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Early Stress Evokes Age-Dependent Biphasic Changes in Hippocampal 
Neurogenesis, Bdnf Expression and Cognition 

 
Supplemental Information 

 
Supplemental Methods 

Early Stress 

Animals were subjected to the early stress of maternal separation (ES) from postnatal day 

2 (P2) to postnatal day 14 (P14). In brief, the maternal separation paradigm was performed as 

follows (1). 

Pregnant primiparous dams were individually housed and gave birth to litters within the 

Tata Institute of Fundamental Research animal facility. The litters were culled to 10-11 pups per 

litter with approximately equal numbers of male and female pups. Dams and their respective 

litters were randomly assigned to either control or ES groups. Pups in the ES group were 

separated from the dams from P2 to P14 for a period of three hours per day with the separation 

being performed from 9 am - 12 pm. On removal from the home cage, the entire litter was placed 

in a beaker lined with soft bedding and kept on a euthermic pad maintained at 37˚C in a room 

separate from the dam. The dam was placed in a fresh cage during the period of separation and 

put back in the home cage subsequent to the return of the litter. Control litters were left 

undisturbed throughout other than for routine animal facility handling. Male ES animals were 

studied at three ages namely, P21 - 7 days after the termination of maternal separation, at 2 

months of age in young adulthood and at 15 months, in middle-aged life.  

 

Drug Treatments 

To assess the differentiation of hippocampal progenitors, young adult and middle-aged 

control and ES animals received 5 bromo-2´-deoxyuridine (BrdU, Sigma, USA) (100 mg/kg, 
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twice daily) for 3 days followed by a single injection of BrdU (100 mg/kg) on the fourth day, and 

were sacrificed 28 days after the final BrdU injection (n = 3-4/group/age). To examine 

hippocampal newborn neuron number, middle-aged control and ES animals received BrdU (100 

mg/kg, twice daily) for 3 days followed by a single injection of BrdU (100 mg/kg) on the fourth 

day, and were sacrificed 45 days after the final BrdU injection, post the Morris water maze 

(MWM) task (n = 5/group). 

 

Behavior Paradigms 

Morris Water Maze 

Middle-aged control and ES animals treated with BrdU 35 days prior to the MWM task 

were tested for long-term retention of spatial memory 6 days post the last training day (n = 7-

8/group). In this case we used an earlier time point for the long-term retention test as prior 

evidence demonstrates a progressively reduced role of the hippocampus in spatial memory recall 

over time (2, 3). 

Novel Object Recognition Test (NOR) 

Object memory was tested using the NOR paradigm (2 month: n = 17-20/group; 15 

month: n = 9-20/group). The percent time spent with novel object [(novel object interaction 

time/total object exploration time) X 100] was assessed as a measure of novel object 

discrimination.  

 

Immunohistochemistry and Immunofluorescence 

Control and ES animals (n = 4-6/group/age) were deeply anesthetized and transcardially 

perfused with 4% paraformaldehyde. The perfused brains were cut into 50 μm thick serial-cut 
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coronal sections through the rostrocaudal extent of the hippocampus and processed for BrdU and 

doublecortin (DCX) immunohistochemistry. For BrdU immunohistochemistry every fifth 

hippocampal section (10 sections per animal) was subjected to sequential incubation with the 

primary antibody (mouse anti-BrdU, 1:500 dilution, Boehringer Mannheim, Germany) and 

biotinylated horse anti-mouse secondary antibody (1:250, Vector Laboratories, USA). For DCX 

immunohistochemistry, hippocampal sections (6 sections per animal) were incubated 

sequentially with goat anti-DCX primary antibody (1:250, Santa Cruz Biotechnology, USA) 

followed by the biotinylated horse anti-goat IgG (1:250, Vector Laboratories). Signal 

amplification was performed using an avidin-biotin Elite ABC system (Vector Laboratories) and 

was visualized using diaminobenzidine (DAB, Sigma, USA). 

For DCX immunofluorescence, following primary and biotinylated secondary antibody 

exposure as detailed above, sections were exposed to Alexa 488-conjugated streptavidin (1:500, 

Molecular Probes, USA) prior to visualization by confocal microscopy (LSM 5 Exciter, Zeiss, 

Germany). 

To assess the differentiation of hippocampal progenitors into neurons, immunopositive 

for the neuronal nuclei antigen (NeuN), or into glia, immunopositive for glial fibrillary acidic 

protein (GFAP), triple immunofluorescence experiments were performed on hippocampal 

sections (6-12 sections per animal) from young adult (n = 4/group) and middle-aged (n = 

3/group) control and ES animals. The sections were incubated with a cocktail of antibodies: rat 

anti-BrdU (1:200, Accurate Biochemicals, USA), mouse anti-NeuN (1:1000; Millipore 

Bioscience Research Reagents, USA) and rabbit anti-GFAP (1:500, Sigma). Sections were 

incubated with a cocktail of secondary antibodies: biotinylated horse anti-rat IgG (1:500, 

Millipore Bioscience Research Reagents), Alexa 555-conjugated donkey anti-mouse (1:250, 
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Molecular Probes) and Cy5-conjugated donkey anti-rabbit (1:250, Molecular Probes), followed 

by signal amplification with Alexa 488-coupled streptavidin (1:250, Molecular Probes) prior to 

visualization by confocal microscopy (Zeiss). The number of newborn neurons was also assessed 

in middle-aged control and ES animals (n = 5/group) using the BrdU/NeuN immunofluorescence 

protocol as detailed above.  

The quiescent stem cell numbers in middle-aged control and ES animals (n = 5/group) 

were quantitated by assessing the number of cells that were double-positive for the stem cell 

marker Sox-2 and the glial marker GFAP. The sections were incubated with a cocktail of 

antibodies: goat anti-Sox-2 (1:250, Santa Cruz Biotechnology) and mouse anti-GFAP (1:250; 

Sigma). Sections were incubated with a cocktail of secondary antibodies: biotinylated horse anti-

goat IgG (1:250, Vector Laboratories) and Alexa 555-conjugated donkey anti-mouse (1:250, 

Molecular Probes) followed by signal amplification with Alexa 488-coupled streptavidin (1:250, 

Molecular Probes) prior to visualization by confocal microscopy (Zeiss).  

 

Cell Counting Analysis 

Cell counting analysis was performed on coded slides by an experimenter blind to the 

study code. Quantitation of BrdU-positive and BrdU/NeuN double-positive cell numbers in 

tissue sections spanning the rostro-caudal extent of the hippocampus was performed using a 

modified, unbiased stereology protocol (4). The number of BrdU-positive and BrdU/NeuN 

double-positive cells per subgranular zone (SGZ)/granule cell layer (GCL) was estimated by 

multiplying the total number of marker-positive cells counted by the section periodicity, 5 in this 

case. To determine DCX-positive cell number, immunopositive cells were counted on a Zeiss 

Axioskop camera at a magnification of 400X. To quantitate the number of DCX-positive cells in 
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control and ES animals at P21, the immunopositive cells were counted in three SGZ subfields of 

specified area across the span of the dentate gyrus (DG) GCL blade on a LSM5 exciter confocal 

microscope. The number of DCX-positive cells per section was then estimated based on the 

average of the DCX-positive cells counted per subfield and the total area of the SGZ in the 

section.  

To study hippocampal progenitor differentiation into NeuN-positive neurons or GFAP-

positive glia, the percentage of BrdU-positive cells that colocalized with either NeuN or GFAP 

was assessed using a LSM5 Exciter (Zeiss) confocal microscope. A minimum of 30 BrdU- 

positive cells from each animal (6-12 sections, 250 μm apart) was analyzed using z-plane 

sectioning with 1 μm steps to confirm colocalization of BrdU with NeuN or GFAP. 

To determine the number of quiescent stem cells in middle-aged animals, Sox-2/GFAP 

double-positive cells with a radial glial morphology were counted in every 12th section (5 

sections per animal) from serial sections across the rostro-caudal extent of the hippocampus. 

Cells immunopositive for Sox-2/GFAP with a radial glia-like morphology were counted at 400X 

magnification in three separate fields of specified area (160.8 x 160.8 mm2) per DG per section, 

with the location of the fields selected kept constant across the quantitation analysis. The number 

of quiescent stem cells per mm2 was then estimated based on the average Sox-2/GFAP double-

positive cells with a radial glia-like morphology counted per subfield and the total area of the 

SGZ in the subfield analyzed. All confocal analysis was done using z-plane sectioning with 1μm 

steps. 
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Chromatin Immunoprecipitation (ChIP) Assay  

ChIP assays were performed on hippocampal tissue as previously described (5, 6) (n = 7-

9/group/age). Briefly animals were killed by decapitation, following which the hippocampi were 

dissected out and minced into 1 mm thick pieces. The hippocampal tissue was cross-linked in 1% 

formaldehyde and stored at -70ºC till further processing. The chromatin was homogenized and 

sonicated in detergent lysis buffer to generate 400–800 bp chromatin fragments. Following 

sonication, the nucleic acid concentration of the chromatin lysate was estimated and equal 

amounts of chromatin lysate (50 μg) were pre-cleared and immunoprecipitated overnight at 4°C 

separately with 1 μg of antibody directed against Histone 3-Lysine 9 acetylation (H3K9ac), 

Histone 3-Lysine 4 dimethylation (H3K4me2), Histone 3-Lysine 9 dimethylation (H3K9me2), 

Histone 3-Lysine 9 trimethylation (H3K9me3) and Histone 3-Lysine 27 trimethylation 

(H3K27me3) (Millipore Bioscience Research Reagents). The specificity of these antibodies in 

ChIP assays has been previously established (5, 6). As a control, samples were 

immunoprecipitated with 1 μg nonimmune rabbit IgG (Millipore Bioscience Research Reagents). 

The histone residue-specific, modification bound antibodies were pulled down using protein A/G 

agarose beads and the DNA-histone complex was then eluted from the beads in 150 μl of 

NaHCO3/SDS elution buffer. DNA and histones were reverse cross-linked at 65°C following 

which the proteins were digested using proteinase K treatment. The chromatin associated with 

residue-specific histone acetylation and methylation modifications was extracted with 

phenol/chloroform/isoamyl alcohol, precipitated with 100% ethanol, and resuspended in 

nuclease free water prior to quantitative polymerase chain reaction analysis. 
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Western Blot Analysis 

Hippocampal tissue (n = 4-6/group/age) was lysed using Laemmli sample buffer, and 

separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis, and then transferred to 

polyvinylidene difluoride (GE Healthcare, Buckinghamshire, UK) membranes. Following 

blocking in 5% fat-free milk and 0.05% Tween 20 in Tris-buffered saline (TBST), membranes 

were incubated with rabbit anti-BDNF (1:500; Santa Cruz Biotechnology, USA), rabbit anti-

H3K9me2 (1:1000; Abcam, Cambridge, UK) or rabbit anti-beta-III-tubulin (1:5000; Covance, 

Princeton, NJ) in TBST. Membranes were incubated with a 1:5000 dilution of horseradish 

peroxidase-conjugated donkey anti-rabbit (GE Healthcare) antibody. Protein-antibody complexes 

were detected with an ECL substrate (GE Healthcare). Densitometric analysis of western blot 

films was carried out using the Macintosh-based Scion Image software (Scion Corporation) and 

all bands were normalized internally to beta-III-tubulin expression levels.  
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Figure S1. Young adult animals with early stress history exhibit reduced escape latencies on day 

1 of Morris water maze (MWM) training. Animals subjected to early stress (ES) and their 

controls (C) were trained in young adulthood at 2 months of age on the MWM task. Animals 

were subjected to 4 days of training, 4 trials per day during which acquisition of spatial learning 

was assessed by determining the time taken to reach the hidden platform (escape latency). On 

day 1 of training, both control and ES animals exhibited a progressive reduction in escape 

latencies across the four trials. Young adult ES animals showed significantly lower escape 

latencies across the four trials as compared to age-matched controls. Results are expressed as the 

mean ± SEM and represent the time in seconds for escape latency during MWM training (n = 10-

11/group; p < .05, repeated measures ANOVA). 
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Figure S2. Early stress experience does not alter the number of quiescent stem cells in the 

hippocampal neurogenic niche of middle-aged animals. The numbers of quiescent stem cells in 

middle-aged animals with a history of early stress (ES) and their age-matched controls (C) were 

analyzed by assessing the number of cells double-immunopositive for the stem cell marker Sox-

2, the glial marker glial fibrillary acidic protein (GFAP) and bearing a radial glial morphology (a 

single process reaching into the granule cell layer). (A) Shown is a confocal z stack image of a 

Sox-2-positive cell colocalized with GFAP and bearing a radial glial morphology (white arrow 

head). (B) Confocal z-stack analysis revealed no difference in the number of quiescent stem cells 

in middle-aged control and ES animals. Results are expressed as mean ± SEM number of Sox-

2/GFAP positive cells with radial glial morphology per mm2 of the SGZ/GCL (n = 5/group, p > 

.05, unpaired Student’s t test).  
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Figure S3. Early stress experience does not alter the differentiation of adult hippocampal 

progenitors. Young adult and middle-aged control (C) and early stress (ES) animals received 

BrdU (100 mg/kg, twice daily) for 3 days followed by a single injection of BrdU (100 mg/kg) on 

the fourth day, and were killed 28 days after the final BrdU injection. (A) The differentiation of 

hippocampal progenitors into a neuronal or glial fate was analyzed by assessing the percent 

colocalization of BrdU with the neuronal marker neuronal nuclei (NeuN) or glial marker glial 

fibrillary acidic protein (GFAP). (B, C) Confocal z-stack analysis revealed no difference in the 

percent colocalization of BrdU with NeuN or GFAP in control and ES animals at 2 months (2 

mths) (B) and 15 months (15 mths) of age (C). (A) Shown are confocal z-stack images of BrdU 

positive cells colocalized with NeuN or GFAP.  Results are expressed as mean ± SEM percent 

colocalization of BrdU with NeuN or GFAP in the SGZ/GCL (n = 3-4/group/age, p > .05, 

unpaired Student’s t test).  
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Figure S4. Positive correlation between long-term retention of spatial memory and hippocampal 

newborn neuron number in middle-aged animals. (A) To examine hippocampal newborn neuron 

number, middle-aged animals subjected to early stress (ES) and their age-matched controls (C; 

CTL) received BrdU (100 mg/kg, twice daily) for 3 days followed by a single injection of BrdU 

(100 mg/kg) on the fourth day, and were killed 45 days after the final BrdU injection, post the 

Morris water maze (MWM) task. Animals were subjected to 4 days of training (T), 4 trials per 

day and probe tests were carried out 24 hours (PT) and 6 days (RT) following the last day of 

training. In this case we used an earlier time point for the long-term retention test as prior 

evidence demonstrates a progressively reduced role of the hippocampus in spatial memory recall 

over time (2, 3). (B, C) Middle-aged ES animals showed no significant difference in the 

acquisition (B) or short-term retention (C) of spatial memory. (D) Middle-aged ES animals 
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exhibited an impairment in recollection of the hidden platform position on the probe test 

performed 6 days after MWM training, as assessed by a significant decline in the percent time 

spent in the target quadrant as compared to age-matched controls. Results are expressed as the 

mean ± SEM and represent the time in seconds for escape latency during MWM training and the 

percent time in target quadrant for the probe tests performed 24 hours and 6 days after MWM 

training (n = 7-8/group; *p < .05; unpaired Student’s t test). (E) A significant decline in 

BrdU/NeuN positive newborn neurons was observed in middle-aged ES animals as compared to 

age-matched controls. Results are expressed as mean ± SEM of BrdU/NeuN positive cells in the 

SGZ/GCL (n = 5/group, *p < .05, unpaired Student’s t test). (F) A strong positive correlation 

was observed between the number of newborn neurons and percent time spent in the target 

quadrant on the long-term retention probe test (r = 0.90, p = .0003, Pearson correlation test). 
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Figure S5. Epigenetic modifications at brain derived neurotrophic factor (Bdnf) exon-specific 

promoters and Bdnf transcript variant expression in postnatal, young adult and middle-aged 

animals with a history of early stress. (A) Shown is a schematic representation of the Bdnf gene 

composed of eight 5' non-coding exons (I-VIII) which are alternatively spliced to the common 3' 

coding exon IX, with the expression of each 5' noncoding transcript regulated by its own unique 

promoter. The arrows show the Bdnf promoters profiled for epigenetic modifications. 

Hippocampal expression of specific Bdnf transcript variants (I, II, IV and VI) and associated 

histone modifications at their respective promoters were analyzed at postnatal day 21 (P21) (B), 

2 months (mth) (C) and 15 mth (D) of age in the hippocampi of control (C) and early stress (ES) 

animals. Histone modifications were assessed using the chromatin immunoprecipitation (ChIP) 

assay. We performed ChIP assays for two activating histone modifications namely Histone 3-
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Lysine 9 acetylation (H3K9ac) and Histone 3-Lysine 4 dimethylation (H3K4me2), and three 

repressive histone modifications namely Histone 3-Lysine 9 dimethylation (H3K9me2), Histone 

3-Lysine 9 trimethylation (H3K9me3) and Histone 3-Lysine 27 trimethylation (H3K27me3). 

Results are expressed as mean ± SEM percentage of control for mRNA expression (n = 8-

10/per/age) and mean ± SEM fold change of control for ChIP (n = 7-9/group/age), and is a 

comparison to distinct age-matched control groups (*p < .05, unpaired Student’s t test). 



Suri et al. 

15 

 
 

Figure S6. Early stress experience does not alter global hippocampal H3K9me2 levels. 

Hippocampal H3K9me2 histone modification levels were analyzed in early postnatal, young 

adult and middle-aged control (C) and early stress (ES) animals. Western blot analysis revealed 

no difference in the global hippocampal H3K9me2 in control and ES animals at postnatal day 21 

(P21) (A), 2 months (B) and 15 months (C) of age. Results are expressed as mean ± SEM fold 

change of control (n = 4 per group per age, p > .05, unpaired Student’s t test).  
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Table S1. Body weights and swim speeds of young adult and middle-aged controls and animals 

with early stress history (ES). Young adult and middle-aged ES animals and their age-matched 

controls and also middle-aged control, ES and ES animals administered amitriptyline (ES Ami) 

were assessed for body weight and swim speeds on the Morris water maze task (MWM). Results 

are expressed as mean ± SEM (p > 0.05, unpaired Student’s t test). 

 

MWM 2 Months Experiment 
 Control ES p Value 
Swim Speed 24.42 ± 0.81 cm/s 26.37 ± 0.78 cm/s p = .41 
Body Weight 340 ± 6.28 g 332 ± 4.43 g p = .29 
 
 
MWM 15 Months Experiment 
 Control ES p Value 
Swim Speed 20.76 ± 0.55 cm/s 22.56 ± 1.22 cm/s p = .22 
Body Weight 501.7 ± 9.18 g 505.65 ± 10.77 g p = .78 
 
 
MWM 15 Months ES Ami Experiment 
 Control ES ES Ami p Value 
Swim Speed 23.41 ± 0.89 cm/s 23.31 ± 1.34 cm/s 22.4 ± 0.64 cm/s p = .75 
Body Weight 522.88 ± 25.6 g 510.55 ± 21 g 497.71 ± 10.13 p = .72 
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Table S2. Object memory was analyzed in young adult and middle-aged early stress (ES) 

animals as compared to age-matched controls by determining the percent time with novel object. 

Results are expressed as mean ± SEM percent time with novel object (*p < .05, unpaired 

Student’s t test). 

 

2 Months: Percent Time with Novel Object 
 Control ES p Value 

Day 2 74.10 ± 1.84 73.81 ± 2.39 p = .92 
Day 7 70.35 ± 2.63 69.07 ± 3.31 p = .76 

 
 

15 Months: Percent Time with Novel Object 
 Control ES p Value 

Day 2 70.13 ± 2.18 51.28 ± 2.04 *p < .0001 
Day 7 66.51 ± 2.80 56.21 ± 2.14 *p = .009 
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Table S3. Sequences of all primers used in the study. Given is the list of all chromatin 

immunoprecipitation (ChIP) and quantitative polymerase chain reaction (qPCR) primers used for 

analysis of Bdnf promoter epigenetic analysis and Bdnf exon-specific transcript expression. 

 

Gene Symbol Gene Name Primer Sequence 

qPCR Primers 

Bdnf I qPCR Brain Derived Neurotrophic 
Factor 1 

AGGGCAGTTGGACAGTCATTGGTA 
TTCAACTCTCATCCACCTTGGCGA 

Bdnf II qPCR Brain Derived Neurotrophic 
Factor 2 

CATTGAGCTCGCTGAAGTTGGCTT 
GTTAACCCAGTATACCAACCCGGA 

Bdnf IV qPCR Brain Derived Neurotrophic 
Factor 4 

TCTCACTGAAGGCGTGCGAGTATT 
TGGTGGCCGATATGTACTCCTGTT 

Bdnf VI qPCR Brain Derived Neurotrophic 
Factor 6 

AGGCTTTGATGAGACCGGGTT 
TCACATTGTTGTCACGCTCCTGGT 

Bdnf IX qPCR Brain Derived Neurotrophic 
Factor 9 

TCTTGCTGTGGTCTCTTTTTGG 
CCACAGACATTTACTTACAGTTTC

AATG 

ChIP Primers 

Bdnf I Brain Derived Neurotrophic 
Factor Promoter 1  

TGATCATCACTCACGACCACG 
CAGCCTCTCTGAGCCAGTTACG 

Bdnf II Brain Derived Neurotrophic 
Factor Promoter 2  

CCGAGGTGGTAGTACTTCATCCAG 
CCAACTTCAGCGAGCTCAATGAG 

Bdnf IV Brain Derived Neurotrophic 
Factor Promoter 4  

CGCACTAGAGTGTCTATTTCGAGG 
GCTCCATTTGATCTAGGCAGAGAC 

Bdnf VI  
 

Brain Derived Neurotrophic 
Factor Promoter 6  

CTTCTGTGTGCGTGAATTTGCT 
AGTCCACGAGAGGGCTCCA 
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