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pal development in maltreated children. Exposure to BDS 

caused a significant decrease in the total protein content of 

synaptosomes harvested from the hippocampus of 28-day-

old male and female mice, suggesting that BDS impairs nor-

mal synaptic development in the juvenile hippocampus. Us-

ing a novel liquid chromatography multiple reaction moni-

toring mass spectrometry (LC-MRM) assay, we found 

decreased expression of many synaptic proteins, as well as 

proteins involved in axonal growth, myelination, and mito-

chondrial activity. Golgi staining in 28-day-old BDS mice 

showed an increase in the number of immature and abnor-

mally shaped spines and a decrease in the number of mature 

spines in CA1 neurons, consistent with defects in synaptic 

maturation and synaptic pruning at this age. In 14-day-old 

pups, BDS deceased the expression of proteins involved in 

axonal growth and myelination, but did not affect the total 

protein content of synaptosomes harvested from the hippo-

campus, or protein levels of other synaptic markers. These 

results add two important findings to previous work in the 

field. First, our findings demonstrate that in 28-day-old juve-

nile mice, BDS impairs synaptic maturation and reduces the 

expression of proteins that are necessary for axonal growth, 

myelination, and mitochondrial function. Second, the results 

suggest a sequential model in which BDS impairs normal ax-

onal growth and myelination before it disrupts synaptic mat-

uration in the juvenile hippocampus.  © 2015 S. Karger AG, Basel 
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 Abstract 

 Conflicting reports are available with regard to the effects of 

childhood abuse and neglect on hippocampal function in 

children. While earlier imaging studies and some animal 

work have suggested that the effects of early-life stress (ELS) 

manifest only in adulthood, more recent studies have docu-

mented impaired hippocampal function in maltreated chil-

dren and adolescents. Additional work using animal modes 

is needed to clarify the effects of ELS on hippocampal devel-

opment. In this regard, genomic, proteomic, and molecular 

tools uniquely available in the mouse make it a particularly 

attractive model system to study this issue. However, very 

little work has been done so far to characterize the effects of 

ELS on hippocampal development in the mouse. To address 

this issue, we examined the effects of brief daily separation 

(BDS), a mouse model of ELS that impairs hippocampal-de-

pendent memory in adulthood, on hippocampal develop-

ment in 28-day-old juvenile mice. This age was chosen be-

cause it corresponds to the developmental period in which 

human imaging studies have revealed abnormal hippocam-
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 Introduction 

 Earlier imaging studies found reduced hippocampal 
volume in adults who experienced childhood abuse or ne-
glect, but not in maltreated children (reviewed in Ander-
sen et al.  [1]  and Pechtel and Pizzagalli  [2] ). These initial 
findings led to a long-held dogma in the field suggesting 
that the effects of early-life stress (ELS) on hippocampal 
function and structure are manifested only in adulthood. 
However, more recent work has reported abnormal hip-
pocampal function in children and adolescents exposed 
to abuse or neglect  [3–7] , indicating that ELS can impair 
hippocampal development. Additional work is therefore 
needed to determine whether exposure to ELS perturbs 
normal hippocampal development or interferes primar-
ily with cellular processes that are necessary to maintain 
normal hippocampal function in adulthood. 

  Conflicting results have also emerged in the animal lit-
erature. While some studies have found synaptic abnor-
malities and ELS-mediated impairments in the Morris 
water maze to occur only later in life  [8, 9] , others have 
documented abnormal synaptic alterations in the devel-
oping hippocampus of rodents exposed to ELS  [10–12] . 
This discrepancy might be related to different ELS para-
digms, different genetic backgrounds, and a limited selec-
tion of synaptic targets. In this regard, the genetic, ge-
nomic, and proteomic tools available in the mouse make 
it a particularly attractive animal model to address these 
discrepancies. However, most of the mouse work to date 
has focused on the effects of ELS on hippocampal func-
tion and structure in adulthood, with little effort made to 
use unbiased genomic or proteomic approaches to study 
its effects on hippocampal development. For example, we 
are aware of only one study that utilized an unbiased ge-
nomic approach to search for developmental pathways 
affected by ELS in the developing mouse hippocampus 
 [13] , and so far no group has used a proteomic approach 
to study this question.

  To address this issue, we developed a mouse model of 
ELS. This paradigm exposes pups of the highly stress re-
active mouse strain, BALB/cByj, to brief daily separation 
(BDS) during the first 3 weeks of life in the absence of 
nesting material (impoverished conditions). Exposure to 
BDS is associated with prolonged elevation of corticoste-
rone levels and blunted hippocampal growth during the 
second week of life  [14, 15] . Adult BDS mice show an in-
crease in several anxiety-like behaviors and a severe im-
pairment in the Morris water maze and object recogni-
tion test, indicating impaired hippocampal-dependent 
function in adulthood. We have repeated these findings 

across several independent cohorts of mice to demon-
strate the robustness and reproducibility of behavioral 
outcomes in BDS mice  [13, 14] . In this report, we charac-
terized the effect of BDS on hippocampal development 
using a novel targeted proteomic assay  [16]  and Golgi 
staining. Our findings demonstrate that BDS inhibits 
spine maturation in 28-day-old juvenile mice, which is 
accompanied by a reduced expression of proteins in-
volved in axonal growth, myelination, and mitochondrial 
activity. Abnormal synaptic development occurs in the 
hippocampus between the second and fourth week of life 
and is preceded by a decrease in the expression of proteins 
that are necessary for axonal growth and myelination. 
Together, these findings support the notion that exposure 
to ELS perturbs multiple pathways that are critical for 
normal hippocampal development.

  Materials and Methods 

 Animals 
 BALB/cByj mice (Stock No. 001026, Jackson Laboratories) 

were housed in standard Plexiglas cages and kept on a standard 12:  
 12-hour light-dark cycle (lights on at 7:   00 a.m.), constant temper-
ature and humidity (22   °   C and 50%), and food provided ad libitum. 
The Institutional Animal Care and Use Committee (IACUC) at 
Yale University approved all studies.

  Brief Daily Maternal Separation 
 The BDS procedure was done as described previously  [14] . In 

brief, visibly pregnant dams were placed individually in maternity 
cages with 750 ml of corncob bedding but no nesting material. At 
birth [postnatal day (PND) = 0], pups were culled to 6–8 pups per 
litter, and litters were randomly assigned to either BDS or control 
condition. The separation procedure occurred daily from PND1–21 
and was done from 11:   00–11:   40 a.m. During each BDS session, the 
dam was removed from the home cage and placed in a holding cage, 
covered with fresh corncob bedding, and provided with food and 
water. Pups were transferred individually into a new cage, covered 
with clean corncob bedding, and placed at different corners of a 
20.3 × 27.9 cm standard cage. The cages were left undisturbed for 15 
min at ambient temperature in the vivarium (22 ± 2   °   C) during which 
the pups were free to move about their holding cage. After 15 min of 
separation, the pups were individually transferred back to their 
home cage, followed by the return of the dam. On PND22, pups were 
weighed and housed in groups of 3–5 littermates of the same sex in 
cages with 500 ml of corncob bedding but no nesting material. On 
PND28, the mice were processed to harvest synaptosomes from the 
hippocampus and to assess spine density using Golgi staining. An 
additional cohort was processed as described above and was used to 
collect synaptosomes from the developing hippocampus on PND14.

  Synaptosomal Preparation 
 Synaptosomal preparation (P2 fraction) was generated using 

previously published protocols  [17, 18] . This method was chosen 
because of its speed, reproducibility, and ability to enrich for syn-
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aptic proteins  [19] . In brief, PND14 or -28 offspring were rapidly 
decapitated and the right hippocampus was dissected and placed 
in a 2-ml Dounce homogenizer (Kontes Glass Co.) containing 
500 μl of ice-cold buffer A [HEPES 4 m M  pH 7.4, 320 m M  sucrose, 
1 m M  DTT, and protease inhibitor cocktail (cat. No. P2714, Sig-
ma)]. Hippocampal tissue was homogenized using 10 slow strokes. 
The homogenate was transferred into a cold Eppendorf tube and 
centrifuged for 5 min at 1,000  g  at 4   °   C to remove nuclei and cell 
debris (P1 fraction). The supernatant was transferred to a new Ep-
pendorf tube and centrifuged for 20 min, 15,000  g , at 4   °   C. The 
supernatant containing soluble proteins was transferred to a new 
Eppendorf tube (S2) and snap frozen in liquid nitrogen. The re-
maining pellet (P2 fraction), containing the crude synaptosomes, 
was snap frozen in liquid nitrogen and stored at –80   °   C for later 
use in proteomic studies and/or Western blots.

  Liquid Chromatography Multiple Reaction Monitoring Mass 
Spectrometry 
 A detailed characterization of the liquid chromatography mul-

tiple reaction monitoring mass spectrometry (LC-MRM) mouse/rat 
postsynaptic density assay was recently published  [16] , and addi-
tional information about this assay is available in the supplemen-
tary information (for all online suppl. information, see www.karger.
com/doi/10.1159/000430861). In brief, samples were treated with 
4.1 m M  DTT to reduce cysteines, digested with trypsin (1:   15 ratio) 
for 15 h at 37   °   C, and quenched with 12 μl 20% TFA. Peptides were 
then desalted, dried, and dissolved in 20 μl 3:   8 v/v 70% FA/0.1% 
TFA. Total peptide concentration was adjusted to 0.2 μg/μl using 
0.1% TFA. Stable isotope peptide standards were added to the unla-
beled peptides at a final concentration of 100 fmol/μl. For multiple 
reaction monitoring, 1 μg (5 μl) of peptide/stable isotope peptide 
standards mixture was loaded onto a 180-μm × 20-mm 5-μm Sym-
metry C18 nanoACQUITY trapping column with 2% ACN/0.1% 
FA at 15 μl per min for 3 min. After trapping, a 2–40%, 60 min linear 
ACN/0.1% FA gradient was run at a flow rate of 500 nl/min with a 
75-μm × 150-mm 1.7-μm BEH130 C18 nanoAcquity column. Data 
were acquired with 1,371 transitions/sample at peak windows of 
5 min, and a cycle time of 2.5 s. Transition peaks were quantitated 
using Multiquant TM  2.1 software (research version) and the Signal-
Finder TM  2 algorithm. All raw data and methods have been upload-
ed to PeptideAtlas (http://www.peptideatlas.org/PASS/PASS00550).

  Western Blots 
 Protein samples (50 μg/lane) were separated on a 12% Criteri-

on TM  TXG Stain Free Midi-Gel (cat. No. 567-8044, Bio-Rad) fol-
lowed by a 1-min UV activation using the ChemiDoc XRST imag-
ing system (Bio-Rad). Proteins were then transferred to a nitrocel-
lulose membrane (cat. No. 170-4159, Bio-Rad) via the Trans-Blot 
Turbo system (Bio-Rad), and total protein load in each lane was 
quantified using the ChemiDoc XRST imaging system (see bottom 
panels in fig. 2 and 5). Membranes were subsequently blocked for 
60 min at room temperature in 5% Omniblock (in PBS with 0.1% 
Tween-20), and incubated with primary antibodies at 4   °   C over-
night with gentle shaking. A complete list of all the primary anti-
bodies used is provided in online supplementary table S1. Mem-
branes were washed with PBS containing 0.1% Tween-20 and in-
cubated with the appropriate secondary antibodies conjugated 
with HRP for 1 h at room temperature. Proteins were detected 
using a Western Lightning ®  Western Blot Chemiluminescence 
Reagent Plus kit (NEL104001EA, PerkinElmer), quantified using 

the ChemiDoc XRST imaging system, and normalized to mem-
brane load  [20] . Similar results were obtained when GADPH or 
actin proteins were used to normalize protein levels. To assess en-
richment of synaptic proteins in the synaptosome fraction, 20 μg 
of total proteins from the P1 (nuclear fraction), S2 (soluble frac-
tion), and P2 (synaptosome fraction) collected from 6 control hip-
pocampi were separated on a 12% Criterion TM  TXG Stain Free 
 Midi-Gel and quantified as described above. The percentages of 
histone 3 in the synaptosome (P2) fraction was calculated as fol-
lows: %P2  Histone 3  = (P2  Histone 3  × 100)/(P1  Histone 3  + P2  Histone 3  + 
S2   Histone 3 ). Similar calculations were used to assess %P1 and %S2 
for histone 3, PSD95, and synaptophysin.

  Golgi Staining 
 Golgi staining was done as previously described  [13] . Briefly, 

the left hemisphere from PND28 male mice (control n = 7; BDS n = 
7) was stained with the rapid GolgiStain TM  kit (FD NeuroTechnol-
ogies), cut at 100-micron sagittal sections on a cryostat, and pro-
cessed according to the manufacturer’s instructions. Stained slides 
were coded to ensure that morphological analysis was conducted 
by an observer who was blind to the animals’ developmental his-
tory. CA1 pyramidal cells, located in the dorsal hippocampus (n = 
10 cells for each animal), that were fully impregnated and free of 
neighboring cells or cellular debris were randomly selected for 
analysis. Cells were traced using the shaft method and the dendrit-
ic length and the number of branch points calculated using Neuro-
lucida 9.0 (MBF Bioscience) software. Spines were classified as ma-
ture (stubby or mushroom) or immature (shafts or filopodia) as 
previously described  [21] , and counted on secondary and tertiary 
dendritic segments (n = 3 segments per cell, 20–30 μm in length). 
Spine density for each spine category was calculated for each seg-
ment and averaged across the 3 measurements to obtain the spine 
density for secondary and tertiary apical branches for each animal.

  Developmental Studies 
 To assess normal hippocampal development, Balb/cByj mice 

were subjected to the control condition outlined above (no BDS 
group). Brain tissue was harvested at six developmental time 
points: PND7, -14, -22, -28, -42, and -63. The mice were rapidly 
decapitated and the hippocampi were dissected rapidly and frozen 
in liquid nitrogen. All dissections were done between 2:   00 and 5:    00 
p.m. to minimize circadian effects on gene expression. Hippocam-
pal tissue (n = 9 males from each developmental age) was rapidly 
thawed in cold lysis buffer from the AllPrep DNA/RNA/Protein 
Mini Kit (cat. No. 80004, Qiagen), homogenized (10 × 1-second 
pulses) using an ultrasonic processor (Cole-Parmer CP70), and 
spun at 16,000  g  for 3 min. RNA, DNA, and proteins were then 
purified using the AllPrep DNA/RNA/Protein Mini Kit according 
to the manufacturer’s instructions.

  Statistical Analysis 
 The labeled multiple reaction monitoring assay monitored 628 

heavy transitions and 743 light transitions from 7 BDS and 7 con-
trol samples. For quality control, we removed 84 heavy-labeled 
transitions (from 4 different samples) due to abnormally low in-
tensity. Five additional transitions were removed due to abnormal 
signals (<5). The relative peak area for each transition was then 
evaluated using the ratio of light to heavy peak area. Differential 
expression between the BDS and control groups was assessed at the 
transition and protein levels. The transition-level analysis was 
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done using Welch’s t test on the log2-transformed relative peak 
area for each transition (online suppl. table S5). The protein-level 
analysis was done using a linear-mixed effects model that decom-
posed the log2 relative area by the effects of stress, transition, and 
random effects of individual samples (online suppl. table S4). Ad-
ditional discussion on the linear-mixed model can be found in the 
article by Chang et al.  [22] . All calculations were carried out in R. 
Unpaired Student t tests (2 tails) were used to assess the effect of 
BDS on synaptosomal protein levels and spine density. One-way 
ANOVA was used to compare the effect of age on protein levels, 
with Tukey-HSD post hoc analysis used to follow the significant 
main effects of genotype. SPSS Statistics 21 software (IBM) was 
used for statistical analysis with p < 0.05 considered as significant.

  Results 

 First, we tested the ability of our synaptosome prepa-
ration to fractionate synaptic and nuclear proteins. We 
found that 75% and 90% of the synaptic markers, PSD95 
and synaptophysin, were present in the synaptosomal 
(P2) fraction, respectively, and more than 95% of the nu-
clear marker, histone 3, was found in the nuclear fraction 
(P1). These data confirm that the synaptosomal fraction 
(P2) is highly enriched for synaptic proteins ( fig.  1 a). 
Next, we harvested synaptosomes from the hippocam-
pus of PND28 male mice exposed to BDS or control con-
dition (control n = 8, BDS n = 7). This age was chosen 

because it allows mice 1 week to recover from the acute 
effects of BDS ( fig. 1 b), and because it corresponds to a 
developmental period in which human imaging studies 
have reported abnormal hippocampal development in 
maltreated children  [3–7] . BDS did not affect the body 
weight [control  = 11.9 ± 0.68 g, BDS  = 11.8 ± 0.66 g, 
t(13) = 0.134, p = 0.89], or the total amount of proteins 
harvested from the hippocampus [control = 4.16 ± 0.12 
mg, BDS = 4.09 ± 0.12 mg, t(13) = 0.416, p = 0.68]. The 
protein content of the hippocampal synaptosomes (P2) 
was 20% lower in BDS compared to control mice [t(13) = 
4.59, p  < 0.0005;  fig.  1 c], suggesting that BDS impairs 
normal synaptic development in the hippocampus. To 
search for differential protein expression between BDS 
and control mice, we loaded 1 μg of synaptosomal pro-
teins onto the LC-MRM mouse/rat postsynaptic density 
assay. Exposure to BDS caused a 10–30% decrease in 
many of the 112 proteins screened, as demonstrated by 
the large number of dots that fell below the dotted line in 
 figure 1 d. Path analysis of the 23 most highly regulated 
proteins (p < 0.06) indicates that 8 proteins are synaptic 
proteins, 7 are involved in axonal growth, 6 are mito-
chondrial proteins, and 2 play important roles in my-
elination ( fig. 1 e,  table 1 ).

  To assess the reliability of the proteomic results, we 
chose 10 proteins (1 mitochondrial protein, 3 cytoskeleton 

a

d e

b c

  Fig. 1.  Levels of many synaptic proteins are 
decreased in PND 28 male mice exposed to 
BDS.  a  Relative levels of histone 3, PSD95, 
and synaptophysin in P1 (nuclear frac-
tion), P2 (synaptosomal fractions), and S2 
(soluble fraction). The y-axis shows the rel-
ative distribution for each protein across 
the different fractions as a percentage of the 
total protein.  b  Experimental timeline. 
 c   Total protein content in synaptosomal 
fraction (P2) in PND 28 BDS and control 
male mice.  d  LC-MRM assay was used to 
calculate the relative levels of 112 synaptic 
proteins in synaptosomes harvested from 
the hippocampus of BDS and control juve-
nile mice. Note that the same amount of 
proteins (1 μg) was used in all samples. The 
y-axis is the ratio of protein levels between 
BDS and control. Numbers that are below 
the dotted line (BDS/control <1) indicate 
lower protein levels in BDS mice.  e  Path 
analysis for significant differences between 
BDS and control. Control n = 8, BDS n = 7 
male mice. Error bars represent means ± 
SEM.  *  *  *  p < 0.0005, independent t tests. 
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a b

c
  Fig. 2.  Western blot confirmation of pro-
teomic data.  a  Western blot gel showing 
levels of 10 proteins selected for secondary 
validation based on the proteomic data. 
Equal protein loading is shown at the bot-
tom (protein load) and is the image of acti-
vated fluorescent proteins detected by the 
Stain-Free Gel.  b  Quantification summary 
of Western blots.  c  BDS decreases expres-
sion of several key synaptic proteins. Error 
bars represent means ± SEM.  *   p  < 0.05, 
 *  *  p < 0.01, independent t tests. 

a b c

d e f

  Fig. 3.  BDS increases the number of imma-
ture spines while decreasing the number of 
mature spines in tertiary apical dendrites of 
CA1 neurons.  a  Total spine density in ter-
tiary apical dendrites.  b  Scheme used to 
classify spines into mature and immature 
categories. Exposure to BDS increases 
spine density of total immature spines ( c ), 
most notably filopodia ( d ).  e  Pictures of 
tertiary apical dendrites showing the pres-
ence of abnormally elongated filopodia 
that are commonly seen in BDS juvenile 
mice.  f  Spine density of mature spines. Er-
ror bars represent means ± SEM.  *  p < 0.05, 
 *  *   p  < 0.01,  *  *  *   p  < 0.001, independent t 
tests; scale bars in  e  are 1 μm. 
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proteins, 4 synaptic proteins, and 2 myelin-related pro-
teins) and tested their relative levels using Western blots 
( fig. 2 a). Nine out of the 10 proteins showed statistically 
significant reductions in expression levels that closely mir-
rored our LC-MRM data ( fig. 2 b,  table 1 ). The only excep-
tion was the myelin-related protein PLP1, which showed 
the expected 25% decrease but did not reach statistical sig-
nificance in juvenile males ( fig. 2 b, online suppl. table S2).

  Given the global decrease in synaptic proteins seen in 
28-day-old males exposed to BDS, we tested several other 
key synaptic proteins not included in the targeted pro-
teomic assay. In  figure 2 c, we show that BDS decreased 
the expression of the glutamate metabotropic receptor 5 
[mGluR5, t(13) = 2.67, p = 0.019], PSD95 [t(13) = 2.32, 
p = 0.037], glutamate AMPA receptor 1 [GluR1, t(13) = 
2.256, p = 0.042], and the glutamate AMPA receptor 2 
[GluR2, t(13) = 2.595, p = 0.022]. Additionally, we ob-
served a significant decrease in levels of the synaptic pro-
tein nectin-3 [t(13) = 2.45, p = 0.029] in mice exposed to 
BDS ( fig. 2 c, online suppl. table S2). These findings dem-
onstrate that BDS decreases the expression of many criti-
cal synaptic proteins, suggesting that BDS disrupts fun-
damental processes that support normal synaptic devel-
opment in the hippocampus.

  To further study the effects of BDS on synaptic develop-
ment, we used Golgi staining to characterize spine density, 

spine morphology, and dendritic arborization in CA1 py-
ramidal neurons of 28-day-old BDS and control male mice 
(n = 7 in each group). BDS did not affect the total dendrit-
ic length [control = 771 ± 130 μm, BDS = 1,007 ± 168 μm, 
t(12) = 1.32, p = 0.21] or the number of dendritic branches 
in CA1 cells [control  = 13.8 ± 0.84, BDS  = 13.9 ± 0.81, 
t(12) = 0.125, p = 0.90]. Mice exposed to BDS had signifi-
cantly higher spine density in tertiary dendrites [t(12) = 
3.00, p = 0.011,  fig. 3 a]. This increase in spine density was 
due to a large increase in the total number of immature 
spines ( fig. 3 b, c) that included a 10-fold increase in the 
number of filopodia seen in BDS mice ( fig. 3 d, e; online fig. 
S1). In contrast, exposure to BDS was associated with a sig-
nificant decrease in the number of mature spines [t(12) = 
3.06, p = 0.01,  fig. 3 f]. Similar findings were also observed 
in secondary apical dendrites (online suppl. table S3).

  Given that imaging studies found comparable hippo-
campal deficits in maltreated boys and girls  [3–7] , we test-
ed whether BDS perturbs similar developmental path-
ways in PND28 female mice (control n = 8, BDS n = 8). 
We found that the total amount of synaptosomal proteins 
was lower in BDS females compared to control females 
[t(14) = 2.869, p = 0.012;  figure 4 a]. In addition, BDS re-
duced the expression in levels of NDUFV1 [t(14) = 3.12, 
p = 0.008], NFM [t(14) = 1.97, p = 0.042], NFL [t(14) = 
2.683, p = 0.018], CamK2 [t(14) = 1.96, p = 0.05], MMDE2/

a

c

b

  Fig. 4.  BDS causes similar changes in juve-
nile female mice.  a  BDS decreased the total 
amount of synaptic synaptosomal proteins 
(P2 fraction) in 28-day-old female mice. 
Proteins selected for secondary validation 
based on the proteomic data in males ( b ) 
and additional key synaptic proteins ( c ) 
showed a similar decrease in female mice. 
Control n = 8, BDS n = 8 female mice. Error 
bars represent means ± SEM.        *   p  < 0.05, 
 *  *  p < 0.01, independent t tests.         
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NR2B [t(14) = 1.98, p = 0.047], MBP [t(14) = 3.673, p = 
0.006], PLP1 [t(14) = 2.751, p = 0.016], PSD95 [t(14) = 
2.57, p  = 0.022], GluR1 [t(13)  = 4.07, p  = 0.001], and 
GluR2 [t(14) = 2.307, p = 0.037]. These findings indicate 
that BDS causes similar deficits in the developing hippo-
campus of both juvenile males and females.

  Our proteomic data suggest that exposure to BDS im-
pairs synaptic maturation, axonal growth, mitochondrial 
activity, and myelination ( fig. 1 e). To estimate the relative 
rates at which these four cellular processes mature in the 
developing hippocampus, we used NDUFV1, NFM, 
PSD95, and MBP as markers of mitochondrial biogene-
sis, axonal growth, synaptogenesis, and myelination, re-
spectively. Levels of the mitochondrial protein NDUFV1 
peaked on PND7 and then declined by 50% to reach 
adult-like levels by PND14 ( fig. 5 a, b). Similar patterns 
were observed with other mitochondrial markers (cyto-
chrome C and ATP5A1, data not shown), suggesting that 

higher levels of mitochondrial activity are required to 
support hippocampal development during the first week 
of life. Levels of the intermediate neurofilament protein, 
NFM, increased dramatically during the first 3 weeks of 
life, at which point it continued to increase slightly into 
adulthood ( fig. 5 a, b). NFM levels on PND22 were not 
statistically different than those detected on PND63 (p = 
0.078), suggesting that axonal growth in the developing 
hippocampus matures at around PND22. Similar find-
ings were obtained with another neurofilament protein 
(NFL) and are consistent with previous work in the rat 
showing increased levels of neurofilament proteins in the 
developing hippocampus  [23] . PSD 95 levels increased 
dramatically during the first 3 weeks of life, reaching 
adult-like levels on PND28 ( fig.  5 a, b). Levels of MBP 
were low until PND14, at which point they increased lin-
early into adulthood ( fig. 5 a, b). Similar developmental 
patterns were seen with other markers of myelin (PLP1 

  Fig. 5.  The hippocampus undergoes ma-
jor developmental changes during the first 
3 weeks of life.  a  Western blot showing how 
levels of NDUFV1 (mitochondrial pro-
tein), NFM (cytoskeleton protein), PSD95 
(synaptic protein), and MBP (myelin pro-
tein) change during normal hippocampus 
development. Equal loading is shown as 
protein load at the bottom of the gel.  b  Pro-
tein levels were normalized to protein load 
and used to determine the rate of matura-
tion of each protein in the hippocampus. 
n = 9 male control mice in each time point. 
Error bars represent means ± SEM.   
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and CA2, data not shown). These findings indicate that 
among these four processes, mitochondrial biogenesis 
matures first in the developing hippocampus, followed by 
axonal growth, then synaptogenesis, and myelination be-
ing the slowest process to mature.

  Next, we asked whether BDS also reduces the expres-
sion of proteins involved in synaptogenesis, axonal 
growth, myelination, and mitochondrial activity in syn-
aptosomes harvested from the hippocampus of 14-day-
old pups (n = 11 in each group). Exposure to BDS did not 
affect the total body weight or the total amount of pro-
teins extracted from the hippocampus in the pups (data 
not shown). In contrast to our PND28 data ( fig. 1 c,  4 a), 
there was no significant difference in the total amount of 
synaptosomal proteins between BDS and control mice on 
PND14 ( fig.  6 a). Moreover, none of the synaptic (e.g. 
Camk2a, DLGP1, DLG3, PSD95, NR2B, mGluR5, GluR1, 
GluR2, and nectin-3) or mitochondrial (e.g. NDFUV1, 
cytochrome C, and ATPA) proteins tested showed a sig-
nificant decrease in 14-day-old BDS pups ( fig. 6 b, c, and 
data not shown). However, most strikingly, 14-day-old 
BDS mice showed a significant decrease in the expression 
of neurofilament proteins [NFL t(20) = 2.53, p = 0.02 and 
NFM t(20) = 2.60, p = 0.017] and myelin-related proteins 
[MBP t(19) = 2.30, p = 0.033] and PLP1 [t(19) = 3.10, p = 
0.006;  fig. 6 b] in a manner that was similar to our findings 
in 28-day-old mice ( fig. 2 ,  4 ).

  Discussion 

 BDS Impairs Normal Synaptic Maturation in the 
Developing Hippocampus 
 A key unanswered question in the field has been 

whether ELS affects normal hippocampal development, 
or whether it has a delayed onset that only interferes with 
cellular processes that are necessary to maintain normal 
hippocampal function in adulthood. This is not simply an 
academic question, but one that has important clinical 
implications with regard to the best time to intervene. 
Support for the developmental hypothesis comes from 
recent imaging studies  [3–7]  and animal work  [10–12, 24]  
demonstrating abnormal synaptic alterations in the de-
veloping hippocampus of rodents exposed to ELS. How-
ever, several other imaging studies failed to find changes 
in hippocampal volume in maltreated children (for meta-
analysis see Woon and Hedges  [25] ), and preclinical work 
from several groups found impaired performance in the 
Morris water maze and synaptic abnormalities to occur 
only later in life  [8, 9] . This discrepancy is likely due to 
differences in methodology used to assess hippocampal 
function, genetic background, and the duration as well as 
intensity of the ELS paradigms used. In this regard, the 
genomics, proteomics, and molecular tools available in 
the mouse make it an attractive model system for study-
ing this issue. Unfortunately, very little work has been 

a

c

b

  Fig. 6.  BDS decreased expression of pro-
teins involved in myelination and neuro-
filament formation, but not synaptic matu-
ration, in 14-day-old pups.  a  BDS does not 
affect the protein content of synaptosomes 
harvested from the hippocampus on 
PND14.  b  Western blot analysis of the 10 
proteins selected for secondary validation 
of the proteomic data in 28-day-old juve-
nile mice.  c  BDS did not decrease levels of 
key synaptic proteins that were downregu-
lated on PND28. Error bars represent 
means ± SEM.        *  p < 0.05,  *  *  p < 0.01, inde-
pendent t tests.         
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done so far to characterize the effect of ELS on hippocam-
pal development in the mouse. Here we use a novel pro-
teomic approach  [16]  and Golgi staining to characterize 
the effects of BDS, a mouse model of ELS, on hippocam-
pal development in 28-day-old juvenile mice. This age 
corresponds to a developmental period in which human 
imaging studies have shown abnormal hippocampal de-
velopment in maltreated children  [3–7] . Our results pro-
vide four lines of evidence to suggest that BDS causes sub-
stantial synaptic abnormalities at this age. First, the total 
protein content in synaptosomes harvested from the ju-
venile hippocampus was significantly lower in BDS male 
and female mice compared to controls ( fig. 1 c,  4 a). Sec-
ond, many of the 112 synaptic proteins included in the 
LC-MRM were downregulated in BDS male mice (i.e. the 
dots that are below the dotted line in  fig. 1 d). Third, using 
Western blots we confirmed the proteomic data and 
showed that several other key synaptic proteins that were 
not included in the proteomic screen were also down-
regulated in BDS juvenile mice ( fig. 2 c,  4 c). Fourth, using 
Golgi staining we found an increase in the number of im-
mature spines and a decrease in the number of mature 
spines in apical dendrites ( fig. 3 ). We suspect that imma-
ture spines contain low levels of synaptic proteins such as 
PSD95, DLGP1, DLG3, and NR2B, providing a possible 
explanation for the decrease in the total levels of these 
proteins in synaptosomes harvested from BDS mice. This 
interpretation is consistent with data showing that levels 
of PSD95 and other synaptic proteins increase as spines 
mature into mushroom-like structures  [26] .

  Our proteomic work is consistent with previous work 
examining the effects of ELS on protein expression in 
adult rodent brain as it relates to synaptic proteins and 
proteins involved in mitochondrial activity, axonal 
growth, and myelin formation  [27–29] . This work ex-
tends these previous findings by showing that many of 
these changes are already present earlier in development. 
Moreover, unlike previous proteomic studies that have 
used tissue homogenates from specific brain regions  [27–
29] , we fractionated the hippocampal homogenate to spe-
cifically examine the effect of ELS on synaptosomal con-
tent. This fractionation strategy allowed us to demon-
strate that BDS decreases synaptosomal protein content 
in PND28 male ( fig. 1 c) and female mice ( fig. 4 a), but not 
in PND14 males ( fig.  6 a). The combined use of pro-
teomics and synaptosomal fractionation revealed a glob-
al disruption in synaptic maturation in a way that could 
not be appreciated using more targeted Western blot ap-
proaches .  A good example is the observation that BDS 
decreases the expression of the synaptic protein nectin-3 

( fig. 2 c). This is interesting because recent work using a 
different mouse model of ELS showed that inhibition of 
nectin-3 decreases synapse formation at CA3 pyramidal 
neurons and impairs hippocampal-dependent memory 
in adult mice exposed to ELS  [30] .

  While the effect sizes found by the proteomic approach 
may be relatively small, the true magnitude of the effect 
BDS has on hippocampal synaptic development in 
28-day-old mice is likely to be significantly larger when 
taking into account the 20% reduction in total synapto-
somal protein in juvenile mice exposed to BDS ( fig. 1 c, 
 4 a). These results are not simply due to a global decrease 
in protein translation because BDS did not decrease total 
protein content in the hippocampus. Moreover, given 
that the same amounts of protein were used in all the LC-
MRM reactions, there should still be some unidentified 
proteins that are upregulated in synaptosomes purified 
from BDS mice. We suspect that at least some of these 
proteins are abundant in immature filopodia-like spines. 

 Golgi staining on PND28 showed an increase in the 
number of spines in apical dendrites of CA1 pyramidal 
neurons ( fig. 3 a). This finding is consistent with previous 
work showing increased spine density in rodents exposed 
to ELS  [10, 12, 31–35] . Further characterization of spine 
morphology indicates that this increase in spine density 
is mainly due to the presence of immature spines ( fig.  3 c–
e) and it is accompanied by a decrease in the number of 
mature spines ( fig. 3 f). These observations suggest that on 
PND28, BDS interferes with synaptic maturation in CA1 
neurons. Moreover, the presence of large numbers of im-
mature and abnormally shaped spines resembles our pre-
vious findings in LBP knockout mice and is consistent 
with the notion that BDS interferes with microglia-medi-
ated synaptic pruning  [13] . We have preliminary data to 
suggest that BDS interferes with microglia function in the 
developing hippocampus, and we are testing whether this 
may contribute to the retention of immature spines in 
CA1 pyramidal cells.

  The LC-MRM Mouse/Rat Postsynaptic Density 
Assay Provides a Powerful Tool to Identify Novel 
Developmental Pathways Affected by Early Adversity 
 This is the first study to use the LC-MRM mouse/rat 

postsynaptic density assay  [16] . This novel assay was de-
veloped at the Yale/NIDA Neuroproteomics Center and 
provides rapid quantification of 112 synaptic proteins. 
We found remarkable agreement between the proteomic 
data and Western blot analysis ( table 1 ). Using quantita-
tive Western blots we confirmed a significant decrease in 
expression levels in 9 of the 10 proteins tested. These find-
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ings demonstrate that the LC-MRM approach provides a 
powerful and reliable screening tool to assess synaptic 
content in mice. The accuracy of this assay is due to the 
fact that each protein is represented by 3 unique peptides 
and 2 native transitions per peptide, providing 6 data 
points per protein. In addition, known amounts of stable 
isotope peptide standards are used to normalize the unla-
beled transitions.

  One of the most striking findings from the proteomic 
data is that BDS also inhibits the expression of proteins in-
volved in axonal growth, mitochondrial activity, and my-
elination ( fig. 1 ,  2 ,  4 ), all of which undergo dramatic chang-
es during the first 3 weeks of hippocampal development 
( fig. 5 ). To the best of our knowledge, this is the first report 
showing that ELS inhibits these pathways in the developing 
mouse hippocampus. A key follow-up question is whether 
BDS independently disrupts the development of these 
pathways, or whether BDS impairs one developmental 
process that is necessary to complete subsequent cellular 
programs in the hippocampus. We started to examine this 
issue by characterizing the effects of BDS on synaptosomal 
proteins harvested from the hippocampus of 14-day-old 
pups. Exposure to BDS at this earlier age did not decrease 
the total amount of synaptosomal proteins harvested from 
the hippocampus, and it did not decrease the levels of the 
9 synaptic proteins tested (e.g. Camk2a, DLGP1, DLG3, 
NR2B, mGluR5, PSD95, GluR1, GluR2, and nectin-3). In 
contrast, BDS inhibited the expression of PLP1 and MBP, 
which are the most abundant proteins in myelin  [36] . BDS 
also decreased the expression of NFM and NFL, 2 subunits 
that are essential for the formation of type IV intermediate 
neurofilaments  [37] . These findings suggest that BDS in-

hibits the expression of proteins involved in neurofilament 
formation and myelination before it impairs synaptic de-
velopment in the hippocampus.

  Here we propose that BDS first disrupts neurofilament 
formation on PND14, impairing axonal transport and 
growth, which in turn is necessary for normal myelination, 
mitochondrial transport into the synapse, and synaptic 
maturation ( fig. 7 ). This model is supported by several ob-
servations. First, deletion of NFM or NFL causes a reduc-
tion in axonal caliber, conduction velocity, myelination, 
and mitochondrial transport  [38–43] . Second, these find-
ings are consistent with a large body of work showing that 
axonal growth plays a critical role in guiding myelination 
 [44] . Third, axonal transport is also essential for many as-
pects of synaptogenesis such as the recruitment of mito-
chondria and other structural proteins into the developing 
synapse  [45, 46] . Fourth, expression of NFM and NFL in 
the hippocampus matures before that of the synaptic 
marker, PSD95 ( fig. 5 ). Fifth, levels of MBP in the PND14 
hippocampus are highly correlated with levels of NFM (r = 
0.6, p = 0.007) and NFL (r = 0.7, p < 0.0005). Sixth, NFL 
knockout mice show deficits in spatial learning  [47] , con-
sistent with the notion that intact neurofilament assembly 
is necessary to support normal hippocampal-dependent 
function. Lastly, exogenous administration of corticoste-
rone decreases the expression of NFL and NFM in the adult 
hippocampus  [48] , suggesting that the expression of these 
cytoskeleton proteins is coordinately regulated by stress. 
Lower expression of neurofilament proteins persisting into 
PND28 suggests that the lingering effects of BDS extend 
beyond the exposure period. We recognize that additional 
work is needed to further substantiate this hypothesis.

  Fig. 7.  Working model. During the first 
2 weeks of life, BDS inhibits expression of 
proteins that are necessary to support neu-
rofilament formation. Disruption of inter-
mediate neurofilaments in neurons im-
pairs normal myelination and the trans-
port of mitochondria and other synaptic 
components that are necessary to support 
normal synaptic maturation in the hippo-
campus of 28-day-old offspring.                           

C
o

lo
r 

v
e
rs

io
n

 a
v
a
il
a
b

le
 o

n
li
n

e

http://dx.doi.org/10.1159%2F000430861


 ELS Alters Normal Hippocampus 
Development 

 Dev Neurosci 2015;37:476–488 
DOI: 10.1159/000430861

487

 References 

  1 Andersen SL, Teicher MH: Stress, sensitive 
periods and maturational events in adoles-
cent depression. Trends Neurosci 2008;   31:  
 183–191. 

  2 Pechtel P, Pizzagalli DA: Effects of early life 
stress on cognitive and affective function: an 
integrated review of human literature. Psy-
chopharmacology (Berl) 2011;   214:   55–70. 

  3 Herringa RJ, Birn RM, Ruttle PL, Burghy CA, 
Stodola DE, Davidson RJ, Essex MJ: Child-
hood maltreatment is associated with altered 
fear circuitry and increased internalizing 
symptoms by late adolescence. Proc Natl 
Acad Sci U S A 2013;   110:   19119–19124. 

  4 Maheu FS, Dozier M, Guyer AE, Mandell D, 
Peloso E, Poeth K, Jenness J, Lau JY, Acker-
man JP, Pine DS, Ernst M: A preliminary 
study of medial temporal lobe function in 
youths with a history of caregiver deprivation 
and emotional neglect. Cogn Affect Behav 
Neurosci 2010;   10:   34–49. 

  5 Carrion VG, Haas BW, Garrett A, Song S, Re-
iss AL: Reduced hippocampal activity in 
youth with posttraumatic stress symptoms: 
an fMRI study. J Pediatr Psychol 2010;   35:  
 559–569. 

  6 Garrett AS, Carrion V, Kletter H, Karchems-
kiy A, Weems CF, Reiss A: Brain activation to 

facial expressions in youth with PTSD symp-
toms. Depress Anxiety 2012;   29:   449–459. 

  7 Chugani HT, Behen ME, Muzik O, Juhasz C, 
Nagy F, Chugani DC: Local brain functional 
activity following early deprivation: a study of 
postinstitutionalized Romanian orphans. 
Neuroimage 2001;   14:   1290–1301. 

  8 Brunson KL, Kramar E, Lin B, Chen Y, Colgin 
LL, Yanagihara TK, Lynch G, Baram TZ: Mech-
anisms of late-onset cognitive decline after ear-
ly-life stress. J Neurosci 2005;   25:   9328–9338. 

  9 Andersen SL, Teicher MH: Delayed effects of 
early stress on hippocampal development. 
Neuropsychopharmacology 2004;   29:   1988–
1993. 

 10 Helmeke C, Ovtscharoff W Jr, Poeggel G, 
Braun K: Juvenile emotional experience alters 
synaptic inputs on pyramidal neurons in the 
anterior cingulate cortex. Cereb Cortex 2001;  
 11:   717–727. 

 11 Liu D, Diorio J, Day JC, Francis DD, Meaney 
MJ: Maternal care, hippocampal synaptogen-
esis and cognitive development in rats. Nat 
Neurosci 2000;   3:   799–806. 

 12 Poeggel G, Helmeke C, Abraham A, Schwabe 
T, Friedrich P, Braun K: Juvenile emotional 
experience alters synaptic composition in the 
rodent cortex, hippocampus, and lateral 

amygdala. Proc Natl Acad Sci U S A 2003;   100:  
 16137–16142. 

 13 Wei L, Simen A, Mane S, Kaffman A: Early life 
stress inhibits expression of a novel innate im-
mune pathway in the developing hippocampus. 
Neuropsychopharmacology 2012;   37:   567–580. 

 14 Wei L, David A, Duman RS, Anisman H, Kaf-
fman A: Early life stress increases anxiety-like 
behavior in Balbc mice despite a compensa-
tory increase in levels of postnatal maternal 
care. Horm Behav 2010;   57:   396–404. 

 15 Wei L, Hao J, Kaffman A: Early life stress in-
hibits expression of ribosomal RNA in the de-
veloping hippocampus. PLoS One 2014;   9:  
 e115283. 

 16 Colangelo C, Abbott T, Ivosev G, Chung L, 
Shifman M, Sakaue F, Cox D, Burton L, Tate 
S, Gulcicek E, Bonner R, Rinehart J, Nairn A, 
Williams K: Development of a highly auto-
mated and multiplexed targeted proteome 
pipeline and assay for 112 rat brain synaptic 
proteins. Proteomics 2015;   15:   1202–1214. 

 17 Whittaker V: The synaptosome; in Lajtha S 
(ed): Handbook of Neurochemistry. New 
York, Plenum Press, 1972, vol 2, pp 327–364. 

 18 Dunkley PR, Jarvie PE, Robinson PJ: A rapid 
Percoll gradient procedure for preparation of 
synaptosomes. Nat Protoc 2008;   3:   1718–1728. 

  BDS Inhibits the Formation of Myelin in the 
Developing Hippocampus in a Manner That Persists 
into the Juvenile Period 
 Our findings that BDS inhibits the expression of MBP 

and PLP1, the most abundant proteins in myelin  [36] , is 
consistent with work in children  [49–52]  and nonhuman 
primates  [53–55]  showing that ELS inhibits myelination 
in early development. These findings support the face va-
lidity of BDS as an animal model of ELS and allow us to 
study the molecular mechanisms by which stress impairs 
myelin development. BDS inhibits the expression of MBP 
and PLP1 on PND14 ( fig. 6 ), a period marked by the on-
set of myelination in the hippocampus ( fig. 5 ), which per-
sists in 28-day-old juvenile mice even in the absence of 
ongoing stress. These results add two important findings 
to previous work showing decreased myelination in the 
corpus callosum and prefrontal cortex of adult rodents 
exposed to ELS  [28, 56, 57] . First, they demonstrate that 
these effects emerge early in development, and second, 
they show that myelination in the hippocampus is per-
turbed as well. Additional work is needed to clarify wheth-
er BDS reduces the number of oligodendrocytes and/or 
suppresses the maturation of oligodendrocytes. More-
over, it will be important to find out whether BDS direct-
ly interferes with myelination, or whether this is an indi-

rect effect that is mediated by a reduction in axonal growth 
or spontaneous firing activity  [58, 59] .

  This report adds two important findings to previous 
work in the field. First, it demonstrates that some forms 
of ELS, such as BDS, can cause substantial impairment in 
synaptic maturation in the juvenile hippocampus that is 
accompanied by a decrease in proteins implicated in neu-
rofilament formation, myelination, and mitochondrial 
activity. Second, defects in neurofilament formation and 
myelination appear to be present at an earlier age in the 
hippocampus compared to deficits in mitochondrial syn-
aptic proteins and synaptogenesis.
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