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As the most prevalent genetic cause of intellectual disability in the western world, 

Down syndrome (DS) presents a variety of challenges. This is especially true for the 

aging DS population, which is facing the reality that virtually all individuals who 

survive to their fifth decade will develop Alzheimer’s disease. Thus, it has become 

imperative to identify and understand underlying mechanisms that can potentially 

contribute to cognitive impairments in DS. Given that most of the cognitive deficits in 

DS have been associated with hippocampal dysfunction and that neurogenesis in the 

adult hippocampus contributes to cognitive processing, the goal of our research was to 

determine whether adult hippocampal neurogenesis is impaired in the hippocampi of a 

mouse model of DS, Ts65Dn. Results presented herein demonstrate that neurogenesis is 

significantly (~50%) reduced in the subgranular zone (SGZ) of the dentate gyrus of adult 

male Ts65Dn mice. The use of the thymidine analog 5’-Bromo-2-deoxyuridine (BrdU) 

and cell-type specific markers led us to conclude that a significantly large proportion of 

the neuroprogenitor population resident within the SGZ fails to proliferate. The 

consequence of reduced cell proliferation is a significant deficit in the production of new 

neurons in the dentate gyrus, which may ultimately impinge upon hippocampal function. 

Gene overexpression in DS may contribute to cell cycle alterations within the 

neuroprogenitor population via dysregulation of signaling pathways required for 

neurogenesis and through the overproduction of reactive oxygen species (ROS), which 



negatively impact cell viability. Our research has established that chronic treatment with 

the antidepressant fluoxetine rescues impaired neurogenesis, increasing cell proliferation 

to control levels. Additionally, we have shown that treatment with the antioxidant 

curcumin can be neuroprotective through the reduction of oxidative damage, which in 

turn facilitates the generation of new neurons. Ultimately, we have identified a 

mechanism that can contribute to hippocampal dysfunction in DS and have established 

that dysregulation of neurogenesis can be remedied using pharmacological therapies 

already available, thus, providing hope for future treatments. 
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Chapter 1 

1.1 Introduction 

What does it mean to learn? For many of us, the process of learning and being 

able to learn is often taken for granted. We read, we study, we observe, we learn. Our 

brain automatically processes, catalogs and archives the flow of information we are 

constantly taking in, forming packets of memory that we will be able to recall and 

analyze when later prompted by a specific sight, smell or sound. For many, it is not until 

our memory begins to fail that we begin to contemplate the mysteries of the brain, how it 

functions, and specifically, how it learns and remembers. 

The roots of learning and memory lie within the connections made by the 

numerous neurons in the brain. Santiago Ramón y Cajal was among the first to propose 

that neurons within the central nervous system (CNS) were not static, that they 

continued to grow and develop throughout one’s lifetime and that they may even have 

regenerative ability in response to injury [1]. The concept of neuronal structural 

plasticity was not new, but until Cajal applied it to neurons in the brain and spinal cord it 

had been relegated to the peripheral nervous system, where it was known that injured 

sensory neurons could regenerate or even be removed from one site and successfully 

grafted onto another organ or tissue. The CNS however, had remained a bastion of 

immutable cells; Cajal, nevertheless, theorized that associations between cells could be 

reinforced and even multiplied in response to “cerebral gymnastics” and “mental 

exercise” [2]. He maintained however, as did many of his contemporaries, that the brain 

was incapable of producing new cells beyond the embryological stage. A little more than 

a century later we now know that neuronal structural plasticity and the functions 
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dependent upon it, most notably learning and memory, entail two forms of 

modifications: first, dendritic growth and synapse formation, and secondly, the genesis 

of new neurons, not only during embryonic growth and development, but throughout 

one’s lifetime. 

Consequently, it is not far-fetched to conclude that conditions associated with 

impaired learning and memory formation and recall may be the result of compromised 

neuronal structural plasticity; these conditions include everything from age-related 

cognitive decline, to neurodegenerative diseases, such as Alzheimer’s and Huntington’s 

disease, and finally, to psychiatric disorders, such as depression and schizophrenia. 

Down syndrome (DS) has been recognized as one of the most prevalent genetic causes 

of cognitive impairment in the United States (~1:700 live births) and individuals with 

DS will eventually display facets spanning the gamut of the aforementioned conditions, 

including the development of Alzheimer’s disease in virtually all DS patients that 

survive beyond their fourth decade.  

Research on cognitive impairment in DS has focused primarily upon synaptic 

plasticity, examining alterations in both structural and functional plasticity. Examination 

of cerebral cortical sections from fetal and aged DS individuals led to the proposal that 

dendritic alterations and a failure in synaptogenesis may contribute to the cognitive 

impairments associated with DS [3].  These findings have been verified in various 

murine models of DS; Ts65Dn, TsCje1 and TsRh1 all exhibit enlargement of dendritic 

spines and boutons with an overall decrease in spine density [4, 5], as well as an altered 

excitatory-inhibitory relationship in the hippocampus with failed induction of long term 

potentiation (LTP) due to excessive inhibition, which can only be blocked with GABAA 
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receptor antagonists [6, 7]. Thus, the structure and ability of neurons to function may be 

altered in DS.  

The goal of this thesis is to determine whether neurogenesis, the second facet of 

neuronal structural plasticity, is also compromised in DS, with a specific focus on the 

proliferation of neural precursor cells. It has been hypothesized that persistent 

neurogenesis is an important component of the plasticity of the hippocampus since new 

cells may play a role in replacing dying neurons. They may also encode new information 

by making new synapses or strengthening pre-existing connections [8]. Thus, new 

neurons may play a vital role in not only maintaining hippocampal function, but also in 

enhancing its functional plasticity. The degree to which new neurons actually integrate 

and become fully functioning, mature neurons is still contentious; however, decreased 

neurogenesis has been linked to depression, as well as memory and learning deficits 

associated with stress [9, 10]. Additionally, altering hippocampal neurogenesis via 

irradiation [11-13] or the application of the systemic mitotic toxin methylazoxymethanol 

acetate results in deficits in spatial memory retention and trace conditioning [14]. On the 

other hand, treatments which result in improved neurogenesis, including increased 

exercise and antidepressants, have been found to enhance hippocampal function in mice 

[15-17]. Thus, a deficiency in basal levels of adult neurogenesis in the hippocampus 

could have profound effects upon its function and the behavior of the individual 

affected, and may partially account for the cognitive impairments associated with DS. 

Hippocampal neurogenesis occurs within the subgranular zone (SGZ) of the 

dentate gyrus (DG). The SGZ is a 2-3 cell wide layer that lies between the hilus and the 

granule cell layer (GCL), and extends along the entire rostral-caudal axis of the DG (see 
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Fig. 1). New cells are generated in a series of stages: the putative stem cell, a radial glial 

cell (RGC), asymmetrically divides and gives rise to a single daughter cell. This cell is 

an amplifying progenitor cell (APC) which can then divide either asymmetrically, 

producing one daughter cell, or symmetrically, giving rise to two new daughter cells. 

The daughter cells will then differentiate and mature into neurons or glial cells, such as 

astrocytes or oligodendrocytes. Glial cells tend to migrate away from the DG and into 

the hilus or molecular cell layer (MCL), whereas new neurons will migrate into the 

GCL. Typically, a majority of the newborn cells will assume a neuronal fate; to do so, as 

they migrate into the GCL, they will extend dendritic processes into the MCL and 

develop axons that merge into the mossy fiber tract feeding into the CA3 region of the 

hippocampus, thus, becoming part of the hippocampal circuitry. Failure to accomplish 

this will result in the death of the new neuron.  

Figure 1. Hippocampal 

neurogenesis in the adult 

rodent brain. A) The dentate 

gyrus continually produces 

new cells within the SGZ 

(green) which lies between the 

GCL (red) and the hilus. B) 

Within the SGZ the neural 

stem cells, RGCs, give rise to 

APCs. These cells can the 

divide either symmetrically or 

asymmetrically to give rise to 

new daughter cells, which will 

mature into either glial cells or 

neurons. A majority of new 

cells will assume a neuronal 

fate and migrate into the GCL 

where they will mature and 

attempt to integrate into the 

hippocampal circuitry. RGC: 

radial glial cell; APC: 

amplifying progenitor cell; 

NB: neuroblast; GCL: granule 

cell layer; SGZ: subgranular 

zone. 

A 

B 
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It has already been established that the later stages of neurogenesis are disrupted 

in the Ts65Dn mouse model of DS.  New, maturing neurons in the Ts65Dn DG show a 

failure to make proper synaptic connections; there is an increase in the size of synaptic 

spines, with an overall reduction in spine number and abnormal arborization of the 

dendritic tree seen in both young and adult Ts65Dn [4, 5]. All of these factors could 

potentially contribute to dysregulation of the hippocampus resulting in the deficits in 

spatial memory and learning characteristic of DS. However, we contend that in addition 

to these issues that the gene dosage imbalance created by trisomy 21 also results in 

impaired proliferation and maintenance of neural stem cells and the neural stem cell 

niche, creating a fundamental deficiency in neurogenesis. 

1.2 Down syndrome 

Evidence for the condition we now call Down syndrome extends back thousands 

of years as figurines, pottery and paintings from diverse cultures [18, 19] seem to depict 

individuals with the characteristic features of DS: a flat face, eyes with an epicanthic 

fold and thickened lips. However, it was not until the mid-1800s that clinical 

descriptions of this condition were reported and catalogued. In 1866 Dr. John Langdon 

Haydon Down, for whom this syndrome was eventually named, wrote a brief essay 

describing what he thought of as the ethnic basis of mental retardation, noting that 

different classes of “idiots” displayed varying characteristics of different racial groups 

[20]. In particular he made note that a large proportion of his patients appeared to suffer 

from a congenital form of mental retardation and could be recognized by their 

“Mongoloid” appearance, a characterization that led to the unfortunate and inaccurate 

term mongolism to describe this syndrome. Dr. Down believed that the congenital defect 
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that led to this form of mental retardation was linked to a history of tuberculosis in the 

parents, especially as his patients tended to contract tuberculosis themselves [20]. 

It was not until almost a century later that the actual genetic cause of DS was 

finally determined to be a triplication of Chromosome 21 (HSA21). New karyotyping 

techniques had led to the discovery that humans have 23 sets of paired chromosomes 

and in 1959, Lejeune, et al. published the finding that in patients with DS the smallest 

chromosome, number 21, had three copies instead of the normal two [21, 22]. This 

finding was subsequently confirmed [23, 24] and shortly thereafter, due to the negative 

connotations associated with the term mongolism, the name of this disorder was changed 

and is now commonly referred to as Down syndrome in honor of Dr. Down, or Trisomy 

21, which recognizes the genetic basis of DS.  

Interestingly, researchers found that the phenotypic characteristics of DS 

required neither complete triplication nor total expression of Trisomy 21 in all cells. A 

majority of Trisomy 21 cases are the result of a nondisjunction event during cell division 

resulting in the unequal distribution of chromosomes between daughter cells. 

Nondisjunction occurs when there is a failure in the separation of homologous 

chromosomes during meiosis I or sister chromatids during meiosis II or mitosis. A 

majority of nondisjunction events in oogenesis that result in Trisomy 21 transpire 

primarily during meiosis I, with  approximately 20%  occurring during meiosis II; errors 

during spermatogenesis only account for ~5% of DS cases [25, 26]. Approximately 

4.5% of DS cases are the result of mitotic nondisjunction during growth and 

development of the zygote [27]; these represent cases of mosaicism as not all cells will 

be carriers of Trisomy 21. Additionally, identification of mosaicism is complicated by 
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the fact that it may affect entire cell lines, such as skin or blood, if the founder cell for 

that lineage had Trisomy 21. Therefore, tests for mosaicism, which usually examine 

blood cells for the presence of both trisomic and euploid cells, may be misleading. 

Finally, in ~3-4% of DS cases aneuploidy may result from translocation of a portion of 

HSA21 onto another chromosome, usually chromosome 14, resulting in partial Trisomy 

21. Interestingly, in these cases the total number of chromosomes is normal; the effect of 

the triplication depends in large part upon which genes on HSA21 are included in the 

translocated portion. Consequently, comparative molecular genetic analyses of 

individuals with partial Trisomy 21 and full Trisomy 21 have allowed researchers to 

identify sets of genes required to elicit certain phenotypic characteristics of DS [28-30].  

Of particular interest was a region termed the Down Syndrome Chromosome Region 1, 

also known as the “critical” region (DCR1) located on the long arm from 21q22.2-

21q22.3 (the D21S55 band). Triplication of this region was linked to the manifestation 

of several features of DS including mental retardation, slowed growth, and 

morphological anomalies of the face, hands and feet [30]. DCR2, which overlaps part of 

DCR1, is involved in the same features, plus congenital heart defects and other 

morphological abnormalities. Consequently, researchers surmised that the 

overexpression of a small number of genes or regions of genes was sufficient to elicit the 

pathogenesis of the DS phenotype. 

The Gene-dosage Hypothesis 

The discovery of Trisomy 21 and subsequent identification of critical regions on 

HSA21 led to the gene-dosage hypothesis for the pathogenesis of DS (Fig. 2). This 

hypothesis is two-fold; first, certain genes on HSA 21 are dosage sensitive. When the 
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chromosome is triplicated their expression increases by ≥ 1.5 fold and comparative 

genetic analyses indicate that they can be directly linked to pathological traits associated 

with DS [31-34]. This hypothesis stipulates that specific DS phenotypes are a direct 

result of the cumulative effects of the dosage imbalance introduced by the triplication of 

individual genes or regions on HSA21. Secondly, increased expression of genes on HSA 

21 may result in the dysregulation of gene expression throughout the genome; this is 

especially relevant as triplicated genes include microRNAs [35], transcription factors, 

such as Ets2, which may directly alter gene expression, and regulatory proteins, such as 

Dyrk1a, which may influence signaling pathways. These perturbations result in altered 

developmental homeostasis and probably contribute to the manifestation of most DS 

phenotypes [36-38]. 

 

The primary effect of Trisomy 21 is the 1.5 fold increase in expression of most 

HSA21 genes [39-41]. The secondary effect is the dysregulation of genes, resulting in 

both increased and decreased gene expression throughout the genome. These effects are 

further compounded by the fact that the expression of certain genes is both cell/tissue-

type specific and temporally regulated, so that not all genes are ubiquitously or 

• Regulatory proteins

• Transcription 
factors

• microRNAs

HSA21 gene 
overexpression

• Altered gene 
expression

• Epigenetic 
modulation

Genomic 
dysregulation • Intellectual 

disability

• Facial morphology

• Alzheimer’s disease

DS phenotypes

Figure 2. Gene-dosage Imbalance Hypothesis for DS.  
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constitutively overexpressed [41-47]. Additionally, some genes have multiple isoforms 

which in turn are differentially expressed and which may have competing effects 

depending upon when they are expressed. A prime example of this is regulator of 

calcineurin-1 (RCAN1, previously DSCR1; also known as CALP1, MCIP1 and 

Adapt78) an inhibitor of the serine/threonine protein phosphatase calcineurin [48]. The 

RCAN1 gene contains seven exons, with exons 1-4 marking initiation sites for 

alternative splicing. Although there are theoretically thirteen possible isoforms, only 

three have been consistently detected: RCAN1-1, which may have two alternate forms, 

1S (short, with 197 amino acids) and 1L (long, with 252 amino acids), RCAN1-2, which 

has only been detected in fetal liver and brain, and RCAN1-4. While RCAN1 is 

expressed throughout several tissues, RCAN1-1 is most highly expressed in the heart, 

liver, muscle, placenta and kidney, as well as the brain, where it is found in the 

thalamus, medulla oblongata, cerebral cortex, hippocampus and substantia nigra [49]. 

Basal mRNA levels of RCAN1-1 are higher than RCAN1-4; however, increased stress 

can initiate expression of the latter isoform, perhaps as a protective response [49, 50]. 

Finally, RCAN1 is also temporally regulated in the CNS; levels are highest in the 

developing fetus and decrease with time, becoming restricted to regions, such as the 

hippocampus, with actively proliferating or differentiating neurons. Figure 3 illustrates 

how overexpression of RCAN1 may impinge upon many of the cellular processes that 

ultimately contribute to the DS phenotype. Considering the variety of pathways RCAN1 

may influence it should not be surprising that the gene is found within the DCR of 

HSA21; however, several studies have indicated that while RCAN1 overexpression may 

be necessary, it is not sufficient to elicit most DS phenotypes [51].  



 

 

10 

 

 

Rather than individual genes or small gene sets eliciting DS phenotypes, most 

researchers are in agreement that gene interactions and their dysregulation of the 

genome result in greater effects and most likely are the major contributors to DS 

phenotypes. Interaction among HSA21 genes may lead to signal amplification through 

synergistic actions; in contrast, there are also instances of compensation, with one gene 

product counteracting the effect of another. Figure 4 illustrates how three proteins 

overexpressed in DS all impinge upon the calcineurin-NFAT signaling pathway.  

  

Figure 3. Overexpression of genes on HSA21 may lead to the dysregulation 

of multiple cellular processes. Shown here, the overexpression of RCAN1, an 

inhibitor of the serine-threonine phosphatase calcineurin, may negatively regulate 

signaling pathways responsible for cytokine production, T cell activation and 

cardiac and skeletal muscle growth, as well as Ca
2+

 dependent neuronal survival, 

while releasing inhibition on pathways that normally prevent cell growth 

inhibition (adapted, with permission, from Springer [49]). 
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RCAN1 and dual-specificity tyrosine-(Y)-phosphorylation regulated kinase 1A 

(DYRK1A) act synergistically to inhibit the calcineurin/NFAT pathway; RCAN1 

suppresses activation of calcineurin, while DYRK1A inhibits nuclear factor of activated 

T-cells (NFAT), a transcription factor originally identified for its role in T-cell 

activation. In contrast, superoxide dismutase-1 (SOD1) has been shown to protect 

calcineurin activity, possibly by directly binding to calcineurin during times of high 

oxidative stress [52], preventing inhibition and, potentially, RCAN1 mediated 

proteolytic cleavage of the phosphatase [53]. Interestingly, SOD1 overexpression is a 

potential source of increased levels of reactive oxygen species (ROS) due to the 

increased production of H2O2, the consequences of which include oxidative damage to 

proteins, lipids and DNA. Downstream targets of NFAT-mediated gene transcription 

include several genes linked to cell proliferation, including vascular endothelial growth 

factor (Vegf) [54, 55] and bone-derived neurotrophic factor (Bdnf) [56], both of which 

Figure 4. Gene interactions 

between overexpressed proteins 

include both synergistic and 

compensatory interactions. Shown 

here is the modulation of the 

calcineurin/NFATc signaling 

pathway by HSA21 gene products. 

RCAN1 and DYRK1A act 

synergistically to inhibit this 

pathway; RCAN1 directly inhibits 

calcineurin while DYRK1A acts 

within the nucleus to inhibit NFATc, 

facilitating its translocation back into 

the cytoplasm through direct 

phosphorylation and via priming of 

GSK3β. In contrast, SOD1 preserves 

calcineurin activity; it may directly 

bind to and prevent inhibition of 

calcineurin during periods of high 

oxidative stress. Additionally, its 

product, H2O2, increases Ca
2+

 influx, 

resulting in sustained calcineurin 

activity. 
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have also been implicated in neurogenesis [57-60]. Thus, dysregulation of signaling 

pathways by trisomic genes may result in an alteration in cognitive abilities.  

 The Down syndrome brain 

 Several pathological disorders associated with DS, such as childhood leukemia 

and congenital heart defects, have variable penetrance in the DS population. However, in 

addition to a distinctive facial morphology, all DS patients exhibit cognitive 

impairments indicative of intellectual disability (formerly mental retardation) according 

to the Diagnostic and Statistical Manual of Mental Disorders (DSM IV).  This is defined 

as a developmental disability with onset during childhood, characterized by significant 

impairment of intellectual functioning and adaptive skill causing major limitation to 

living a normal independent life; individuals classified as intellectually disabled have an 

IQ < 70. In DS intellectual disability ranges from severe to moderate (IQ 25-55) and 

worsens with increasing age [61-63]. While the patient’s IQ may be helpful in a clinical 

setting in planning behavioral and educational intervention programs [64, 65] it is of 

limited use in identifying the specific brain structures involved or underlying pathogenic 

mechanisms. Finally, not all skills are affected to the same extent in all DS individuals, 

suggesting that the impact of trisomy on function may not be equal among DS patients 

signifying that epigenetic and environmental factors may influence phenotype 

expression. Additionally, behavioral and/or psychiatric problems may underlie some 

perceived cognitive deficits, leading to greater variability. 

It has become increasingly clear that there is a higher incidence of psychiatric 

disorders in the DS population than the general population. Myers and Pueschel [66] 

conducted a study of 497 individuals with DS and found that ~22.1% displayed 
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symptoms or behaviors consistent with psychiatric disorders. Disruptive behaviors 

(6.1%), conduct oppositional disorder (5.4%) and aggressive behaviors (6.5%) were 

more prevalent in patients younger than 20 years of age, while older patients more often 

presented with major depressive disorder (~25.6%) and dementia [67]. The presence of 

dementia in DS, especially older patients, is often difficult to diagnose as a majority of 

DS patients develop symptoms of Alzheimer’s disease by their fifth decade [68]. 

Neuropsychological profiles of DS are assumed to be due to altered brain 

structures derived from anomalous brain and cranial development. Gross examination of 

the DS brain reveals a reduced brain weight with a small cerebellum as well as reduced 

frontal and temporal lobes [69, 70]. Interestingly, several subcortical regions are 

relatively unchanged, with preserved volumes in the ventricular nuclei and posterior 

cortical gray matter [69, 71]. MRI studies of DS patients have yielded clues about 

specific structural and volumetric changes that may alter function, especially in regions 

associated with learning and memory: the hippocampus, cortex and cerebellum. Overall, 

DS patients display smaller brain volumes than euploid control patients [69, 72, 73]. 

When brain volumes are normalized a significant difference in volume is found in the 

hippocampus [69, 73-75] and the cerebral and cerebellar hemispheres [75]. Interestingly 

there appears to be no change in the basal ganglia [75] or in the amygdala [99, 103] 

except in adult patients exhibiting signs of dementia [103]. Consistent differences in the 

neuroanatomy of these regions across age groups indicate that developmental 

abnormalities rather than neurodegeneration may be responsible for intellectual 

disabilities associated with DS [74].  
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In conjunction with morphological differences, impairments in language abilities 

and adaptive behavior, as well as decreased intellectual functioning suggest possible 

dysfunction of corticohippocampal circuits in DS [76-78]. DS children display learning 

deficits in both short term and long term memory; however, performance on memory 

associated tasks varies. DS children perform significantly worse on explicit memory 

tasks which require information encoding, retrieval and sustained attention [76, 79]. In 

contrast, there is no significant loss in implicit memory processing, which is typically an 

automatic process that requires low attention [79]. Deficits in long term memory may be 

related to hippocampal dysfunction [62] while dissociations between preserved implicit 

and impaired explicit memory may be due to severe cerebellar hypoplasia in 

juxtaposition with normal basal ganglia morphology [71].  

Modeling Down syndrome 

Several mouse model studies have provided evidence that overexpression of 

certain genes or sets of genes lead to disturbances of specific biological process, 

supporting the gene-dosage hypothesis, however development of a DS mouse model that 

triplicates all genes on HSA21 has been challenging. A majority of orthologues to genes 

found on HSA 21 are located on mouse Chromosome 16 (MMU16, ~26.5Mb), with the 

remaining found on MMU10 (~2.3Mb) and MMU17 (~1.1Mb) [80-82] (see Fig. 5). 

Initial analysis of the HSA21 genome indicated that it harbored at least 225 genes [82], 

but that number has been adjusted upward to 364 genes as new analytical techniques 

became available [83]. In contrast, MMU16 contains only 291 genes in the region 

homologous to HSA21; of those only 164 are highly conserved (>70% identical) and 

include putative functional RNAs. Eighty identified genes are minimally conserved 



 

 

15 

 

(<70% identical) genes or nucleotide sequences representing open reading frames with 

no known function, as well as putative RNA sequences of unknown function. Perhaps 

most surprising, was the 

discovery of a number of 

species-specific genes on 

HSA21 that are not 

represented on any mouse 

chromosome, further 

complicating developing a 

model that encompasses 

all possible genes and gene 

interactions. 

Consequently, most 

models have been 

geared towards 

triplicating individual 

genes, or regions of 

genes thought to be 

critical for the 

pathogenesis of DS 

phenotypes.  

The first murine model of DS, Ts16 (i.e. trisomy 16), was developed during 

research on trisomies for all 19 mouse chromosomes [84]. The Ts16 mouse was the 

Figure 5. Mouse models of DS. Syntenic regions to 

HSA21q (pictured) can be found on MMU10, 16 and 17. 

The largest region, containing almost 300 genes, is found 

on MMU16.  The Ts16 mouse model of DS is the result 

of a triplication of the entire MMU16, whereas segmental 

trisomic models contain the region of MMU16 that 

excludes nonsyntenic genes. Of these, the Ts65Dn mouse 

model is the most widely used as it is trisomic for about 

half of the genes found on HSA21. Other models, such as 

Ts1Cje and Ts1Rhr, are trisomic for smaller segments of 

the same region and allow for genetic dissection of DS 

phenotypes. A transchromosomic model of DS, TsC1, 

contains ~90% of HSA21 in a freely segregating 

chromosome. Red ovals indicate deleted regions. 
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result of a Robertsonian translocation of the entire MMU16 onto MMU17. A 

Robertsonian translocation is the natural fusion of two chromosomes at the centromere 

and was first described by W.R.B. Robertson in grasshoppers in 1916 [85]. In general, 

when fusion occurs the result is the joining of two long arms of non-homologous 

chromosomes, creating a metacentric chromosome; usually there is a fusion of the short 

arms as well, but due to the size of this new chromosome it is generally lost within a few 

cell divisions. However, offspring of carriers of the metacentric chromosome will be 

trisomic for the region of the fused chromosome, as they will inherit 2 normal 

chromosomes and one fused chromosome. The Ts16 mouse was of great interest due to 

the genetic homology of MMU16 to HSA21 and was proposed as a model for DS in the 

1980s [86]. Unfortunately, Ts16 is embryologically lethal, resulting in limited usefulness 

for the study of DS in postnatal development. However, it has provided great insight into 

embryological development, and has been used to study different aspects of DS at fetal 

stages and in derived cell lines [87-89]. The major drawback of this model is that it 

contains extra genetic material on MMU16 that is not homologous to HSA21, but to 

genes on HSA3, HSA8 and HSA16, which may contribute to its lethality. 

The most commonly used model of DS is the Ts65Dn mouse; developed by 

Davisson, et al. in the 1990s [90, 91], this model contains a partial trisomy of MMU16. 

A Robertsonian translocation of the distal arm of MMU16 results in a triplication limited 

to the region syntenic with HSA21, eliminating the non-homologous genes included in 

the Ts16 model. Analysis by Gardiner, et al. [83] concluded that this region contains 94 

highly conserved genes and 38 minimally conserved genes, representing only 50-60% of 

the known homologues on MMU16, somewhat less than the 80% originally proposed 
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[92].  Despite a lack of 100% homology, much of the triplicated portion of MMU16 

contains regions of genes thought to be critical in eliciting DS phenotypes and the 

Ts65Dn mouse does recapitulate many of the aspects of DS. The major benefit of 

Ts65Dn over Ts16 however, is that this model survives past birth, allowing for research 

into postnatal development, aging and behavior. More recent models of DS have focused 

on smaller triplicated regions than that of Ts65Dn in an effort to establish associations 

between specific genes or sets of genes and DS phenotypes.  

The first of these, the Ts1Cje mouse [93], was the result of an attempt to 

knockout Sod1 in the Ts65Dn mouse. The outcome however, was a triplication of a 

smaller region of the MMU16 chromosome; this segment contains 74 highly conserved 

genes, and 24 minimally conserved genes [83]. More importantly though is the fact that 

the triplicated region contains a non-functional Sod1 and excludes amyloid precursor 

protein (App), effectively eliminating two genes suspected of making large contributions 

to DS phenotypes, including premature aging due to increased oxidative stress, as well 

as early onset Alzheimer’s disease. Another model, Ts1Rhr, triplicates the 33 genes in 

MMU16 that represent the DCR allowing for more targeted research on the genes that 

may be responsible for the neurobiological phenotypes associated with DS [51, 94, 95].  

An alternative method for the genetic dissection of the DCR and its contribution 

to DS phenotypes was to create mice monosomic for regions overexpressed in Ts1Cje 

and Ts1Rhr. The monosomic Ms1Rhr was developed by the Reeves lab using a Cre-Lox 

system to effectively knockout the DCR [95]; studies of these mice, as well as 

Ms1Rhr/Ts65Dn mice, have indicated that the DCR may be necessary for certain DS 

phenotypes, but is not sufficient to elicit all characteristics of DS [51, 95, 96] refuting 
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the stipulation that the DCR is solely responsible for the principal phenotypes of DS [33, 

97].  

To further test the contribution of the DCR, a variety of transgenic mice 

containing partial trisomies of contiguous chromosomal fragments spanning the  

“critical” region have been created. Smith, et al. [98, 99] transfected fragments of 

MMU16, covering the 21.22.2 band and the D21517-ETS2 region, using Yeast Artificial 

Chromosomes (YACs). This same technique has been used to insert extra copies of 

single HSA21 genes to investigate genes potentially involved in cognitive impairment, 

including Sim2 [100, 101], S100β [102-104], Sod1 [105-107], Sod1/App [108] and 

Dyrk1a [109].  Most transgenic mice, especially single gene trisomies, elicit relatively 

small effects which are substantially lesser than those seen in Ts65Dn mice as well as 

the other segmental DS models, indicating that several genes and/or gene interactions 

are involved in the manifestation of DS phenotypes.  

In order to best recapitulate DS phenotypes in murine models researchers have 

been focusing on producing mice trisomic for all HSA21 genes. Of particular interest is 

the transchromosomic mouse (Tc1) which contains ~90% of an HSA21 freely 

segregating chromosome [110, 111]. This chimeric mouse best models the mosaic form 

of DS since not all cells contain the extra chromosome. However, it has successfully 

expressed many of the phenotypes associated with DS. Another recently developed 

model attempts to triplicate all known HSA21 orthologues in the mouse, including those 

found on MMU10 and MMU17 [112]. The main advantage of both of these models is 

that they potentially maintain the regulatory elements of trisomic genes and increase the 

likelihood that gene interactions lost in models with smaller trisomic regions will be 



 

 

19 

 

preserved. For example, there are 7 genes on HSA21 known to function in RNA 

processing; only 2 of these are represented in Ts65Dn or Ts1Cje, limiting the usefulness 

of examining the effect of alternative splicing on the DS phenotype [83]. Other genes 

underrepresented in these models include 4 genes involved in the proteasome pathway, 6 

genes in carbon metabolism and methylation and 5 genes with roles in mitochondrial 

function [83].  

Interestingly, one of the most consistent features seen among the selection of 

current DS models is cognitive impairment, the degree of which appears to correlate to 

the number of trisomic genes [113]. This further supports that gene interactions, rather 

than single genes, are the major contributory factor to the pathogenesis of DS 

phenotypes.  

Hippocampal dysfunction in DS models 

In general, murine models of DS, especially Ts65Dn, recapitulate deficiencies in 

cognitive function, although the degree of impairment or specific type of disability may 

vary according to the lab in which the animals are tested. Subtle changes in testing 

techniques, especially those dependent upon visual cues, may produce different results 

[114]. Two behavioral tests commonly used to test hippocampal dependent spatial 

learning and memory skills are the radial arm maze and the Morris water maze.  

First developed in the 1970s, the radial arm maze has a central chamber from 

which extend 6-12 arms; bait is placed at the end of specific arms and, following 

repeated trials, test subjects quickly learn how to get the most bait with the least effort 

by avoiding those arms without bait. When an animal enters a non-baited arm, or revisits 

an arm, it is recorded as a reference error or working error, respectively; the number of 
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errors correlates to the ability of the subject to learn and remember the most efficient 

route. Adaptive learning can also be measured by removing the bait from previously 

baited arms (“changing the rules”) and determining the number of trials required for the 

subject to learn that the bait is no longer there. Since identification of baited arms is at 

least in part dependent upon spatial cues, a greater number of errors may be indicative of 

hippocampal dysfunction, specifically working and reference memory; however, since 

olfactory cues may also play a role, one must be cautious in interpreting the results of 

this test. 

A more reliable behavioral test for hippocampal dependent learning based 

primarily upon spatial cues was developed by Dr. Richard Morris in the 1980s [115]. 

The Morris water maze (MWM) consists of a large circular tank filled with opaque 

water. The tank is divided into four quadrants each of which is identifiable by large, 

visible symbols; a platform is placed in one of the quadrants and the test subject is 

positioned in the tank so that it has to swim to locate the platform. There are variations 

in the orders of tasks or types of tests/trials conducted, but in general an initial baseline 

test with a visible platform is conducted to insure that the subject is capable of 

swimming to the platform. The platform is then lowered into the water and the test 

repeated. Initially test subjects will swim to the outer edge of the tank and follow the 

perimeter, exploring the tank until they find the hidden platform. Over time, with 

repeated training, the test subject learns to identify which quadrant contains the platform 

using the spatial cues, a form of hippocampal dependent learning. If hippocampal 

function is intact, then the time required to find the hidden platform (escape latency) 

decreases with repeated trials as the animal learns the position of the platform. However, 
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if hippocampal function is compromised then the test subject cannot discern the location 

of the hidden platform based upon the spatial cues and the time to find the platform is 

delayed (increased latency). Hippocampal function can be further tested with a probe 

trial; after training the platform is completely removed and the length of time the subject 

explores the target quadrant is measured. The amount of time spent in the correct 

quadrant correlates to how well the subject learned to associate the spatial cues and the 

location of the platform; decreased exploration of the target quadrant is indicative of 

impaired hippocampal-dependent learning. Finally, adaptive learning can also be 

determined by moving the platform to another quadrant and measuring the amount of 

time it takes for the subject to learn the new location. Since all of these forms of learning 

are dependent solely upon the spatial cues demarcating each quadrant, the MWM is a 

reliable test of hippocampal function. Interestingly, levels of hippocampal neurogenesis 

have been correlated to performance in the MWM in aged rats [116] and in mice [117]. 

Furthermore, the MWM has been shown to increase hippocampal neurogenesis, with 

more difficult tasks, such as the hidden and reversed platforms, inducing higher levels of 

neurogenesis than swimming to the visible platform alone [118, 119]. 

Both Ts65Dn and Ts1Cje mice exhibit spatial learning deficits in the MWM, 

with each model displaying increased latency in reaching a hidden platform [93, 120-

123] (Fig. 6A). Additionally, adult Ts65Dn mice perform poorly in probe trials, 

spending less time exploring a target quadrant after training [123] (Fig.6B). In contrast 

Ms1Cje performs on par with euploid mice in all tasks of the MWM, suggesting that the 

region covered by Ts1Cje contains genes critical for cognitive skills [113]. This has 
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been verified in mice with partial trisomies of the DCR, especially those containing 

Dyrk1a [109].  

 

 

In addition to spatial memory impairments, Ts65Dn [93, 124, 125], Ts1Cje [93], 

and some gene specific transgenic mice have delayed adaptive learning. The ability to 

A B

C D

Figure 6. Ts65Dn displays deficits in hippocampal dependent learning tasks. A) 

While searching for a hidden platform in the MWM Ts65Dn mice display increased 

escape latencies than their littermate controls (LM) at 4 and 12 months. B)   Ts65Dn 

mice also spend significantly less time in the target quadrant during probe trials 

(courtesy of Elsevier [123]). C) Ts65Dn exhibit impaired spatial reference memory in 

the radial arm maze, making a greater number of visits to non-baited arms (reference 

errors) than euploid controls. D) Ts65Dn also revisit arms more than controls, 

indicating deficits indicating deficits in working memory (courtesy of Springer [126]). 
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adjust to alterations in the testing paradigms was tested by reversing the position of the 

platform in the Morris water maze or by changing rules in the radial arm maze [113]. In 

both types of behavioral tests Ts65Dn mice display delays in learning; they take longer 

to adjust to the new position of a platform in the MWM and make significantly more 

reference and working errors in the radial arm maze [126, 127] (Fig. 6 C, D). These 

findings support the hypothesis that hippocampal function has been compromised in DS 

since relational memory in animals resides within this structure [128]. 

In order to expand upon possible impairments in DS mouse models and to better 

correlate them to humans, Seregaza et al. applied the definitions of memory ascribed by 

Milner, Squire and Kandel [129] to analyze a variety of published DS model studies for 

deficits in declarative and non-declarative memory [113]. Declarative memory can be 

measured by 1) a reduction in freezing episodes when the mouse is subjected to fear 

conditioning with changes in the context; 2) in non-repeated visits of a reinforced arm in 

the radial maze and 3) in reversal difficulties or reduced time in a virtual quadrant in the 

Morris water maze. Non-declarative memory is the ability to respond appropriately to 

stimuli though practice as a result of conditioning or habit. There are 3 categories of 

non-declarative memory which can be tested: 1) procedural memory, which is the 

formation of habits and acquisition of skills, 2) priming and 3) associative memory, 

which is classical conditioning measured as an output, typically an emotional or skeletal 

response. Analysis of published studies indicated memory impairments in Ts65Dn mice 

in both declarative and non-declarative memory [113]. The Ts1Cje and transgenic 

mouse 152F7, which is trisomic for the DCR, are also impaired in declarative memory, 

but only show deficits in procedural and associative non-declarative memory. Mice 
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transgenic for Dyrk1a only had deficits in declarative memory and priming. These 

analyses provide further support for the hypothesis that several genes and/or gene 

interactions are required to elicit the full cognitive pathology of DS since Ts65Dn mice 

display a general impairment in cognitive function, while models with smaller triplicated 

regions show more selective deficits.  

Subsequently, recent research on cognitive function in DS has centered on 

identifying specific developmental processes, and the gene pathways that regulate them, 

which may be altered in DS.  In order to study alterations in brain growth and synaptic 

development researchers have relied primarily upon DS models as access to 

embryological human tissue is limited. Initial research on the Ts16 mouse found 

abnormalities in the growth of the cerebral cortex during fetal development [130]; 

specifically, the Ts16 mouse displayed delays in both radial growth of the cortex and 

tangential expansion of the neuroepithelium. Research with the Ts16 mouse also 

suggests that a reduction in the number of neocortical founder cells along with a 

prolonged cell cycle and increased apoptosis may contribute to abnormalities of the 

neocortex [131]. These delays were recapitulated in the Ts65Dn embryonic and early 

postnatal brain [132-134] with attenuated development of both the cerebral cortex and 

hippocampus due to reduced neurogenesis of ventricular neural precursor cells [132]. 

Cerebellar development is also abnormal in Ts65Dn mice; granule cell precursors have 

an elongated cell cycle [133] and fail to respond to the mitogen Sonic hedgehog [135]. 

These deficits in neurogenesis precede abnormalities in synaptogenesis in embryological 

development, suggesting that there may be a fundamental defect in the regulation of 

stem cells. Indeed, Contestabile et al. [136] found reductions in cell proliferation of 
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neonatal Ts65Dn fibroblasts and epithelial precursors, suggesting a widespread 

impairment in the regulation of stem cell proliferation in DS.  

Although abnormalities in embryological development may result in 

fundamental alterations of growth of the DS brain the ability to continue to learn and 

form memories is dependent upon sustained neuronal structural plasticity, especially 

within the hippocampus. Thus, if impaired neurogenesis persists into adulthood then 

cognitive functions may be profoundly affected. The primary goal of our research has 

been to establish whether there is a persistent deficit in postnatal hippocampal 

neurogenesis in DS, with a focus upon cell proliferation using the adult Ts65Dn mouse 

model.  

Additionally, over the last several years a variety of research has shown that 

deficits in postnatal neurogenesis and consequently, cognitive function, can be improved 

using behavioral therapies and/or pharmacological treatments. Therefore, an important 

area of DS research has developed as researchers strive to determine the contribution of 

abnormal neuronal structural plasticity to intellectual disability and whether these 

detriments can be ameliorated with practical therapeutic interventions.  Consequently, 

our research has also included the use of pharmacological agents known to increase 

neurogenesis to determine if we can enhance the production of new neurons and perhaps 

identify various regulatory processes that modulate proliferation which may be altered in 

DS. 
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1.3 Postnatal Neurogenesis 

Death of a Dogma: Evidence for Adult Neurogenesis 

Neurogenesis literally refers to the generation of neural cells, including all of the 

different types of neurons, as well as glial cells: astrocytes, oligodendrocytes and 

possibly microglia. While neurogenesis is typically used to describe the proliferation of 

cells necessary for the growth and development of the brain during embryological and 

early postnatal periods, it is now known to occur throughout one’s lifetime and is vital 

for maintaining homeostasis in the brain. 

Based upon histological studies of the brain and spinal cord early neuroscientists, 

including Cajal and Golgi, questioned the possibility that neurogenesis could persist 

within the adult brain. If new cells were generated then they anticipated that there would 

be continued growth and modification of the brain over time and their observations 

indicated no such change. In addition, there was no evidence of mitotic cells in the 

mature brain, suggesting that neither mature neurons nor glial cells could give rise to 

new cells. Consequently, the postulate that a person is born with a finite supply of brain 

cells was established. One could only lose neurons, not create them. This idea was so 

prevalent that it still persists today in many high school biology classes. 

The first evidence that neurogenesis may continue past embryological 

development was described by Joseph Altman and Gopal Das in the 1960s, when they 

published a series of papers supporting postnatal neurogenesis in the brains of small 

mammals, including rats, guinea pigs and cats [137-143]. They were among the first to 

successfully use tritium labeled thymidine (thymidine-H
3
) to label newborn cells in the 

CNS. Thymidine-H
3
 is incorporated into the DNA as it is synthesized in proliferating 
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cells, allowing labeled cells to be visualized, recorded and analyzed using 

autoradiography techniques. Altman’s initial work, published in Science in 1962 [141], 

supported Cajal’s assertion that the brain may be capable of stimulating the propagation 

of new cells in response to trauma. Young adult rats bilaterally lesioned in the lateral 

geniculate body and unilaterally injected with thymidine-H
3
 showed proliferation of 

glial cells around the injury site; additionally, there appeared to be labeled cells whose 

morphology was indicative of immature neurons, or neuroblasts. While a majority of 

labeled cells were near the lesion site, the appearance of labeled cells in fiber tracts and 

the cortex suggested that the adult mammalian brain was indeed capable of producing 

new neurons. Shortly thereafter, Altman published a second paper describing 

neurogenesis in the adult rat brain following intraperitoneal injections of thymidine-H
3 

[143]. It is important to note that, unlike his initial experiments, these brains were not 

lesioned and therefore any labeled cells were indicative of basal levels of neurogenesis 

in the brain.  Rats were euthanized two weeks after administration of thymidine-H
3
 to 

allow time for incorporation of the radiolabel into cells. Once again, Altman found 

evidence for low levels of gliogenesis throughout the brain, but he also discovered a 

highly proliferative region within the dentate gyrus (DG) of the hippocampus, providing 

evidence that there are distinct regions in the brain that continue to produce new cells.  

Altman and Das are perhaps most renowned for their work on neonate rats and 

the postnatal development of several brain regions, especially those containing granule 

cells, such as the olfactory bulb, hippocampus, and cerebellum. Using intraperitoneal 

injections of thymidine-H
3 

and subsequently measuring radiolabel incorporation at a 

range of time points, from 1 hour to 60 days, Altman and Das were able to record the 
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postnatal development and growth of the brain in rats [138]. This work, along with 

previous work in mice [144, 145] established that, in certain rodents at least, a large 

proportion of brain growth and development occurs after birth. Additionally, while the 

researchers found that proliferation dropped off precipitously after 20 days, there was 

evidence of germinal zones along the lateral ventricles and in the DG of the 

hippocampus in older animals [140], which supported Altman’s initial findings in the 

adult rat. The lack of mitotic mature granule cells and the fact that many of the labeled 

cells were small with heavily labeled nuclei, led the researchers to hypothesize that the 

proliferating cells were undifferentiated precursors that gave rise to new cells that would 

in turn mature and differentiate into granule neurons. This hypothesis was supported by 

the fact that animals sacrificed shortly after injection of thymidine-H
3
 had a higher 

proportion of labeled small dark cells than labeled differentiated granule cells and that at 

longer time points after injection the percentage of small cells decreased while labeled 

granule cells increased [140].  

The establishment of early postnatal neurogenesis and the presence of germinal 

zones in the mature brain set the stage for the possibility of adult neurogenesis; however, 

the drawbacks of autoradiography made it difficult to concretely establish that labeled 

cells were in fact newly generated cells and that they were maturing into new neurons.  

Research on persistent neurogenesis in the adult brain by Altman and Das in guinea pigs 

[139], and others in rats [146-148] and birds [149-153] went largely ignored by the 

scientific community despite publications in notable journals.  Attempts to use 

autoradiography in the macaque brain to label the generation of new cells were 

unsuccessful [154] and so it was determined that “adult” neurogenesis was relegated to 
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lower animal groups whose brain maturation process extended past the prenatal stage; in 

higher order animals, including primates, it was concluded that the brain was fully 

formed at birth, or shortly thereafter, and did not require the production of new cells. 

The doctrine that the adult brain was incapable of producing new neurons was so 

ingrained that it was not until almost three decades after Altman’s original publications 

that adult neurogenesis in mammals was rediscovered. 

In the mid to late 1990’s the advent of a synthetic thymidine analog, 5’-Bromo-

2-deoxyuridine (BrdU), led to an explosion of research on adult neurogenesis that 

ultimately resulted in the death of a dogma and acceptance that the production of new 

cells in the mature brain transpired across the animal kingdom, even in humans. Similar 

to thymidine-H
3
, BrdU is incorporated into DNA as it is synthesized; however, there are 

two major advantages gained by using BrdU. First, the autoradiography process takes 

several weeks to months for the plates to be developed and then analyzed; BrdU can be 

detected as soon as 15 minutes post injection with immunohistochemistry [155], 

drastically shortening the time necessary for detection and analysis from weeks to days. 

Secondly, many of the heavily thymidine-H
3
 labeled cells in autoradiographic studies 

had small, dense nuclei that were reminiscent of glial rather than neuronal nuclei. 

Additionally, it is difficult to discriminate separate cells, so that one labeled cell 

superimposed over another may appear to be a neuron, but in fact be a glial cell or an 

artifact of the labeling process. In contrast, BrdU can be used in conjunction with 

antibodies to cell-type specific markers, allowing researchers to determine whether 

newborn cells are neurons or glial cells. However, BrdU does have its limitations. Since 

it only labels cells synthesizing DNA it may miss other cells that are in the cell cycle, 



 

 

30 

 

but that do not traverse the S-phase during the exposure time to BrdU, which has a half 

life of about 2 hours. For this reason, BrdU is usually administered multiple times over 

the course of several hours in an effort to label all proliferating cells. Secondly, due to 

the nature of DNA synthesis, BrdU will become diluted over the course of multiple cell 

divisions so that examination of tissue several weeks later may yield skewed results. 

Finally, at high concentrations of BrdU it is possible to label cells undergoing DNA 

repair creating possible false positives; additionally, there has been some concern that 

incorporation of BrdU into the DNA may be toxic. However, at concentrations typically 

used to measure proliferation, usually 50-100mg/kg, there is no evidence of increased 

cell death in response to BrdU incorporation [155]. 

Using BrdU and co-labeling techniques, researchers were able to confirm the 

presence of highly proliferative regions within the adult mammalian brain that give rise 

to new neurons [9, 156, 157].  Work emanating from Fred Gage’s lab established that 

hippocampal neurogenesis in rodents declined with age [157] and increased in response 

to enriched environments [158-160], as well as exercise [15, 16]. In addition, using a 

variety of mice strains Kempermann et al. [161] showed that genetic background can 

influence neurogenesis, both in terms of total production of new cells and lineage 

determination. Gould’s work in the adult macaque overturned the initial 

autoradiographic findings Rakic used to dispute the hypothesis that neurogenesis may 

persist in adult primates. Using BrdU and a combination of cell markers for  immature 

and mature neurons Gould showed that new neurons were born in both the 

subventricular zone (SVZ) of the lateral ventricles [156] and DG [9] in these Old World 

primates. Shortly thereafter, Rakic reversed his earlier opinion when he published 
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similar findings that same year [162], stating that studying neurogenesis in the adult 

macaque may provide a means to investigate the implications of ongoing neurogenesis 

in the adult human brain.  

In fact, evidence of proliferation in the human brain had already been presented 

the previous year [163] in an article that examined the presence of new neurons in 

posthumous brain tissue in patients (average age 64.4 ± 2.9 years) who had received 

injections of BrdU prior to death. Amazingly, these researchers found BrdU labeled cells 

in both the SVZ and DG. In the SVZ BrdU positive cells were small and 

morphologically resembled the precursor cells found previously in rodents. Within the 

DG however, where new cells tend to migrate only a short distance into the GCL, many 

of the BrdU labeled cells were also positive for neuronal markers NeuN, neuron specific 

enolase (NSE) or calbindin and displayed the morphology of mature neurons, suggesting 

that the human hippocampus was capable of generating new neurons throughout 

adulthood. 

For over 100 years the canon that the adult brain is incapable of generating new 

cells had persisted despite mounting evidence to the contrary. Groundbreaking work by 

Altman and Kaplan paved the road for future scientists to further uncover one of the 

brain’s many secrets, that discrete regions of the brain, specifically the SVZ of the 

lateral ventricles and the DG of the hippocampus, contain highly conserved proliferative 

zones. Whether in lizard, bird, rodent, monkey or human these neurogenic regions 

continue to produce new neurons and glia throughout one’s life, potentially contributing 

to the plasticity of the brain. The past decade has resulted in an explosion of research 

surrounding neurogenesis and multiple questions abound. Is there a true “neural stem 
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cell?” Is neurogenesis confined to neurogenic regions, or can it occur in non-neurogenic 

areas of the brain as well? What role do surrounding cells play in regulating proliferation 

and maturation of new cells? What are the functional implications of ongoing 

neurogenesis? And finally, what is the role of neurogenesis in learning and behavior, and 

perhaps most importantly, disease?  

Adult Neural Stem Cells and Neurogenesis in the Brain 

One of the major challenges facing researchers was identification of the adult 

neural stem cell (NSC), a multipotent cell that can self-renew and differentiate into all 

types of neural cells, including neurons, astrocytes and oligodendrocytes. Unlike other 

stem cells there is no specific marker for NSCs making detection and isolation of 

potential stem cells difficult to do in vivo; however, stem cell properties of adult NSCs 

have been shown in vitro using neurosphere assays [164, 165] and adherent monolayer 

cultures [166].  In vivo identification of NSCs has relied primarily upon the use of anti-

mitotic treatment and BrdU or thymidine-H
3
 incorporation, along with multiple cell-type 

specific markers and morphological comparisons. Examination for stem-like cells in the 

SVZ two hours after injection with BrdU shows proliferating cells expressing glial 

fibrillary acidic protein (GFAP), a marker of mature astrocytes [167, 168]. Over several 

days the number of BrdU+ cells co-expressing GFAP declines while the number co-

expressing neuroblast markers such as doublecortin (Dcx) increases, suggesting that 

NSCs may be resident astrocytes [162]. This was confirmed through the use of the anti-

mitotic drug cytosine-β-D-arabinofuranoside (Ara-C); following treatment with Ara-C 

only SVZ astrocytes (Type B cells) and ependymal cells (Type E) remain, suggesting 

that one of these is the stem cell. However, ependymal cells are quiescent and fail to act 
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as stem-like cells in vitro [168, 169]. Thymidine-H
3
 incorporation studies verified that 

the SVZ astrocytes, and not the ependymal cells, give rise to neural progenitors (Type C 

cells) and subsequently, migrating neuroblasts (Type A cells) [168].    

Similar experiments examining proliferation in the DG found that within the 

SGZ GFAP+ RGCs act as resident stem cells [170] giving rise to transient APCs which 

in turn terminally differentiate into granule cell neurons or astrocytes [170, 171]. The 

radial process of the RGC spans the GCL and ramifies within the inner molecular layer, 

a morphology that is distinct from that of the resident mature astrocytes which also 

express GFAP, but which are typically found in the hilus and MCL, not the GCL. 

Additionally, RGCs and APCs express nestin and the Sry-related HMG box 

transcription factor Sox2 [172-174]. However, APCs are GFAP negative and have short 

processes, making them distinct from the RGCs. There is some debate as to whether the 

radial glial cell represents the SGZ stem cell or if there are two subpopulations of stem 

cells: the RGCs and the APCs. Both have been shown to have the capacity for self-

renewal and both can give rise to either neurons or glial cells [171, 174], satisfying the 

definition of a NSC. Consequently, most studies of neurogenesis within this region do 

not delineate between the RGCs and APCs and instead group the two populations 

together, referring to both of them as either NSCs or, more generally, neural precursor or 

neuroprogenitor cells (NPCs).   

One area of conflict that still exists concerning adult neurogenesis is whether the 

generation of new neurons occurs outside the confines of the SVZ and SGZ in non-

neurogenic regions of the brain and if so, whether native NSCs can be found throughout 

the brain (Fig. 7). The olfactory bulb is considered a de facto neurogenic region as it 
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actively recruits NPCs from the SVZ. Once NPCs reach the olfactory bulb they begin to 

differentiate and mature into GABAergic interneurons. However, recent research has 

also identified local stem cells within the olfactory bulb using both in vitro neurosphere 

assays [175-177] and BrdU incorporation studies [175, 176].  NSCs have been obtained, 

isolated and cultured from the olfactory bulb of adult human patients, potentially setting 

the stage for autologous stem cell treatment for neurodegenerative diseases [177]. It has 

also been suggested that a neurogenic niche extends from the SVZ all along the rostral 

extension (RE), within which runs the rostral migratory stream (RMS), and into the 

olfactory bulb core [178]. Interestingly, NSC/NPCs obtained from different regions 

along the RE, including the olfactory tubercule and the nasal epithelium, display 

different characteristics than those that migrate from the SVZ along the RMS. For 

example, while all NSCs obtained along the RE resemble Type B cells and a majority of 

their progeny differentiate into neurons, a greater percentage of oligodendrocytes are 

produced by NSCs from the olfactory peduncle region of the RE than from the RMS or 

olfactory bulb core [178].  

The existence of the RMS, a highway of migrating neuroblasts that originates in 

the SVZ and terminates in the olfactory bulb, has been known for some time, although 

until recently there was some dispute as to whether the RMS existed in the human brain 

[179, 180]. However, several studies have indicated that the SVZ may actually act as a 

“nest” of NSC/NPCs which can migrate throughout the brain, and not just to the 

olfactory bulb. A study completed in squirrel monkeys (Saimiri sciureus) and 

cynomolgous monkeys (Macaca fascicularis) provided evidence of a secondary stream 

that seeded neurogenesis in the amygdala and piriform cortex [181]. Using a 
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combination of BrdU and the myelin affinitive dye 1,1′-dioctadecyl-3,3,3′,3′-

tetramethylindo-carbocyanine (DiI) indications of cell migration were found along a 

purported temporal migratory stream that extended from the lateral ventricle to the 

amygdala and piriform cortex; nonetheless, the existence of native NPCs within these 

regions, which could account for any proliferating cells, could not be ruled out. 

Persistent neurogenesis in these regions is not necessarily surprising considering that 

both the amygdala and piriform cortex play important roles in processing and 

responding to olfactory cues; however, the role of neurogenesis in these regions is not 

totally understood. Studies of adult neurogenesis in the amygdala and hypothalamus of 

female prairie and meadow voles [182] suggest this phenomenon is of potentially great 

import as it may be involved in social interactions, especially mating behaviors, and 

even fluctuates in response to estrogen receptor expression. Hypothalamic neurogenesis 

has also been implicated in metabolism and energy balance [183, 184] and may 

therefore play a role in metabolic diseases. 

The association between neurogenesis and disease is also found in the substantia 

nigra where it has been suggested that new cells are generated in response to the loss of 

dopaminergic neurons in Parkinson’s disease. While Zhao et al. [185], found evidence of 

neurogenesis within the substantia nigra, it was several orders smaller than that seen in 

the DG and analysis with DiI lead them to conclude that NPCs from the SVZ were 

migrating into the region. However, lesion models of Parkinson’s disease have shown 

increased proliferation within the substantia nigra, suggesting that although basal levels 

of neurogenesis may be low, under pathological conditions cell proliferation increases, 

perhaps in an effort to compensate for the loss of mature cells. Interestingly, the loss of 



 

 

36 

 

dopaminergic input from the substantia nigra into the striatum appears to cause a 

decrease in proliferation in the SVZ of the anterior lateral ventricle by as much as 40%, 

indicating that dopamine may be an endogenous regulator of adult neurogenesis [186, 

187]. While a loss in dopaminergic input results in an overall decrease in SVZ 

proliferation in the 6-OHDA lesion model of Parkinson’s, a larger proportion of the 

newborn cells express proneural genes and within the olfactory bulb, there is actually an 

increase in the production of dopaminergic interneurons within the glomerular layer of 

the olfactory bulb [187]. A similar phenomenon was recently seen in the DG of the 

MPTP model for Parkinson’s; loss of dopaminergic cells within the substantia nigra 

resulted in a transient increase in proliferation within the SGZ [188]. These studies 

indicate that neurotransmitters such as dopamine may have regulatory effects on 

neurogenesis and that alteration in the expression or distribution of neurotransmitters 

may alter the production of new neurons throughout the brain. These findings also 

underscore the role that neurogenesis may play in replacing dying neurons. However, 

whether increased neurogenesis in other areas of the brain in response to loss in one area 

is compensatory or merely a side effect of a dysregulated process is still ambiguous.  

Perhaps the most contentious debate over adult neurogenesis is whether or not 

the cortex is capable of producing new neurons. Evidence of cell proliferation within the 

cortex is indisputable; however, the conclusion that newly generated cells differentiate 

and mature into neurons (neuronogenesis) is highly contested. Altman’s and Kaplan’s 

original work included indications of newborn cells within the neocortex. While Altman 

stipulated that many of the labeled cells may represent satellite cells superimposed over 

neurons, there were examples of cells that had neuronal morphologies leading him to 
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conclude that the cortex could produce new neurons [141, 143]. Utilizing an innovative 

technique, Kaplan was able to examine autoradiographic brain slices using electron 

microscopy and verified Altman’s original conclusion that there were newborn neurons 

within the neocortex [189]. Nevertheless, BrdU incorporation studies have been 

inconclusive, with both sides claiming that differences in their findings are the result of 

varying techniques and analyses. Elizabeth Gould first presented evidence of neocortical 

neurogenesis in the adult macaque, following a varied schedule of BrdU injections in 

both male and female subjects ranging in age from 5 to 16 years [156]. Identification of 

new neurons was based upon nuclear morphology and/or co-labeling with the cell-type 

specific markers NeuN, NSE or microtubule-associated protein 2 (MAP2). Subjects 

perfused two hours after a single BrdU injection displayed BrdU+/GFAP+ cells 

confined to the SVZ; as previously noted, these cells most likely represent the SVZ stem 

cells. Longer survival times of 1-2 weeks resulted in a decrease in BrdU+/GFAP+ cells 

with a concurrent increase in neocortical BrdU+ cells co-labeled with neuronal markers. 

In addition, in animals that had received multiple injections of BrdU, NPCs appeared to 

be migrating into certain cortical regions from the SVZ, forming chains of cells within 

the subcortical white matter. These results potentially provided evidence that the adult 

macaque neocortex was capable of generating new neurons. A follow up study [190] 

using all male macaques of approximately the same age, confirmed many of the original 

findings and provided evidence that a majority of new neurons were transient in nature 

and significantly declined in number by nine weeks after birth. Furthermore, Gould 

found evidence that in addition to NPCs migrating from the SVZ, there appeared to be 

resident NSC/NPCs within the cortex that were capable of proliferation. The presence of 
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proliferating cells, often appearing as doublets, in the macaque neocortex was verified 

by Kornak and Rakic [191], however, they disputed the claim that new neurons were 

being generated when they failed to find BrdU+ cells co-labeled with neuronal markers 

either 10 or 23 days after BrdU administration. Analysis of BrdU+ cells with confocal 

microscopy indicated that while these cells were closely associated with neurons they 

were not neuronal in nature themselves, but were most likely glial cells. In addition, 

although there were indications of proliferation within the neocortex and chains of 

BrdU+ cells in the subcortical white matter they stipulated that these cells may be either 

oligodendrocytes or epithelial cells and not migrating neuroblasts [191]. Although 

further evidence for neocortical neuronogenesis has been shown in the hamster [192] 

and rat [193] it is still not clear whether NSC/NPCs are resident throughout the cortex or 

if they migrate from the SVZ and/or RMS and whether or not this phenomenon occurs 

within the primate cortex.  

While differences in experimental and analytical techniques may contribute to 

contradictory findings, the diverse environments in which animals were maintained may 

have affected levels of neurogenesis in different test groups.  Although great care is 

taken to assure the health and wellbeing of animal subjects, research laboratories are not 

typically designed to mimic the natural conditions under which the subjects, especially 

primates, would normally live. Research in the last decade has made it clear that 

environmental factors can have profound effects upon neurogenesis; increased stress 

suppresses proliferation while environmental enrichment and exercise have both been 

shown to increase neurogenesis (see reviews by [194-196]). Gould notes that although 

the macaques were individually housed, which may induce stress, they were exposed to 
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daily enrichment exercises including toys and mirrors [190]; unfortunately, there is no 

description of animal husbandry practices in Kornack and Rakic’s study [191], thus, an 

environmental impact on neurogenesis in these animals cannot be ruled out. What is 

indisputable is that adult neurogenesis does continue at low levels throughout the brain 

and that there are at least two neural stem cell niches, the SVZ and SGZ, which show 

robust generation of new neurons. 

Figure 7. Neurogenesis in the adult brain occurs primarily within neural stem cell 

niches. A) Evidence for adult neurogenesis (gray shaded regions) within the human brain 

(top) is fairly limited; in contrast, it has been shown extensively within the rodent brain 

(bottom) although the generation of new cells within these areas occurs at a very low 

rate.  Within the adult brain there are two discrete neurogenic regions: the SVZ (dark 

green) and SGZ (pink) which continually generate new neurons and glial cells. OB: 

olfactory bulb, Neo: neocortex, Cpf: Piriform cortex, OUT: olfactory tubercule, A: 

amygdala, H: hypothalamus, Sn: substantia nigra, RMS: rostral migratory stream, Str: 

striatum, Hipp: hippocampus, DG: dentate gyrus, SVZ subventricular zone, 

Cb:cerebellum, cc: corpus callosum. 
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Neural Stem Cell Niches in the Brain   

There are three basic requirements for an adult neural stem cell niche: 1) the niche 

must be able to maintain adult NSCs in a quiescent, undifferentiated state; 2) it must 

provide a neurogenic environment to facilitate the generation of neurons and 3) the 

structure of the niche must allow for modulation of the type and number of progeny in 

response to physiological cues [197]. Both the SVZ and the SGZ display characteristics 

of neurogenic niches within the adult brain and recent research has indicated that a third 

stem cell niche, the subcallosal zone, may also exist [198].  

Putative NSCs have been identified in both the SVZ and SGZ which display 

characteristics reminiscent of their embryological precursors. The stem cell niche 

consists of NSCs, most of which are quiescent, along with clusters of actively dividing 

cells (neural precursors and epithelial precursors) which are closely associated with the 

vasculature [199] and in the case of the SVZ, the circulating cerebral spinal fluid within 

the lateral ventricles, providing access to soluble factors. Due to the proximity of the 

vasculature and endothelial precursors, which represent ~37% of the dividing population 

in the rat SGZ [199], proliferation of the neural precursors may be regulated by trophic 

factors released by endothelial cells. In addition to their close association with the 

vasculature, both the SVZ and SGZ are nestled within regions of mature neurons and 

glial cells. Hence, adult neurogenesis is modulated by a series of complex interactions 

between the intrinsic properties of the precursor cells and the extrinsic influences of the 

microenvironment. Consequently, alterations in this milieu may have profound effects 

upon neurogenesis, including dictating the rate of proliferation and the cell fate of the 

newborn cells. 
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Despite the fact that the main function of both the SVZ and SGZ is to produce 

neurons, the structure and regulation of each niche is unique. The SVZ (Fig. 8) is 

sandwiched between a layer of ependymal cells that line the wall of the lateral ventricles 

and the basal lamina. The NSCs (Type B cells) are located mainly within the 

subependymal layer; however, some of these cells are 

intercalated with Type E cells along the ependymal layer 

and extend primary cilia into the lateral ventricle. In 

addition, Type B cells have a lateral process which makes 

contact with an extensive network of blood vessels spanning 

the entire ependymal layer [200]. Type B cells are relatively 

quiescent, however, when activated these cells give rise to a 

transit amplifying population (Type C cells), which, in 

turn, proliferate to produce migrating neuroblasts (Type A 

cells).  Type A cells form long migrating chains along the 

RMS and, once they reach the olfactory bulb, can 

undergo cell division before terminally differentiating 

into granule or periglomerular neurons [167].   

Within the DG the SGZ is a region of cells 2-3 layers thick that runs along the 

border of the hilus where it meets the GCL (see Figs. 1 and 7).  In the SGZ (Fig. 9), the 

radial glial cell (Type 1) is the relatively quiescent stem cell, while the Type 2 cells are 

APCs; although it is probable that the Type 1 cells give rise to Type 2 cells there is still 

some debate as to their true relationship [170].   

Figure 8. The SVZ. The 

stem cell niche in the SVZ 

is comprised of ependymal 

cells (E) which are 

intercalated by the putative 

stem cells (B) which give 

rise to transit amplifying 

cells (C), whose progeny 

includes migrating 

neuroblasts (A). BL: basal 

lamina, LV: lateral 

ventricle,  
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The RGCs and horizontal astrocytes, which form the base of the niche, are closely 

associated with blood vessels along the entire SGZ [199]. Type 2 cells are nestled within 

the “baskets” formed by the Type 1 cells and horizontal 

astrocytes where they will undergo asymmetrical cell 

divisions, facilitating the maintenance of the 

neuroprogenitor pool before they terminally differentiate 

into neuroblasts (Type 3). Unlike in the SVZ, in the SGZ 

neuroblasts only have to migrate a short distance into the 

GCL, no more than 100µm [201], where they will mature 

into functional glutamatergic granule neurons and 

integrate into the hippocampal circuitry. Neuroblasts 

may also migrate into the hilus where they mature into 

GABAergic interneurons, however, evidence of 

proliferating cells within the hilus suggests that resident 

NPCs in this region may be the source of new cells. 

Progenitor cells in the SVZ and SGZ can also 

give rise to glial cells; however, the SVZ tends to produce oligodendrocytes while the 

SGZ gives rise to astrocytes. Although the majority of new cells are neurons, the 

proportion of glial cells and neurons can fluctuate depending upon changes in the 

microenvironment. Astrocytes derived from the SGZ remain within the hilus or migrate 

into the MCL [170], thus examination of newborn cells within the DG typically 

represents new neurons. Since the focus of our research is on neurogenesis in the 

hippocampus the remainder of this discussion will focus upon neurogenesis in the SGZ.   

Figure 9. The SGZ. The 

SGZ consists of horizontal 

astrocytes and radial glial 

cells (1) which are closely 

associated with blood vessels 

and epithelial precursors. 

Type 1 cells give rise to 

transient amplifying 

progenitors (2), which will 

divide and produce migrating 

neuroblasts (3). GCL: granule 

cell  layer, SGZ: subgranular 

zone, H: hilus,  
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Hippocampal Neurogenesis 

The DG is derived from radial glial cells that detach from the embryonic vascular 

wall and migrate into the hippocampal formation, forming the layers of the GCL from 

the outside in, so that the SGZ is formed last by remnants of embryonic precursors, some 

of which may also remain in the hilus [138, 202-204]. In rodents a vast majority of this 

development occurs postnatally through P18-P19, and consequently, levels of 

neurogenesis in this region are very high during this time. Following this peak in 

postnatal neurogenesis cell proliferation continues within the SGZ at a reduced rate 

which declines with age, most likely due to reduced proliferation or loss of NSCs in 

conjunction with the terminal differentiation of the amplifying progenitors [140].  

A majority of new neurons generated in the adult DG will differentiate into 

glutamatergic granule neurons within the GCL, while a small proportion will mature into 

GABAergic basket cells [205]. Occasionally, new neurons can also be found within the 

pyramidal cell layer as well, however, these cells arise from the periventricular region 

rather than the SGZ [206]. Although the role of new neurons in the hippocampus is still 

debatable, fully integrated, functioning neurons have been found to survive at least 11 

months in mice [207]. Indeed, as new neurons in the DG start forming dendrites and 

extend axons into the CA3 region (see Fig. 10), they are already making synaptic 

contacts and by 4-8 weeks after birth will be integrated into the preexisting circuitry 

[208]. However, it will be almost 4 months before they display mature morphology and 

functionality [209, 210]. In addition to neurons, a small percentage of newborn cells will 

differentiate into glial cells, a majority of which will become astrocytes [211]. Finally, a 

significant portion of new cells fail to express any markers of mature cell types up to 
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several months after labeling with BrdU [212]. Interestingly, even though neurogenesis 

declines with increasing age several different strategies, ranging from pharmacological 

treatments, to exercise, to environmental enrichment have all been shown to enhance 

neurogenesis suggesting that the neural precursor population itself is not depleted, but 

that NPCs can enter quiescence until recruited to start proliferating again.  

 

Figure 10. New neurons display distinct morphological changes as they 

mature. Retroviral mediated transfer of GFP allows for visualization of maturing 

neurons in 7-10 week old C57BL/6 female mice (courtesy of Society for 

Neuroscience [210]). 
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A Question of Survival: Cell Death and Neurogenesis 

One hypothesis for the continual generation of new neurons is that they replace 

dying neurons; although this has been shown extensively in the olfactory bulb, 

neurogenesis in the hippocampus appears to make only a small contribution to the 

turnover of mature neurons [201]. Nevertheless, the hippocampus does not continue to 

grow as a consequence of the addition of new cells and considering that potentially 

thousands of new cells are generated every day understanding the fate of these cells and 

their contribution to the plasticity of the hippocampus is important.  

As previously explained, in order to measure cell proliferation BrdU is 

administered either once or multiple times and animals are euthanized a set number of 

days later. Since the cell cycle is approximately 18 hours long in mice, one expects that 

if APCs are proliferating through symmetrical cell division, then BrdU+ cell numbers 

should display an exponential growth. By 3 days post injection (dpi) BrdU+ cell 

numbers reach their maximal peak, but it is far less than the growth expected since day 1 

[213]. From that point forward the population of BrdU+ cells starts to decline. In fact, a 

loss of cells in the newborn population appears to transpire in two waves: the early 

elimination phase, which occurs 1-4 days after birth, and the late elimination phase 

which takes place shortly after the remaining cells begin to mature and attempt to 

integrate into the hippocampal circuitry, between 3-4 weeks after BrdU administration 

[201] (Fig. 11). While the dilution of BrdU due to multiple cell divisions may contribute 

to the decline in BrdU+ cell numbers, other sources of loss are also possible. First, not 

all newborn cells are necessarily neural precursors. Resident epithelial precursors also 

reside within the DG and contribute to the maintenance and remodeling of the 
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vasculature; many of these new cells migrate away from the SGZ and into the hilus or 

MCL. Other possible BrdU+ cells that will migrate away from the DG include new glial 

cells, primarily astrocytes. However, it is not known what proportion of newborn cells 

migrate away from the DG and these numbers may fluctuate depending upon varying 

conditions. Finally, the death of newborn cells may also contribute to the loss BrdU+ 

cells over time, as a significant proportion of new cells appear to undergo apoptosis 

[214-216].  
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Figure 11. Hippocampal neurogenesis in the DG. Only a small 

proportion of neural precursors survive once they have left the cell cycle. 

Of those a majority will mature into glutamatergic neurons within the 

GCL, while the remaining will differentiate into glial cells or become 

quiescent/senescent. The loss of newborn cells occurs in two stages: the 

early elimination phase takes place as cells leave the cell cycle, whereas 

the late elimination phase occurs as a consequence of the failure to 

integrate into the hippocampal circuitry, starting at about 3-4 weeks after 

birth. 
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Although the mechanisms regulating the death of granule neurons and newborn 

cells in the DG are still not understood it is known that neurogenesis can be increased 

through the blockade of apoptotic pathways. Overexpression of the anti-apoptotic gene 

Bcl-2 in NSE-bcl-2 transgenic mice results in increased survival of new neurons under 

both normal and ischemic conditions [215, 217]. The same result occurs in response to 

the knockout of Bax, a pro-apoptotic gene [218], and the inhibition of caspase activity 

[219]; in both cases modulation of these genes appears to regulate the early phase of cell 

death, as APCs transition to neuroblasts. Interestingly, recent research has revealed that 

unchallenged, ramified microglia play an important role in the phagocytosis of dying 

cells within the SGZ, especially during the early phase of cell loss [216], rapidly 

clearing dying cells and potentially mediating homeostasis of the stem cell niche. 

Though microglia may play a role in removing dying cells, they do not appear to induce 

cell death, and may in fact help modulate neurogenesis [220]. The mechanisms of the 

early elimination phase still remain to be elucidated. However, excitotoxicity may be 

one avenue since, although they are not integrated into the hippocampal circuitry, new 

cells may still be responsive to excitatory stimuli, as has been shown in vitro [221, 222].  

The late elimination phase, which begins between 3-4 weeks after birth, transpires 

at the point at which synaptic plasticity of the new cells is at its greatest. It has been 

proposed that rather than contributing to functional plasticity through the turnover of 

old, dying neurons, the link between structural and functional plasticity may reside in the 

turnover of immature neurons [201]. Instead of integrating into the existing hippocampal 

circuitry, a majority of immature neurons may be modulating synaptic activity of already 

incorporated neurons. As these cells die they are replaced by new immature neurons and 
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a balance between plasticity and the structural integrity of the hippocampus is 

maintained. Those new neurons that do survive and integrate into the hippocampal 

circuitry remain stable for long periods of time, with the number of new neurons 

remaining consistent between 2-3 weeks and 1 year [201]; however, considering the 

number of new cells that are generated every day the proportion of surviving cells is 

relatively small, making the question of how neurogenesis affects hippocampal function, 

and ultimately, learning and memory, even more important.  

The Role of Neurogenesis in Hippocampal Function 

It has become increasingly evident that hippocampal neurogenesis contributes to 

structural plasticity, however, the exact role of new cells in hippocampal dependent 

learning and memory is still undefined. The rediscovery of adult neurogenesis in the 

1980s led to an attempt to reconcile the robust generation of new cells in birds and 

rodents with the apparent lack of neurogenesis in primates. Rakic hypothesized that 

reduced neurogenesis in primates, including humans, was an evolutionary adaptation 

that actually served to enhance cognition and memory formation [154]. It was believed 

that the addition of new cells to the existing hippocampal circuitry would be disruptive 

rather than beneficial. Too much plasticity, in the form of new cells and their interaction 

with established cells, would potentially compromise the stability of the hippocampal 

network. While plasticity may increase learning, it was thought that the perpetual 

introduction of new neurons would prevent memory consolidation and thus, impede 

learning. This stability-plasticity dilemma is important in considering the functions of 

adult neurogenesis.  
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In order to fully understand the implications of adult neurogenesis on function we 

must ascertain how the term “function” applies to new neurons in the hippocampus. 

Typically, hippocampal function is correlated to performance in hippocampal dependent 

tasks. However, when interpreting tests results it must be remembered that there are 

different levels of function which are dependent upon each other to elicit behavioral 

effects. Neurons function at the level of individual cells, modulating activity within 

networks of cells, and subsequently within whole neuronal systems. This is especially 

true of new neurons whose own function, though transient, may influence that of 

established neurons and the existing circuitry.  

It takes approximately four weeks for new neurons to mature and obtain neuronal 

function and connectivity, although they may not be fully functional until at least 4 

months of age [209] (Fig. 12). During the first week (1-7 days), cells destined to become 

neurons will start expressing pro-neural genes and acquire a neuronal identity. Although 

they are still restricted to the SGZ, these cells already show small action potentials and 

are responsive to GABA, with tonic activation of GABAA receptors. They lack afferent 

synaptic inputs and display high membrane resistance due to low ionic channel density. 

By the end of the second week neuroblasts have migrated into the inner GCL, and 

spineless dendritic trees have reached the MCL where they are beginning to receive 

depolarizing GABAergic inputs [223]. Cells within the inner GCL may have a lower 

threshold for LTP induction and/or reduced GABAergic inhibition compared to the outer 

GCL [224]. When proliferation is ablated via γ-irradiation GABA independent LTP is 

eliminated. Additionally, immature neurons show a lower threshold for induction of LTP 



 

 

50 

 

in the presence of GABAA receptor inhibition. The occurrence of Ca
2+

 spikes may boost 

Na
+
 -dependent action potentials creating increased membrane excitability [225].  

 

As immature neurons continue to age they begin to directly interact with and 

potentially modulate the hippocampal circuitry. Around 16 days after birth dendritic 

spines begin to form and shortly thereafter, the axon exits the hilus and starts projecting 

towards the CA3, making contact with the mossy fiber tract [223]. By the third week 

young neurons are receiving functional glutamatergic afferents and display repetitive 

action potentials [223, 225]. If the cell survives, then neuronal maturation becomes 

Figure 12. Functional maturation of newborn neurons in the DG. Initially 

APCs and neuroblasts receive excitatory GABAergic inputs from interneurons in 

the hilus. As a neuron matures GABA becomes inhibitory (1-1.5 weeks) and the 

axon begins to grow towards the CA3 region. Immature neurons begin to respond 

to excitatory glutamatergic input from the entorhinal cortex around 2 weeks of age, 

when spineless dendrites have emerged from the DG and begin branching in the 

MCL. By the third week young neurons are receiving functional glutamatergic 

afferents and begin displaying action potentials. Note that the arrows do not reflect 

the migration of new neurons, merely their stages of maturation. Courtesy of 

Elsevier [223].  
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complete; inhibitory GABAergic contacts are perisomatic, spiny dendrites reach the 

outer MCL and the axon has reached the CA3 region. While functionality at the level of 

the individual cell has been established for new neurons the impact of these cells on 

hippocampal function and their role in learning and memory is still ambiguous. 

Hippocampal Neurogenesis and Cognition 

The famous case of H.M. helped elucidate the role of the hippocampus in learning 

and memory after a large portion of his hippocampus, along with sections of the 

amygdala and overlying cortex, was removed in an effort to stem his epileptic seizures. 

Although the surgery was a relative success, in the sense that the seizures were reduced, 

one consequence was an extreme form of anterograde amnesia which H.M. would 

endure for the rest of his life. The loss of his hippocampus resulted in the loss of his 

ability to form memories; even short term memories lasted only a matter of minutes. The 

resection of the hippocampus was identified as the cause of his amnesia when several 

other patients who had received similar surgeries also presented with memory problems. 

Since that time our understanding of the hippocampus and its role in memory 

consolidation has grown exceedingly, especially as it relates to pathological changes 

within the brain.  

In order to understand the role of neurogenesis in cognition, one must look 

beyond the function of individual neurons and to the impact of a fluctuating population 

of new cells upon the hippocampal network. The hippocampus is a tri-synaptic network 

consisting of the DG, CA3 and CA1; excitatory input from the entorhinal cortex 

converges upon the DG via the perforant pathway, activating the glutamatergic neurons 

within the DG. These cells then transmit the excitatory impulse to the CA3 region 
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through the mossy fiber tract, where it is modulated by GABAergic interneurons within 

the hilus. From the CA3 region information is sent to the CA1 via the Schaffer 

collaterals. Finally, it is sent back to the entorhinal cortex via the subiculum and is then 

routed to the cortical association areas. This is a simplified scheme, as several pathways 

interconnect the different regions of the hippocampus, nevertheless, the basic flow of 

information is fairly straightforward. Ultimately, the purpose of this circuit is to 

consolidate information before it gets shuttled to the long-term storage areas of the 

cortex. 

The highest concentration of cells within this network is found in the DG, which 

is also the only region within this network that produces new cells. Consequently, the 

major impact of neurogenesis on the hippocampal network is on the number of granule 

cells in the DG and subsequently, the strength of the mossy fiber connections to the 

CA3. It is important to note that neurogenesis in memory formation does not directly 

build or modify either the CA3 or CA1regions of the hippocampus. Consequently, levels 

of adult neurogenesis best correlate with the acquisition of a hippocampal learning task, 

and not with the measure of retention or recall [201]. 

One of the first indications that hippocampal neurogenesis may impact learning 

was shown by Shors and Gould [14] when they ablated neurogenesis in adult rats with 

the anti-proliferative drug methylazoxymethanol acetate (MAM) and found impairments 

in trace conditioning which measures the ability of an animal to associate two stimuli 

separated by a set interval, a hippocampal-dependent form of learning. The subjects’ 

scores on trace conditioning tasks improved following recovery of neurogenesis, 

indicating that this was a learning task dependent upon the generation of new cells. 
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However, why trace conditioning is dependent upon the hippocampus was not clear and 

there were questions as to the validity of the test, especially considering the possible 

side-effects of MAM.  

Over the past decade several other studies have been conducted attempting to 

study the role of neurogenesis in learning. Various tactics have been used to eliminate 

proliferating cells in the hippocampus, including irradiation, chemical agents and genetic 

manipulation. Unfortunately, an overall consensus in the effect of ablating neurogenesis 

has yet to be reached, in part because of the diverse behavioral assessments and methods 

of interpretation employed to measure hippocampal function. In several studies using 

irradiation contextual fear conditioning, during which visual cues become associated 

with a painful shock, is impaired as indicated by reduction in freezing time in 

anticipation of a shock [226-229]; however, there is no effect on contextual fear 

conditioning when neurogenesis is ablated with MAM [14] or in tlx conditional 

knockout mice [230].  Results for the MWM have also been variable, with chemical 

ablation having little to no effect on acquisition or recall [229, 231, 232], though there 

may be some impairment in adaptation/acquisition in the reversal task [232]. However, 

genetic ablation, which may be more specific for proliferating neural precursors, reduced 

acquisition and impaired retention in the MWM suggesting a role for new neurons in 

spatial memory [228]. Interestingly, inhibiting cell death of new neurons also impairs 

spatial learning [233, 234], underscoring the importance of maintaining equilibrium 

between cell generation and cell loss/turnover in the homeostasis of the DG. Differences 

in results across tests may be due in part to the specificity of the various forms of 

ablation; whether the entire hippocampus is targeted, or what stage of neuronal 
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maturation is knocked out can influence the outcome of the test. For instance, MAM 

targets only the proliferating NPCs, whereas irradiation and some knockout models may 

target more mature neurons. Thus, more selective ablation models and tasks specific to 

neurogenesis need to be developed.  

Perhaps some of the most convincing evidence for a link between neurogenesis 

and cognition resides within the study of neurobiological disorders of the hippocampus. 

The relationship between hippocampal neurogenesis and these disorders has gained 

greater scrutiny as it has become clear that the generation of new neurons is altered in a 

wide variety of maladies that affect the CNS.  It has become increasingly evident that 

improvements in cognitive function correlate to increases in neurogenesis, and 

conversely, that deficits in neurogenesis may underlie a wide range of diseases and 

disorders associated with impairments in hippocampal dependent learning tasks. 

However, whether or not changes in neurogenesis are causal or merely symptomatic of 

changes in hippocampal homeostasis is still open for debate.  

Hippocampal Neurogenesis and Neurobiological Disorders 

Much of our understanding about the link between neurogenesis and cognition 

has come from studying the effects of stress on memory and learning. It has been known 

for quite some time that both acute and chronic stress decrease neurogenesis and that 

stress can have profound and long lasting effects on hippocampal function. Unlike many 

other CNS disorders, stress can impact neurogenesis from early postnatal periods 

through adulthood; in fact, recent research has even provided evidence that prenatal 

stress experienced by the mother can induce epigenetic changes in her offspring which 
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reduce hippocampal neurogenesis and lead to alterations in hippocampal development 

and function [235].  

Stress and alterations in glucocorticoids (corticosterone in rodents) have been 

linked to neurobiological disorders associated with deficits in neurogenesis. Circulating 

glucocorticoids, released from the adrenal glands, regulate neurogenesis in the DG, 

which is richly endowed with adrenal steroid receptors.  These effects appear to be 

mediated through the differential activation of the high affinity mineralocorticoid 

receptors (MR) and low affinity glucocorticoid receptors (GR). Under basal conditions 

MR are saturated [236]; thus, it is more likely that increases in glucocorticoids and 

activation of GR are responsible for reductions in cell proliferation. The effects of stress 

on neurogenesis can be offset by inhibition of these receptors [237] or via adrenalectomy 

[238-240], indicating that glucocorticoids may regulate the generation of new neurons.  

However, downregulation of MR, which has been shown to occur in response to 

exercise, induces neuronal differentiation and survival [241], suggesting that 

maintaining normal levels of glucocorticoids may be necessary to sustain 

neuronogenesis. Interestingly, it has become evident that while exposure to high levels 

of glucocorticoids can decrease cell proliferation, a return to normal levels does not 

necessarily lead to restoration of neurogenesis [242]. Consequently, deficits in 

neurogenesis that are associated with major depressive disorder (MDD) and, potentially, 

post-traumatic stress disorder (PTSD) may have their roots in stressors experienced prior 

to the onset of major symptoms [243]. 

 One of the consequences of chronic stress and MDD is hippocampal atrophy 

[244], especially of the CA3 and CA1 regions; however, length and severity of 
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depressive episodes, treatment history and gender, as well as family history all appear to 

impact the degree to which depression affects the volume of the hippocampus and its 

subregions (for review see [245, 246]).  Smaller hippocampal volumes attributed to 

MDD may be the result of neurodegeneration and/or decreased neurogenesis. 

Nevertheless, an upregulation in neurogenesis occurs in response to a wide variety of 

antidepressants, including serotonin and norepinephrine selective reuptake inhibitors, 

monoamine oxidase inhibitors, and electroconvulsive seizure [242, 247, 248].  

It was initially believed that antidepressants were directly modulating the effects 

of glucocorticoids and restoring normal function to the hippocampus. However, most 

antidepressants elicit effects through mediating changes in serotonin and/or 

norepinephrine levels in the brain. Additionally, BDNF-TrkB signaling is required for 

antidepressant induced neurogenesis [249] and appears to play a vital role in the survival 

of new neurons. Expression of another growth factor, VEGF, is also increased following 

antidepressant treatment. In contrast to BDNF, VEGF appears to regulate cell 

proliferation, most likely as part of the interaction between the vasculature and the stem 

cell niche [250]. Santarelli et al. [17] discovered that neurogenesis was not just a 

byproduct of treatment, but was necessary for the therapeutic effects of antidepressants. 

Since volumetric differences are found primarily in the CA3 region, the addition of new 

neurons is most likely eliciting effects through modulation of the mossy fiber tract 

through increasing the number of synapses formed by granule neurons in the DG. It is 

notable that the time span required for new neurons to mature, about four weeks, 

correlates to the delay between treatment initiation and alleviation of symptoms.  
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Deficient neurogenesis is not the hallmark of all neurobiological disorders, 

however. Both epilepsy and stroke increase cell proliferation, perhaps as a 

neuroprotective response to insult. In epilepsy proliferation of both APCs and 

neuroblasts is increased up to 5 weeks post seizure, but new neurons display abnormal 

morphogenesis, including hilar dendrites and ectopic migration [251, 252].  

Alzheimer’s disease is most often associated with short term memory loss and 

degradation of established memories, as well as dementia. Cholinergic cell loss in the 

basal forebrain precedes hippocampal atrophy, leading to the hypothesis that a reduction 

in neurotrophic support results in cell death within the hippocampus. Interestingly, both 

decreased and increased neurogenesis has been shown in Alzheimer’s disease models. 

Most mouse models with a mutated App gene display decreased neurogenesis (see 

review by [253]), whereas mutations in presenilin can either increase or decrease 

proliferation [254]. In postmortem tissue of Alzheimer’s patients cell proliferation 

appears increased, suggesting a possible compensatory mechanism for 

neurodegeneration [255]. Evidence of increased cell proliferation may be the result of 

mature neurons reentering the cell cycle rather than the cell proliferation since “new 

neurons” are found within the outer layers of the GCL [256]. Unfortunately, the 

abnormal reentry of mature neurons into the cell cycle initiates cell death pathways, 

contributing to neurodegeneration in the hippocampus [257].  

Considering the higher prevalence of depression in DS and the fact that virtually 

all DS patients will develop AD, it should come as no surprise that the study of 

neurogenesis in DS has expanded over the last several years, especially as it provides 

one of the few potential targets that can be modulated to enhance cognitive function. The 
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research presented in this dissertation represents some of the first work to establish that 

ongoing neurogenesis is impaired in the Ts65Dn model of DS and that this phenotype 

can be improved and even rescued using pharmacological therapies [258].  

1.4 Specific Aims 

As the link between cognitive functions, such as learning and memory, and 

hippocampal function has become better understood, elucidating the mechanisms that 

regulate and maintain homeostasis within this region of the brain has gained greater 

importance. Consequently, research of neurobiological disorders that display 

impairments in learning and memory often turn towards examination of the 

hippocampus. Down syndrome is no exception and, unsurprisingly, much of the research 

has focused upon the relationship between Alzheimer’s disease and the DS 

hippocampus. Examination of posthumous tissue from aged DS patients indicates that 

the development of amyloid plaques and neurofibrillary tangles, as well as 

neurodegeneration is present by the fourth decade of life, suggesting that DS patients 

undergo an accelerated aging process [259]. A premature aging phenotype may also be 

the consequence of elevated levels of ROS, due to the overexpression of several 

different genes, including SOD1 and App [260]. Another potential effect of accelerated 

aging is a premature loss in generative ability of the hippocampus due to the depletion of 

the neuroprogenitor pool and the onset of senescence in neural stem cells. However, 

research with murine models of DS, specifically the Ts16 and Ts65Dn models, suggests 

that reductions in neurogenesis reported in aged Ts65Dn mice [261] may emerge during 

embryological and early postnatal development and are not just the consequence of 

accelerated aging.  
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Our lab hypothesized that impaired neurogenesis evident in fetal and aged DS 

models was indicative of a fundamental defect within the stem cell population and/or the 

stem cell niche which suppresses the ability of the SGZ to generate new neurons. 

Subsequently, we predicted that young adult mice would also display impairments in 

cell proliferation within the SGZ of the hippocampus. Therefore, our research has 

focused on studying the early stages of neurogenesis in the DG of the Ts65Dn mice in 

an effort to determine if cell proliferation is impaired and to explore the underlying 

mechanisms that may be dysregulated within the stem cell niche of the hippocampus. 

Ultimately, we hope to be able to target and perhaps reverse some of the effects of gene 

dosage imbalances on neurogenesis, potentially setting the stage for ameliorating 

cognitive deficits as well.  

Specific Aim I 

Initial studies using the Ts16 mouse model of DS indicated that there is a 

reduction in neocortical founder cells and decreased proliferation of neuroprogenitors, 

both of which may contribute to delayed brain development within the embryo [130, 

131]. Similar findings were reported for embryonic and early postnatal Ts65Dn mice 

[132, 262] further supporting that trisomic genes in DS contribute to abnormal brain 

development. Volumetric analysis and quantification of neurons in various regions of 

the Ts65Dn hippocampus revealed significant alterations in neuronal density [262, 263]. 

Interestingly, mean neuron number was significantly lower in the DG [262, 263] and 

higher in the CA3 region [263], suggesting that reductions in granule cell number in the 

DG may be compensated for by the CA3. In addition, it had been reported that aged (11-

12 mo), but not young Ts65Dn mice displayed a reduced proliferative capacity, 
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potentially due to an increased rate of degeneration consistent with findings in DS 

patients [261]. However, based upon evidence of stem cell deficits in the embryological 

and early postnatal murine models of DS, as well as the increased incidence of 

depression in adolescent and young adult DS patients [67] we proposed that an 

impairment in neurogenesis persists throughout the lifetime of the individual.  We 

hypothesized that hippocampal dysfunction in DS is due not only to altered 

synaptogenesis and synaptic activity, but that these impairments are compounded by a 

fundamental deficit in newborn neurons due to a decrease in proliferation of NSCs 

and/or neuroprogenitors.  

The main goal of these experiments was to determine if hippocampal 

neurogenesis is impaired in the adult Ts65Dn mouse model of DS. The Ts65Dn model 

was utilized as it best recapitulates neurobiological phenotypes associated with DS, 

including impairments in hippocampal function. To avoid any effect of 

neurodegeneration in the basal forebrain, which begins to occur around 6 months of age 

[264], we chose to examine mice between 3-5 months of age. Additionally, only male 

mice were used to circumvent any potential neuroprotective effects of estrogen.  

Since neurogenesis is a dynamic process entailing multiple stages of growth and 

development of new cells these initial studies were designed to examine ongoing 

neurogenesis by administering multiple injections of BrdU over the course of several 

days. By doing so we were able to visualize and compare newborn cells across the 

gamut of neurogenesis. Given that a majority of newborn cells in a population begin to 

leave the cell cycle by nine days after BrdU administration this time frame was chosen 

for the first set of injections. As such it was anticipated that the identity of BrdU+ cells 
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would range from APCs which incorporated BrdU within the few days before the end of 

the experiment, to neuroblasts and immature neurons, which would be those cells that 

incorporated BrdU and left the cell cycle before the end of the experiment. Additionally, 

a small proportion of the labeled cells may represent the relatively quiescent RGCs 

which only occasionally divide. For the second set of experiments BrdU was 

administered for a total of 14 days, primarily to expand the number of labeled cells and 

to better compare the initial stages of maturation and migration of new neurons before 

the impact of PCD due to failed integration.  

These investigations confirmed the hypothesis that neurogenesis is impaired in the 

adult Ts65Dn hippocampus and allowed for the detection of abnormalities in 

neurogenesis, including differences in nuclear morphology and distribution of cells, that 

may help identify the underlying mechanisms and signaling pathways that are 

dysregulated by gene overexpression in DS. However, the source for deficits in 

neurogenesis could not be ascertained by these experiments (Fig. 13). A reduction in 

ongoing neurogenesis may be due to a smaller population of NPCs which would limit 

the proliferative capacity of the SGZ. Additionally, an increased rate of cell death could 

? ↓ Neurogenesis

Proliferation

Is there a difference in the # of NPCs?

Are fewer NPCs proliferating?

Survival

Is there a difference in the maturation of newborn cells?

Is there a loss of newborn cells?

Figure 13. Potential causes of impaired neurogenesis. Prospective sources of deficits in 

neurogenesis fall into two categories: alterations within the neuroprogenitor pool and differential 

survival of newborn cells. 
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also contribute to a perceived deficit; if newborn cells were dying at a faster rate the 

number of BrdU+ cells would be lower. Identifying the source of the deficit in new cells 

in the Ts65Dn is conducive for progression to the next step: finding a way to increase 

neurogenesis.  

Specific Aim II 

A deficit in newborn cells within the DG may be due to impairments at various 

stages of neurogenesis; therefore, the main goal of this aim was to determine if there are 

alterations in the neuroprogenitor pool and/or survival of newborn cells in the adult 

Ts65Dn hippocampus. The discovery by Haydar et al. [131] that there is a deficit in 

neocortical founder cells in the Ts16 mouse and the finding that the hypocellularity of 

the adult Ts65Dn hippocampus arises during generation of the DG [262] presents the 

possibility that the population of NPCs in the adult hippocampus may also be reduced. 

This population is established during early postnatal development by granule precursor 

cells migrating from the subependymal layer of the lateral ventricles, the same source of 

cells for the developing neocortex [140, 203]. Additionally, it has been suggested that 

NPCs may undergo terminal differentiation as a consequence of aging, further reducing 

the proliferative capacity of the SGZ. One consequence of the accelerated aging 

phenotype associated with DS could be premature exhaustion of the neuroprogenitor 

pool. Therefore, the reduction in neurogenesis seen in the initial experiments may be due 

to a diminished population of NPCs which would translate into a decrease in the 

generation of new cells (see Fig. 14).  

Alternatively, an apparent reduction in neurogenesis may be due to the demise of 

newborn cells. Typically, PCD is associated with the latter stages of neurogenesis as 
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cells incapable of successfully integrating into the hippocampal circuitry fail to survive. 

However, the majority of cell loss may actually occur during the early elimination phase 

of cell death during neurogenesis, when newborn cells are just beginning to leave the 

cell cycle. Although previous studies did not find a significant difference in the number 

of pyknotic cells in the Ts65Dn hippocampus [134, 262], we felt it was prudent to verify 

that decreased survival was not contributing to the reduction in neurogenesis in Ts65Dn 

(see Fig. 14.)  

In order to examine the neuroprogenitor pool and determine if a reduction in 

NPCs or a decrease in survival of newborn cells was the source for deficits in ongoing 

neurogenesis previously seen in Ts65Dn a new BrdU injection scheme was devised (Fig. 

15). To examine proliferation of NPCs Ts65Dn and their euploid littermates received 4 

injections of BrdU over the course of 8 hours (Day 0) and were sacrificed the following 

day (Day 1). A second group of mice were sacrificed on Day 14 in order to determine 

the relative survival of newborn cells. Differences in the proliferation and survival of 

newborn cells could be ascertained by comparing the BrdU+ cell populations at Day 1 

and Day 14.  Based upon this paradigm it was established that there is a reduction in cell 

proliferation, but that there is no difference in the proportion of cell death, indicating 

that the neuroprogenitor pool is the source of impaired neurogenesis in Ts65Dn. 

However, establishing that NPC proliferation is reduced does not reveal whether 

the neuroprogenitor pool is smaller in Ts65Dn; therefore, two different markers of 

NPCs, Sox2 and nestin, were utilized to ascertain whether there is a reduction in NPC 

number. Interestingly, in Ts65Dn there is a significant difference in nestin labeling, but 

not in Sox2. Since Sox2 is a more general marker of NPCs and nestin is more restricted 
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to neural precursors that are actively proliferating, it was concluded that Sox2+ NPCs 

fail to proliferate in Ts65Dn, potentially due to increased quiescence or premature 

senescence. This was verified by a deficit in the proportion of Sox2+ cells that 

incorporated BrdU. 
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Figure 14. Specific Aim II 
Goals. 1) Compare the NPC 

population in Ts65Dn and 

euploid mice to determine if there 

is a loss in NPCs or their activity 

in the niche. 2) Examine 

maturation of new cells to 

ascertain if there is a delay or 

decrease in the number of 

potential new neurons.3) 

Determine if there is increased 

cell loss of BrdU+ cells in 

Ts65Dn. 

Figure 15. Specific Aim 

II. A) In order to examine 

proliferation and survival 

of newborn cells, mice 

received 4 i.p injections of 

BrdU on Day 0. Group 1 

was euthanized the 

following day and Group 2 

14 days later. Colored bars 

represent the anticipated 

types of BrdU+ cells 

present at those time 

points, as seen in (B). C) 

Cell-type specific markers 

are expressed by newborn 

cells as they mature, 

allowing for analysis of the 

cell types present at each 

time point. 
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Finally, the reduction in nestin labeling signified that neuronogenesis, the 

production of new neurons specifically, was compromised in Ts65Dn despite the fact 

that the Sox2+ NPC population is comparable. Although deficits in BrdU+ cells within 

the DG are indicative of reduced neurogenesis, the identity of those cells, whether they 

are new glials cells, neurons or even epithelial cells cannot be distinguished. Therefore, 

a marker for neuroblasts and immature neurons, Dcx, was utilized to confirm that fewer 

neurons are generated in the Ts65Dn hippocampus.  

The outcomes of these experiments indicate that the deficits in hippocampal 

neurogenesis in the adult Ts65Dn hippocampus are due to alterations within the 

neuroprogenitor pool and not to differential survival of newborn cells. The main 

consequence of reduced proliferation of NPCs is a deficit in the production of new 

neurons. However, the fact that the neuroprogenitor population is preserved, as indicated 

by comparable numbers of Sox2+ NPCs, suggests that the stem cell niche may still be 

capable of increasing neurogenesis. If the Sox2+ NPCs are quiescent then it may be 

possible to recruit them back into the proliferating pool through the use of 

pharmacological treatments or behavioral therapies known to induce neurogenesis.  

Specific Aim III 

One of the primary goals of research in the DS field is the development of 

treatments to ameliorate the negative phenotypes that are the result of the gene dosage 

imbalance created by trisomy 21. In recent years this has become a more pressing issue 

for the treatment of adult individuals with DS as life spans have increased due to early 

intervention programs that increase the health and survival of young DS patients. 

Consequently, disorders such as depression, dementia and Alzheimer’s disease, which 
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affect older DS individuals, are gaining greater attention as they become more prevalent. 

These issues underscore one of the reasons our research has focused upon neurogenesis 

in the adult hippocampus; if therapies can be devised to address deficiencies in the 

mature hippocampus, then it may be possible to counter some of the effects of 

neurobiological disorders in the older DS population.  

Several genes overexpressed in DS impinge upon the signaling pathways that 

modulate cell proliferation. One of the consequences of altered signaling, including 

calcineurin (see Figs. 2 and 3) and CREB  pathways [265], is the reduction in BDNF and 

VEGF, both of which have been shown to regulate hippocampal neurogenesis [54, 57-

59, 249]. Additionally, neurogenesis is activity dependent and increased inhibition 

within the hippocampus may prevent stimulation of cell proliferation.  Increased 

inhibition may be due, at least in part, to the overexpression of KCNJ6, which encodes 

the G protein-activated inwardly rectifying potassium channel GIRK2 which is 

associated with the 5-HT1A receptor. The consequence of KCNJ6 overexpression may be 

increased inhibition within the hippocampus and, specifically, serotonin signaling which 

results in decreased neurogenesis [266]. The antidepressant fluoxetine had been shown 

to increase neurogenesis [17, 242, 248, 267] and inhibit the GIRK2 channel [268]. The 

fact that fluoxetine was already approved for use in depression made it an attractive 

therapy for deficits in neurogenesis in Ts65Dn.  

The first goal of this aim was to investigate the effects of fluoxetine on 

neurogenesis in Ts65Dn using BrdU to measure cell proliferation. Previous studies had 

shown that chronic treatment with the antidepressant was required to elicit behavioral 

changes; interestingly, the time frame necessary for therapeutic effects, about 4 weeks, 
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parallels that of the growth and maturation of new neurons. To avoid issues with low oral 

bioavailability subjects received fluoxetine via intraperitoneal injection once daily for 24 

days at a concentration of 5mg/kg in accordance with previously published protocols 

[242, 267]. This dose is approximately equivalent to a high dose for humans, or 

50mg/day, and was chosen to ensure maximal effectiveness. Fluoxetine is a lipophilic 

drug that displays non-linear kinetics with a long half life between 1-4 days, while its 

metabolite, norfluoxetine has a half life of between 7-15 days; consequently, it may take 

several days to reach steady-state levels [269]. Thus, BrdU injections were not initiated 

until day 15; BrdU was then administered for 9 days in order to compare ongoing 

neurogenesis. 

 Following chronic administration of fluoxetine there was a complete recovery of 

neurogenesis in Ts65Dn mice. Evidence of increased proliferation of APCs and elevated 

levels of nestin confirm that NPCs in Ts65Dn are quiescent and that pharmacological 

treatment can recruit them back into the proliferating pool. This is consistent with 

findings by Encinas et al. [270] who found that fluoxetine specifically targets the APC 

population. While this experiment did not address effects of fluoxetine on the late stages 

of neurogenesis others have found evidence that treatment leads to increased maturation 

and synaptic plasticity [271]. These findings make fluoxetine an exciting avenue for 

pursuit in the treatment of DS. 

 Increased oxidative stress is another hallmark of DS due to the overexpression of 

several genes that either increase ROS or reactive nitrogen species directly, such as 

SOD1 and APP, or increase susceptibility to oxidative stress, including RCAN1 and the 

transcription factor BACH1.  One of the primary effects of oxidative stress is increased 
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oxidative damage which can lead to cell death; in the hippocampus this can have 

profound effects on cognitive function (for review see [272]). Consequently, a number of 

researchers have attempted to ameliorate the effects of chronically high levels of ROS on 

cognitive function through treatment with various antioxidants with limited success. 

Piracetam, which has been prescribed to DS children to help improve cognitive function, 

has some antioxidant properties and has been shown to reduce oxidative damage and 

apoptosis in cultured human cortical neurons [273]. However, clinical trials in DS 

children [274] and experimental evidence from models [275, 276] indicates that there is 

little affect on cognition.  Similarly, Vitamin E treatment in Ts65Dn shows changes in 

cholinergic degeneration and improvements in spatial learning [277], but clinical trials 

have been less than promising [278]. Understanding the role of oxidative stress in 

hippocampal neurogenesis and specifically, its affect on cell proliferation in DS was the 

secondary goal of this aim.  

The role of ROS in cellular homeostasis is often associated with the negative 

effects of elevated levels and the damage that can be induced by free radicals. However, 

many cellular processes, including cell cycle progression are redox dependent. In fact, 

progression from G1 to S-phase requires a transient increase in ROS [279, 280], thus 

chronically high levels of ROS may prevent this transition and consequently reduce 

neurogenesis. Additionally, oxidative damage to DNA may inhibit or delay cell division. 

Therefore, decreasing ROS may enhance neurogenesis in the Ts65Dn hippocampus.  

To test this hypothesis, Ts65Dn mice and euploid controls were treated with the 

antioxidant curcumin to assess changes in ongoing neurogenesis. Curcumin was selected 

in part because it was in Phase II clinical trials for treatment of Alzheimer’s disease; 
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moreover, it is a readily available food additive that is a derivative of the spice turmeric, 

making its use as a therapeutic less challenging. Curcumin has been shown to reduce 

amyloid plaque load and decrease oxidative damage in APP transgenic mice [281]. 

Additionally, low concentrations of curcumin enhance proliferation of embryonic NPCs 

in vitro and neurogenesis in vivo [282, 283]. Unfortunately, curcumin does have its 

challenges: it is a polyphenolic molecule with low oral bioavailability [284] and at high 

levels is anti-proliferative, which has led to its use in cancer research. Additionally, 

curcumin has a very short half life, approximately ten minutes, suggesting that the 

positive effects of treatment may actually be due to its metabolites which include 

tetrahydrocurcumin (TC), hexahydrocurcumin, hexahydrocurcuminol, vanillin, vanillic 

acid, and ferulic acid [285]. Of these, TC shows the greatest promise of acting as the 

active metabolite in the brain; chronic oral feeding of either curcumin or curcumin and 

TC resulted in elevated levels of TC, but not curcumin, within the brain and was able to 

reduce LPS induced inflammation, suggesting that it is neuroprotective [284]. To avoid 

complications of undue stress on animals by administering curcumin via oral gavage, we 

chose to administer the compound by i.p. injection as described by Kim et al. [282] at a 

concentration of 500nmol/kg. To ensure that levels of TC were elevated in the CNS 

injections were initiated three days prior to administration of BrdU, which was given for 

a total of nine days in order to measure ongoing neurogenesis.  

Prolonged treatment with curcumin (12 days) resulted in reductions of 

nitrosylated proteins and significantly decreased TUNEL labeling in both euploid and 

Ts65Dn hippocampi, supporting its role as a neuroprotective agent. However, its effect 

on neurogenesis was more ambiguous; cell proliferation was not altered and Dcx labeling 
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was decreased in euploid mice. In contrast, Ts65Dn displayed a significant increase in 

BrdU+ cells, and enhanced neuronogenesis; however, Ki67 labeling showed no change, 

suggesting that the change in neurogenesis was transient. Based upon these results we 

concluded that under pathogenic conditions, treatment with an antioxidant can increase 

neurogenesis, but prolonged treatment may suppress ROS below levels required to 

maintain redox dependent processes, in this case, the progression of the cell cycle. These 

results may account for the lack of effect for other antioxidants in studies of cognition in 

both models and DS patients. Nevertheless, curcumin did display neuroprotective effects 

as previously reported, suggesting potential roles in mediating neurogenesis through 

synergistic actions with other pharmacological treatments such as fluoxetine.  

The major outcome of these experiments was the discovery that impaired 

neurogenesis in a model of DS can be reversed, indicating that the underlying 

mechanisms that regulate neurogenesis are still preserved and can be normalized with 

pharmacological therapies. The actions of fluoxetine and curcumin suggest that by 

addressing alterations in cell signaling pathways and the microenvironment of the stem 

cell niche targeted therapies can be utilized to enhance neurogenesis and subsequently, 

hippocampal function in DS.   
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Chapter 2 Methods and Materials 

2.1 Animals 

Trisomic male mice, Ts65Dn (Ts) and euploid male control mice (Eu), 3-5 

months old, were either directly obtained from The Jackson Laboratory (stock # 01924, 

Bar Harbor, ME) or graciously provided by Dr. Alberto Costa at the Eleanor Roosevelt 

Institute where mice were generated by repeated backcross of Ts65Dn female mice 

(original breeders kindly donated by Dr. Muriel Davisson at The Jackson Laboratory) to 

C57BL/6J Ei  C3H/HeSnJ F1 hybrid males. Animals were singly housed and 

maintained in a 12-h light and dark schedule with ad libidum access to food and water.  

All mice were cytogenetically genotyped as described by Davisson et al. [90].  In 

addition, all animals were pre-evaluated by indirect ophthalmoscopy. Since C3H/HeSnJ 

mice carry a recessive mutation that leads to retinal degeneration this insured that only 

mice without signs of retinal disease were used.  Male mice were utilized to avoid any 

effects associated with estrogen mediated neurogenesis or neuroprotection. All animals 

were treated in accordance with prescribed IACUC and institutional protocols.  

BrdU Injections 

Ts and Eu mice received intraperitoneal (i.p.) injections of BrdU (Sigma-Aldrich, 

St. Louis, MO) 50mg/kg, for the prescribed length of each experiment. BrdU was 

dissolved in 0.9% saline at 10mg/ml. Mice received a single daily dose over the course 

of either 9 or 14 days to measure ongoing neurogenesis, or 4 doses over the course of 8 

hours, one injection every 2 hours, for one day, to allow for the measurement of 

proliferation and survival. For experiments measuring proliferation or ongoing 

neurogenesis, mice were sacrificed 18-24 hours after the last BrdU injection. For 
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survival experiments, animals were sacrificed 14 days post BrdU injections.  The 

animals were deeply anesthesized via aerosolized isofluorane and transcardially perfused 

(cold PBS for 2 min followed by 4% paraformaldehyde/0.1M phosphate buffer for 10 

min). Brains were removed and post fixed for at least 24 hours prior to cryoprotection in 

a 30% sucrose solution. Upon equilibration brains were frozen and stored at -80° until 

ready for use.  

Fluoxetine Treatment 

Ts and Eu mice were divided into two groups (n=8 per group): untreated (vehicle 

only + BrdU) and treated (fluoxetine + BrdU).  Untreated animals received daily i.p. 

injections of distilled water (6.25 ml/kg) for 15 days, followed by 9 days of i.p. 

injections of distilled water and BrdU (50 mg/kg).  Fluoxetine-treated animals received 

injections of fluoxetine (5mg/kg i.p. in distilled water; 6.25ml/kg; Sigma-Aldrich) for 15 

days followed by fluoxetine and BrdU for 9 additional days. Twenty-four hours 

following the last BrdU injection, mice were transcardially perfused and tissue harvested 

as previously described.  

Curcumin Treatment 

Ts and Eu mice (4.5 mo) were divided into 2 groups: untreated (vehicle + BrdU) 

and treated (curcumin + BrdU). Five pair of Ts and their Eu littermates received daily 

i.p. injections of curcumin (500nmol/kg, Cayman Chemical, Ann Arbor, MI) for 12 

days; beginning on day 4 animals also received an injection of BrdU (50mg/kg), 

approximately 4 hours after the initial curcumin injection, for a total of 9 days. Two pair 

of Ts and Eu mice received daily i.p. injections of vehicle only for 12 days; beginning 

on day 4 they received daily i.p. injections of BrdU for a total of 9 days. Twenty-four 



 

 

73 

 

hours after the last BrdU injection animals were euthanized and transcardially perfused 

as previously described. Brains were dissected and separated into two hemispheres so 

that one hemisphere could be used for immunohistochemistry (IHC) to obtain 

stereological population estimates and to determine changes in oxidative stress. The 

other hemisphere was utilized for immunofluoresence (IF) to examine cell death 

(TUNEL) and cell-type specific markers to characterize proliferation and maturation of 

new cells in response to curcumin.  

2.2 Immunohistochemistry and Immunofluoresence 

With the exception of the original tissue samples used for ongoing neurogenesis 

with and without fluoxetine treatment, samples used for IHC were cut on a freezing 

cryotome and every fourth section was mounted directly onto Superfrost Plus slides 

(VWR, West Chester, PA) to produce 4 sets of slides; i.e., Set 1 contained sections 1, 5, 

9…, Set 2 contained sections 2, 6, 10..., etc. Original samples were cut to obtain one set 

of slides consisting of every sixth slice; future samples were cut to maximize the number 

of tissue sections available for processing. Each set contained a series of coronal 

sections (30µm thick) that spanned the entire rostro-caudal axis of the hippocampus. At 

least one set was processed for BrdU IHC for use in stereology; the remaining sets were 

processed for either IHC or IF depending upon the experiment. Samples used 

specifically for IF were cut in a similar manner as the IHC tissue, except that sections 

were only 16µm thick, or approximately 1-2 cell layers. Comparisons of labeled sections 

were restricted to 8-16 sections of comparable location and morphology; thus, the most 

anterior and posterior portions of the DG were not included in IF studies and counts of 

labeled cells are reported as average number positive cells per section, whereas 
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stereological results are reported as population estimates of the entire DG or number 

cells per volume, as calculated by StereoInvestigator. Although not as accurate as 

stereological quantification of cells, we are confident that IF results allow for a 

reasonable assessment of labeled cells. For verification of this, we compared the 

proportion of BrdU+ cells in Ts to Eu for both IHC and IF studies and found them to be 

within the same range.   

Labeling protocol 

Sections were washed with phosphate buffered saline (PBS, pH 7.4) for 10 

minutes and then incubated in 0.3% hydrogen peroxide for 10 minutes to reduce 

endogenous peroxidase activity. Sections were then washed several times in PBS and 

then incubated in 90
o
 C preheated Retrievagen (BD Biosciences, Boston, MA) for 10-15 

min.  After cooling to room temperature, slides were rinsed in PBS and blocked with 

0.3% Triton X-100 + 10% goat serum in PBS for 45 min. Sections were then incubated 

overnight at 4
o
 C

 
in primary antibody solution (see Table 1 for list of antibodies and 

dilutions). Tissue sections were then washed with PBS with gentle agitation for ~30 

minutes and then incubated for 1 hour at room temperature in a biotinylated secondary 

or a fluorochrome conjugated secondary for (see Table 1 for list of secondary antibodies 

and dilutions). For IHC, this was followed by amplification with the avidin-peroxidase 

complex (Vector Laboratories) and precipitation with the metal-enhanced chromogen 

diaminobenzidine tetrachloride (DAB; Pierce, Rockford, IL). Sections were then 

counterstained with hematoxylin and mounted with Permount (Fisher Scientific, 

Pittsburg, PA). For IF, sections were thoroughly rinsed with PBS and coverslipped in 

SlowFade with Dapi immunofluorescent mounting medium (Invitrogen). For double 
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labeling studies, primary antibody labeling was completed simultaneously; secondary 

antibodies were completed consecutively and included one directly conjugated antibody 

and one biotin conjugated antibody, which was then labeled with a strepavidin 

conjugated fluorochrome. Detection of Sox2 required Tyramide Signal Amplification 

(TSA) following manufacturer’s instructions (Perkin-Elmer, Waltham, MA), prior to 

either IHC of IF visualization.  

TUNEL (Roche Diagnostics Corp, Indianapolis, IN) labeling was performed 

according to manufacturer’s instructions for frozen tissue sections, with the exception 

that for BrdU/TUNEL labeling antigen retrieval was completed prior to TUNEL 

labeling. TUNEL and BrdU labeling protocols were then carried out consecutively.  

1 Antibody Species Application Dilution Source 2 Antibody Dilution Source

α-BrdU Rt IF 1:100 Accurate
Texas Red conj.

donkey α-Rt IgG
1:500

Jackson 

ImmunoLabs

α-BrdU Ms IHC 1:100 BD Biosciences
biotinylated goat 

α-ms IgG
1:500

Vector 

Laboratories

α-Dcx Rb IF/IHC 1:200 Cell Signaling
FITC conj. 

donkey α-Rb IgG
1:750

Jackson 

ImmunoLabs

α-GFAP Rb IF 1:500 DAKO
FITC conj. 

donkey α-Rb IgG
1:1000

Jackson 

ImmunoLabs

α-Ki67 Rt IHC 1:200 DAKO
biotinylated

donkey α-Rt IgG
1:500

Jackson 

ImmunoLabs

α-Nestin Ms IF 1:500 Millipore
Rhodamine conj. 

goat  a-Ms IgG
1:1000

Jackson 

ImmunoLabs

α-NeuN Ms IF 1:200 Millipore
FITC conj. 

goat α-Ms IgG
1:1000

Jackson 

ImmunoLabs

α-Sox2* Rb IF/IHC/WB
1:200-

1:1000
Millipore

Alexafluor 488

donkey α-Rb
1:500 Invitrogen

α-3-NT Rb IHC 1:100 Upstate
biotinylated

donkey α-Rb IgG
1:500

Jackson 

ImmunoLabs

Table 1: Primary and secondary antibodies utilized in IHC and IF studies.  
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Cluster Analysis  

The distribution of cells in clusters was measured to determine the relative 

proliferation of APCs. Approximately 100 cells per animal on anatomically matched 

slides were counted to determine association with a cell cluster, defined as two or more 

cells within one cell width of each other, the number of cell clusters and size of the 

cluster. The averages for each specimen were then computed and used for statistical 

analysis. 

2.3 Stereology 

Using StereoInvestigator (MBF Bioscience, Williston, VT) every fourth section 

was analyzed via a 60X oil-immersion objective with the Optical Fractionator probe to 

provide an unbiased estimate for the population of labeled cells.  This probe incorporates 

a computer-generated counting frame (50x50 µm) to a video image of the section and an 

optical dissector (10 µm) to define sites within a specified contour (i.e. map of the DG) 

where cells are to be counted.  This method generates a population estimate for labeled 

cells based upon the area of the contours, the number of slices, and their periodicity (i.e. 

the volume) and the number of counted cells. 

BrdU-positive cells were counted based upon location, so that three population 

estimates were obtained: granule layer cells (BrdU+ cells within the upper two-thirds of 

the GCL), SGZ cells (bottom third of the GCL and two cell widths along the border of 

the hilus), and Total labeled cells (GCL+SGZ). This allowed for the separation of more 

mature, migrating cells (GCL) from proliferating or undifferentiated cells (SGZ).  With 

the exception of the proliferation and survival studies (Aim II) only one hemisphere was 

analyzed for each animal; thus, total estimates should be doubled to reflect the actual 
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number of labeled cells in both hippocampi. For the initial studies of ongoing 

neurogenesis, with and without fluoxetine, the identity of the genotype and treatment 

was unknown so that stereological analysis could be conducted blind by the same 

investigator.  

2.4 Statistical Analysis 

All statistical analyses were performed using SigmaStat 3.1(Systat Software, Inc., 

Chicago, IL). A one-way analysis of variance (ANOVA) was used to determine 

significant differences between Ts65Dn and euploid mice. For experiments that included 

a treatment, a two-way ANOVA was conducted to take into account genotype and 

treatment effects and determine if there was an interaction between genotype and 

treatment. Non-parametric data (i.e. cell size) was analyzed using the Mann-Whitney 

Ranks Sum test. All analyses with significant differences were followed up with a post-

hoc Tukey analysis to determine the source of significance, with a p-value ≤ 0.05 

considered significant. 
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Chapter 3 Results and Conclusions 

3.1 Specific Aim I 

It has become increasingly clear that sustained production of new neurons in the 

DG is required to maintain normal hippocampal function throughout one’s lifetime. 

Impaired neurogenesis has been linked to decreased cognitive functioning as a 

consequence of aging, increased stress, and a variety of pathological states, including 

depression, Huntington’s disease, Alzheimer’s disease and even diabetes. The main goal 

of this aim was to determine if the adult Ts65Dn mouse model of DS exhibits a 

reduction in the production of new cells within the DG of the hippocampus. We chose to 

focus on the early stages of neurogenesis, hypothesizing that overexpressed genes and/or 

their interactions may impinge upon cellular pathways that regulate the proliferation of 

NPCs.  

Young adult male Ts65Dn mice and their euploid littermates received daily i.p. 

injections of BrdU over the course of 9 or 14 days in order to obtain a snapshot of 

ongoing neurogenesis in the DG. This time course of injections was selected to allow for 

visualization of newborn cells from the point of birth up through the decision to leave 

the cell cycle and begin maturing, between 9-14 days after birth, while avoiding the 

impact of PCD due to the failure to integrate into the hippocampal circuitry. 

Additionally, administering BrdU over the course of several days allows for easier 

visualization of multiple generations of new cells, as BrdU will be taken up by any cells 

undergoing DNA synthesis, including previously labeled cells as well as their progeny. 

Thus, we can compare both the number of newborn cells and their distribution in 

Ts65Dn and euploid mice to determine if neurogenesis is abnormal in Ts65Dn. 
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Results 

Neurogenesis is reduced in the Ts65Dn DG.  Quantification of BrdU+ cells in the DG 

of mice that received BrdU over 9 days revealed a significant decrease in the average 

number of newborn cells per section in the Ts65Dn mouse (27 ± 4 cells/section) 

compared to euploid (60 ± 9 cells/section, p<0.03). BrdU+ cells were found primarily 

along the SGZ of both the top and bottom blade of the DG in both euploid and Ts65Dn 

mice (Fig. 16). There was no significant difference in the proportion of proliferating 

cells found in either blade (data not shown). However, BrdU+ cells in the Ts65Dn DG 

are more sparsely dispersed along the SGZ and there are fewer labeled cells closely 

associated with each other.  

Size and morphology of BrdU+ nuclei are notably altered in Ts65Dn. Additional 

differences in neurogenesis between the two genotypes became apparent when 

examining the localization of cells and their nuclear morphology.  Examination of the 

nuclear morphology of BrdU+ cells found that in Ts65Dn mice, labeled cells in the SGZ 

were typically round and punctate, with condensed nuclei (Fig. 17C). In contrast, labeled 

cells in euploid mice were a mixture of dense round cells and ovoid cells with visible 

granules. Subsequent analysis of the nuclear profile of randomly selected labeled cells 

found a significant difference in the area of Ts65Dn (mean16.62 ± 0.56µm
2
, median 

15.0µm
2
) and euploid BrdU+ cells (mean 27.31 ± 0.99µm

2
, median 25.0µm

2
; p<0.001). 

Since nuclear morphology varies over the course of the cell cycle in response to changes 

in DNA condensation, differences in the average size and morphology of proliferating 

cells may be indicative of cell cycle alterations in Ts65Dn. 
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B Figure 16. BrdU incorporation is 

significantly decreased in Ts65Dn. A) 

BrdU+ cells in the DG of Eu and Ts mice. 

Note that labeled cells are found along the 

SGZ of both blades, however in euploid 

mice these cells appear in numerous 

clusters. In contrast BrdU+ cells in Ts mice 

are more sparse and occur primarily as 

single and paired cells. B) Quantification of 

BrdU+ cells indicates that there is a 

significant reduction in neurogenesis in the 

Ts DG (p<0.003, ANOVA).  
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Early stages of adult neurogenesis are impaired in the Ts65Dn DG. Stereological 

population estimates of BrdU+ cells were obtained for Ts65Dn and euploid mice that 

received 14 days of BrdU to examine alterations in the genesis of new cells. One 

possible explanation for a reduction in newborn cells in the DG is that neurogenesis is 

dysregulated in DS and may not be confined to the germinal niche of the DG. Therefore, 

we examined the distribution of BrdU+ cells throughout the hippocampal formation to 

seek evidence of ectopic proliferation. BrdU+ population estimates obtained for the 

entire hippocampus confirm a significant deficit in proliferation for Ts65Dn versus 

euploid (11421 ± 506 and 18596 ± 559 cells, p<0.001); however, analysis of the 

proportion of labeled cells found within specific regions of the hippocampus revealed no 

Figure 17. Comparisons of 

size and morphology of 

BrdU+ nuclei. A) BrdU+ cells 

in Eu are larger with diffuse 

labeling and granules, whereas 

cells in Ts have small, densely 

labeled nuclei. B) Mean area of 

Ts labeled nuclei is 

significantly smaller than Eu 

(p<0.001, ANOVA on Ranks). 

C) Insets of panel A showing 

differences in morphology of 

BrdU+ nuclei. D) Histograms 

of the range of nuclei sizes for 

Eu and Ts BrdU+ cells indicate 

that a majority of labeled cells 

in Ts range between 10-20µm
2
.  
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significant alteration in the distribution of newborn cells (Fig. 18C). Approximately 50% 

of BrdU+ cells are located within the DG of both euploid and Ts65Dn mice, however, 

there is a significant reduction in the BrdU+ population estimates for Ts65Dn (4314 ± 

267) versus euploid (8972 ± 1166, p < 0.02). The remaining BrdU+ cells are found 

throughout the hippocampus, especially in the MCL which accounts for ~40% of the 

cells; however, a majority of these cells are of an undetermined phenotype and only 

appear transiently, suggesting they may be epithelial precursors. Additionally, unlike the 

SGZ, where proliferating cells are confined to a narrow region of the DG, BrdU+ cells in 

the MCL are scattered over a much larger area and do not display characteristics of a 

neural stem cell niche. 

There are significantly fewer clusters of proliferating cells in Ts65Dn. Normally a 

considerable portion of newborn cells in the hippocampus are found in “nests” or cell 

clusters [199] associated with the vasculature and RGCs  in the SGZ. Cells in these 

clusters include the NPCs as well as new neuroblasts. Following multiple days of BrdU 

injections, labeled cells in the euploid mice are found in clusters of 2-6 cells, whereas 

most labeled cells in Ts65Dn are single or paired cells (see Figs. 17 and 19 for 

examples).  Both the number of cell clusters and proportion of cells found in clusters is 

significantly lower in Ts65Dn mice: only 30% of the labeled cells are found in clusters 

(usually 2-3 cells), compared to about 50% in euploid mice (p<0.05).   
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Figure 18. Distribution of proliferating cells appears normal in the Ts65Dn 

hippocampus. A) Representative images of the hippocampus after a two week course 

of BrdU injections show that BrdU+ cells can be found throughout the hippocampus in 

both Eu and Ts mice.  A majority of cells can be found along the SGZ, however 

positive cells can also be found in the MCL (blue arrow), hilus (red arrow) and PCL 

(black arrow). Scale bar = 100m. B) The stereological population estimate of BrdU+ 

cells in the hippocampus is significantly lower in Ts65Dn (p<0.002, ANOVA). C) 

However, the proportion of BrdU+ cells in any one region does not vary significantly.   
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Conclusions 

The purpose of this aim was to establish whether a deficit in neurogenesis 

persisted in the Ts65Dn hippocampus past embryonic and postnatal development. 

Although earlier studies had indicated that cell proliferation was reduced in aged 

Ts65Dn mice [261], there was contradictory evidence as to whether or not neurogenesis 

was impaired in young adult mice. We chose to examine mice aged 3-5 months since 

this age was well beyond the period of postnatal development and prior to the onset of 

cholinergic degeneration in the basal forebrain [286, 287].  Quantification and 

stereological analysis of BrdU+ cells, indicates that there was a substantial impairment 
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Figure 19. Clustering of proliferating cells is altered in Ts65Dn. A) BrdU+ cells (brown) are 

found along the SGZ of both Eu and Ts mice. Labeled cells can be found as single cells or in 

clusters of dividing cells in both genotypes.  However, there are significantly fewer clusters in 

Ts (p<0.03) (B) and the proportion of BrdU+ cells found in clusters is significantly reduced 

(p≤0.05, ANOVA) (C).  
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in the Ts65Dn DG, with the Ts65Dn generating approximately half the number of new 

cells as euploid mice.  

Multiple i.p. injections of BrdU over the course of several days allowed for the 

visualization of cells in the progressive stages of early neurogenesis, including clusters 

of newborn cells which form as the NPCs continuously divide. Thus, each cluster 

represents multiple cell divisions and therefore, a difference in the number of cell 

clusters may be indicative of a reduction in the proliferative capacity of the niche. 

Cluster analysis of Ts65Dn and euploid controls, using a fairly liberal definition of a 

cluster as 2 or more cells that are less than 1 cell width apart, revealed a significant 

reduction in the number of clusters in Ts65Dn with only about 30% of labeled cells 

found in clusters, compared to about half in euploid mice. What cannot be discerned 

from this analysis is whether or not lone BrdU+ cells represent cells that have only just 

taken up BrdU, migrating neuroblasts that have moved away from the niche, or cells that 

have been manually separated from their original cluster in an adjacent section and are 

merely an artifact of the cutting process. However, since clusters of dividing cells are 

closely associated with the vasculature and contain both neural and endothelial 

precursors [199] a reduction in the number of clusters in Ts65Dn may signify an 

alteration in the microenvironment that is prohibitive to cell proliferation.  

In addition, it was noted that many of the BrdU+ cells in Ts65Dn mice had 

smaller nucleolar profiles than those in euploid controls, and quantitative analysis of 

their areas established that labeled nuclei in Ts65Dn are significantly smaller. This 

finding argues against the possibility that individual BrdU+ cells are migrating 

neuroblasts or immature neurons, which tend to have larger nucleolar profiles with more 
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diffuse BrdU labeling and evidence of granules. The smaller profiles seen in Ts65Dn 

mice may also be indicative of cell cycle alteration and the failure to progress through 

the G2 phase as proposed by Contestabile et al. [134]. The G2 phase is generally 

associated with the production of ribosomes and RNAs which facilitate protein 

production during mitosis; however, if histone deacetylases (HDACs) are inhibited 

during this phase then the transition to mitosis will not occur. A failure to progress 

through the G2 phase may also account for the large number of lone BrdU+ cells along 

the SGZ in Ts65Dn mice; these cells would have progressed through the S-phase, 

incorporating BrdU into their DNA, but would not have undergone cell division if they 

were trapped in the G2 phase. This hypothesis is further supported by the fact that 

VEGF, whose expression is inhibited by RCAN1, is required for the nuclear export of 

HDAC7 during proliferation of endothelial precursors [288]. Since it has been 

implicated in neurogenesis as well, VEGF may also play a role in epigenetic modulation 

of neuroprogenitors. Additionally, increased oxidative stress, a hallmark of DS, has been 

shown to suppress cell proliferation through activation of the HDAC Sirt1 and inhibits 

the transcription of pro-neural genes, shifting cells into the glial lineage [289]. 

Consequently, the small nuclear profiles of BrdU+ cells in the Ts65Dn SGZ may be 

indicative of altered epigenetic modulation of neurogenesis as a consequence of gene 

overexpression. 

Lineage determination occurs during the early stages of neurogenesis; as cells 

prepare to leave the cell cycle they will begin expressing pro-neural genes or they will 

become glial cells. New neurons tend to remain within the DG and attempt to integrate 

into the hippocampal circuitry. A majority of new astrocytes migrate away from the 
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SGZ and into the hilus or MCL; the remainder stay and mature into the horizontal 

astrocytes that run along the SGZ, forming the base of the stem cell niche. Thus, one 

possibility for a reduction in BrdU+ cells in Ts65Dn DG is the migration of cells, 

specifically immature glial cells, away from the neurogenic niche, a phenomenon similar 

to the ectopic gliogenesis that is a result of ischemia. Additionally, if, during early 

postnatal development of the DG, neural precursors became displaced, then 

neurogenesis may not be relegated to the SGZ in Ts65Dn. Subsequently, we decided to 

examine the distribution of BrdU+ cells within the entire hippocampus. Computer based 

stereology was used to estimate the total population of BrdU+ cells in the hippocampus 

and its sub-regions: the DG, hilus, MCL, and PCL. BrdU+ cells were found in all 

regions of the hippocampus although at significantly lower levels in Ts65Dn mice than 

in the euploid mice, which was consistent with our previous findings. However, when 

we quantified the proportion of BrdU+ cells found in any of the hippocampal sub-

regions there was no indication that cells were proliferating in regions where newborn 

cells are not typically found. As expected, a majority of BrdU+ cells were found in the 

DG. The second largest population of BrdU+ cells was found in the MCL, however, the 

arrangement of these cells in doublets was reminiscent of those previously described in 

the neocortex [190, 191] suggesting that they are not new neurons.  

These results confirmed our hypothesis that neurogenesis is impaired in young 

adult mice as well as fetal and aged mice, as had been previously reported. This suggests 

that the proliferation of neural stem cells in suppressed in DS, and that unlike cortical 

development which overcomes a delay in growth [130], perturbations in neurogenesis in 
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the hippocampus persist throughout the lifetime and likely contribute to reductions in 

granule cell number and volume evident in both murine models and DS tissue. 

3.2 Specific Aim II 

While our initial studies confirm the original hypothesis that impaired 

neurogenesis in Ts65Dn persists into adulthood, due to the nature of the labeling 

paradigm it was not possible to determine the source of the deficit in BrdU+ cells seen in 

Ts65Dn. A reduction in neurogenesis may be the result of several factors or a 

combination thereof. First, there may be a restricted neuroprogenitor pool; fewer NPCs 

would create a limitation on the ability of the DG to produce new cells. Additionally, 

NPCs may be reduced not only in actual number, but also in activity. If NPCs are 

maintained in a quiescent state or enter premature senescence, then they will not be 

active members of the neuroprogenitor pool and will not undergo cell proliferation. 

Secondly, while a large proportion of PCD of newborn cells occurs during the 

maturation stage in response to a failure to integrate, it is has been found that PCD may 

play an even more significant role in the early stages of neurogenesis. Thus, if there is 

increased cell death of neuroprogenitors or newborn cells in Ts65Dn, it may account for 

the deficit in BrdU+ cells previously found.  

In order to examine alterations in NPCs and cell survival a new BrdU+ injection 

scheme was employed (see Fig. 15). Animals were divided into two groups (n=5 pairs of 

Ts65Dn and euploid controls per group) , both of which received four injections of 

BrdU over the course of eight hours; these injections were initiated in the afternoon so 

that two injections were completed during the light cycle and the final two were given 

during the dark cycle. This timing was selected to insure that we were measuring 
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neurogenesis during the active period of the animal’s day when cell proliferation is 

highest. Group 1 was euthanized the following day, ~18 hours after the last injection, in 

order to measure proliferation of NPCs. As seen in Fig. 15A, the blue bar illustrates that 

a majority of labeled cells at this time point should be proliferating NPCs, although a 

small percentage may represent either RGCs or young neuroblasts that have just left the 

cell cycle.  

So as to study survival of newborn cells as they leave the cell cycle and begin to 

mature Group 2 was euthanized 14 days after BrdU administration. Since most APCs 

should have left the cell cycle by this time, we anticipated that a majority of BrdU+ cells 

would be neuroblasts or immature neurons (red bar, Fig. 15A). Stereological analysis of 

BrdU+ populations was conducted for both groups to determine if there is a significant 

deficit in proliferation, which would be evident by a significant decrease in BrdU+ cells 

in Group 1, and/or a significant decrease in survival of newborn cells, which can be 

determined by comparing the BrdU+ populations of Group 1 and Group 2. In order to 

determine if there is an increased rate of cell loss in Ts65Dn, BrdU+ populations for 

both groups were normalized by the volume of the DG, as determined by 

StereoInvestigator, prior to comparison. If newborn cells in Ts65Dn undergo greater 

PCD during the early elimination phase of cell loss then there should be a significant 

decrease in the number of BrdU+ per volume in Group 2 compared to Group 1.   

In addition to the analysis of BrdU+ populations, cell-type specific markers were 

utilized to identify the phenotype of newborn cells within the SGZ. As illustrated in 

Figure 15C, specific markers are expressed by new cells as they progress through the 

stages of neurogenesis. To examine the neuroprogenitor pool, which consists primarily 
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of APCs, we utilized both Sox2 and nestin. Sox2 is a general indicator of unrestricted 

NPCs and is expressed in both RGCs and APCs; this marker has essentially replaced the 

usage of nestin for NPCs, since nestin appears to label only the subset of Sox2+ NPCs 

which are restricted towards the neuronal lineage. Unfortunately, neither of these 

markers is specific to NPCs; Sox2 can also be found in astrocytes and nestin is 

expressed in epithelial precursors and new blood vessels, as well as young neuroblasts. 

Both of these markers were utilized to examine differences in the NPC populations of 

euploid and Ts65Dn mice. If there is a significant deficit in the number of NPCs then 

Sox2+ and nestin+ cells should be significantly reduced in Ts65Dn. Additionally, a 

decrease in the proportion of NPCs that incorporate BrdU would signify that fewer 

NPCs are actively proliferating, suggesting increased quiescence/senescence within the 

neuroprogenitor pool.  

Finally, to determine if neuronogenesis, the generation of neurons specifically, is 

compromised in Ts65Dn, the expression of Dcx, a marker for neuroblasts and immature 

neurons, was examined within the DG. If fewer neurons are being generated as a 

consequence of reduced cell proliferation then there should be a reduction in Dcx+ cells 

in Ts65Dn. Additionally, the distribution of BrdU+ cells within the DG and co-labeled 

BrdU+/Dcx+ cells were assessed to determine if there is a delay in the maturation of 

new neurons. As neuroblasts mature they migrate into the GCL, thus, reductions in 

BrdU+ cells within the GCL would signify that fewer cells are maturing and migrating. 

A delay in cell cycle exit and neuronal maturation can be verified by examining the 

BrdU+ population to determine the proportion of proliferating cells that are expressing 

Dcx. 
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Results 

Cell proliferation is significantly reduced in Ts65Dn mice. Figure 20 shows BrdU+ 

cells in the SGZ of euploid and Ts65Dn mice 1dpi. As expected the cells are fewer in 

number and more scattered than in mice that received BrdU over the course of several 

days. There are individual, small punctate BrdU+ cells in both euploid and Ts65Dn, as 

well as cells in clusters, indicating that multiple cells in a cluster may undergo 

proliferation at the same time.  Stereological analysis of BrdU+ cells (Fig. 20B) indicates 

that there is a significant reduction in the population of proliferating cells in the Ts65Dn 

SGZ (912 ± 136) compared to euploid (1647 ± 248, p = 0.04).  
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Figure20. Cell proliferation is 

significantly reduced in Ts65Dn. 

A) BrdU+ cells in Eu and Ts 1dpi show 

similar morphology, but differ in 

number. B) Stereological analysis of 

BrdU+ cells indicates that significantly 

fewer cells are being generated in Ts 

(912 ± 136)  compared to euploid (1647 

± 248; p=0.04, ANOVA). 
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Fewer cells are in the cell cycle in Ts65Dn. The Ki67 antibody, which labels cells in the 

G1, S, G2 and M phases, but not G0 phase, was used to assess the population of cells 

within the DG that are in the cell cycle. As expected Ki67+ cells were located primarily 

within the SGZ and along the bottom of the GCL where it meets the SGZ (Fig. 21A). 

Stereological analysis of Ki67+ cells (Fig. 21B) indicates that the number of cells in the 

cell cycle is significantly reduced in Ts65Dn (1204 ± 71) compared to euploid (2240 ± 

132, p < 0.01). This supports the finding that fewer cells are actively proliferating in the 

Ts65Dn SGZ. 
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Figure 21. The number of cells in the cell 

cycle is significantly reduced in Ts65Dn. 

A) Representative images of Ki67+ cells 

along the SGZ of Eu (left) and Ts (right). 

Scale bar = 15µm. B) Stereological 

analysis indicates that the population of 

cells in the cell cycle, as indicated by Ki67 

expression, is significantly reduced in Ts 

(1204 ± 71) compared to Eu (2240 ± 132;  

p<0.01, ANOVA).   
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Proliferation of Sox2+ cells is significantly reduced in Ts65Dn although the 

population of Sox2+ cells is preserved. While there is not a specific marker for NSCs, 

the NPC population, which includes both the RGCs as well as APCs, can be examined 

using various cell-type specific markers. Sox2 is a transcription factor that is expressed in 

the developing embryo and is required for the maintenance of neural stem cells in the 

adult. Although it is expressed primarily in NPCs in the DG Sox2 can also be found in 

other cell types throughout the brain, including astrocytes and mature neurons that reenter 

the cell cycle in pathogenic diseases such as Alzheimer’s disease. In the DG Sox2 

expression appears to be restricted to RGCs and APCs allowing for the quantification of 

the NPC population. Stereological analysis of Sox2+ cells reveals that this population is 

comparable in Ts65Dn and euploid mice (4745 ± 708; 4770 ± 901, respectively). To 

verify this, the number of Sox2+ cells per volume was also determined (Fig. 22B) and no 

significant difference was found (Ts65Dn: 167 cells/mm
3
 ± 25; euploid: 144 cells/mm

3 
± 

15).  However, co-labeling of BrdU and Sox2  (Fig 23) in Group 1 indicates that the 

proportion of Sox2+ cells that traversed the S-phase from the time of BrdU 

administration until euthanization was significantly lower in Ts65Dn mice (18.12% ± 

1.7%) versus euploid mice (53.64% ± 4.04%, p < 0.001).  These findings are in 

accordance with the significant difference in the ratio of BrdU+ to Sox2+ cells/mm
3
 (Fig. 

23C) within each animal (Ts65Dn: 0.17 ± 0.0177 BrdU+:Sox2+ cells/mm
3
; euploid: 

0.4989 ± 0.0201 BrdU+:Sox2+ cells/mm
3
; p=0.001).  
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Figure 23. Fewer Sox2+ 

cells are proliferating in 

Ts65Dn. A) Representative 

images of Sox2+/BrdU+ cells 

(orange arrows) in Eu (left) 

and Ts (right). Scale bar = 

m ) The proportion of 

Sox2+/ BrdU+ cells is 

significantly reduced in Ts 

(18.12% ± 1.7%) versus Eu 

mice (53.64% ± 4.04%; 

p<0.001, ANOVA). C) 

Stereological analysis 

confirms that the ratio of 

BrdU+ cells to Sox2+ cells is 

significantly reduced in Ts 

(0.17 ± 0.0177 cells/mm
3
) 

vs. Eu (0.4989 ± 0.0201 

cells/mm
3
; p=0.001, 

ANOVA). 

Figure 22. The Sox2+ neuroprogenitor 

population is comparable between 

Ts65Dn and euploid mice. A) Sox2+ cells 

can be found primarily along the SGZ (black 

arrow) and within the hilus, with occasional 

cells in the GCL (red arrow) of both Ts and 

Eu mice. B) The average number of Sox2+ 

cells in Ts (167 ± 25 cells/mm
3
) and Eu 

(144 ± 15 cells/mm
3
) are not 

significantly different.  
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Figure 24. Nestin+ NPCs are significantly 

fewer in Ts65Dn. A) Nestin labeling in the DG 

of Eu (top) and Ts (bottom). Nestin is expressed 

in precursor cells and young neuroblasts along 

the SGZ (white arrows) and within the hilus 

(orange arrows), RGCs (blue arrows), and new 

blood vessels (green arrows). Scale bar = 75µm. 

B) Significantly fewer nestin+ cells are found 

within the SGZ in Ts (42 ± 6 cells/section) versus 

Eu (72 ± 6 cells/section; p < 0.002, ANOVA).  

Nestin+ cells are significantly 

fewer in the Ts65Dn DG. Nestin is 

commonly used to label proliferating 

cells in the DG and is expressed in a 

subset of NPCs and in young 

neuroblasts that have recently left the 

cell cycle and began expressing Dcx. 

In addition, nestin can be found in 

epithelial precursors and new blood 

vessels. Immunofluorescent labeling 

of nestin (Fig. 24A) indicates that  

labeled cells are present throughout 

the DG and hilus of both Ts65Dn and 

euploid mice, however the number of 

labeled cells and radial glial 

processes is significantly reduced in 

Ts65Dn (42 ± 6 cells/section) 

compared to euploid (72 ± 6 

cells/section, p< 0.002).  
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Neuronogenesis is altered in Ts65Dn. 

Quantification of Dcx (Fig. 25), which 

labels both neuroblasts and immature 

neurons, indicates a significant decrease in 

new neurons in Ts65Dn (33 ± 2) compared 

to euploid (55 ± 2, p<0.01). In addition, 

examination of BrdU+ cells 14 dpi (Fig. 

26) reveals that a significantly smaller 

proportion of newborn cells are expressing 

Dcx in Ts65Dn (28.19% ± 6.54) compared 

to euploid (45.49% ± 5.07, p < 0.04) 

indicating that there may be a delay in 

cell cycle exit in Ts65Dn. 

  Furthermore, stereological 

Figure 26. Maturation is delayed in 

Ts65Dn. A) BrdU+/Dcx+ cells in Eu  

and Ts. Left side shows  neuroblasts, 

while immature neurons can be seen 

on the right. B) There are 

significantly fewer  BrdU+/Dcx+ 

cells 14 dpi in Ts (28.19% ± 6.54) 

compared to Eu (45.49% ± 5.07; 

p<0.04, ANOVA). 

Figure 25. Neuroblasts and immature neurons 

are significantly reduced in Ts65Dn. A) 

Representative images of Dcx labeling in Eu 

(left) and Ts (right). Scale bar = 15µm. B) The 

average number of Dcx+ cells is significantly 

reduced in Ts (33 ± 2) compared to Eu (55 ± 

2; p<0.01; ANOVA). 
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assessment of the BrdU+ cell population 14 dpi reveals that there is a significant decline 

in the number and proportion of newborn cells that are migrating into the GCL (Fig. 

27A), providing additional support that maturation and migration of newborn cells is 

altered. In Ts65Dn mice ~20% of BrdU+ cells can be found in the GCL (270 ± 52) versus 

42% in euploid mice (1068 ± 89, p = 0.0015).  

Cell survival is not compromised in Ts65Dn. In order to determine if there is a 

significant contribution of cell death during the early stages of neurogenesis, when cells 

are proliferating and beginning to leave the cell cycle, we compared the population of 

BrdU+ cells 1 day (Group 1) and 14 days (Group 2) after BrdU administration. BrdU+ 

cells in Ts65Dn (1315 ± 139.) remain significantly fewer than in euploid mice (2555 ±  

62, p < 0.02) 14 days after BrdU administration; however, the proportional loss of BrdU+ 

was not significantly different between Ts65Dn, ~29%, and euploid, ~24%. Additionally, 

quantification of BrdU+ cells/mm
3
 (Fig. 27B) suggests that there is not a relative loss of 

BrdU+ cells over the course of two weeks since the population of BrdU+ cells per mm
3
 is 

Figure 27. Migration, but not survival, of newborn cells is altered in Ts65Dn mice.  
A) Stereological population estimates of BrdU+ cell 2 weeks after injection indicates that 

there are significantly fewer cells in both the SGZ (p<0.01) and GCL (p<0.002; ANOVA) of 

Ts; the drastic difference in BrdU+ cells in the GCL indicates that there may be a delay in 

the migration of new neurons. B) The population of surviving BrdU+ cells 14 dpi is not 

comparable to the initial population of proliferating cells 1 dpi in either Eu or Ts mice.  
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relatively unchanged in either Ts65Dn (28 ± 2 cells/mm
3
) or euploid (56 ± 3 cells/mm

3
) 

compared to Group 1 (27 ± 4 cells/mm
3
 and 59 ± 10 cells/mm

3
, respectively). 

Conclusions 

The goal of this aim was to determine if the deficit in ongoing neurogenesis that 

we initially found in the adult Ts65Dn DG was attributable to alterations in proliferation 

of neuroprogenitors and/or differential survival of new cells. Two interesting, and 

unexpected, observations were made in the course of this investigation. First, 

stereological analysis indicates that the neuroprogenitor population, as defined by Sox2 

expression, is equivalent in Ts65Dn and euploid mice. Second, survival of newborn cells 

during the early phase of elimination is not compromised in Ts65Dn.  These findings 

indicate that a neither a reduction in the number of NPCs nor increased cell death is the 

cause of impaired neurogenesis in Ts65Dn mice.  

Nevertheless, reductions in BrdU and Ki67 labeling, along with decreased nestin 

expression, suggest that NPCs are not actively proliferating, potentially due to increased 

quiescence or entry into premature senescence. Nestin, a marker of proliferating 

precursor cells, and Ki67, a marker of cells in the cell cycle are both significantly 

reduced and their expression parallels the difference in BrdU incorporation between 

Ts65Dn and euploid mice, with ~42% reduction in nestin labeling and ~47% reduction 

in Ki67 labeling, compared to the ~45% reduction in BrdU+ cells. The difference in 

Ki67 labeling in euploid and Ts65Dn mice suggests that the deficit in neurogenesis seen 

in the adult trisomic mouse is not the result of a failure of cells to progress through the 

cell cycle, but rather that a larger proportion of NPCs are not in the cell cycle. These 

findings are consistent with the premature aging phenotype ascribed to DS. Previous 
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studies in rats have shown that the number of Sox2+ NPCs does not decrease with age; 

however, there is a correlation between increasing age and a decline in proliferation of 

Sox2+ NPCs [290]. While this is consistent with the premature aging phenotype 

associated with DS, it is not clear whether these “inactive” NPCs have entered 

premature senescence or if they are merely quiescent cells that can potentially reenter 

the cell cycle. 

The primary consequence of impaired NPC proliferation is a reduction in 

neuronogenesis; as indicated by the difference in Dcx labeling, the number of newly 

generated neurons is significantly less in Ts65Dn. Additionally, there is evidence that 

maturation of new neurons may be delayed, as Dcx expression and migration of BrdU+ 

cells is altered. As newborn neurons exit the cell cycle they begin to express the marker 

Dcx, a microtubule protein that is expressed as cells begin to develop processes and 

migrate into the GCL. Quantification of Dcx using immunofluorescent labeling confirms 

the finding that significantly fewer neurons are being generated during neurogenesis in 

Ts65Dn mice, with ~40% reduction in labeled cells. In addition, co-labeling of BrdU 

and Dcx was conducted to determine the proportion of cells leaving the cell cycle and 

differentiating into neurons after two weeks.  Almost half of the BrdU+ cells in euploid 

mice have left the cell cycle and began maturing into neurons, while only a third of 

BrdU+ cells have done so in Ts65Dn.  The conclusion that this represents a delay in the 

maturation of new neurons is confirmed by the population of BrdU+ cells that are 

moving into the GCL. Only one-fifth of labeled cells are found in the GCL of Ts65Dn 

mice, indicating that maturation and/or migration of new cells is altered.  
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The delay in neuronogenesis, as indicated by the reduced proportion of 

BrdU+/Dcx+ cells and deficit in the population of BrdU+ cells present in the GCL of 

Ts65Dn may be the result of a prolonged cell cycle as proposed by Contestabile et al. 

[134]. However, if the decrease in ongoing neurogenesis that was evident in our initial 

studies was solely the result of a lengthened cell cycle then we would expect the 

difference in BrdU+ labeling to increase over time.  One day after BrdU administration 

there is a 45% difference between the stereological population estimates of BrdU+ cells 

in Ts65Dn and euploid mice and 14 days later this difference increases to 49%. 

However, since it is not possible with this paradigm to measure proliferation and 

survival within the same animals the 4% difference may be attributable to variation 

between the animals and not indicative of a prolonged cell cycle. Indeed, when the 

BrdU+ populations are normalized by accounting for differences in DG volumes we find 

there is no significant change in the BrdU+ cells/mm
3
 for either Ts65Dn or euploid mice 

between 1 day and 14 days after administration. Consequently, we must conclude that 

while there may be a slight impact of cell cycle alteration on the population of BrdU+ 

cells, it is not as great as that evaluated previously in early postnatal development of the 

DG [133, 134] and cannot account for the large differences in BrdU+ cells seen in 

proliferation and ongoing neurogenesis in the adult mouse. Perhaps more importantly, 

since the number of BrdU+ cells/mm
3
 remains stable after two weeks, we must conclude 

that survival of newborn cells during the early stages of neurogenesis must not be altered 

in the hippocampus of Ts65Dn mice and does not contribute to deficits in neurogenesis.  
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These findings lead to the conclusion that the primary effect of the gene dosage 

imbalance present in Ts65Dn, and subsequently, DS, is the inhibition of proliferation 

within the neuroprogenitor pool, specifically within the Sox+ NPCs which can give rise 

to both glial and neural cells (see Fig. 28). The most apparent consequence of reduced 

proliferation is a deficit in the production of new neurons. Although the relative number 

of new neurons that are incorporated into the hippocampal circuitry is fairly low under 

non-pathogenic conditions and thus, the impact of reduced neurogenesis questionable, 

recently it has become apparent that the turnover of immature neurons may be more 

important than new, mature neurons in the plasticity of the hippocampus [233]. 

Transient immature neurons facilitate the transmission of excitatory impulses from the 

DG to the CA3 region and a reduction in this population may compromise hippocampal 

function. Consequently, a reduction in neurogenesis in DS may have profound effects on 

hippocampal-dependent learning.  
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Figure 28. Impaired proliferation of NPCs leads to deficits in neuronogenesis in Ts65Dn. 
Comparable Sox2+ populations and the lack of evidence for increased cell loss in the Ts65Dn 

suggests that a larger proportion of the neuroprogenitor population is quiescent or has entered 

premature senescence in the Ts65Dn SGZ leading to reductions in the generation of new 

neurons.  
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3.3 Specific Aim III 

The culmination of our research is the conclusion that there is a deficit in 

hippocampal neurogenesis in the Ts65Dn model of DS that originates during embryonic 

and early postnatal development and persists throughout adulthood. Impairments in 

neurogenesis include the generation of new cells as well as their maturation and 

integration into the hippocampal circuitry, compromising hippocampal structural 

plasticity and undermining the ability of the hippocampus to function properly, which 

may ultimately result in reduced cognitive function. 

Several studies have been conducted to try to ameliorate cognitive impairments 

associated with DS, whether by directly targeting specific genes, abnormal phenotypes 

or pathway perturbations believed to contribute to those phenotypes. Our efforts have 

focused on therapies that have previously shown enhancements in neurogenesis, 

specifically the generation of new cells, in models that correlate with DS phenotypes, 

including depression and Alzheimer’s disease. Since the study of the latter stages of 

neurogenesis, namely the integration and function of new neurons is beyond the scope of 

our research, the use of pharmacotherapies here has been to determine whether cell 

proliferation has the potential to be increased, not to measure changes in cognitive 

abilities. In addition, we hoped to gain a better understanding of the mechanisms and 

cellular processes that are contributing to altered neurogenesis in DS by using 

pharmacotherapies that specifically address known perturbations related to the 

overexpression of genes in DS.  

First, we chose to administer the antidepressant fluoxetine, which is a selective 

serotonin reuptake inhibitor, in part because it had been shown to increase neurogenesis 
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in mouse models of depression and also because the activity associated with the 5-HT1A 

receptor is mediated by the G protein-activated inwardly rectifying potassium channel 

GIRK2, which is encoded by the gene KCNJ6 and is overexpressed in DS. The 

consequence of KCNJ6 overexpression may be increased inhibition within the 

hippocampus and, specifically, serotonin signaling which may result in decreased 

neurogenesis. To determine if fluoxetine can increase neurogenesis in DS, experiments 

were conducted concurrently with the initial studies of ongoing neurogenesis. Eight 

pairs of male Ts65Dn mice and their euploid littermates, 3-5 months of age, were given 

i.p. injections of fluoxetine over a period of 24 days, which is equivalent to the time 

necessary to see an effect of treatment in humans. Another eight pairs of mice received 

daily injections of vehicle only. Starting on day 15 mice received an additional daily 

injection of BrdU for 9 days to measure the impact of antidepressant treatment on 

ongoing neurogenesis. If antidepressant treatment resulted in an increase in 

neurogenesis, then we could conclude that the Ts65Dn stem cell niche was amenable to 

modulation by pharmacological agents. Additionally, by examining the alterations in 

neurogenesis in response to antidepressant treatment we could further elucidate the 

cellular processes and mechanisms that are abnormal in DS. 

Another aspect of DS is high levels of ROS; several genes have been implicated 

in DS related oxidative stress including Sod1, App, Bach1, RCAN1 and S100β all of 

which, with the exception of S100β, are overexpressed in Ts65Dn. Interestingly, in 

Ts1Cje mice, which excludes all of these genes except RCAN1, there is still increased 

oxidative stress [291].  High levels of oxidative stress are associated with oxidative 

damage resulting in premature aging and cell death. However, low levels of ROS have 
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been shown to be necessary to maintain homeostasis of cells through regulation of 

various cellular processes including the cell cycle [280, 292]. Consequently, high levels 

of ROS within NSCs or within the milieu of the stem cell niche may negatively impact 

neurogenesis by inducing oxidative damage and inhibiting cell cycle progression. Recent 

studies with the antioxidant Vitamin E have shown cognitive improvements in Ts65Dn 

mice, however, this research focused on cholinergic cell loss in the basal forebrain [277] 

and not the hippocampus. Based upon studies examining the impact of antioxidants in 

Alzheimer’s disease [281] and chronic stress [283]  models we chose to administer the 

antioxidant curcumin to Ts65Dn mice to determine if decreasing oxidative stress within 

the DG would increase cell proliferation.  

Five pairs of Ts65Dn mice and their euploid counterparts, 4.5 months old, were 

given curcumin via i.p. injection for 12 days. Starting on day 4 mice also received a 

daily injection of BrdU for a total of 9 days. This paradigm was chosen to parallel the 

fluoxetine treatment, allowing us to compare the impact of treatment on ongoing 

neurogenesis. Curcumin treatment was initiated prior to BrdU in accordance with 

previous studies [282, 284]. Two pairs of Ts65Dn and euploid mice received vehicle 

only for 12 days and BrdU for 9 days to verify that the vehicle has no effect on 

neurogenesis. If high levels of ROS in DS play a role in the inhibition of cell 

proliferation and curcumin treatment results in a diminution of oxidative stress and 

damage then we anticipate that there will be an increase in neurogenesis. 

Overall, the primary goal of these two pharmacotherapies was to determine if the 

SGZ stem cell niche and the NPCs within it are amenable to modulation by therapeutic 

agents. If there is an increase in cell proliferation then there is the potential that these or 
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other, more targeted drugs, may increase total neurogenesis and alleviate some of the 

cognitive deficits associated with DS.  

Results 

Fluoxetine rescues impairments in early neurogenesis evident in the Ts65Dn DG. 

Animals were treated for 24 days with the serotonin reuptake inhibitor fluoxetine to 

determine if neurogenesis can be pharmacologically enhanced in Ts65Dn mice. Several 

studies have found that treatment of rodents with antidepressants (tricyclics, SSRIs, and 

atypicals) causes an increase in neurogenesis in the dentate gyrus [17, 242, 248, 267, 293, 

294]. Chronic treatment with fluoxetine for 24 days resulted in significant changes in 

neurogenesis (p=0.02).  Stereological analysis revealed a significant increase in total 

neurogenesis (Fig. 29A) in response to fluoxetine in treated (3134 ± 483) versus 

untreated (1507 ± 169, p<0.002) Ts65Dn mice. There was a moderate, though 

insignificant difference in euploid treated mice (4362 ± 330 vs. 3642 ± 257, p=0.11). 

Notably, the difference between euploid untreated and Ts65Dn treated mice is 

insignificant (p=0.37). Examination of BrdU+ cells in the GCL and SGZ reveals a 

significant increase in the number of labeled cells in both subpopulations (Fig. 28B; 

GCL: p<0.02 and SGZ: p<0.03, respectively, n=3), indicating an increase in both cell 

proliferation and maturation in fluoxetine treated Ts65Dn mice.  In addition to the 

increase in BrdU+ cells following treatment with fluoxetine, Ts65Dn also showed 

augmented labeling of nestin (80 ± 6 cells/section; Fig. 29C) comparable to euploid 

treated (83 ± 5 cells/section) and untreated mice (72 ± 5 cells/section), a significant 

increase over Ts65Dn untreated mice (42 ± 5 cells/section, p < 0.001). Furthermore, 

BrdU+ cells appeared in clusters within the SGZ 60% more often than in the untreated 
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Ts65Dn mice (Fig. 29D; p < 0.03) and labeled cells in the SGZ showed nuclear 

morphology reminiscent of BrdU+ cells in euploid mice, with a mixture of round and 

ovoid cells.   

 

Nitrosylated proteins, an indicator of oxidative damage, are reduced following 

treatment with the antioxidant curcumin. Curcumin has been shown to reduce 

oxidative stress, and consequently oxidative damage, by acting as a scavenger of ROS as 
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Figure 29. Chronic fluoxetine treatment rescues deficits in cell proliferation in Ts65Dn. A) 
Stereological analysis of BrdU+ cell population indicates that cell proliferation increases to basal 

euploid levels (p=0.37) in Ts following treatment with fluoxetine (Ts vehicle: 1507 ± 169; 

fluoxetine: 3134 ± 483; p<0.002, 2-Way ANOVA [genotype x treatment]). B) Stereological 

analysis of the distribution of BrdU+ cells in Ts65Dn indicates that there are significant increases 

in BrdU+ cells in both the SGZ (p<0.03)  and GCL (p<0.02)  in response to fluoxetine (GCL: 

1178 ± 186 SGZ: 2700 ± 672 compared to vehicle (GCL: 586 ± 100; SGZ: 1235 ± 318). C) 

Nestin labeling is significantly increased in Ts65Dn, but not euploid, following fluoxetine 

treatment (p<0.001, 2-Way ANOVA). D) Analysis of cell clusters shows that significantly more 

cells are found in clusters following fluoxetine treatment (51.39%  ± 2.27) than in untreated 

Ts65Dn (30.02% ± 4.60; p=0.01, 2-Way ANOVA).  
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well as through the induction of antioxidant pathways. To determine if treatment with 

curcumin reduces oxidative damage hippocampal sections were examined for evidence of 

nitrosylated proteins, using an antibody against 3-nitrotyrosine (3-NT). Figure 30 

represents the change in 3-NT labeling in Ts65Dn following curcumin treatment. 

Nitrosylated proteins in untreated Ts65Dn appear throughout the DG as well as in cells 

within the hilus. Treatment with curcumin results in a decrease in labeling within the 

GCL and hilus, but not along the SGZ, suggesting that antioxidant pathways may be 

activated in the mature cells, but not within the neuroprogenitor population.  

 

Curcumin decreases TUNEL+ cells in both euploid and Ts65Dn. One side effect of 

ROS is oxidative damage to proteins, lipids and DNA that may compromise cell viability 

and lead to premature cell death. Thus it was suspected that Ts65Dn mice, which have 

chronically high levels of ROS would also have increased cell death. Quantification of 

TUNEL+ apoptotic bodies in the DG revealed no significant difference between Ts65Dn 

and euploid mice; on average approximately 2 labeled apoptotic cells were found per 

GCL 

SGZ 

Figure 30. Nitrosylated proteins are reduced in Ts65Dn following treatment 

with curcumin. Decreased labeling of 3-NT is greatest within the mature cells of 

the GCL and hilus, while cells along the SGZ are still 3-NT+, suggesting 

decreased capacity of NPCs to deal with an oxidative insult.. 
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section for both genotypes. However, in addition to apoptotic cells, diffuse TUNEL 

labeling was evident in granule cells throughout the DG of both euploid and Ts65Dn 

mice (Fig. 31D). Quantification of total TUNEL labeling reveals a significant increase in 

the Ts65Dn DG (30 ± 2 cells/section) versus euploid (18 ± 2 cells per section, p < 0.001). 

Consistent with the previous finding that newborn cells are not dying at a higher rate in 

Ts65Dn, very few BrdU+/TUNEL+ cells were found in either Ts65Dn or euploid mice 

(data not shown). 

Figure 31. Curcumin treatment decreases apoptosis and DNA fragmentation in euploid 

and Ts65Dn mice. A) TUNEL+ apoptotic bodies are significantly decreased in response to 

curcumin regardless of genotype (p=0.004, 2-Way ANOVA [genotype x treatment]). B) Total 

TUNEL labeling is also significantly reduced to comparable levels in euploid and Ts65Dn 

signifying a decline in DNA fragmentation following antioxidant treatment (p<0.001, 2-Way 

ANOVA). C) The fold reduction of TUNEL+ cells in Ts SGZ is 3.8 fold and 5.6 fold in the 

GCL. This is greater than in Eu, which displays a 2.4 fold decrease in both the SGZ and GCL. 

D) Ts without curcumin treatment (left) displays TUNEL+ cells throughout the DG, whereas 

TUNEL+ cells are primarily in the SGZ of treated animals (right). Red arrow = TUNEL+ 

apoptotic body. Yellow arrow = TUNEL+ non-apoptotic cell.  

Eu Ts

A
v
e.

 #
 T

U
N

E
L

+
 

C
el

ls
 p

er
 s

ec
ti

o
n

0

5

10

15

20

25

30

35

Eu TsA
v
e.

 #
 T

U
N

E
L

+
 A

p
o
p

to
ti

c 

C
el

ls
 p

er
 s

ec
ti

o
n

0.0

0.5

1.0

1.5

2.0

2.5

Vehicle 

Curcumin 

* *
* *

*

SGZ GCL

F
o

ld
 R

ed
u

ct
io

n
 

0

1

2

3

4

5

6 Eu 

Ts 

A B C 

D 



 

 

109 

 

Treatment with curcumin led to an improvement in both euploid and Ts65Dn 

(Fig. 31). The presence of apoptotic bodies was decreased by almost half, with many 

sections devoid of any apoptotic cells (euploid vehicle: 2 ± 0.18 cells/section; curcumin: 

1 ± 0.17 cells/section versus Ts65Dn vehicle: 2 ± 0.26 cells/section; curcumin: 1 ± 0.23 

cells per section; p=0.004).  Administration of curcumin for 12 days also significantly 

reduced total TUNEL labeling in both euploid and Ts65Dn mice to comparable levels. In 

euploid mice TUNEL labeling significantly decreased from 18 ± 2 cells/section to 7 ± 2 

cells/section, p<0.001. In Ts65Dn mice levels were decreased from 30 ± 2 cells/section to 

6 ± 2, p<0.001. Examination of TUNEL labeling in the SGZ and GCL reveals a 2.4 fold 

reduction in labeling in euploid treated in both regions; in Ts65Dn there is 3.8 fold 

decrease in the SGZ and a 5.6 fold decrease in labeling in the GCL. This reflects a 

significant interaction between genotype and treatment with curcumin (p=0.001). The 

reduction in apoptotic and non-apoptotic TUNEL+ cells suggests that a subset of labeled 

cells in untreated mice may be the byproduct of oxidative damage and that treatment with 

the antioxidant curcumin is neuroprotective. 

The antioxidant curcumin increases cell proliferation in Ts65Dn, but may not 

produce long term benefits for neurogenesis. Ongoing neurogenesis was assessed in 

euploid and Ts65Dn mice following i.p. administration of curcumin for 12 days (Fig. 32). 

There is a significant increase of BrdU+ cells in the DG of treated Ts65Dn mice (15 ± 1 

cells/section) compared to untreated Ts65Dn (9  ± 2 cells/section; p<0.02). In contrast 

there is no difference in response to treatment in euploid mice (curcumin: 20 ± 1 

cells/section; vehicle: 22 ± 2 cells/section). There is a significant interaction between 

genotype and treatment with curcumin (p<0.02); the effect of neurogenesis is dependent 
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upon whether the animal is euploid or trisomic. Cluster analysis was conducted in order 

to determine if the increase in BrdU+ cells seen in Ts65Dn was the result of increased 

amplification of neuroprogenitors as previously seen in fluoxetine treated mice. However, 

quantification of the number of BrdU+ cells closely associated with other proliferating 

cells indicates that there is not a significant change in the percentage of cells in clusters in 

Ts65Dn mice (curcumin: 41.29% ± 3.81; vehicle: 36.58% ± 4.83) or euploid mice 

(curcumin: 45.43% ± 3.72; vehicle: 50.86% ± 4.63). Additionally, Ki67 labeling, used to 

determine the number of cells in the cell cycle, indicated no change in proliferation in 

response to curcumin in Ts65Dn (curcumin: 7 ± 1 cells/section; vehicle: 7 ± 1 

cells/section). Interestingly, there is a significant decrease in Ki67 in euploid mice 

(curcumin: 7 ± 1 cells/section; vehicle: 10 ± 1 cells/section, p=0.006).  
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Figure 32.  Treatment with 

curcumin results in both 

proliferative and anti-proliferative 

effects. A) Curcumin significantly 

increases cell proliferation in Ts 

(p<0.02), but not Eu mice. B) 

However, there is no change in the 

number of cells found within clusters. 

C) Analysis of Ki67 indicates a 

significant decrease in the number of 

cells in the cell cycle in Eu (p=0.006, 

2-Way ANOVA [genotype x 

treatment]) and no change in Ts.  
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The generation of new neurons is augmented in Ts65Dn, but not euploid mice, in 

response to curcumin treatment. The rise in cell proliferation evident by increased 

numbers of BrdU+ cells in Ts65Dn accompanied by no change in cluster association or 

Ki67 labeling, suggests that curcumin may not be augmenting the proliferation of neural 

precursors, but epithelial precursors. To verify whether neuronogenesis is altered by 

curcumin treatment IHC labeling with Dcx (Fig. 33) was conducted to determine if more 

neurons were generated in response to treatment. Administration of curcumin for 12 days 

resulted in the generation of significantly more Dcx+ cells in Ts65Dn mice (curcumin: 56 

± 3 cells/section; vehicle: 40 ± 2 cells/section, p<0.01). Consistent with the decrease in 

proliferation evident in euploid treated mice, curcumin treatment significantly inhibited 

the production of new neurons (curcumin: 63 ± 4 cells/section; vehicle: 83.29 ± 6.02 

cells/section, p<0.005). There is a significant interaction between genotype and treatment 

with curcumin (p<0.001); the effect of neuronogenesis is dependent upon whether the 

animal is euploid or trisomic. Examination of Dcx+ cells reveals that the increase seen in 

Ts65Dn appears to be due to the production of more neuroblasts, while fewer immature 

neurons with extensive ramified processes are present in euploid treated mice (Fig. 33B). 
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Figure 33. Curcumin increases production of new neurons in Ts65Dn, but not 

euploid mice. A) Representative images of Dcx+ cells in untreated and treated mice. 

Eu control mice exhibit a mixture of Dcx+ cells including young neuroblasts (red 

arrows), more mature neuroblasts with processes growing into the GCL (blue arrows) 

and immature neurons, with highly ramified processes extending into the MCL (black 

arrows). In contrast, Ts control mice have fewer Dcx+ cells and the growth and 

arborization of dendrites appears abnormal. Curcumin treatment increases the number 

of neuroblasts in Ts and reduces the population of immature neurons in Eu mice. B) 

Quantification of Dcx+ cells indicates a moderate, though significant increase in Ts 

(p<0.01) and a decrease in Eu mice (p<0.005, 2-Way ANOVA [genotype x 

treatment]).  
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Conclusions 

This research has shown that different classes of pharmacological agents, 

antidepressants and antioxidants, are capable of enhancing neurogenesis in the adult 

Ts65Dn hippocampus, perhaps providing future alternatives for treatment of cognitive 

deficits associated with DS. Although the relationship between suppressed neurogenesis 

and depression is not entirely clear, we suspected that there may be a link between the 

higher prevalence of depression among DS patients and the deficit in neurogenesis in 

Ts65Dn mice; therefore, we chose to administer an antidepressant to determine if we 

could enhance neurogenesis. Additionally, the association between elevated levels of 

ROS and DS made treatment with an antioxidant appear logical, especially since 

oxidative stress and damage can have negative effects on cell proliferation [280, 292, 

295]. Both fluoxetine and curcumin have been shown to increase neurogenesis in 

chronically stressed animals [17, 283]; additionally, fluoxetine is known to increase 

BDNF expression [249], and curcumin attenuates the affects of App overexpression 

[281],  providing  potential therapeutic targets in DS. Interestingly, curcumin has also 

been shown to increase BDNF and serotonin signaling [283], suggesting antidepressant 

qualities as well.  

Somewhat surprisingly, chronic fluoxetine treatment rescued the DS phenotype, 

returning cell proliferation to basal levels by increasing the activation and turnover of 

NPCs, as signified by the increase in BrdU+ cell clusters and the elevated expression of 

nestin (see Fig. 34). This conclusion is consistent with research conducted by the 

Enikolopov lab; using a reporter mouse line (nestin-CFPnuc) in conjunction with 

fluoxetine treatment they were able to determine that fluoxetine increases proliferation 
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of APCs [270]. Examination of human 

tissue from subjects with major depressive 

order that were treated with fluoxetine 

found similar increases in NPCs within the 

human DG [296] following chronic 

treatments with antidepressants, including 

fluoxetine. 

The greater response seen in 

Ts65Dn compared to euploid may be due 

in part to the sample size (n=8 for each group, except euploid treated for which an 

extreme outlier was excluded); variability is greater within the euploid populations and 

may mask any potential differences that could emerge with a larger sample size. 

However, another potential reason for the enhanced response in Ts65Dn is the 

possibility that a larger proportion of the Sox2+ NPC population is quiescent in the 

Ts65Dn DG and that fluoxetine treatment activates these cells, recruiting them back into 

the proliferating population. There are a variety of possible mechanisms for the action of 

fluoxetine in the Ts65Dn model of DS. It may rectify the imbalance in 

excitation/inhibition within the hippocampus, not only through inhibition of GIRK2 as 

previously explained [268], but also through modulation of NMDA channels [297]. 

Since neurogenesis is activity dependent, release of the inhibitory tone within the DG 

may facilitate neurogenesis. 

More directly though, fluoxetine has been shown to modulate Notch1 signaling, 

increasing mRNA and protein levels of downstream targets of the Notch1 pathway  

Figure 34. Chronic fluoxetine treatment 

increases proliferation of APCs.  
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[298] and since one role of Notch1 in the SGZ stem cell niche is to maintain the NSC 

population, in part by preventing cell cycle exit, it is plausible that activation of Notch1 

by fluoxetine may prevent not only terminal differentiation of newborn cells, but also 

entry into a quiescent or senescent state, resulting in increased amplification of APCs. 

Indeed, Notch1 signaling has been found to be attenuated in DS by DYRK1A activity 

within the nucleus where it phosphorylates the Notch intracellular domain to restrict its 

transcription factor activity [299]. Notch1 has also been shown to interact with APP and 

due to this association actually displays increased activation in DS, possibly due to 

augmented processing by -secretase as a consequence of heterodimer formation with 

APP [300]. These findings support the hypothesis that overexpression of genes on 

HSA21 in DS may lead to disequilibrium of the genome via modulation of signaling 

pathways; dysregulation of Notch1 can have widespread effects on embryological brain 

development as well as maintenance of the adult stem cell niches. Chronic fluoxetine 

treatment may be stabilizing the Notch1 pathway, leading to increased cell proliferation.  

Unfortunately, based upon the original experimental design 

and the limited number of samples, analysis of differentiation and 

the effect of fluoxetine on cell viability could not be examined in 

detail. Preliminary examination of TUNEL staining in fluoxetine 

treated samples indicated that there was no effect of treatment on 

cell death; however, there did appear to be a slight increase in the 

number of BrdU+/TUNEL+ cells in treated samples (see Fig. 35 

for examples, data not shown) signifying that newborn cells may 

be less stable in Ts65Dn. However, most of these cells were 

Figure 35. 

BrdU+/TUNEL+ 

cells in 2 separate 

fluoxetine treated 

Ts65Dn mice. 
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located within the hilus, and not within the SGZ, suggesting that these may be either 

new glial cells or new GABAergic interneurons. 

Although behavior in response to treatment is beyond the scope of these studies, 

concurrent work with a collaborator on the effect of fluoxetine treatment on cognitive 

impairments found no change in response to treatment. However, these studies were 

conducted after only 24 days of administration of the antidepressant, so this conclusion 

is somewhat premature as cells may not be fully integrated and functional by that time 

point. In fact, recent published works have indicated that fluoxetine increases the 

generation of mature neurons, with effects on both LTP and behavior in response to 

chronic treatment in rats [271] suggesting that the long-term effect of fluoxetine is an 

enhancement of hippocampal function. Additionally, fluoxetine treatment in young 

Ts65Dn mice has been shown to augment neurogenesis and potentially rescue learning 

deficits in older mice [301]. 

In contrast to chronic fluoxetine treatment, administration of the antioxidant 

curcumin yielded conflicting results in its effect on cell proliferation. Although the 

number of BrdU+ and Dcx+ cells significantly increase in Ts65Dn in response to 

treatment, cluster analysis and examination of cells in the cell cycle at the time of 

euthanization suggests that this increase may be transient. A sustained effect on 

proliferation should be accompanied by an increase in the number of Ki67+ cells and 

evidence of amplification of APCs along the SGZ. In euploid mice, curcumin was anti-

proliferative, having no effect on the number of BrdU+ cells and decreasing Ki67 and 

Dcx labeling. Despite the fact that these results appear contradictory, they are actually in 

accordance with known effects of curcumin treatment (for review see [302]). At high 



 

 

117 

 

concentrations curcumin is anti-proliferative, an effect that is being exploited to inhibit 

tumorogenesis; however, at low concentrations, several researchers have shown that 

administration of curcumin, either orally or through i.p. injections can elicit proliferative 

effects in models of Alzheimer’s disease [281] and depression [283]. Although the 

concentration of curcumin that was utilized in the current experiments modeled 

previously published protocols [282] the time course of injections was altered, extending 

treatment from a few days to almost two weeks in order to be able to study ongoing 

neurogenesis. Thus, even at low concentrations, 500nmol/kg, curcumin treatment for 

prolonged periods may induce anti-proliferative effects, possibly by suppressing ROS 

below levels necessary to regulate cellular processes.  

Although the effect of curcumin on proliferation is still not entirely clear, what is 

evident is that treatment with this antioxidant had an impact on cell death and DNA 

fragmentation as defined by positive TUNEL labeling. There was a significant decrease 

in both euploid and Ts65Dn of apoptotic and non-apoptotic TUNEL+ cells, indicating 

that curcumin may be increasing cell viability within the DG. Curcumin has been shown 

to inhibit the pro-apoptotic transcription factor p53 [303], whose activity is increased in 

DS as a consequence of Ets2 overexpression [304]. Antioxidant treatment may therefore 

be inhibiting activation of pro-apoptotic pathways, subsequently decreasing cell death. 

Additionally, the decline in TUNEL+ non-apoptotic cells concurrent with a decrease in 

nitrosylated proteins suggests that antioxidant treatment is neuroprotective and 

ameliorates the effects of chronic high levels of ROS and oxidative damage in DS (see 

Fig. 36).  
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One target of curcumin is the transcription factor NF-E2-related factor 2 (Nrf2) 

which binds to the antioxidant response element (ARE) of antioxidant genes, including 

NAD(P)H dehydrogenase, quinone 1(NQO1) and heme-oxygenase[305, 306]. Under 

normal conditions Nrf2 will bind to the ARE in response to oxidative insult or activation 

by antioxidants such as curcumin. In DS however, BACH1, the competitive inhibitor of 

the ARE, is overexpressed, potentially suppressing activation of antioxidant pathways; 

this provides one mechanism for the imbalance between the production of ROS and 

antioxidant enzymes seen in DS. The neuroprotective effect of curcumin in the Ts65Dn 

DG was seen primarily within the mature granule cell population, which displayed 

reduced levels of nitrosylated proteins and TUNEL labeling following treatment. This 

effect models expression of Nrf2, which is located primarily within the GCL and hilus as 

seen in Fig. 37. These results suggest that the primary effect of curcumin was the 

induction of antioxidant pathways, overcoming suppression by BACH1, to reduce 

oxidative damage within the mature cell populations. To verify this, future studies 

ROS

SOD1
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BACH1

Oxidation of proteins, 
DNA and lipids

Cell Cycle 
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Cell Death
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Figure 36. Neuroprotective effects of curcumin increase 

neurogenesis under conditions of elevated ROS. 
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should examine downstream targets of Nrf2 to determine if the imbalance between ROS 

and antioxidant enzymes has been rectified following curcumin treatment.  

These experiments have provided two potential therapies that may enhance 

hippocampal function in DS. First, treatment with the antidepressant fluoxetine restores 

neurogenesis to normal levels, signifying that quiescent NPCs within the Ts65Dn DG 

can be recruited back into the proliferating pool, potentially producing more neurons. 

Secondly, while the effects on neurogenesis are not clear, treatment with the antioxidant 

curcumin appears to be neuroprotective within the adult Ts65Dn DG, potentially altering 

the milieu of the stem cell niche, making it more conducive for the generation of new 

neurons. Utilizing both fluoxetine and curcumin to target the neuroprogenitor population 

and the microenvironment of the SGZ may yield synergistic effects on neurogenesis and 

presents an attractive option for future experimentation. 

Figure 37. Nrf2 expression in the DG of euploid and Ts65Dn mice. Nrf2 is expressed 

primarily within the mature cells of the hilus (H) and GCL. Neuroprogenitor cells (white 

arrows) and newborn cells (pink) within the SGZ do not express Nrf2, suggesting that 

activation of antioxidant pathways in mature cells alters the microenvironment of the 

SGZ following curcumin treatment. 
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One consequence of an increased lifespan for patients with DS is that society will 

have to accommodate an aging DS population in which the effects of early onset 

Alzheimer’s disease and dementia will become more prominent. Therefore, therapies 

that can enhance hippocampal function and stave off neurodegeneration are more widely 

sought after. Hopefully, these experiments will help elucidate the perturbations of 

mechanisms and cellular pathways in DS that lead to reduced neurogenesis so that more 

targeted therapies can be developed. 
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Chapter 4 Discussion 

There is no cure for Down syndrome. As the primary cause for intellectual 

disability in the western world this statement, and the futility it embodies, holds little 

hope for desperate parents trying to imagine the life of their child with DS. Today early 

intervention programs help mitigate some of the effects on cognitive function related to 

gene-dosage imbalances caused by trisomy 21; however, greater concern is emerging for 

the aging population of DS patients as an increased lifespan requires dealing with the 

challenges of depression, dementia and Alzheimer’s disease. As our understanding of 

learning and memory formation, and the importance of the hippocampus in cognition, 

has progressed abnormalities in the DS hippocampus have come under greater scrutiny. 

While we still do not entirely understand how and to what extent deficits in neurogenesis 

impact cognition in DS, we are beginning to clarify how gene dosage imbalances 

dysregulate signaling pathways and cellular processes that modulate neurogenesis. The 

number of research articles that identify triplicated genes that converge upon 

neurogenesis has grown remarkably over the last few years, as has the number claiming 

to improve cognitive function through pharmacological interventions.  

There are multiple genes overexpressed in DS that may influence brain 

development and neurogenesis. Of particular note in the adult hippocampus are 

DYRK1A, RCAN1 and APP, as they are known to either directly or indirectly modulate 

signaling pathways that regulate stem cell maintenance and proliferation. DYRK1A is a 

kinase that phosphorylates multiple classes of substrates, including transcription factors 

and thus, can directly regulate transcription of genes required for neurogenesis. It also 

acts as a priming kinase for glycogen synthetase kinase-3 (GSK-3) resulting in increased 
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activation of GSK-3; through its phosphorylation of GSK-3, DYRK1A indirectly 

modulates several steps of neurogenesis. The importance of GSK-3 in neurogenesis led 

to the identification of this kinase as a master regulator of the maintenance of the 

neuroprogenitor pool and generation of new neurons [307, 308]. GSK3-β regulates 

Sonic hedgehog and Notch signaling, which are required for stem cell maintenance, and 

Wnt/β-catenin signaling which modulates cell cycle exit and the expression of pro-

neural genes, all of which are dysregulated in DS [135, 299, 300, 309-311]. GSK-3 also 

regulates the Myc family of proteins, which are required cell cycle progression [307]. 

Finally, GSK-3 has also been implicated in the genesis of Alzheimer’s disease through 

its role in the hyperphosphorylation of tau and interaction with amyloid proteins (for 

review see [312]). Consequently, increased activation of this kinase may play an 

important role in the pathogenesis of Alzheimer’s disease in DS as well.   

DYRK1A also impinges upon calcineurin signaling pathways, as does RCAN1 

(see Fig. 3); this can attenuate neurogenesis through downregulation of growth factors, 

as well as through disinhibition of the ELK transcription factor (see Fig. 2). Recent 

studies utilizing the calcineurin inhibitor cyclosporine A have found alterations in the 

later stages of neurogenesis [313, 314], but not cell proliferation. RCAN1 has also been 

shown to induce expression of GSK3-β, which may lead to increased activation and 

thus, dysregulation of GSK3 dependent pathways [315].  

The role of APP in aberrant neurogenesis in Alzheimer’s disease models suggests 

that it may modulate proliferation of neurons in DS as well (for review see [253]). 

Interestingly, under normal physiological conditions the major byproduct of APP 

cleavage, amyloid1-40, is  neurogenic, promoting cell cycle progression and 
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neuronogenesis [316]; however, overexpression of APP in Alzheimer’s and DS leads to 

an accumulation of insoluble beta-amyloid (amyloid1-42), which can negatively 

modulate neurogenesis through increased production of reactive nitrogen species. 

Additionally, a second byproduct of APP cleavage, the APP intracellular domain 

(AICD) has been implicated in the increase in neuroinflammation seen in Alzheimer 

patient brains and has been shown to decrease neurogenesis in transgenic mice [317]. 

Recent research has shown that AICD acts as a transcription factor promoting the 

expression of the Sonic hedgehog receptor Patched 1 (Ptch1); the overexpression of 

Ptch1 in NPCs obtained from Ts65Dn SVZ and hippocampus indicates that 

dysregulation of Sonic hedgehog signaling may mediate impairments in proliferation of 

NPCs in DS [309]. 

Ultimately, the primary effect of gene-dosage imbalance on neurogenesis in DS is 

the suppression of cell proliferation through the dysregulation of the stem cell niche. 

While we have focused on the SGZ in adult Ts65Dn mice, attenuated neurogenesis is 

also evident in the developing cerebellum [133, 135], neocortex [132, 134] and SVZ 

[318]. Alterations in paracrine signaling, transcription factor activity and growth factor 

production, as well as increases in ROS and inhibition within the microenvironment of 

the neurogenic niche all contribute to impairments in neurogenesis. However, the fact 

that several different classes of pharmacological agents and behavioral therapies, 

including exercise and environmental enrichment, have been shown to modulate 

neurogenesis and improve different facets of hippocampal function provides hope for the 

future treatment of DS.  
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