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ABSTRACT: Brain aging is a multifactorial process that is occurring across multiple cognitive domains.  A 

significant complaint that occurs in the elderly is a decrement in learning and memory ability.  Both 

rodents and zebrafish exhibit a similar problem with memory during aging.  The neurobiological changes 

that underlie this cognitive decline are complex and undoubtedly influenced by many factors.  Alterations 

in the birth of new neurons and neuron turnover may contribute to age-related cognitive problems.  

Caloric restriction is the only non-genetic intervention that reliably increases life span and healthspan 

across multiple organisms although the molecular mechanisms are not well-understood.  Recently the 

zebrafish has become a popular model organism for understanding the neurobiological consequences but to 

date very little work has been performed.  Similarly, few studies have examined the effects of dietary 

restriction in zebrafish.  Here we review the literature related to memory decline, neurogenesis, and caloric 

restriction across model organisms and suggest that zebrafish has the potential to be an important animal 

model for understanding the complex interactions between age, neurobiological changes in the brain, and 

dietary regimens or their mimetics as interventions.  
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It was previously thought that brain aging occurred 

as a consequence of neuronal death. However, 

converging lines of evidence in non-human primates, 

rats, and mice suggest that significant neuron loss does 

not contribute to age-related cognitive decline.  For 

example, in rats, there is no change in the hippocampal 

neuron number throughout the aging process [1,2].  

Besides cell death, cell regeneration also plays an 

important role in body homeostasis. We know that cell 

regeneration is significantly reduced in aging process 

[3]. Until recently, it was assumed that neurons were not 

regenerated. Now, while it is occurring at a much slower 

rate when compared to other tissues like the colon or 

skin; it is clear that neurons regenerate and we call this 

process neurogenesis [4,5]. With the pioneering work 

done at the end of the 1990s, it is evident that new 

neurons are formed in hippocampus [6] and they are 

related to learning and memory [7]. Thus, it is thought 

that age-related diseases like Alzheimer’s and mild 

cognitive impairment may be related to problems with 

the generation of new neurons, i.e. neurogenesis.  In this 

review, we will discuss changes in neuron number and 

how they relate to brain aging, and effects of an 

intervention, caloric restriction.  Moreover, we will 

introduce the zebrafish as a model organism for studying 

aging and dietary interventions. 
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Brain Aging 

 

Aging is a multifactorial process and changes occur 

across multiple cognitive domains.  Older individuals 

often report complaints including changes in sensory 

abilities and attention. However, a significant and 

common complaint among elders is a decline in learning 

and memory ability. These changes in learning and 

memory ability can really affect a person’s quality of life 

and range from forgetting episodes in one’s past to an 

ability to navigate spatial environment. Both of these 

changes reflect compromised hippocampal function and 

could potentially lead to restrictions in daily activities, 

which would interfere with an aged person’s ability to 

maintain an independent lifestyle [8,9]. 

The hippocampus, also known as hippocampal 

formation, is a well-defined structure with three principal 

areas, including the dentate gyrus (DG), CA3, and CA1 

regions (Figure 1).  These areas are largely connected by 

unidirectional input that has been very well-described 

[10]. This input includes a projection from the entorhinal 

cortex (EC) to the DG via the perforant path, the mossy 

fiber (MF) input that comes from the DG to CA3 and the 

CA3 area projecting to the CA1 region via the schafer 

collateral (SC).   

 

 

 

 
 
Figure 1: Schematic diagram of the rodent hippocampus illustrating principal areas as well as 

main excitatory connectivity. CA1, CA3, dentate gyrus (DG), subgranular layer (SGL), perforant 

path (PP), entorhinal cortex (EC), mossy fiber (MF) and schafer collateral (SC) are shown.   
 

 

 

Recent evidence from studies of neuronal number in 

the hippocampus of species from rodents to primates 

using unbiased stereological measurements has 

determined that significant cell loss does not occur in the 

aging hippocampus. Rapp and Gallagher demonstrated 

that in the CA1 and CA3 fields of hippocampus, the 

neuron numbers do not change between young and old 

age groups and neither is associated with cognitive 

status. Young (6 months old) and aged (27-28 months 

old) rats’ spatial learning and memory ability was 

assessed using a hippocampal-dependent, spatial version 

of the Morris water maze task [1]. This task measures the 

spatial bias for the position of a hidden escape platform 

based on the cues surrounding the test apparatus. Aged 

rats were segregated into two groups: those with and 

without learning impairments according to a spatial 

learning index [1]. Among the young and cognitively 

unimpaired and impaired aged animals, there were no 

differences in neuron numbers.  In a similar study, 

neurons were counted in the hippocampus, 

parahippocampal region as a sum or in individual 

component areas of parahippocampal region such as 

perirhinal cortex, lateral entorhinal area, postrhinal 

cortex and medial entorhinal area [2].  Again, no 

differences were observed in the total neuron numbers 

among the groups. 
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Neurogenesis 

 
Much of what we know about neurogenesis comes from 

rodent studies. There are two neurogenic areas in rodent 

brain, the subventricular zone (SVZ) and subgranular 

layer (SGL) of dentate gyrus. The cells that are born in 

SVZ migrate to the olfactory bulb through the rostral 

migratory system (RMS) and become olfactory neurons. 

Cells born in SGL remain in dentate gyrus and 

differentiate into granule cells (Figure 1) [5]. The fact 

that neurogenesis continues in the adult brain is an 

intriguing subject and draws much attention. We know 

that cells continue to proliferate but the rate of renewal 

and also whether these cells differentiate into functional 

neurons are the subjects of study, as well as the external 

factors that affect these processes. The most widely used 

method to observe neurogenesis is bromodeoxyuridine 

(BrdU) labeling. BrdU is a thymidine analog and 

incorporates into the DNA in the S-phase of cell 

division. It is possible to visualize these BrdU-

incorporated cells with various tags and then to count 

them according to specific regions in the brain. Another 

method uses retroviral labeling which detects only the 

dividing cells and also enables researchers to visualize 

not only the soma but also the dendritic processes 

[11,12]. In a study using the technique of GFP labeling 

with a retroviral vector, the cells born in the dentate 

gyrus were labeled, and these newborn cells became 

glutaminergic neurons and formed functional synapses 

with hilar neurons, mossy cells and CA3 pyrimidal cells 

[12].  

Many factors can both positively and negatively 

influence neurogenesis in the hippocampus and this has 

important implications for aging and caloric restriction.  

It is well-established that one of the environmental 

factors that has been found by a number of studies to 

accelerate neurogenesis is voluntary exercise (for a 

review please refer to [13]). In the pioneering study by 

van Praag et al., the newly formed cells were labeled 

with GFP specifically in the dentate gyrus. After 48 

hours, there were GFP-positive cells in the runner and 

control group but after 4 weeks, a much higher 

percentage of these cells co-expressed neuronal markers 

in the runner group. Also, using immunocytochemical 

techniques to visualize synaptic terminals with 

synaptophysin and calbindin staining, it was shown that 

these newly formed GFP-positive cells received synaptic 

input [11]. These results supported an earlier study 

demonstrating that exercise enhances neurogenesis [14].  

Although there are a vast number of studies showing a 

beneficial effect of voluntary running on neurogenesis, 

there is evidence that there are other underlying 

environmental factors that can influence the effects of 

exercise on neurogenesis. When three different strains of 

mice, one caught from wild, were tested in different 

rearing conditions, contrasting results were obtained. 

Running did not improve the cell numbers in dentate 

gyrus of wild-caught mice, as well as the laboratory mice 

that were raised in enriched environments [15].  This 

suggests that both exercise and environmental 

enrichment likely affect neurogenesis and the exact 

relationship among these variables is complex and 

intertwined. 

Learning per se, especially hippocampal-dependent 

learning tasks, improves cell regeneration rates. In the rat 

dentate gyrus, the number of newly born neurons 

depends on associative learning tasks that require an 

intact hippocampus. It was shown that the newly formed 

cells had the morphology of granule neurons and 

expressed turned-on-after-division-64 kDA (TOAD-64), 

a marker for immature neurons. [7].  

In the same way that exercise can accelerate the 

rates of neurogenesis, factors can have a negative effect 

on the birth of new neurons. Two of these are stress and 

radiation.  One such study examined neuron number 

generation and spatial learning ability in adult mice that 

were exposed to prenatal stress. The results 

demonstrated that the number of granule cells was lower 

and also spatial learning was impaired in stressed mice 

as compared to the control group [16]. One of the more 

interesting findings from this work is that the effects of 

stress continue into the adulthood; the mice exhibit 

reduced neurogenesis even when they were 22-months 

old.  Radiation is yet another factor that negatively 

affects neurogenesis. Twenty-one-day old mice exhibited 

reduced neurogenesis in the SGZ region after receiving 

irradiation. When tested after 3 months, they also 

exhibited learning impairments as tested with the Morris 

water maze task [17]. Also reductions in neurogenesis in 

dentate gyrus were correlated with impairments in 

hippocampal learning as evidenced by Barnes maze [18].  

Thus, as an animal age, these effects on neurogenesis 

could have implications related to spatial learning and 

memory ability and then it would be important to 

examine different interventions, such as caloric 

restriction, which may alter the course of age-related 

changes. 

The hippocampus plays a very important part in 

learning and memory. Since one of the two locations of 

neurogenesis is the dentate gyrus, whether the newly 

formed neurons are necessary for the formation of new 

memories or not is an important question. To answer this 

question, one group used a transgenic approach in young 

mice. With the conditional induction of transgenes, 
adult-born neurons in hippocampus were ablated and this 

reduction in new neuron formation in hippocampus 

affected spatial learning as tested by water maze 
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experiments and contextual fear conditioning. [19]. This 

finding suggested that the acquisition of spatial relational 

memory is impaired by the inhibition of neurogenesis. In 

contrast to another study, after the knockdown of the 

presenilin 1 (PS1) gene in the dentate gyrus of mice, it 

was shown that the addition of new neurons was not 

required for memory formation [20]. Another group 

studied neurotrophin-3 (NT-3) and a link was found 

between neurogenesis and memory formation. Deletion 

of NT-3 had impacts on the differentiation of neurons in 

the dentate gyrus and since NT-3 mutants had 

impairments in spatial learning [21], it was suggested 

that neurogenesis, at least the differentiation process of 

new neurons, might be important in hippocampal 

memory formation.  

Another approach to test neurogenesis and its 

relationship to cognitive functions that has been used 

previously is an antimitotic agent.  Following treatment 

with methylazoxymethanol acetate (MAM), rats were 

tested in the Morris water maze to assess spatial learning 

and memory ability, as well as trace and conditional fear 

conditioning. These tasks all require an intact 

hippocampus and in MAM-treated animals, although the 

number of neurons with BrdU labeling was reduced 

extensively in dentate gyrus, only trace fear conditioning 

was affected. Contextual fear conditioning or spatial 

learning was not changed with the reduced cell numbers 

[22]. These data suggest that there is a relationship 

between neuron number and learning and memory ability 

although it is not conclusive.  

 

Neurogenesis throughout Aging 

 

The evidence is clear at this point that neurogenesis is 

not restricted to developmental stages and continues into 

adulthood. But the rate of cell renewal decreases and 

although it does not stop, it might play a role in cognitive 

aging as well as diseases such as dementia and 

Alzheimer’s. The degree of reduction in neurogenesis 

and the ways to prevent this reduction during aging is a 

hot topic among researchers.  

One of the two sites of neurogenesis in the adult 

brain is SVZ and the architecture of the SVZ changes 

during aging. When tested in young, middle-aged and 

old mice, SVZ thinning is observed in aged animals [23]. 

Decreases in cell proliferation, the number of neuroblasts 

and transient amplifying progenitor cells were also 

observed. When tested throughout the gradual aging 

process, it was shown that the neuron proliferation 

decreases between 2 and 18 months of age and stays 

relatively stable between 18 and 24 months. Age-
dependent decreases in proliferation were observed in 

the granular cell layer and hilus of hippocampus [24]. 

Moreover, in the aging brain, migration, survival, and 

neuronal fate choice remains stable but expression of 

neuronal markers and dendritic growth diminishes [25].  

Therefore, there are age-related changes throughout the 

dentate gyrus, which is the site of neurogenesis in the 

hippocampus. 

As mentioned previously there are ways to alter the 

number of neurons being born.  Two of the ways of 

increasing the number of new neurons are experience 

and hormones.  When adult and old mice were placed in 

an enriched environment, the survival of BrdU cells was 

increased and more cells in the dentate gyrus were 

differentiated into neurons in both groups [26]. Enriched 

environment in this situation meant more opportunities 

for social interaction, exploration, and physical activity 

for mice. Moreover, neurogenesis in the adult dentate 

gyrus decreases with age but is shown to be reversible 

with corticosteroid treatment in rats [27]. Similarly, 

when tested in young (5 months), middle-aged (18 

months), and old (28 months) male Fisher 344XBrown 

Norway rats, neurogenesis decreased with increasing age 

but restoration of insulin-like growth factor-I (IGF-I) 

levels increased the neuronal production [28]. 

Neurogenesis and also the number of doublecortin 

(DCX), an immature neuronal marker, expressing 

neurons decreases in the DG, SGZ, and SVZ of 20 

month-old mice as compared to 3 month-old animals. 

Fibroblast growth factor (FGF)-2 and heparin-binding 

epidermal growth factor-like growth factor (HB-EGF) 

restore the levels in both regions indicating that the brain 

can respond to external factors in making new neurons 

[29].   

Neurogenesis and its relationship with hippocampal 

function have been studied in the context of aging. In 

young and aged rats, neurogenesis was compared in 

relationship to performance on the Morris water maze 

task. Interestingly, it was found that neurogenesis was 

not preserved in aged rats with intact cognitive abilities. 

These results suggested that neurogenesis might have 

different roles in young or old animals [30,31].  Thus, it 

may be that the process of neurogenesis is altered with 

age. p16INK4a is a cyclin-dependent kinase inhibitor and a 

well-known component of cancer related pathways, 

which is activated during cellular senescence [32]. It 

appears that p16INK4a also plays a role in the decline of 

neurogenesis throughout aging. It was shown that 

p16INK4a deficient mice exhibited reduced declines in 

neurogenesis in SVZ region but did not have any 

difference in the dentate gyrus [33].  

The study of the process of neurogenesis in the 

context of aging is important and not limited to the 

rodent hippocampus. The pioneering work by Gould et 
al. in 1990s demonstrated that neurogenesis continues 

even at old age and in primates. Adult Old World 

monkeys were injected with BrdU and examined with 
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neuronal and glial markers. The newly formed cells were 

located in dentate gyrus and expressed markers of 

mature neurons. After 2 hours the newly formed cells 

were neuron-specific enolase (NSE) negative whereas 

after 2 weeks the cells were immunoreactive for NSE 

and NeuN. Although low in number, old monkeys (age 

23) exhibited BrdU positive cells indicating that 

neurogenesis continues in the old age [6]. 

 

Caloric Restriction 
 

Caloric restriction (CR) extends life and health spans in 

diverse species. Currently, it is known as the only non-

genetic intervention to delay age-related cognitive 

decline and diseases in mammals [34,35,36]. In 1935, 

Clive McCay et al. reported that reducing the amount of 

foods of rats resulted in extended maximum and average 

life span due to the retardation of growth [37]. However, 

CR was not widely studied as a scientific model that 

could delay the aging process until late 1900s [35]. In 

1987, it was shown that learning and motor performance 

of calorically restricted aged mice increased [38]. In 

1997, studies of CR in mice and rats proved to slow 

primary aging and protect against the deterioration in 

tissue structure and function, which would increase the 

longevity up to 50% by increasing survival rates [39,40]. 

Later in 20th century it was reported that CR might 

extend the life span of various other model organisms 

such as budding yeast [34,41,42], flies [43,44], spiders 

[45], worms [46,47], fish [48] and monkeys [34,49]. The 

findings are promising for humans who dream of a 

longer life span. Yet, the exact mechanism underlying 

CR remains elusive.  

The aim of CR is to have a 30-40% reduction in the 

overall calorie uptake without causing any malnutrition. 

This reduction should be maintained over a certain time 

period and the method should not be confused with 

short-term or prolonged starvation. CR has always been 

associated with war-related extreme conditions or 

economic insufficiencies in poor countries. For instance, 

the number of centenarians per 100000 people in 

Okinawa, Japan is greater than any other parts of the 

world. Historically, poverty is believed to impose severe 

CR in older generations of Okinawa [50,51]. Similarly, a 

correlational study on Jewish women, who suffered from 

hunger under Nazi rule during the World War II, states 

that CR may increase the susceptibility for breast cancer 

[52]. Contrary to this study, 1944–1945 Dutch famine is 

thought to lower the risk of breast cancer since it might 

have imposed a transient CR [53]. Even though these 

ecologic cohort studies provide very interesting 
information regarding the effect of food on health and 

longevity, it should be noted that CR is not a form of 

starvation.  

Since the regime and duration of CR differs 

according to the model organism of interest, there is a 

misconception in the public and the literature about how 

and why CR works. While some CR experiments use the 

alternate day feeding method, in which the food is 

provided every other day, some others chooses to reduce 

the daily portion of the meal. While CR is imposed on 

the budding yeast, Saccharomyces cerevisiae, by 

reducing the glucose concentration in rich media from 

2% to 0.5% in some studies [34,41,54,55], in another 

study, substituting the ethanol-containing medium with 

water is suggested to provide an extreme CR condition 

[56]. CR is often referred as dietary restriction (DR), 

which is known to extend life and health span in a wide 

variety of organisms. However, DR does not necessarily 

result in the reduction of calorie uptake. It was reported 

that reduction of yeast extract or sugar could prevent 

primary aging and extend life span of Drosophila 

melanogaster; however, this reduction is not merely 

because of the reduction of the calorie intake. When the 

effects of yeast extract and sugar were tested separately, 

it was shown that the reduction in calorie intake itself 

does not extend the life span of fruit flies [57]. 

Additionally, the starting age and duration of CR should 

be well proposed to have significant and consistent 

results. If CR is applied to subjects for less than three 

weeks in the form of starvation, induction of acute stress 

is inevitable for the organism, which might overshadow 

the effects of CR. The logic underlying CR to extend the 

life span is likely to be the adaption of the organism 

evolutionarily to reallocate limited resources during the 

periods of food shortage [58,59]. On the other hand, it 

was previously reported that a short-term CR could 

regulate glucose ingestion in hypothalamus of patients 

with Type-2 diabetes [60], improve muscle stem cell 

availability and muscle repair in mice [61], increase 

growth hormone levels of short-obese children [62], and 

reduce the number of reactive oxygen species [63]. The 

power of the cohort studies cannot be underestimated. 

However, environmental changes and therefore the 

accumulation of mutations over time affect the life and 

health span negatively. Therefore, the most ideal 

experimental set up would include various birth cohorts 

and expose them to CR for a long time to assure the 

effects of CR at different developmental stages. 

The applicability of CR to humans is controversial 

due to moral issues. It is anticipated that free-living 

people would not accept to undergo CR unless they are 

ensured that this diet is going to slow primary aging and 

protect against secondary aging as has been shown in 

rodent studies [37,38,39,40]. Therefore, it is much harder 
to have a controlled experiment on human subjects to see 

if CR works on humans. There are numerous external 

factors affecting the average and maximal life span of 
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humans. To minimize the external factors, there have 

been several attempts to test CR in humans in the late 

1900s. In 1991, four female and four male subjects aged 

between 28 and 67 were sealed inside an artificial 

ecosystem called Biosphere 2, where there was an 

emerging food scarcity for two years. Limited food 

availability caused an approximately 30% reduction in 

the daily calorie uptake through 6 months of closure; 

however, biospherians stated that the quality of their 

forced diet was excellent in terms of essential nutrient 

per calorie. According to the early results, this low-

calorie low-fat nutrient-dense diet caused a 13% to 19% 

reduction in BMI of females and males, relatively 

[51,64,65]. Biospherians could observe a set of 

physiological changes including reduction in weight, 

blood pressure, total serum cholesterol, leukocyte count, 

fasting glucose, and triglyceride levels, which were 

previously shown in calorically restricted rodents [64]. 

The other attempt to test whether CR works in humans 

was initiated by the National Institute on Aging (NIA) in 

2007 under a research program called CALERIE 

(Comprehensive Assessment of Long-Term Effects of 

Reducing Calorie Intake) [66]. To our knowledge, 

CALERIE is the first structured study to test the effects 

of prolonged CR in non-obese healthy human subjects.  

CALERIE aims to unravel the similar or different 

effects of a 25% CR between humans and various model 

organisms when the weight changes are stabilized. 

CALERIE consists of two phases. In the first phase of 

study, the CALERIE research team found that 25% CR 

with or without exercise decreased cardiovascular 

disease risk [67], reduced DNA damage [68] and 

preserved the calcium intake confirming that this diet 

does not have any negative consequences on bone health 

[69]. The second phase of the study was initiated in April 

2007. Stewart et al. describes the screening and 

recruitment methods of this study [70].  

Another important aspect of CR is the examination 

of AL group. When an unlimited meal is provided to 

subjects, there is a possibility that the control group 

might consume more food and therefore consume more 

calories than they normally do. Several other health 

issues that emerge from this unhealthy diet may 

confound the results obtained in long-lasting costly CR 

experiments. To understand the effects of CR and to 

conclude a significant correlation with longevity, one 

should keep the food of the control group fixed. The 

main difference between CR and a regular diet is that 

people on ordinary diets aim to lose weight while all the 

proteins, carbohydrates, fat, minerals and vitamins are 

maintained at optimum level. However, a 30% reduction 
of calorie intake in humans requires much less food 

consumption, which would not only result in reductions 

in body temperature, blood pressure, and body/mass 

index, but also lead to depression. 

It will likely be difficult for humans to comply to 

following a true CR diet.  Thus, the development of CR-

mimetics is of great interest to pharmaceutical 

companies. One molecular mechanism through which it 

is thought that CR exerts its effects is by blocking the 

mammalian target of rapamycin (mTOR) in the nutrient-

signaling pathway. Thus, future studies need to be 

directed at altering the function of this molecule to 

determine whether CR directly mediates the effects.  

 

Caloric Restriction and Synaptic Changes 

 

In a series of consecutive studies, the effects of CR on 

synaptic levels were investigated. Rats were restricted 

throughout their life starting at 4 months of age. The 

restriction was a 40% reduction in the total daily caloric 

intake.  Across lifes pan from young to middle and old 

age, a significant increase in the body weight of these 

rats was observed. Following the CR manipulation, the 

body weights were reduced significantly and stabilized 

across lifes pan [71]. In addition, key synaptic protein 

levels were stabilized across life span in CR animals as 

compared to their ad libitum-fed controls.  One 

mechanism by which CR may be exerting its effects is 

by reducing IGF-1 levels. This polypeptide hormone 

plays a major role in the regulation of cellular processes 

in tissues throughout the body. In the nervous system, 

IGF-I is associated with neurotrophic effects and the 

amelioration of age-related cognitive impairment and it 

is a potent regulator of glutamate receptor levels. The 

plasma levels of IGF-I were tested in AL- and CR-fed 

animals. A modest decline was observed across life span 

and IGF-I levels have been reported to decline with age. 

Moreover, it was found that in the CR animals, IGF-I 

levels decreased as compared to their AL counterparts 

and the levels of this hormone was stabilized across lifes 

pan [72].  

The AL-fed and CR animals, performance on the 

Morris water maze were tested in order to determine 

whether CR had a beneficial effect on hippocampal-

dependent behavior. Both AL-fed and CR animals 

exhibited a decline in performance from young to middle 

age, however, AL continued to decline in old age 

whereas CR animals’ performance was stabilized. Thus, 

CR does not prevent an age-related decline but helps to 

stabilize a change that occurs at middle-age so as not to 

have a further decline in learning and memory 

performance [71]. 

 

Neurogenesis and Caloric Restriction 
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CR is one of the interventions that have been shown to 

extend life span and also to prevent brain aging. 

Although the exact mechanism of how a reduction in 

calories affects cognitive aging remains largely 

unknown, one possibility is that changes in neurogenesis 

might contribute to the altering the course of age-related 

cognitive decline.  There are a limited number of studies 

investigating the relationship between neurogenesis and 

CR. Some of these are listed in Table 1.  

 

 
 

Table 1: A summary of the studies investigating the relationship between neurogenesis and caloric restriction 

 
Model organism Age Type of restriction  Reference 

Mice, male 8 weeks Alternate day feeding for 3 

months 

Increase in cell survival [73] 

Rats, male 3 months old Alternate day feeding  Increase in cell survival [74] 

Mice 11 months old Gradual decrease of 

calories * 

Increase in cell numbers, 

glial? 

[24] 

Rats 3-4 months old Alternate day feeding for 3 

months 

Increase in neuronal 

phenotype 

[75] 

Rats, male  21 days old or 

adult ** 

Protein restriction Reduction in hippocampal 

progenitors 

[76] 

 

 
* CR was initiated at 10% at 14 weeks of age, lowered to 25% at 15 weeks of age and was set at 40% from 16 weeks onward 

** Fed with the protein restriction regime during lactation/weaning. 
 

 

 

When 8 week-old mice were maintained on 3 

months of dietary restriction (fed on alternate days), they 

were observed to have more cells survive in dentate 

gyrus when compared to ad libitum fed animals. Also in 

DR animals, brain-derived neurotrophic factor (BDNF) 

and neurotrophin-3 (NT-3) levels were shown to be 

increased [73]. In another study, caloric restriction and 

its effects on neurogenesis in mice were investigated. 

When BrdU-positive cells were counted, the hilus had 

more cells in the CR group. But when these cells were 

characterized, they were found to be glial cells since 

there was no co-labeling of BrdU with NeuN [24].  

Two studies investigated CR in rats by applying an 

alternate day feeding regimen. In one study cell survival 

rates were found to be higher in the DR group when 

compared to AL group, suggesting that DR increases 

neurogenesis by increasing the survival of the newly 

generated cells in the dentate gyrus [74]. Likewise in the 

other study, DR enhanced the expression of the 

immature neuronal marker polysialic acid neural cell 

adhesion molecule (PSA-NCAM), BDNF and NT-3 

[75].  

In a study by de Godoy et al. [76], a different DR 

regimen was applied; the calorie content was kept 

constant in all groups, but in the test group the protein 

content was reduced to 8% instead of 20% of ad libitum 

fed animals. It was shown that in animals who were fed 

with a protein restricted diet during lactation and 

weaning, the progenitors are diminished in both the SGL 

and SVZ regions in adulthood. Interestingly, a decrease 

in SVZ was compensated by other progenitors whereas 

no such replacement was observed in SGL, emphasizing 

the importance of diet during early stages of life in terms 

of hippocampal development. Zebrafish as a Model 

Organism 

The zebrafish (Danio rerio) is an ideal model 

organism to study human related diseases and especially 

aging. These fish live on average 3 years and age 

gradually like mammals [77]. Its genome is highly 

similar to human genome and there are orthologs for 

many human genes [78]. They have an integrated 

nervous system and exhibit advanced behavior properties 

like memory and social behavior [79]. Cognitive decline 

is observed during aging and this process is under the 

influence of external factors [80]. As the zebrafish age 

from 1 year to 3 years, it was documented that baseline 

motor activity declines and also learning is impaired as 

measured with conditioned place preference (CPP) and 

conditioned place avoidance (CPA) paradigms. Aging in 

zebrafish can be detected with senescence β-

galactosidase (SA-β-Gal) activity. It was observed that 

SA-β-Gal staining increased from 18 to 36 months old. 

Also within the same age groups, SA-β-Gal staining was 

shown to increase after ionizing radiation [81]. A very 

interesting phenomena in zebrafish is that it has 

constitutive telomerase activity, unlike mammalian cells 

[82,77].  
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Figure 2. Schematic drawings of zebrafish brain anatomy showing the dorsal and ventral 

telencephalic regions. Drawing corresponds to the cross section 71 of the Wullimann atlas 

[83]. Medial pallium is shown with dashed lines which is the ventral division of the lateral zone 

of area dorsalis (Dlv) according to Wullimann and Mueller [84]. D, dorsal telencephalic area; 

Dc, central zone of D; Dl, lateral zone of D; Dm, medial zone of D; Dp, posterior zone of D; 

LOT, lateral olfactory tract; MOT, medial olfactory tract; V, ventral telencephalic area; Vc, 

central nucleus of V; Vd, dorsal nucleus of V; Vl, lateral nucleus of V; Vv, ventral nucleus of 

V.  

 

 

All the major regions in the zebrafish brain have 

been mapped and it is possible to locate the specific 

regions by taking cross-sectional slices and referring to 

the corresponding plate in the atlas by Wullimann et al. 

[83].  In their comprehensive review [84], Wullimann 

and Mueller contrast zebrafish as well as other teleostean 

forebrains to a mammalian’s brain. Among other well-

defined regions of zebrafish brain, area dorsalis 

telencephali (pallium) and area ventralis (subpallium) is 

of particular interest. Medial pallium has been 

considered as the hippocampal equivalent and this region 

corresponds to the ventral division of the lateral zone of 

area dorsalis (Dlv) in zebrafish [84] (Figure 2). 

 

Neurogenesis in Zebrafish 

 

Neurogenesis is an ongoing and a widespread process in 

adult zebrafish. In their meticulous work [85], Zupanc et 

al. mapped the proliferation zones along with 
differentiation and migration patterns of newly formed 

cells in the zebrafish brain. The newly formed cells were 

shown to be present in a large number of areas in the 

zebrafish brain but with higher ratios in the regions of 

dorsal telencephalon, preoptic area of the diencephalon, 

torus longitudinalis, optic tectum of the mesencephalon 

and cerebellum [85]. Among these regions, dorsal 

telencephalon is especially notable. The posterior zone 

of the dorsal telencephalic area (Dp) and the ventral 

portion of the lateral zone of the dorsal telencephalic 

area (Dl) have been thought as the hippocampal 

equivalent in zebrafish [84]. And in these regions, 

Zupanc et al. have observed high proliferative activity 

and more importantly in the medial, lateral, and posterior 

zones of the dorsal telencephalic areas they showed that 

a large numbers of cells that were co-labeled with 

neuronal marker Hu protein and BrdU indicating that the 

newly formed cells are differentiated into neurons [85].  

The zebrafish brain exhibits sexual dimorphism as 

demonstrated by the Dermon Lab. When adult fish were 

injected intraperitoneally with BrdU and tested for the 

presence of newly formed neurons after 24h (short 
survival) or 21 days (long survival), they showed that the 

long-term survival of BrdU-positive cells differed 

between sexes. The difference was shown to be mainly 
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in the telencephalic Dm and the diencephalic PPv [86]. 

Also in the same study, the newly formed cells were 

found to start expressing neuronal markers from the day 

21 and commit to be neurons [86]. In a previous study, 

regardless of the age, male and female zebrafish differed 

in short survival of cells in the molecular layer of corpus 

cerebelli (CCe) and the granular layer of the caudal lobe 

of the cerebellum (LCa) with an increased proliferation 

in males [87].  

 

Caloric Restriction in Zebrafish 

 

This gradual process of aging related decline in zebrafish 

allows for an extended timetable to determine the timing 

and duration for interventions such as moderate CR 

(MCR). The zebrafish model is an advantageous one for 

the evaluation of potential CR applications for 

interventions in humans in which lifelong MCR might 

not be feasible. To date there are very few studies that 

have examined CR in zebrafish and the regimen is not 

restriction but a fasting regime [88,89]. As was 

mentioned early, CR is thought to mediate its effects 

through the mTOR in the nutrient signaling pathway [90] 

and data on the neural consequences of CR and CR-

mimetics at ages and durations relevant to clinical 

translation are sorely limited.  Thus, the zebrafish is an 

excellent model organism for studying the molecular 

mechanisms of CR, as well as for performing drug 

screens to examine other possible CR-mimetics.  

 

Concluding Remarks 

 

The inconsistencies in cognitive performance may 

indicate that the timing and duration of CR could be 

important as to whether it has beneficial effects.  The 

type of dietary regimen, as well as the sex of the animal 

will affect the neural responses to CR.  Moreover, 

changes that are beneficial when CR is initiated in young 

animals may have different effects when initiated at 

older ages.  As 1) the consequences of CR are 

heterogeneous, complex, and undoubtedly influenced by 

factors yet to be identified and 2) aging-related changes 

in the nervous system also are multifactorial and 

incompletely defined, introduction of CR to older 

animals is likely to result in a neural response that is 

altered significantly from that occurring when CR is 

begun in young animals. Thus, determining appropriate 

timing of CR is extremely important for possible 

translation to humans.  Therefore, information about the 

neural consequences of CR in the zebrafish model is 

sorely lacking. More importantly, understanding the 
biological changes that are underlying age-related 

cognitive decline will provide targets for the 

development of possible mimetics that can be used in 

humans to prevent age-related cognitive decline, and 

these drugs could be easily tested and screened in a 

species such as the zebrafish. 
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