neurogenese sterk onderdrukt. Huisvesting in een 

verrijkte omgeving daarentegen, lichamelijke activiteit ('rennen') en 

behandeling met antidepressiva stimuleren juist weer de aanmaak en 

overleving van de nieuwgeboren hersencellen. Interessant hierbij is dat 

in veel gevallen, een toename in neurogenese gepaard blijken te gaan 

met verbeteringen in leren en geheugen. Neurogenese neemt verder af 

naarmate we ouder worden en lijkt dan samen te gaan met een 

verhoogde kwetsbaarheid voor neuropathologie, leeftijdsgerelateerde 

geheugen problematiek en mogelijk de ziekte van Alzheimer. Een 

adequate hoeveelheid neurogenese zou dan ook belangrijk kunnen zijn 

voor goed cognitief functioneren en het behoud daarvan tijdens het 

ouder worden of ziektes als dementie.   

 

In dit proefschrift wordt onderzoek beschreven naar (stimulatie 

van) neurogenese en proliferatie in het volwassen, verouderende en 
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demente brein. Hierbij werd gefocused op de hippocampus en 

amygdala, en hersenen van muis, marmoset en mens onderzocht. 

Neurogenese wordt beinvloed door blootstelling aan sociale stress, 

behandeling met antidepressiva en door middel van fysieke activiteit 

(rennen) en bestudeerd in relatie tot veroudering en dementie. Dit 

gebeurde zowel in studies aan post-mortem materiaal van marmoset 

apen en van humane patienten met de ziekte van Alzheimer, als ook in 

een serie experimentele studies waarbij ook gedrag en biochemische 

veranderingen werden onderzocht, aan verouderende wildtype muizen 

en aan transgene muizen als model voor dementie. 

 

Na een algemene inleiding (hoofdstuk 1) en een theoretische 

discussie over de (on)mogelijke rol van stamcellen bij de ziekte van 

Alzheimer (hoofdstuk 2), wordt in hoofdstuk 3 veranderingen in 

structurele plasticiteit en neurogenese onderzocht in relatie tot 

blootstelling aan psychosociale stress in de hersenen van marmoset 

apen van middelbare leeftijd. Neurogenese werd bestudeerd in drie 

hersengebieden, te weten de hippocampus, enthorinal cortex en de 

amygdala.  In tegenstelling tot de rat bleek neurogenese in de 

hippocampus van deze apensoort niet langdurig veranderd te zijn na 

blootstelling aan psychosociale stress, gemeten na een twee-weekse 

herstelperiode. Wel werden onverwacht grote aantallen neuroblasten 

gevonden in de basale en laterale kernen van de amygdala, met een 

opvallend hogere dichtheid ten opzichte van de hoeveelheid 

nieuwgeboren neuronen in de hippocampus. Stress bleek hier geen 

effect op te hebben. We hebben verder aangetoond dat deze cellen niet 

alleen nieuwgeboren en jonge neuronen zijn maar ook de migratie 

marker PSA-NCAM tot expressie brengen en dus zeer waarschijnlijk via 

de amygdala naar andere hersengebieden migreren. Naast de amygdala 

werden ook nieuwgeboren cellen gevonden in de entorhinale cortex.  

Onze bevindingen tonen aan dat neurogenese in deze primaat 

van middelbare leeftijd niet beperkt is tot de hippocampus alleen maar 

er ook nog een uitgebreide populatie van jonge neuronen aanwezig is in 

de amygdala en entorhinale cortex. Hoewel we een effect van stress niet 

hebben kunnen vaststellen, zal nader onderzoek moeten uitwijzen of 

deze cellen bv een rol spelen in structurele plasticiteit en gedrag, bv 

emotioneel geheugen. 

In hoofdstuk 4 werd onderzocht of in de hippocampus van oude 

(>70 jaar) Alzheimer patienten a) het proces van nieuwe celaanmaak, 
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proliferatie, veranderd is, b) of astro- of microglia cellen hierbij 

betrokken zijn en c) of deze processen nog beinvloed worden door de 

locale aanwezigheid van Alzheimer pathologie, de zogenaamde amyloid 

plaques, of door de ernst van de dementie. Deze studie volgde op een 

eerdere waarin gevonden was dat in jongere dementie patienten, 

proliferatie verhoogd was. Deze toename werd vooral gevonden in glia-

rijke regio's van de hippocampus en we vroegen ons dan ook af of 

proliferatie van glia cellen hier aan ten grond slag lag. Daartoe hebben 

we middels triple kleuringen proliferatie (PCNA) in glia (GFAP en Iba1) 

bestudeerd in relatie tot amyloid (4G8) pathologie. Geen van de GFAP 

positieve astrocyten bleek proliferatie te ondergaan en er was geen 

toename in proliferatie in deze oudere Alzheimer patienten tov 

controles. Wel vonden we dat microglia prolifereerden, en dat dit 

voornamelijk gebeurde in directe aanwezigheid van amyloid 

plaques. Naast dat deze studie voor het eerst laat zien dat microglia 

daadwerkelijk prolifereert in AD, suggereert het dat plaque vorming 

proliferatie van microglia induceert, wat mogelijk een rol kan spelen in 

vroege stadia van de ziekte en bij de neuroinflammatie tijdens 

dementie. 

Hierna hebben we in hoofdstuk 5 onderzocht of activiteit 

('rennen') en behandeling met antidepressiva ('prozac'), neurogenese 

en gedrag bij C57bl6 muizen kan stimuleren. Eerdere studies hadden 
aangetoond dat selectieve serotonine-heropnameremmers (SSRI's) 
neurogenese kan verhogen. Hier vergeleken we de effecten van een 
klassieke SSRI Fluozetine met een nieuw antidepressivum, duloxetine, 
wat zowel een SSRI als een selectieve noradrenaline heropname 
remmer (SNRI) werking heeft. Beide middelen werden vergeleken met 
rennen en bestudeerd in jonge vrouwelijke C57Bl6J muizen. 

Onze resultaten laten zien dat itt eerdere studies, geen van beide 
antidepressiva de overleving van de nieuwe neuronen beinvloedde, wel 
werd een kleine toename waargenomen van de neuronale differentiatie 
door fluoxetine. Gedragsmatig bleken zowel de dieren die behandeld 
werden met fluoxetine als die met duloxetine angstiger te zijn 
geworden. In vergelijking met het geringe effect van fluoxetine, 
veroorzaakte rennen een zeer sterke toename van neurogenese; rennen 
werd dan ook gekozen als middel om neurogenese te stimuleren in 
onze vervolg experiment met muizen van middelbare leeftijd en in een 
model voor dementie. 
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In hoofdstuk 6 testten we eerst de mogelijkheid om door middel 

van langdurige fysieke activiteit, - zes maanden rennen vanaf 

middelbare leeftijd-, neurogenese en hippocampus functie te stimuleren 

bij ouder wordende muizen. De dieren werden tevens getest in de 

Morris Water Maze om veranderingen in ruimtelijk leren en geheugen 

met de leeftijd te onderzoeken, en er werd biochemie gedaan naar 

veranderingen in hippocampale groeifactor expressie. 

Onze resultaten laten zien dat rennen bij muizen van middelbare 

leeftijd een positieve invloed heeft op het behoud van hun ruimtelijk 

geheugen tijdens veroudering. Muizen die gerend hadden deden het 

beter in de water maze op latere leeftijd. Ze lieten verder een verhoogde 

neurogenese zien wat samen ging met verhoogde niveaus van BDNF 

eiwit, een neuronale groei factor met neuroprotectieve 

eigenschappen. Dit geeft aan dat langdurige lichamelijke activiteit de 

ontwikkeling van leeftijds-afhankelijke problemen met ruimtelijk 

geheugen en de parallele afname in neurogenese tegengaat. Mogelijk 

speelt BDNF hier een belangrijke rol bij. In conclusie, langdurige 

lichamelijke activiteit heeft gunstige effecten op zowel hippocampus 

structuur als functie in verouderende muizen. 

Hoofdstuk 7 is een review waarin we overzicht geven van de 

beschikbare literatuur over structurele plasticiteit en neurogenese in 

relatie tot de ziekte van Alzheimer en dementie. We bediscussieren de 

veranderingen in deze parameters zoals gevonden in verschillende 

diermodellen voor amyloid en tau pathologie.   

 Hoofdstuk 8 betreft een vergelijkbaar experiment als in 

hoofdstuk 5 en 6, maar nu toegepast op het 3xTg muismodel voor de 
ziekte van Alzheimer. Deze transgene muis is veel gebruikt in het AD 
veld en brengt 3 mutante genen tot expressie (t.w. APP, PS1, en tau). 
Daarmee is het een van de weinige beschikbare diermodellen wat zowel 
Aß plaques als ook neurofibrillary tangle pathologie laat zien en al op 
relatief jonge leeftijd functionele problemen ontwikkeld.  

De 3xTg muizen kregen net als de muizen in hoofdstuk 6, de 
mogelijkheid tot langdurig rennen, andere groepen werden, al of niet in 
combinatie met rennen, behandeld met het antidepressivum fluoxetine. 
De verwachting was dat in de groepen waar rennen en fluoxetine 
behandeling gecombineerd was, dit een additief effect zou hebben op 
neurogenese en mogelijk ook op hippocampus-geassocieerd ruimtelijk 
leren. Lichamelijke activiteit bleek weliswaar een significante verhoging 
van neurogenese in de 3xTg muizen te veroorzaken, maar in de ren 
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groep die ook met fluoxetine was behandeld, bleken de dieren minder 

te rennen en was het effect op neurogenese ook kleiner. In geen van de 

groepen werden veranderingen in hippocampale BDNF expressie 

aangetroffen, zoals we eerder wel vonden in oudere C57Bl6 muizen na 
rennen. Daarnaast bleek dat, in tegenstelling tot wat we op grond van 
de literatuur zouden verwachtten, het ruimtelijk leervermogen van de 
onbehandelde 3xTg muizen met toenemende leeftijd helemaal niet 
slechter werd. Na de dood bleek er echter wel uitgebreide amyloid en 
tangle pathologie in hun hersenen aanwezig te zijn. Hoewel er geen 
effecten op de tangle pathologie optraden, deed rennen de hoeveelheid 
amyloid pathologie in de amygdala (niet-significant) toenemen, terwijl 
behandeling met fluoxetine, en fluoxetine met rennen samen, de 
hoeveelheid amyoid pathologie weer deed afnemen. In de cortex werd 
een soortgelijke trend gevonden terwijl de hippocampus geen verschil 
liet zien. 

Dit wijst erop dat in dit bekende 3xTg muizenmodel waarin 
'backcrossing' van het genotype is opgetreden, ook het gedragsfenotype 
is verdwenen. Opvallend genoeg functioneren de muizen uitstekend in 
ruimtelijke leertaken ondanks de uitgebreide neuropathologie in de 
hersenen. De aanwezigheid van grote hoeveelheden amyloid plaques en 
tangles blijkt dus geen hippocampale gedragsverandering te induceren. 
Opvallend was verder dat ondanks dat er geen verandering op gedrag 
optrad, de verschillende behandelingen (rennen, antidepressiva 
behandeling) wel degelijk de neuropathologie in bepaalde 
hersengebieden kon beinvloeden. De relatie tussen neurogenese, BDNF, 
ruimtelijk leren en geheugen en het voorkomen van AD geassocieerde 
neuropathologie blijken dus niet aan elkaar gecorrelateerd te zijn in dit 
model. Deze resultaten worden verder bediscussieerd in relatie tot 
andere studies in het veld. 

Onze resultaten geven inzicht in de complexe regulatie van 
neurogenese tijdens ziekte, alsmede in de moeilijkheden bij het vinden 
van een goed diermodel voor dementie. In zijn algemeenheid hopen we 
dat dit onderzoek zal bijdragen aan de wetenschappelijke zoektocht 
naar de mogelijkheden van (stimulatie van) structurele en functionele 
plasticiteit en neurogenese bij volwassenen en op termijn kan bijdragen 
aan verbeterde behandelings- of preventie mogelijkheden voor de 
ziekte van Alzheimer. 
  



254  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



Dedication 255 

 

 
 
 
 

For MARK A. SMITH 

(1965 – 2010) 
A great friend and mentor 

 

 

 

 

 

 

 

 

 

 

 

 

 



256 Acknowledgements 

 

The work presented here would not be possible without the fantastic 

support of a number of people with whom I have been privileged to 

work.  

 

University of Amsterdam, Amsterdam 

Mr. Edwin Jousma  

Ms. Jose Wouda 

Mr. Gideon Meerhoff 

Ms. Els Velzing 

Dr. Charlotte Oomen 

Dr. Paul Lucassen 

Dr. Marian Jöels 

 

Van Leeuwenhoek Microscopy Center, Amsterdam 

Dr. Ronald Breedijk 

Dr. Erik Manders 

Dr. Mark Hink 

 

National Institute on Aging, Baltimore, Maryland, USA 

Dr. Nigel Grieg 

Dr. Wayne Chadwick 

Dr. Henriette van Praag 

Dr. Eitan Okun 

Mr. Emmette Huchinson 

Dr. Mark Mattson 

Dr. Nicolas Mitchell 

Dr. Michelle Potter 

Dr. Tali Kobilo-Yoav 

All members of the NIA vivarium 

 

University Medicine Göttingen, Göttingen, Germany 

Dr. Sadim Jawhar 

Ms. Jessica Wittnam 

Dr. Vivek Venkataramani 

Dr. Oliver Wirths 

Dr. Thomas Bayer

  



Special Thanks 257 

 

Special thanks 

 

I’d like to start by thanking my advisors Paul Lucassen and Marian Jöels, 

without your guidance and support this thesis would not be possible.  

Thanks for tolerating my never-ending requests, long emails, 

overlapping projects, and so much else.   We addressed many challenges 

as the university went through a transformative process; it was really 

great working with you.    

 

I’d also like thank my current UvA colleagues and wish them all the 

best.  In the spirit of the 2012 Olympics I feel that I’m passing the torch 

to a new group of very talented scientists and educators.  Harm, Carlos, 

Anniko, Marijn, Ming, Eva, Sofia, Hui, Wendy, Qian, Rob, Els, Gideon, and 

Chris.  I’ve had a great time working with you, please keep up the good 

work.  Best wishes to the Smidt group, especially Lars van Oerthel for 

recent help with the Leica microscope.   

 

Thanks to SILS-CNS staff, past and present, for lots of laughs from the 

very beginning:  Charlotte, Natasha, Felisa, Tara, Pieter, Henrique, Fleur, 

Claudio, Jadin, and Pascal.  

 

Thanks to my paranimfen, Willem van Weteringen and Gideon Meerhof, 

two guys with remarkable poise and character, thanks for working with 

me in the lab.   

 

Thanks to the UvA staff coordinating my employment in Holland and 

clearing all administrative hurdles. Casper, Marianne, Aly, Bonien, 

Laura, and Maartje.  The IND hasn’t kicked me out of the country yet!  

 

Thanks to the SILS PhD/ Post-doc council, Martijn, Alex, Clemens, 

Femke, Oskar, Fleur, and Jeroen, for coordinating a number of fun 

events, I really enjoyed the challenge of starting a new council at the 

UvA; I learned a lot about the goals students and professors have for the 

university. 

 

Alex McCampbell and Mark Mattson deserve recognition as two highly 

passionate scientists with seemingly unlimited energy.  It’s been a 

privledge to work with you and I’m glad we’ve remained friends, thanks 

for your guidance.    



258 Special Thanks 

 

 

I’d really like to thank my family for their love and support.  A special 

thanks to my grandmothers Jane Marlatt and Jacqueline Cavendish for 

all the hand written letters, care packages, and loads of genuine advice.  

Thanks to my mom, dad, sister, aunt, and uncle for making the long 

flight to help me celebrate my graduation, I’m really glad we could do 

this together.   

 

To the wonderful woman in my life Renée, thanks for all your love and 

support.  We’ll take a nice long vacation together after my defense I 

promise! 

 

A special thanks goes out to my amazing network of friends in 

Amsterdam who are always interested in a warm meal or cold beer.  

I’ve enjoyed every football match, BBQ, road trip, never-ending lunch 

thread, windmill meet-up, movie, and spontaneous get-together we’ve 

had.  Wherever I land next, know that my door is always open to you.  

Special thanks to: Ivo, Roberto, Laura, Marta, Luis, Beatriz, Lefteris, 

Onno, Romulo, Domenico, Fleur, Wout, Spiros, Sergios, Priyanka, Martin, 

Iskra, Eszter, Tiago, Henrique, Patricia, Dorien, Jeff, Sandra, Matt, Jesse, 

Brian, and Carly.  You have an equally fun and welcoming group of 

friends on the other side of the Atlantic; you just haven’t met them yet.  

XXX 

 

 

 

 



Curriculum Vitae 259 

 

Curriculum Vitae 

 

Michael William Marlatt was born on 21 Sept 1980 in Pittsburgh, 

Pennsylvania, USA.  

 

Michael started his career at Case Western Reserve University where he 

studied biochemistry.  In 2002 he started working in the laboratory of 

Dr. Mark A. Smith in the Department of Pathology.  After completing his 

BSc in biochemistry, Michael joined the Smith lab and earned his MSc in 

pathology in 2005.    

 

Late in 2005 Michael joined Merck Research Laboratories as a staff 

biologist in the department of Alzheimer’s Disease Drug Discovery.  

Michael worked on multiple project teams under the oversight of Dr. 

Jim Ray.  His interest in the therapeutic potential of neural stem cells 

led him to pursue his PhD through a Marie Curie fellowship at the 

University of Amsterdam, which he joined in 2008.  

 

His participation in the NEURAD PhD graduate school led to a 

collaboration with Dr. Henriette van Praag at the National Institute on 

Aging, beginning in 2009.  As this thesis goes to print, Michael continues 

foster new relationships and spur development for effective 

management of Alzheimer’s disease and related neurological disorders.    

 



260  

 

  



List of Publications 261 

 

List of Publications 

 

van Weteringen W, Marlatt MW, Meerhoff GF, Boekhoorn K, Edwin H. 

Jacobs EH , Casper C. Hoogenraad CC, and Lucassen PJ.  Physical 

exercise increases neurogenesis and reduces tau hyperphosphorylation 

in a transgenic model for Alzheimer's disease; in preparation. 

 

Marlatt MW, Potter M, Bayer TA, van Praag H, Lucassen PJ 

Prolonged running increases neurogenesis but fails to induce BDNF or 

alter neuropathology in the 3xTg mouse model of Alzheimer disease. 

Submitted May 2012 

 

Marlatt MW, Bauer J, Aronica E, van Haastert ES, Hoozemans JJM, Joels M
 

and Lucassen PJ. Iba1+ microglia proliferate in the human hippocampus at 

sites of amyloid deposition.  Submitted May 2012 

 

Marlatt MW, Potter M, Lucassen PJ, van Praag H.  Chronic running in 

middle-aged C57Bl6 mice rescues an age-dependent spatial memory 
deficit Dev. Neurobiol. 2012 Jan 17 Epub ahead of print 
 

Marlatt MW, Philippens I, Manders E, Czeh B, Joels M, Krugers H, 
Lucassen PJ. Distinctive structural plasticity in the hippocampus 
middle-aged common marmoset (Callithrix jacchus) following 
psychosocial stress. Exp Neurol. 2011 Aug; 230(2): 291-301.  
 
van Tijn P, Kamphuis W, Marlatt MW, Hol EM, Lucassen P. Presenilin 
mouse  and zebrafish models for dementia: focus on neurogenesis. Prog 

Neurobiol. 2011 Feb;93(2):149-64. 
 
McCampbell A, Wessner K, Marlatt MW, Wolffe C, Toolan D, 
Podtelezhnikov A, Yeh S, Zhang R, Szcerba P, Tanis KQ, Majercak J, Ray 
WJ, Savage M.  Induction of Alzheimer-like changes in brain of mice of 
mice expressing mutant APP fed excess methionine.  J Neurochem. 2011 
Jan; 116(1): 82-92 
 
Clark TA, Lee HG, Rolston RK, Zhu X, Marlatt MW, Castellani RJ, 
Nunomura A, Casadesus G, Smith MA, Lee H, Perry G. Oxidative Stress 
and its Implications for Future Treatments and Management of 
Alzheimer Disease. Intl J Biomed Sci 2010; 6(3): 225-227 



262 List of Publications 

 

 

Marlatt MW, Lucassen PJ, van Praag H. Comparison of effects of 

fluoxetine, duloxetine, and running on neurogenesis in mice. Brain Res. 

Jun 23 2010; 1341: 93-9 

 

Marlatt MW, Hoozemans JJM, Veerhuis R, Lucassen PJ.  Alzheimer 

disease and Adult neurogenesis – Are endogenous stem cells part of the 

solution? US Neurol, 2009;5(1):12-14 

Marlatt MW, Lucassen PJ. Neurogenesis and Alzheimer's disease: 

Biology and Pathophysiology in Mice and Men. Curr Alzheimer Res. 2010 

Mar; 7(2):113-125 

Kaminsky YG, Marlatt MW, Smith MA, Kosenko EA. Subcellular and 

metabolic examination of amyloid-beta peptides in Alzheimer disease 

pathogenesis: evidence for Abeta(25-35).  Exp Neurol. 2010 

Jan;221(1):26-37. 

Marlatt MW, Lucassen PJ, Perry G, Smith MA, Zhu X. Alzheimer's 
disease: cerebrovascular dysfunction, oxidative stress, and advanced 
clinical therapies. J Alzheimers Dis. 2008 Oct;15(2):199-210. 

 
Friedlich AL, Rolston RK, Zhu X, Marlatt MW, Castellani RJ, Nunomura 
A, Lee HG, Casadesus G, Perry G, Smith MA.  Treatment advances in 
Alzheimer disease based on the oxidative stress model.  F1000 Med Rep. 
2009 Jul 8;1. pii: 54 
 
McShea A, Marlatt MW, Lee HG, Tarkowsky SM, Smit M, Smith MA.  The 
Application of Microarray Technology to Neuropathology: Cutting Edge 
Tool with Clinical Diagnostics Potential or Too Much Information?" J 
Neuropathol and Exp Neurol 2006 Nov;65(11):1031-9 
 
Casadesus G, Zhu X, Lee HG, Marlatt MW, Friedland RP, Gustaw KA, 
Perry G, Smith MA. Neurogenesis in Alzheimer disease: compensation, 
crisis or chaos? Cell Cycle in the Central Nervous System, Janigro D, (Ed.) 
Humana Press, Totowa, NJ, 2005. 
 



List of Publications 263 

 

Marlatt MW, Webber KM, Moreira PI, Lee HG, Casadesus G, Honda K, 

Zhu X, Perry G, Smith MA. Therapeutic opportunities in Alzheimer 

Disease:  All for one or one for all? Curr Med Chem 2005, 12(10), 1137-

1147 

 

Webber KM, Raina AK, Marlatt MW, Zhu X, Prat MI, Morelli L, 

Casadesus G, Perry G, Smith MA. The cell cycle in Alzheimer disease: a 

unique target for neuropharmacology. 

Mech Ageing Dev. 2005 Oct;126(10):1019-25. 
 
Webber KM, Casadesus G, Marlatt MW, Perry G, Hamlin CR, Atwood CS, 
Bowen RL, Smith MA. Estrogen bows to a new master: the role of 
gonadotropins in Alzheimer pathogenesis.  Ann N Y Acad Sci. 2005 
Jun;1052:201-9.  
 
Zhu X, Webber KM, Casadesus G, Raina AK, Lee HG, Marlatt M, Hartzler 
A, Atwood CS, Perry G, Smith MA. "Mitotic and gender parallels in 
Alzheimer disease: therapeutic opportunities. Curr Drug Targets. 2004 
Aug;5(6):559-63. 
 
Lee HG, Zhu X, O'Neill MJ, Webber K, Casadesus G, Marlatt M, Raina AK, 
Perry G, Smith MA. The role of metabotropic glutamate receptors in 
Alzheimer's disease.   Acta Neurobiol Exp (Wars). 2004;64(1):89-98.  
 
Marlatt M, Lee HG, Perry G, Smith MA, Zhu X.  Sources and mechanisms 
of cytoplasmic oxidative damage in Alzheimer disease.  Neurobiol Exp 

(Wars). 2004;64(1) 81-87 
 
 

 

The End 
 
 

 




