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Abstract
Background—Psychiatric illness and anxiety disorders have strong neurodevelopmental
components. Environmental insults such as prenatal exposure to stress and genetic differences in
stress responses may affect brain development.

Methods—A rat model of random variable prenatal stress was used to study the expression and
processing of hippocampal brain-derived neurotrophic factor (BDNF) in the offspring of the
stressed rat dams. To account for unknown genetic influences that may play a role in the outcome
of this prenatal stress paradigm, three different rat strains with known differences in stress
responsivity were studied: Fischer, Sprague-Dawley, and Lewis rats (n=132).

Results—Multiple disparities in mRNA expression levels of BDNF, and transcripts related to its
processing and signaling were found in the three strains. Of the numerous splice variants
transcribed from the BDNF gene, the transcript containing BDNF exon VI was most aberrant in
the prenatally stressed animals. Protein levels of both uncleaved proBDNF and mature BDNF
were also altered, as was intra-cellular signaling by phosphorylation of the TrkB receptor and Erk
1/2. Changes were not only dependent on prenatal stress, but were also strain dependent,
demonstrating the importance of genetic background.

Conclusions—BDNF signaling provides both positive neurotrophic support for neurons and
negative apoptotic effects, both of which may contribute to behavioral or neurochemical outcomes
after prenatal exposure to stress. Differential processing of BDNF after prenatal stress in the three
rat strains has implications for human subjects where genetic differences may protect or
exacerbate the effects of an environmental stressor during fetal development.
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Introduction
Neuropsychiatric disorders, including depression, autism, bipolar disorder and schizophrenia
have complex etiologies and are transmitted in a non-Mendelian mode (Risch,
2000;Kennedy et al., 2003). Genetic predisposition alone is not sufficient for the diseases to
manifest, implicating environmental factors, such as stress (Bale et al., 2010;Markham and
Koenig, 2011). Various animal models have been developed to mimic endophenotypes
found in psychiatric disorders (Alleva and Francia, 2009;Dawe et al., 2009;Braff et al.,
2007;Freedman et al., 2000) and environmental factors have become a focus of these models
(Van Os and Kapur, 2009;Gray and Hannan, 2007;Cantor-Graae, 2007;Koenig et al., 2002).
This is particularly true when environmental perturbations occur neurodevelopmentally
during the prenatal period.

The neurotrophin gene, BDNF (brain-derived neurotrophic factor), is associated with several
neuropsychiatric disorders, and is an important gene of interest in stress research (Correia et
al., 2010;Angelucci et al., 2005;Buckley et al., 2007a). For example, schizophrenia patients
show decreased BDNF in the brain (Durany et al., 2001;Weickert et al., 2003), reduced
BDNF and TrkB positive neurons (Iritani et al., 2003;Weickert et al., 2005), and lower
BDNF in serum (Toyooka et al., 2002). Moreover, lower BDNF levels are seen at the onset
of psychosis, which may contribute to the manifestation of the disease (Buckley et al.,
2007b).

The BDNF gene was originally described as having four noncoding exons (I–IV) and one
coding exon (V) (Timmusk et al., 1993), but is now known to contain at least 9 different
exons that can generate numerous transcripts through alternative splicing (Aid et al.,
2007;Liu et al., 2006). Each BDNF transcript is formed from one of eight 5’ noncoding
exons (III and IV are now IV and VI, respectively) and one 3’ protein coding exon (IX,
previously V) (Aid et al., 2007). The unique 5’ exons are each transcribed from different
promoters, combining with the common 3’ exon to generate the various isoforms. Each
transcript is translated into the identical 32 kD precursor protein, proBDNF, which is
transported in vesicles bidirectionally to both axons and dendrites. BDNF is primarily
released postsynaptically from the dendrites (Matsuda et al., 2009). ProBDNF is cleaved
into its mature form, mBDNF, by various proteinases, either intracellularly or extracellularly
(Lessmann and Brigadski, 2009).

Unprocessed proBDNF and mBDNF have very different effects on downstream signaling
(Lu et al., 2005;Schweigreiter, 2006;Arevalo and Wu, 2006;Nykjaer et al., 2005). In the pro-
form, BDNF has a high affinity for the p75 receptor. Binding to p75 has an overall negative
effect, inducing cellular responses such as apoptosis, long-term depression, and synaptic
retraction. If proBDNF is processed into its mature form, mBDNF activates the TrkB
receptor, yielding positive cellular effects. Activated TrkB receptors dimerize, resulting in
autophosphorylation and further downstream signaling through PKC, PI3K, AKT, ERK, and
CREB. These signals promote survival, synaptic plasticity, and differentiation, and are
sufficient for late-phase long-term potentiation (LTP) while inhibiting long-term depression
(LTD).

It has been previously shown that prenatal stress in the last week of fetal gestation can
produce multiple endophenotypic changes related to schizophrenia in the Sprague-Dawley
rat strain (Kinnunen et al., 2003;Koenig et al., 2005;Lee et al., 2007;Taylor et al., 2010).
Since little is known about the underlying molecular basis of these phenotypic changes, we
evaluated the expression of the BDNF gene in three rat strains to address genetic differences.
Fischer rats have a hyperactive HPA-axis, Lewis rats are known to be hypo-responsive to
stress, and Sprague-Dawley rats have an intermediate corticosterone response (Dhabhar et
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al., 1993;Moncek et al., 2001;Kosten and Ambrosio, 2002). Here we show how the BDNF
pathway is affected in a rodent model of prenatal stress. The severity of changes in the
BDNF pathway responses in the offspring was dependent on the rat strain.

Experimental Procedures
Animals

Timed-pregnant Fischer, Sprague-Dawley, and Lewis rats were purchased from Charles
River laboratories, arriving in our facilities on gestational day 2 (G2). Twelve dams were
used for each strain (36 timed-pregnant rats in all). All dams were housed individually in
static cages, allowed ad libitum access to food and water, and maintained on a 12-h light/
dark cycle. In addition, the animals were housed in a private room removed from any other
experiment to prevent stress unrelated to the testing. At parturition, dams and their pups
were left undisturbed in large static cages until weaning on postnatal day (P) 23–25. At this
point, only male offspring were retained, and each was housed with a single littermate until
an acute stress and sacrifice on P56. All animal procedures were conducted in accordance
with NIH policies and were approved by the University of Colorado Denver and University
of Maryland animal care committees.

Prenatal stress procedure
Beginning on G14, all prenatal stress (PS) pregnant dams were exposed to a one week
random variable stress paradigm, until G21. Control dams were left in the housing room. All
stressors were mild in nature and consisted of both psychological and physiological stress.
These stressors consisted of: (1) restraint in a well-ventilated cylindrical plexiglass restrainer
(Harvard Bioscience, Boston, MA) for 1 hour, (2) exposure to a cold environment (4°C) for
6 hours, (3) overnight food deprivation for 12 hours, (4) 15 minutes of non-escapable swim
in a plexiglass cylinder filled with room temperature water, (5) 24 hour light exposure, and
(6) social stress induced by overcrowded housing conditions for 12 hours. Each PS dam
received two to three of these stressors per day, which were varied throughout the week to
prevent habituation (Kinnunen et al., 2003). After delivery, dams and pups remained
undisturbed until weaning.

Postnatal acute stress
On P56, all PS and control male offspring were sacrificed for blood and tissue collection by
rapid decapitation without anesthesia. This was done at one of four time points: 1) at
baseline without acute stress (baseline), 2) immediately after a 30 min restraint stress (30+0
min), 3) restraint stress + 120 min recovery (30+120 min), or 4) restraint stress plus a 24 hr
recovery (30 min+24 hr).

Corticosterone measurement
Trunk blood was collected after decapitation and serum isolated by centrifugation at 3000g
before being stored at –80°C. Corticosterone (CORT) was measured using a
radioimmunoassay kit (MP Biomedicals, Orangeburg, NY) according to manufacturer’s
instructions. The sensitivity of the assay was 3 ng/ml and the intra- and interassay
coefficients of variation were less than 10%.

Tissue Preparation
Following decapitation, brains were quickly removed and hippocampi dissected. One
hippocampal hemisphere was immediately placed in 2 mls of RNAlater solution (Ambion,
Carlsbad, CA) to stabilize RNA, while the other was snap frozen in liquid nitrogen for
protein analysis. Tissue was placed in tubes containing homogenization beads, and either
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TRIzol® lysis buffer (Invitrogen, Carlsbad, CA) for RNA, or radioimmunoprecipitation
assay buffer (RIPA) + 3% SDS lysis buffer (Boston Bioproducts, Worcester, MA) with
protease inhibitors (Roche diagnostics, Indianapolis, IN) for protein isolation.
Homogenization was performed using the Mini Beadbeater-8® (Biospec, Bartlesville, OK).

Quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR)
After tissue lysis and RNA precipitation, RNA was purified using an RNeasy® mini kit
(Qiagen, Valencia, CA). RNA quality was verified using an Agilent bioanalyzer 2100
(Agilent, Santa Clara, CA). First strand complementary DNA (cDNA) was synthesized by
reverse transcription using random hexamers and Superscript III reverse transcriptase
(Invitrogen). qRT-PCR was performed on a Bio-rad iCycler IQ® (Bio-rad,) using
SYBRgreen supermix (Bio-rad, Hercules, CA). Primers used for the study are shown in
Table 1. Each sample was run in triplicate and followed by a heat dissociation step to
identify nonspecific products. Triplicates were averaged and then normalized to the
housekeeping gene Polr2a (Radonic et al., 2004) using mean normalized expression (MNE)
(Simon, 2003) and actual efficiencies of each run.

Western blotting
Subsequent to tissue homogenization, protein concentration was assayed using a
bicinchoninic acid (BCA) test (Thermo-Fisher Scientific, Rockford, IL). Samples containing
10–20 µgs of total protein were resolved on 4–12% criterion XT bis-tris gels (Bio-rad) under
reducing and denaturing conditions, followed by transfer to 45µm nitrocellulose membranes
in Tris-glycine transfer buffer containing 20% methanol. Membranes were blocked using 1x
TBS, 0.05% Tween-20 (TBS-T) with 5% w/v nonfat dry milk. Primary antibodies were
incubated on the membrane overnight at 4°C with agitation in TBS-T and 5% BSA. BDNF
antibody AB5555P (Chemicon, Billerica, MA), proBDNF antibody AB5613P (Chemicon),
and p75 antibody 07–476 (Upstate-Chemicon, Billerica, MA) were used at a dilution of 1µg/
µl. After washing, membranes were incubated with Immun-Star® HRP linked goat anti-
rabbit secondary antibody (Bio-rad) in TBS-T before detection with
electrochemiluminescence (Bio-rad). Blots were scanned at high resolution and analyzed
using Un-scan-it® software (Silk Scientific, Orem, UT). After subtracting local background,
band intensity was normalized to beta-tubulin AB6046 (Abcam, Cambridge, MA) as a
loading control to assess protein levels.

Phosphorylation Assay
Quantification of phosphorylated TrkB and Erk proteins was determined by Pathscan
sandwich ELISA kits (Cell Signaling, Danvers, MA) according to manufacturer’s
instructions. Phospho-TrkB ELISA measures phosphorylation at tyrosine 516, while
Phospho- Erk1/2 ELISA quantifies threonine 202/tyrosine 204. Samples were added to
microplates at a concentration of 0.4 µg/µl. All results were determined
spectrophotometrically at 450 nm using a Bio-rad iMark® microplate reader.

Statistical Analysis
A total of 132 male offspring were used in the analyses. Of the 23 independent groups
studied (including strain, condition, and time points), each group had an average sample size
of 6. Each group measure used only one animal from the same mother. For CORT data and
qRT-PCR analyses, all measures are expressed as means of each group ±SEM and compared
using a mixed model analysis of variance (ANOVA) with fixed effects of strain, condition,
and time group, plus a random effect of the offspring’s dam. All data were calculated using
SAS foundation software V9 (SAS, Cary, NC), and differences among experimental groups
were considered significant when P<0.05. For western blots, a Student t-test (2 groups) or
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ANOVA with Tukey-Kramer multiple comparisons test (three or more groups) was used to
determine significance at P<0.05. Values are plotted with the control baseline Fischer band
normalized to 100%.

Results
Corticosterone response to acute stress differs by strain

Serum CORT was measured on all animals after sacrifice. Baseline levels compared
between prenatal stress or rat strain conditions showed no significant differences (Fig. 1).
When exposed to a restraint stress for 30 minutes, Lewis control rats and PS animals
responded with lower levels of CORT than their Fischer counterparts (P<0.05,
t=2.31,df=79). In addition, Lewis controls had significantly higher CORT compared to
Lewis PS rats (P<0.05,t=2.39,df=79). No significant differences were seen in the 120 minute
or 24 hour groups.

Hippocampal BDNF expression is altered in prenatally stressed animals
Sprague-Dawley (P<0.01,t=2.65,df=79) and Lewis PS rats (P<0.01,t=3.43,df=79) had
significantly elevated baseline levels of total BDNF mRNA in the hippocampus after PS,
compared to their strain controls; total hippocampal BDNF was unchanged by PS at baseline
in the Fischer rats (Fig. 2A).

Regardless of strain, total hippocampal BDNF mRNA is up-regulated after a 30 minute
restraint stress (30+0 min) in Fischer (P<0.01,t=2.76,df=79), Sprague-Dawley
(P<0.01,t=3.39,df=79), and Lewis (P<0.01,t=4.40,df=79) control animals (Fig.2, B–D).
BDNF levels do not statistically differ from baseline after 120 minutes of recovery (30+120
min) and remain there 24 hours later (30+24hr). In the control animals, the BDNF mRNA
response is similar to the CORT response after an acute stress in that it is up-regulated, but
quickly falls back to baseline after 120 minutes of recovery.

In PS rats, a different pattern emerged. In the Fischer strain, hippocampal BDNF expression
was unaffected after acute stress, and remains near baseline at all time points (Fig. 2B). In
the Sprague-Dawley (P<0.01,t=2.65,df=79) and Lewis strains (P<0.01,t=3.43,df=79), BDNF
transcripts were significantly higher at baseline in the PS animals when compared to
controls (Fig. 2, C&D). Further, hippocampal mRNA levels in PS animals dropped
significantly after the 30 min acute stress instead of increasing, as seen in the controls
(Sprague-Dawley: P<0.05,t=2.05,df=79; Lewis: P<0.0001, t=5.47, df=79). In the Sprague-
Dawley rats, BDNF continues to drop over a 24 hour period, while Lewis appears to down-
regulate immediately, with these transcripts remaining low 24 hours later.

Hippocampal BDNF transcripts containing exon VI increase after stress
To determine which of the exon isoforms of BDNF were responsible for the change in total
BDNF expression, qRT-PCR was performed utilizing primers specific for each upstream
exon. Of the alternative transcripts analyzed, exons V, VII, and VIII were not significantly
expressed in the hippocampus, transcripts containing exon II were poorly expressed, and
exons I, III, and IXa were expressed in the hippocampus without significant differences
between control and stressed animals. However, transcripts containing exons IV and VI
were found to be changed by acute or prenatal stress (Fig. 3). Exon IV transcripts are
significantly increased after an acute stress in all three strains (P<0.0001, Fischer t=13.35,
Sprague-Dawley t=11.34, Lewis t=7.18, df=79), although no differences were found
between the control and PS groups within strains (Fig. 3A). However, for exon VI
transcripts, all three strains show a significant rise after an acute stress, but only in the
control groups (P<0.0001, Fischer t=20.75, Sprague-Dawley t=5.21, Lewis t=4.84, df=79)
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(Fig. 3B). Interestingly, the increase is less pronounced in the Sprague-Dawley and Lewis
strains than in the Fischer rats. At baseline, PS produces an increase in transcripts containing
exon VI in Sprague-Dawley (P<0.0001,t=13.15,df=79), and Lewis rats
(P<0.0001,t=10.25,df=79), but not in Fischer. PS also resulted in a change in response to
acute stress, where exon VI hippocampal transcripts were less abundant in the PS animals
than in the within-strain controls with Fischer (P<0.0001,t=19.210,df=79), and Lewis rats
(P<0.0001, t=6.74,df=79).

Hippocampal proBDNF and mature BDNF protein are lower in Sprague-Dawley and Lewis
strains than in Fischer rats

Protein concentrations for proBDNF and mature BDNF (mBDNF) were assayed in the
hippocampus by western blot. Data are reported as a percent of the control value after
normalization to a β-tubulin loading control (Baseline, Figure 4 A, B and C; after an acute
stressor, Figure 4 D, E, and F). Each membrane consisted of 6–7 samples per group loaded
in duplicate. At baseline, the predominant form of BDNF in the hippocampus of all three
strains was the precursor form, proBDNF (Fig. 4A, 32 kD band). In rats exposed to the
random variable PS paradigm, both proBDNF and mBDNF were diminished. The
differences were particularly marked in the Sprague-Dawley and Lewis PS rats where
significant decreases were found in proBDNF levels (Fig. 4B, P<0.0001, Sprague t=9.70,
Lewis t=9.62, df=22). The levels of mBDNF were also lower in the PS Sprague-Dawley and
Lewis animals, but the differences did not reach significance. When the animals were given
an acute 30 minute restraint stress, proBDNF was cleaved to form mBDNF in the
hippocampus of controls of all strains (14kd band, Fig. 4D). However, in the PS animals,
strain differences in response were found. Similar to the baseline timepoint, PS Sprague-
Dawley (P<0.0001,t=5.60,df=22) and Lewis rats (P<0.0001,t=5.71,df=22) show
significantly lower levels of proBDNF (Figure 4E). mBDNF was also significantly different
in the PS Sprague-Dawley (P<0.0001,t=5.17,df=22) and Lewis rats
(P<0.0001,t=7.00,df=22) after an acute stress, with Lewis rats having the lowest levels (Fig.
4F).

A western blot representing two subjects from each group was done to compare differences
between strains on the same gel (Fig. 5A). Relative amounts in each group were compared
to the Fischer rat baseline group after normalization to the γ-tubulin loading control.
Significant intra-strain differences between control and PS groups were still seen with
proBDNF in Sprague-Dawley rats at baseline (P<0.0001,t=7.84,df=22), Lewis rats at
baseline (P<0.0001,t=19.50,df=22), and Lewis rats exposed to acute stress
(P<0.0001,t=75.92,df=22) (Fig. 5B); and in mBDNF in Sprague-Dawley baseline
(P<0.0001,t=10.95,df=22) acutely stressed (P<0.001,t=3.97,df=22) and Lewis baseline
(P<0.0001,t=20.77,df=22) and acutely stressed (P<0.0001,t=17.70,df=22) (Fig. 5C). Fischer
animals also have less hippocampal proBDNF protein after an acute stress compared to
baseline (Fig. 5B). Inter-strain comparisons of proBDNF show Fischer controls and PS
animals have more protein at baseline than all other groups, and after acute stress both
Fischer control and PS rats have significantly more than Sprague-Dawley and Lewis PS
groups (Fig. 5B). In addition, Fischer mBDNF levels for control and PS at baseline and after
stress are significantly elevated when compared to Sprague-Dawley and Lewis PS animals
(Fig. 5C).

ProBDNF processing in the hippocampus is affected by prenatal stress in a strain-
dependent manner

In neurons, plasmin is the major proteinase responsible for the conversion of proBDNF to
mBDNF. However, plasmin itself must first be activated by conversion of the zymogen,
plasminogen, into plasmin by another proteinase, tissue-plasminogen activator (tPA) (Lee et
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al., 2001). In addition, tPA can be inhibited by various proteins, including the major
inhibitor in brain, PAI-1 (plasminogen activator inhibitor 1) (Salles and Strickland, 2002).

These processing enzymes were altered in the hippocampus of Lewis and Sprague-Dawley
rats after PS. Plasminogen transcript levels in controls did not change in response to acute
stress in any of the three strains (Fig. 6A). However, at both baseline and after a 30 minute
stress, we found significantly decreased levels of plasminogen mRNA in the Sprague-
Dawley baseline (P<0.0001,t=7.76,df=10), acute (P<0.01,t=4.15,df=10), and Lewis baseline
(P<0.0001,t=5.45,df=10) and acute (P<0.0001,t=5.92,df=10) animals when compared to
respective controls (Fig. 6A). Consistent with this finding, the tPA inhibitor PAI-1, is
significantly over expressed in the PS animals in the Sprague-Dawley
(P<0.0001,t=11.69,df=10) and Lewis strains (P<0.0001,t=20.95,df=10) at baseline (Fig.
6B).

Downstream signaling of BDNF through TrkB is decreased in the hippocampus of
Sprague-Dawley and Lewis rats

A decrease in mBDNF could result in a decrease in TrkB signaling, which requires TrkB
phosphorylation. Total TrkB versus phosphorylated TrkB (pTrkB) at tyrosine 512 was
measured by ELISA. In the hippocampus of all control groups at baseline, there was little to
no pTrkB and no difference between groups. After the acute restraint stress, phosphorylated
TrkB was found in the hippocampus of all groups (Fig. 7A). The PS Lewis rats had
significantly less pTrkB compared to controls after acute stress (P<0.0001,t=4.86,df=10).
Levels of pTrkB were decreased slightly in Sprague-Dawley rats, but the difference was not
significant.

There are multiple downstream targets of pTrkB. Two of those important for anti-apoptotic
events and synaptic plasticity include the MAP/Erk1/2 and PI3-K/Akt cascades. Utilizing
ELISA, we found induction of phosphorylated Erk1/2 in the hippocampus after acute stress
in controls of all strains (Fig. 7B). However, the Lewis (P<0.0001,t=7.37,df=10) and
Sprague-Dawley PS animals (P<0.05,t=2.76,df=10) had significantly less pErk1/2 when
compared to their respective strain controls. No differences were seen between control and
PS groups for pAkt.

Discussion
The current study demonstrates the sensitivity of the hippocampal BDNF pathway to PS
with a strong dependence on genetic background. The male Sprague-Dawley and Lewis
strains were most affected, with the Lewis strain being particularly vulnerable to the prenatal
stress model. PS alters the normal response of increased mBDNF release after an acute
stress. In both Sprague-Dawley and Lewis male rats, PS decreased BDNF mRNA
immediately after stress instead of elevating it, decreased the amount of available proBDNF
and mature BDNF protein, and changed the activation of TrkB and its downstream signaling
cascade. PS in the male Fischer rats did not elicit these changes, suggesting that the Fischer
genetic background encodes a developmental environment that is protective during prenatal
stress.

BDNF signaling in the hippocampus can follow one of two distinct signaling pathways that
have opposite effects on the cell (Fig 8). As proBDNF, it has a high affinity for the p75
receptor, which increases LTD, dendritic atrophy, and cellular apoptosis. For proBDNF to
be cleaved into its mature form by plasmin, the zymogen plasminogen must first be
activated by tPa. This enzyme can be blocked by numerous serine protease inhibitors such as
PAI-1. Once processed, mBDNF can bind to the TrkB receptor either pre- or post-
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synaptically. In the dendrite, binding induces phosphorylation of Erk 1/2, leading to LTP,
synaptic plasticity, cell survival and differentiation.

Stress is known to change neuronal architecture during development and cause atrophy in
the brain (Kawamura et al., 2006;Vyas et al., 2002). It can compromise normal hippocampal
connectivity and reduce hippocampal size, diminishing cognitive function (Lemaire et al.,
2000;Szuran et al., 2000;Nishio et al., 2001). BDNF is active within the first two weeks of
the rodent embryonic period and peaks 10–14 days into the postnatal period, with highest
levels in the hippocampus (Nikolaou et al., 2006;KatohSemba et al., 1997). mBDNF
promotes cell survival through TrkB binding and downstream pathways involving Erk1–2.
Our data suggest that prenatal stress alters the conventional patterns of these ongoing
functions.

The BDNF gene is clearly regulated by stress and HPA axis activation (Tsai, 2006;Mackin,
2005;Malka et al., 2005;Yulug et al., 2009). It is widely known that chronic stress or
chronically elevated glucocorticoids can decrease hippocampal BDNF mRNA expression
(Chao et al., 1998;Schaaf et al., 1998;Fuchikami et al., 2009), and that acute stress
temporarily increases BDNF transcription (Molteni et al., 2008;Marmigere et al., 2003). Our
findings suggest male Sprague-Dawley and Lewis PS animals have a hippocampal BDNF
response that more closely mimics what is seen in chronic stress, where instead of a brief
increase in BDNF mRNA, as seen in the control rats after acute stress, BDNF declines
immediately. If PS does indeed alter the animal’s response to acute stress as if it were a
chronic one, then this might contribute to the memory deficits seen in models of PS (Lordi et
al., 1997;Yaka et al., 2007;Wu et al., 2007;Taylor et al., 2010). In addition, BDNF can
induce and is sufficient for long-term potentiation (LTP) (Pang et al., 2004;Pastalkova et al.,
2006;Kang et al., 1997), while it’s uncleaved pro-form enhances long-term depression
(LTD) (Yang et al., 2009;Woo et al., 2005;Rosch et al., 2005). BDNF can also induce either
synaptic enhancement or synaptic depression (Yang et al., 2009;Zagrebelsky et al.,
2005;Ghosh et al., 1994;Soule et al., 2006), just as low levels of glucocorticoids can increase
synaptic plasticity (Komatsuzaki et al., 2005), or high levels can prevent it (Kumamaru et
al., 2008). Interestingly, a single acute stress can facilitate LTP and memory (Vouimba et
al., 2004;Barnes and Thomas, 2008) while chronic stress enhances LTD (Diamond et al.,
2005). Different BDNF isoforms are thought to be responsible for tissue and stimulus
specific functions. Transcripts are transported within the cell, directed in part by the 5’
exons. BDNF transcripts can be targeted to various cellular locations including the soma and
proximal or distal dendrites. Transcripts containing exon VI are targeted to the distal
dendritic compartments, whereas those with exons I and IV remain within or proximal to the
soma (Chiaruttini et al., 2009). Of all of the BDNF isoforms in the hippocampus, exon VI
transcription was the most highly changed by exposure to the repeated variable PS
paradigm. Although exon IV was also changed by acute stress in the adult rats, no
significant differences were found due to PS, though both are known to be influenced by
epigenetic mechanisms (Lubin et al., 2008;Murgatroyd et al., 2009). CORT can selectively
regulate the transcription of BDNF exon VI (Hansson et al., 2006). This transcript is
transported directly to the dendrites, where it is locally transcribed, packaged into vesicles,
and released in response to stress, neuronal activity, or other stimuli (Chiaruttini et al.,
2009).The BDNF exon VI isoform can also be influenced by MEK and α-CaMKII
(Takeuchi et al., 2002), downstream signals of TrkB that may be involved in feedback and
regulation of the gene. PS increased transcription of the exon VI isoform in male Sprague-
Dawley and Lewis rats at baseline, suggesting that dendritic localization might be altered. In
Fischer rats, PS did not produce this change. PS also altered the response of exon VI
transcription after acute stress in the Sprague-Dawley and Lewis animals, where a decrease
in mRNA levels was seen after the 30 minute stressor. The Sprague-Dawley and Lewis
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animals have smaller pools of proBDNF protein available at baseline and may, therefore, be
more susceptible to both prenatal and acute stress.

The use of multiple strains in this study illustrates the importance of genetic background in
the response to prenatal environmental manipulations. Male Fischer rats, which are high
responders to stress, show only mild differences in the BDNF pathway due to PS. Male
Sprague-Dawley and Lewis rats, which have a more blunted response to stress, demonstrate
considerable alterations in hippocampal BDNF mRNA, protein, processing, and signaling.
Although the underlying basis for this protection in Fischer rats is unknown, the early
developmental period may be the source of differences in the offspring. If this is the case,
the protection could be from the mother’s genetically determined response to stress or the
fetal response to stress signals from the mother.

Of the major neuropsychiatric disorders, gene X environment interactions are most clearly
implicated in schizophrenia (Cannon et al., 2003;Leboyer et al., 2008;Van Os et al., 2008).
Thus, in the prenatal stress neurodevelopmental model employed in this study, the strain
differences have direct implications for human disease, where genetic heterogeneity between
individuals can complicate the study of a disorder. This was also revealed in studies in
genetically altered mice exposed to prenatal stress (Oliver and Davies, 2009;Abazyan et al.,
2010). Changes in BDNF and its downstream signaling pathways may be part of the
complex gene and environment interactions in both animal models of schizophrenia and in
patients suffering from this disease and other neuropsychiatric disorders.
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Figure 1.
Serum corticosterone responses. After a 30 minute restraint stress, corticosterone levels
significantly rise from baseline for each group, but fall back to baseline levels within 120
minutes. Lewis Ctrl and PS animals increase less than the Fischer and Sprague-Dawley
groups (‡, p<0.001). Lewis PS concentrations at the 30 + 0 min time point were also
significantly less than Lewis Ctrl (*, p<0.001).
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Figure 2.
BDNF mRNA response to acute stress is changed by PS in a strain-specific manner in the
hippocampus. A. Baseline BDNF transcript levels in three rat strains. In Sprague-Dawley
and Lewis rats exposed to PS, BDNF mRNA is up-regulated compared to their non-PS
exposed controls. B. Control levels of BDNF mRNA rise significantly in Fischer (**,
P<0.001) after a 30 minute restraint stress (30 + 0), but fall back to baseline within a 120
minute recovery (30 + 120). Prenatally stressed (PS) Fischer show no rise after acute stress.
C–D. Sprague-Dawley and Lewis control rats also show significant rise after acute stress
that falls with recovery. Unlike the Fischer strain, PS significantly increased BDNF
transcription in Sprague-Dawley and Lewis rats at baseline (‡, P<0.001). Following 30
minutes of restraint, BDNF mRNA in the hippocampus of the Sprague-Dawley and Lewis
control rats increased significantly, while rats of these strains exposed to PS exhibited a
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significant decline in expression after acute stress when compared to their respective
baselines, and lower levels when compared to controls of the same time point (*, P<0.001).
ND= Not Determined.
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Figure 3.
BDNF exon-specific transcript expression at baseline and after an acute stress in the
hippocampus. A. Rats of all three strains, regardless of PS exposure, show an increase in
exon IV expression after restraint stress (*, P<0.001). B. Exon VI expression is also
significantly increased after restraint stress in each strain, but only in controls. Exon VI
mRNA is elevated in Sprague-Dawley and Lewis PS animals at baseline vs. their respective
controls. The responses of the PS animals to an acute stressor were quite different across the
strains. Fischer and Sprague-Dawley PS rats did not increase exon VI containing transcripts
after the 30-minute stress, and the PS Lewis strain transcripts were markedly decreased (‡,
P<0.001).
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Figure 4.
Western blot of proBDNF (32 kD) and mature BDNF (14 kD) proteins in the hippocampus.
All values are compared to their strain controls. A. Representative BDNF western blot of all
3 strains at baseline. B. Baseline proBDNF levels (32 kD) are decreased in PS Sprague-
Dawley and Lewis rats with respect to their controls. C. Baseline mBDNF levels (14 kD),
while lower were not statistically different. D. Representative BDNF western blot in the 3
strains immediately after a 30 minute restraint stress. E. Acute Stress proBDNF levels are
decreased in both PS Sprague-Dawley and Lewis rats. F. Acute stress mBDNF protein
expression is also decreased in PS Sprague-Dawley and Lewis rats. (‡, P<0.001)
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Figure 5.
A. Western blot of proBDNF (32kD) and mature BDNF (14 kD) proteins in the
hippocampus comparing all strains. B. Quantification of protein levels of proBDNF using
the Fischer baseline group as the control. Intra-strain comparisons show significant
reductions in Sprague and Lewis baseline groups, and further significant suppression of
proBDNF expression in the Lewis rats following restraint stress (‡, P<0.01). More protein is
seen in Fischer controls and PS animals at baseline than all other groups, and both Fischer
control and PS rats have significantly more than Sprague-Dawley and Lewis PS groups after
acute stress (*, P<0.01). C. Protein quantification of mBDNF levels. Significant intra-strain
expression decreases are seen again in Sprague-Dawley and Lewis rats at baseline and after
acute stress (‡, P<0.01).
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Figure 6.
Plasminogen and PAI-1 mRNA expression in the hippocampus. Acute stress does not induce
changes in plasminogen or PAI-1 mRNA expression in any of the rat strains under baseline
conditions. While no changes were found in Fischer rats for either transcript, PS Sprague-
Dawley and Lewis rats have lower levels of plasminogen at baseline and immediately after
stress (A), and over-expression of PAI-1 at baseline (B).
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Figure 7.
pTrkB and pErk 1/2 phosphorylation at baseline and after a 30-minute restraint stress. A.
Baseline phosphorylation of the TrkB receptor was very low but 30 minutes of restraint
stress elevated TrkB phosphorylation levels in all animals. However, PS blunted the acute
stress elevation in TrkB phosphorylation in Lewis rats. B. Baseline phosphorylation of
ERK1/2 was low but 30 minutes of restraint stress elevated ERK phosphorylation levels in
all animals. PS exposure attenuated the increase in Erk 1/2 phosphorylation in both Sprague-
Dawley and Lewis rats after stress compared to controls. (**, P<0.001)
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Figure 8.
BDNF signaling. proBDNF released from dendrites has a high affinity for the p75 receptor
if not first cleaved by plasmin to its mature form (mBDNF). Plasmin is processed from
plasminogen by tissue plasminogen activator (tPa). This can be inhibited by serine protease
inhibitors, such as PAI-1. mBDNF has a higher affinity for TrkB receptors. TrkB and p75
signaling result in opposing functions in the cell, with mBDNF promoting survival, synaptic
plasticity, and increased LTP; while proBDNF and p75 signal apoptosis, atrophy, and
increased LTD.
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Table 1

Primer sequences

BDNF coding (f) GCCCAACGAAGAAAACCA

BDNF coding (r) CCAGCAGAAAGAGCAGAGGA

BDNF exon I (f) GTGTGACCTGAGCAGTGGGCAAAGGA

BDNF exon II (f) GGAAGTGGAAGAAACCGTCTAGAGCA

BDNF exon III (f) CCTTTCTATTTTCCCTCCCCGAGAGT

BDNF exon IV (f) CTCTGCCTAGATCAAATGGAGCTTC

BDNF exon V (f) CTCTGTGTAGTTTCATTGTGTGTTC

BDNF exon VI (f) GCTGGCTGTCGCACGGTCCCCATT

BDNF exon VII (f) CCTGAAAGGGTCTGCGGAACTCCA

BDNF exon VIII (f) GTGTGTGTCTCTGCGCCTCAGTGGA

BDNF exon IXa (f) CCAGAGCTGCTAAAGTGGGAGGAAG

BDNF all exons (r) GAAGTGTACAAGTCCGCGTCCTTA

PAI-1 (f) GTTCAACTACACTGAGTTCACC

PAI-1 (r) GAAGATGTCAGTCATGCCCA

plasminogen (f) TCATCTGCAGGTCATTCCA

plasminogen (r) TCATCATTGTCTGGGTTCCT

(f) = forward, (r) = reverse
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