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Abstract

The hippocampal formation undergoes significant morphological and functional changes after 

prolonged caloric and dietary restriction (DR). In this study we tested whether prolonged DR 

results in deleterious alterations in hippocampal neurogenesis, density of granule cell neurons and 

mossy fibers, all of which support plasticity in the dentate gyrus. Young adult animals either 

experienced free access to food (control condition), or every-other-day feeding regimen (DR 

condition) for 3 months. The number of Ki-67 cells and 28-day old 5-bromo-2’-deoxyuridine 

(BrdU) cells were quantified in the dorsal and ventral dentate gyrus to determine the effect of DR 

on cellular proliferation and survival of neural progenitor cells in the anatomically defined regions 

of the dentate gyrus. The density of granule cell neurons and synaptoporin were also quantified to 

determine the effect of DR on granule cell neurons and mossy fiber projections in the dentate 

gyrus. Our results show that DR increases cellular proliferation and concurrently reduces survival 

of newly born neurons in the ventral dentate gyrus without effecting the number of cells in the 

dorsal dentate gyrus. DR reduced density of granule cell neurons in the dorsal dentate gyrus. 

These alterations in the number of granule cell neurons did not affect mossy fiber density in DR 

animals, which was visualized as no differences in synaptoporin expression. Our findings 

demonstrate that granule cell neurons in the dentate gyrus are vulnerable to chronic DR and that 

the reorganization of granule cells in the dentate gyrus subregions is not producing concomitant 

alterations in dentate gyrus neuronal circuitry with this type of dietary restriction.
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1. Introduction

Nutrient composition, frequency, and quantity of diet can influence the brain in a multitude 

of ways (Prehn et al., 2016). For example, dietary restriction (DR) studies conducted on 

pregnant dams have shown that perinatal DR produces deleterious and often permanent 

effects on the physiology and morphology of the developing hippocampus, and function 

dependent on the hippocampus during periods of neurogenesis and rapid cell growth 

(Morgane et al., 2002). DR studies conducted in young adult and adult rodents (2 to 6 

months of age) also show that neurogenesis in the postnatal and adult hippocampus 

continues to be vulnerable to nutritional insults, with DR animals showing greater number of 

newly born neurons in the dentate gyrus (Lee et al., 2000; Kim et al., 2015). Furthermore, 

the detrimental effects of DR on hippocampal plasticity and hippocampal dependent 

behaviors in adult rodents are recognized to a lesser extent than those observed during 

development, suggesting that compensatory reorganization in the structural plasticity of 

hippocampal neurons is capable of minimizing the functional impairments that were 

expected to occur following DR conditions during adulthood (Andrade et al., 2002; Rezende 

et al., 2015). Contradictory to the effects of DR on hippocampal plasticity and function 

during development and adulthood, DR has been unanimously indicated to be beneficial 

during aging and in aged subjects (10 to 22 months of age; (Ingram et al., 1987; Barger et 
al., 2003; Park et al., 2013)). Therefore, it appears that effects of DR on hippocampal 

structure and function are influenced by the age of the subject, where it is less beneficial 

during postnatal development and young adulthood and enhances several aspects of 

hippocampal structure and function in aged subjects.

Particularly interesting is the findings on hippocampal plasticity after DR in adult subjects, 

where DR does not alter proliferation of neural progenitor cells, however, enhances survival 

of newly born granule cell neurons, and these alterations do not affect the total number of 

granule cell neurons (Lee et al., 2000; Andrade et al., 2002; Kim et al., 2015). Notably, 

while DR reduces the number and structural arborization of granule cell neurons, it does not 

alter mossy fiber sprouting in the dentate gyrus (Lukoyanov & Andrade, 2000; Andrade et 
al., 2002; Rezende et al., 2015), suggesting that subtle adaptations in dentate gyrus granule 

cell neuron structure do not produce overt effects on dentate gyrus synaptic plasticity. 

Similar findings are noted in hippocampal function after DR in adult subjects, where DR 

does not alter learning and spatial memory dependent on the hippocampus (Andrade et al., 
2002), but does reduce the ability to cope with stress provoked by aversive stimuli 

(Campbell & Richardson, 1988; Heiderstadt et al., 2000; Lukoyanov & Andrade, 2000), 

alters internal homeostasis by enhancing alliesthesia (Roberts et al., 1983; Carr & Wolinsky, 

1993; Abrahamsen et al., 1997), and enhances rewarding properties of illicit drugs (Carroll 

& Meisch, 1981; Cabeza de Vaca & Carr, 1998). Given that hippocampal function and 

neurogenesis vary in a subregion-specific fashion (for reviews see (Bannerman et al., 2004; 

O’Leary & Cryan, 2014)), where dorsal hippocampus regulates spatial processing and has 

higher levels of neurogenesis, whereas ventral hippocampus regulates anxiety-related 

behaviors (such as coping to stress, drug seeking), the behavioral alterations produced by 

DR suggest that DR animals display a number of impairments that can be ascribed to 

maladaptive plasticity in the ventral hippocampus (Moser et al., 1995; Kjelstrup et al., 2002; 
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Bannerman et al., 2004; Pothuizen et al., 2004; Pentkowski et al., 2006). To the best of our 

knowledge, the dentate gyrus subregion specific sequelae of chronic DR in young adult 

animals have not yet been quantitatively characterized. Therefore, we hypothesized that 

chronic DR might differently affect proliferation and survival of neural progenitors in dorsal 

versus ventral dentate gyrus. We also hypothesized that DR-induced changes in 

neurogenesis would be associated with alterations in granule cell neuron density and mossy 

fiber density in the dentate gyrus.

2. Results

2.1 Every-other-day feeding regimen reduces body weight in young adult rats

Young adult rats were maintained on either control (ad lib) or a DR feeding regimen (where 

they were fed every other day). Repeated measures two-way ANOVA demonstrated a 

significant DR regimen × weeks interaction (F (12, 72) = 28.60, p <0.001), significant main 

effect of DR regimen (F (1, 6) = 44.53, p <0.001) and weeks maintained on DR regimen (F 

(12, 72) = 508.3, p<0.001; Figure 1). Post-hoc analysis revealed significant reduction in 

body weight as early as 2 weeks into the DR regimen (p <0.01). The body weight of rats in 

either experimental group progressively increased over the entire period of observation, as 

indicated by a significant effect of weeks on the mean body weight of controls (F (12, 36) = 

312.2, p = 0.0001) and DR animals (F (12, 36) = 199.8, p = 0.0001). At the end of the study, 

DR rats weighed 22% less than the control rats.

2.2 DR enhances proliferation of neural progenitors and reduces survival of neural 
progenitors in the ventral dentate gyrus

The number of Ki-67 immunoreactive cells were measured to quantify the cell proliferation 

in control and DR animals. Cells were quantified in the dorsal and ventral dentate gyrus. 

Two-way ANOVA demonstrated a significant DR = dentate gyrus subregion interaction (F 

(1, 12) = 8.957, p = 0.01) and a significant effect of subregion (F (1, 12) = 15.15, p = 0.002), 

but did not demonstrate significant effect of DR. Post-hoc analysis showed that control 

animals had a higher number of Ki-67 cells in the dorsal dentate gyrus compared with 

ventral sections (p <0.05, Figure 2b), and DR abolished this subregion difference by 

enhancing the number of Ki-67 cells in the ventral DG (p <0.05).

The number of 28-day-old BrdU immunoreactive cells were measured to quantify the cell 

survival in control and DR animals. Cells were quantified in the dorsal and ventral dentate 

gyrus. While two-way ANOVA did not show an interaction or effect of subregion, there was 

a strong trend towards effect of DR (F (1, 12) = 4.272, p = 0.06). Unpaired t test was 

performed between groups and the number of BrdU cells in the controls in the ventral 

dentate gyrus was higher than the number of BrdU cells in the DR animals (p = 0.02; Figure 

3b).

2.3 DR reduces the number of granule cell neurons in the dorsal dentate gyrus and does 
not alter the number of granule cell neurons in the ventral dentate gyrus

The number of granule cell neurons were quantified using stereological methods in control 

and DR dorsal and ventral dentate gyrus sections. Two-way ANOVA did not detect treatment 
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× subregion interaction (F (1, 12) = 1.74, p = 0.2), main effect of subregion (F (1, 12) = 

2.455, p = 0.14) or treatment (F (1, 12) = 0.03, p = 0.8). A priori comparisons were 

performed separately, and control animals show higher number of granule cell neurons 

compared with DR animals in the dorsal dentate gyrus (p = 0.05 by Unpaired t test; Figure 

4). No effect was seen in the ventral dentate gyrus.

2.4 DR does not affect the density of mossy fiber projections in the dorsal and ventral 
dentate gyrus

The density of mossy fiber subfields was analyzed in dorsal and ventral hippocampal 

sections from control and DR animals. Two-way ANOVA did not detect treatment = 

subregion interaction (F (1, 12) = 0.4052, p = 0.5), main effect of subregion (F (1, 12) = 

3.007, p = 0.1) or treatment (F (1, 12) = 1.455, p = 0.2). No differences between the two 

groups were found regarding the density of staining in the hilus, the infrapyramidal layer 

and the suprapyramidal layer (Figure 5).

3. Discussion

The present results show that the DR paradigm employed was effective at reducing body 

weight since a significant difference in weight between control (ad lib fed) and DR groups 

was observed during the early weeks on the diet and was maintained until the end of the 

experiment. The DR rats showed 22% lower body weight than the control rats, indicating 

that the feeding paradigm used in this study produced chronic undernutrition (Goodrick et 
al., 1983). Although our data confirm the weight loss effects associated with DR, the 

neuroanatomical and morphometric findings do not necessarily indicate protection against 

hippocampal neuroplasticity (Lee et al., 2000; Lukoyanov & Andrade, 2000; Andrade et al., 
2002; Qiu et al., 2012; Kim et al., 2015; Rezende et al., 2015).

In the adult hippocampus, functional granule cell neurons are generated in the dentate gyrus 

throughout life by a multistep process called neurogenesis (Garcia et al., 2004; Spalding et 
al., 2013). The process of neurogenesis involves stem-like precursor cells that proliferate 

into preneuronal progenitors, which in turn differentiate into immature neurons and 

eventually mature into granule cell neurons (Abrous et al., 2005). Proliferating progenitor 

cells in the subgranular zone (SGZ) of the dentate gyrus are heterogeneous, and Ki-67 labels 

cell types of varied proliferative activity, namely, types 2a/2b/3 (Kronenberg et al., 2003). 

Furthermore, a cell that is actively dividing during synthesis (S) phase, undergoing mitosis 

during gap2 (G2) phase and trapped in the gap1 (G1) phase of the cell cycle would still 

express Ki-67 (Scholzen & Gerdes, 2000), suggesting that alterations in Ki-67 labeling 

would reveal changes in progenitors in multiple phases of the cell cycle. Therefore, we used 

Ki-67 to determine whether DR alters several subtypes of SGZ progenitors. Unlike Ki-67 

that is endogenously expressed by proliferating cells, BrdU is used for experimentally 

labeling proliferating cells (Dayer et al., 2003; Mandyam et al., 2007; Taupin, 2007). 

Injections of BrdU are also indicated to have cytotoxic and teratologic effects (Kolb et al., 
1999; Sekerkova et al., 2004; Ogawa et al., 2005; Kuwagata et al., 2007; Duque & Rakic, 

2011; Rowell & Ragsdale, 2012), primarily because BrdU is a marker of DNA synthesis and 

not of cell division per se (Breunig et al., 2007). However, in adult rodent models, BrdU 
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cytotoxicity is typically evident at greater than 2 times the currently used dose ((Cameron & 

McKay, 2001; Eadie et al., 2005); for review, (Taupin, 2007)), suggesting that the BrdU dose 

used in the current study could be suitable to evaluate survival of progenitors in adult rats. In 

the dentate gyrus, newborn cells that survive ~28 days are predominantly neuronal (~70% 

become mature neurons, (Palmer et al., 2000)) and are stably incorporated into the granule 

cell layer (Kempermann et al., 2003). Therefore, we used BrdU to determine whether DR 

alters survival of SGZ progenitors.

Granule cell neurons generated during adulthood assist with neuronal turnover (Ming & 

Song, 2011). Computational and behavioral models combined with electrophysiological 

findings indicate that the dentate gyrus (with active neuronal turnover and communications 

with CA3 neurons via mossy fiber projections) participates in an array of behaviors to assist 

with hippocampal dependent spatial memory (Sahay et al., 2011; Niibori et al., 2012; Park et 
al., 2015). Functional dissociation also exists along the dorsal-ventral gradient in the rat 

hippocampus. For example, the ventral hippocampus when compared with the dorsal 

hippocampus has greater output connections with the areas of the brain implicated in stress 

responses (Henke, 1990; Pitkanen et al., 2000; Ishikawa & Nakamura, 2006), suggesting 

that neuroadaptations in the ventral hippocampus may be strongly associated with impaired 

emotional responsiveness. Indeed, DR is known to produce hyperlocomotor activity in open 

field testing, suggesting that DR animals exhibit higher emotional responsiveness to a novel 

environment (Andrade et al., 2002). DR is known to enhance hippocampal neurogenesis 

(dorsal and ventral combined) by promoting the survival of neural progenitor cells without 

affecting active cell proliferation (Lee et al., 2000; Kim et al., 2015). Although the 

mechanisms underlying enhanced survival of newly born progenitors are unknown, it has 

been speculated that the metabolic stress induced by DR could regulate the later stages of 

neuronal development of these neural progenitor cells (Kim et al., 2015). Contrary to the 

previous findings in the field, our results via Ki-67 labeling show that DR did not alter the 

developmental stages of newly born cells in the dorsal dentate gyrus. Furthermore, DR 

enhanced proliferation of newly born cells and reduced survival of newly born cells in the 

ventral dentate gyrus, suggesting that the newly born cells were unstable and unable to 

survive into immature neurons in the ventral dentate gyrus. It is possible that DR-induced 

maladaptive changes in protein biosynthesis, neurotransmitter and neuropeptide release in 

the hippocampus may have contributed to the subregion specific changes in cell survival of 

newly born progenitors (Wiggins et al., 1984; Shoham et al., 2000; Rotta et al., 2003). For 

example, there are differences in the density of dopamine receptors, noradrenergic inputs, 

glutamatergic receptor-dependent plasticity along the dorso-ventral axis of the hippocampus 

(Kempadoo et al., 2016; Kouvaros & Papatheodoropoulos, 2016; Weitemier & McHugh, 

2016; Zhang et al., 2016), all of which regulate neurogenesis in the dentate gyrus (Cameron 

et al., 1995; Mu et al., 2011). Nevertheless, the distinct alterations in cell survival in the 

ventral dentate gyrus could support the behavioral deficits in emotional responsiveness with 

this type of DR paradigm (Morse et al., 1995; Altemus et al., 1996; Weed et al., 1997; 

Heiderstadt et al., 2000). Taken together, our findings demonstrate that ventral dentate gyrus 

of adult rats may be more sensitive to the effects of DR.

DR also reduced the number of granule cell neurons in the dorsal dentate gyrus without 

effecting the cells in the ventral dentate gyrus. These findings suggest that DR produces 
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detrimental effects on newly born and preexisting granule neurons. One possible explanation 

for these effects could be due to the fact that DR is a stressor and produces elevated plasma 

corticosterone levels (Carr, 1996; Heiderstadt et al., 2000). For example, the hippocampus is 

sensitive to changes in corticosterone levels in response to stress, and this has been 

associated with reduced neurogenesis, reduced hippocampal neuron number, dendritic 

atrophy of hippocampal neurons, and reduced hippocampal volume (Sapolsky et al., 1985; 

Woolley et al., 1990; Gould et al., 1991; Coburn-Litvak et al., 2004). These studies suggest 

that reduced survival of newly born neurons and overall reduction in the number of granule 

cell neurons in DR animals could be due to altered hypothalamic-pituitary-adrenal responses 

to stress endured by these animals.

Notably, the alterations in newly born granule cell neurons and preexisting granule cell 

neurons did not alter the density of mossy fiber projections in dorsal and ventral dentate 

gyrus. Therefore, it is possible that alterations in the number of granule cell neurons are not 

sufficient to trigger changes in mossy fiber projections. Furthermore, our results indicate that 

reduced neurogenesis and granule cell neuron numbers in DR animals are not directly 

predictive of alterations in mossy fiber density in these animals. These compensatory 

changes could assist with intact spatial memory behaviors in DR animals despite the 

changes in the morphology and cellular changes in granule cell neurons (Andrade et al., 
2002; Rezende et al., 2015; Babits et al., 2016). In conclusion, these data lend support to the 

idea that the neuronal circuitry of the hippocampal formation in adult animals was not 

severely affected by DR, supporting the functional efficacy of the compensatory dendritic 

and synaptic changes in the dentate granule cell neurons.

4. Methods

4.1 Animals and Feeding Paradigm

A total of eight male Wistar rats (aged eight weeks at the beginning of dietary changes) were 

used for this study with four animals assigned to each feeding protocol. Animals were 

maintained in pair housing under temperature, humidity, and light controlled (reverse 12h 

light–12h dark) conditions. Animals in the ad lib feeding paradigm (controls) were allowed 

free and continual access to food in their home cage for the duration of the experimental 

period. In contrast, animals in the DR feeding paradigm were allowed free access in their 

home cage to the same food as those in the ad lib paradigm, but only every other day (24h 

food access, 24h no food access) for the duration of the experimental period. We chose this 

established DR paradigm because rats maintained on this schedule consume approximately 

30% less food over time compared to animals fed ad lib (Goodrick et al., 1983). 

Furthermore, this type of DR paradigm is a well-known metabolic stressor, which is known 

to enhance adult hippocampal neurogenesis, enhance neurotrophic factors associated with 

neurogenesis and reduce mossy fiber projections in the dentate gyrus (Lee et al., 2000; Lee 

et al., 2002a; Lee et al., 2002b; Kim et al., 2015; Rezende et al., 2015). Water was available 

at all times to all animal regardless of experimental feeding paradigm. Animals were 

weighed daily, and eight weeks after DR or control conditions all animals were administered 

a single intraperitoneal injection of 5-bromo-2’-deoxyuridine (BrdU, 150 mg/kg body 

weight). Feeding paradigms continued for a total of 12 weeks, at which point the animals 
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were anesthetized with chloral hydrate, transcardially perfused as previously described 

(Sobieraj et al., 2014) and briefly detailed below. All animal treatments were approved and 

overseen by the IACUC at The Scripps Research Institute.

4.2 Tissue collection, processing and histological analysis

Following perfusion with saline followed by 4% paraformaldehyde, brain tissue from each 

animal was removed and post fixed in 4% paraformaldehyde and cryoprotected in 30% 

sucrose at 4°C until sectioning. Tissue was cut into 40 μm serial coronal sections on a 

sliding microtome and stored in PBS. Hippocampal tissue (dorsal dentate gyrus: 

representing −2.56, −3.14, −4.16 and −4.8mm from bregma; ventral dentate gyrus: 

representing −5.20, −5.6, −6.04 and −6.30 mm from bregma; (Klomp et al., 2014; Vetreno & 

Crews, 2015) 8 sections per rat) was mounted and stained for Ki-67 (1:700, Rabbit 

polyclonal, Thermo Scientific) and BrdU (1:500, Sheep polyclonal, Abcam) followed by 

biotin-tagged secondary antibodies and visualized with DAB. For Ki-67 and BrdU analyses, 

all immunoreactive cells in the subgranular zone (Ki-67) and granule cell layer (BrdU) were 

counted per animal in dorsal and ventral granule cell layer. In addition to cell counting, area 

measures of the granule cell layers were also determined for each section for each animal 

using StereoInvestigator software (MicroBrightField), and the raw cell counts per section per 

animal were divided by the area of the granule cell layer and are indicated as cells per mm2 

of the granule cell layer per subregion per animal.

For morphometric analysis of the density of mossy fiber projections, dorsal hippocampal 

sections (representing −2.56 and −4.8mm from bregma, 4 sections per rat) were separately 

stained for synaptoporin (1:50, Rabbit polyclonal, SynapticSystems) followed by biotin-

tagged secondary antibodies and visualized with DAB. We chose to use the presynaptic 

vesicle protein for detecting the density of mossy fiber projections due to the expression of 

the protein in measurable amounts in the mossy fiber tracts (Romer et al., 2011). The images 

were captured with Zeiss AxioImagerA2 and the infrapyramidal and suprapyramidal mossy 

fiber tracts were combined for density measures of mossy fiber projections. Colored, white-

balanced images were captured with StereoInvestigator software (MicroBrightField); 

synaptoporin in the DG, and the CA3 was evaluated by quantifying DAB stain (% area 

stained) using ImageJ software (NIH). Briefly, the infrapyramidal and suprapyramidal 

mossy fiber tracts were contoured using the polygonal selection feature. A circular area 

above the CA3 was used to quantify non-specific/background staining. The image was then 

converted to red-green-blue stacks. The green stack was used for quantification of DAB 

using the threshold function; the maximum and minimum threshold for all the images was 

set to 130 and 90, respectively. Area stained (% area) was measured for the mossy fiber tract 

contour and the background; specific staining was calculated by subtracting the background. 

Area stained was compared between groups using Unpaired t test.

For measurement of granule cell number, sections were selected via systematic random 

sampling, stained with Vector FastRed and were used for cell quantification via optical 

fractionator method using the StereoInvestigator software (MicroBrightField). The average 

density of granule cells was found by examining 6 sections from each rat from dorsal 

granule cell layer and 6 sections from each rat from the ventral granule cell layer. Live video 
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images were used to draw contours delineating the granule cell layer. All contours were 

drawn at low magnification (Zeiss AxioImagerA2 at 100× final magnification), and the 

contours were realigned at high magnification (400× final magnification). Following 

determination of mounted section thickness (cut section thickness 40 μm; measured mounted 

section thickness 28 μm), z plane values and selection of contours, an optical fractionator 

analysis was used to determine bilateral estimates of granule cell neuron number per granule 

cell layer of each dentate. A counting frame of appropriate dimensions, denoting forbidden 

and nonforbidden boundaries, was superimposed on the video monitor, and the optical 

fractionator analysis was performed at 400×. Cells were identified as granule cell neurons 

based on standard morphology, and only neurons with a focused nucleus within the 

nonforbidden regions of the counting frame were counted. Over 400 cells were counted at a 

10 × 10 × 2 μm counting grid, and a 2 μm top and bottom guard zone. The total number of 

granule cells was calculated by an unbiased stereological estimation, where the average 

density of the granule cells (cells/μm3) was multiplied by total volume of the granule cell 

layer of the hippocampal dentate gyrus (West et al., 1991; Mandyam et al., 2008).

4.3 Statistical analysis

All cellular quantifications were done by an observer blinded to the study and animal 

groups. Animal weight was assessed as a repeated measures two-way ANOVA (feeding 

paradigm × time). Cell counts for each marker (expressed as positive cells per mm2) and 

density of granule cells and synaptoporin were analyzed by two-way ANOVA or by 

Students-t-test. All graphs and statistical analysis were generated using Graph Pad version 6 

for PC and p<0.05 was considered statistically significant.
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Highlights

• DR differentially modulates proliferation and survival in the DG

• DR differentially effects density of GCNs along the dorso-ventral axis

• DR does not alter density of mossy fiber projections in the DG
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Figure 1. 
Changes in body weight over weeks of DR in male Wistar rats. Body weight is indicated in 

grams. BrdU was injected when animals were 15 weeks of age. *p<0.05 vs controls. Data is 

represented as mean ± SEM.
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Figure 2. 
Photomicrographs of Ki-67 immunoreactive cells in dorsal (a, DDG) and ventral (b, VDG) 

dentate gyrus. Arrowhead in a-b points to a cluster of Ki-67 cells in the subgranular zone. 

Thick arrow in a–b points to a cell in the molecular layer and thin arrow in a–b points to a 

cell in the hilus of the dentate gyrus. Inset in a–b show Ki-67 cells at 400x magnification. 

Scale bar in (a) is 50 μm applies a–b, main panel and 10 μm in the inset. Quantitative 

analysis of Ki-67 cells in both subregions in the subgranular zone (c). $ indicated significant 
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interaction, ***p<0.001 vs. dorsal region, #p<0.05 vs. control animals. Data is represented 

as mean ± SEM.
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Figure 3. 
Photomicrographs of BrdU immunoreactive cells in dorsal (a, DDG) and ventral (b, VDG) 

dentate gyrus. Arrowhead in a-b points to a mature BrdU cell in the granule cell layer. Thin 

arrow in a-b points to a cell in the hilus of the dentate gyrus. Inset in a–b show BrdU cells at 

400x magnification. Scale bar in (a) is 50 μm applies a–b, main panel and 10 μm in the inset. 

Quantitative analysis of BrdU cells in both subregions (c). #p<0.05 vs. control animals. Data 

is represented as mean ± SEM.
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Figure 4. 
Photomicrograph of granule cell neurons in the dorsal dentate gyrus used for stereological 

analysis (a). Two sided arrow indicates the granule cell layer. Granule cells are pink in color 

visualized with Vector FastRed staining. Scale bar in (a) is 25 μm. Quantitative analysis of 

granule cells in both subregions by optical fractionator method (b). *p≤0.05 vs. control 

animals. Data is represented as mean ± SEM.
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Figure 5. 
Photomicrograph showing mossy fiber projections via staining for synaptoporin in the dorsal 

dentate gyrus (a). Staining for synaptoporin was evident in the hilus (Hil), CA3 region, with 

infrapyramidal mossy fibers (IMF) and suprapyramidal mossy fibers (SMF) indicated in the 

hilus region. Scale bar in (a) is 100 μm. Densitometric analysis of mossy fiber projections in 

the dorsal and ventral dentate gyrus (b). Data is represented as mean ± SEM.
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