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Abstract
Both environmental stress and anxiety may represent important risk factors for Alzheimer's
disease (AD) pathogenesis. Previous studies demonstrate that restraint stress is associated with
increased amyloid beta (Aβ) and decreased brain-derived neurotrophic factor (BDNF) levels in the
brain. Aβ deposition, synaptic loss, and neurodegeneration define major hallmarks of AD, and
BDNF is responsible for the maintenance of neurons. In contrast to restraint stress, repeated
injections of sub-anxiogenic doses of the corticotrophin releasing factor receptor agonist
urocortin1 (Ucn1) administered in the basolateral amygdala (BLA) of rats elicits persistent
anxiety-like responses. We hypothesized that both restraint stress and Ucn1-induced anxiety
would contribute to a neurobiological abnormality that would change the levels of Aβ precursor
protein (APP) and Aβ as well as BDNF and pre-synaptic markers. In the first experiment, adult
male Wister rats (N=5) were subjected to three-hour restraint, as compared to unstressed controls.
In the second experiment, adult male Wistar rats (N=6) were subjected to sub-anxiogenic doses of
Ucn1 (6 fmol/100 nl) administered in the BLA, as compared to controls. Following each
respective treatment, the social interaction (SI) test was performed to measure anxiety-like
behavior. Protein studies were then conducted to quantify levels of APP, Aβ, BDNF and
presynaptic proteins in the prefrontal cortex (PFC). In both experiments, we detected differences
in either corticosterone levels or the SI test associated with a stress response. Our findings indicate
that both restraint stress and Ucn1 administration in the BLA lead to increased APP and Aβ
deposition. However, restraint-induced stress leads to reductions in the levels of BDNF and
presynaptic markers, while Ucn1-induced anxiety is associated with increases in the levels of each
respective protein. This demonstrates a convergent role for stress response and Ucn1-induced
anxiety in the regulation of APP and Aβ, but opposing roles for each respective treatment in the
regulation of BDNF and presynaptic markers.
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INTRODUCTION
Alzheimer's disease (AD) is a complex neurodegenerative disorder that is influenced by
multiple factors including genetics, the environment, and gene × environment interactions
(Lahiri et al., 2009). To date, a growing body of evidence has implicated psychological
stress and anxiety as potential contributing factors to the development of AD (Wilson et al.,
2005, Csernansky et al., 2006, Palmer et al., 2007). A major hallmark feature of AD is the
deposition of the amyloid-β (Aβ) peptide. In patients with AD, Aβ peptide is deposited as
plaques in the central nervous system (CNS), and Aβ deposition is associated with
neurodegeneration in AD (Selkoe, 2008). Previous studies in rodents demonstrate that an
acute stressor leads to increases in the formation of Aβ peptide, and these increases can be
detected in the levels of both amyloid-β precursor protein (APP) messenger RNA (mRNA)
and Aβ peptides (Rosa et al., 2005, Kang et al., 2007). Due to its effects on the levels of
APP and Aβ in the CNS, these findings provide evidence that stress may be a potential
contributing factor for the development of AD. Likewise, the downstream effects of stress
on neurotrophic factors and presynaptic proteins also represent important molecular targets
associated with AD pathophysiology (Tapia-Arancibia et al., 2008).

APP is a transmembrane protein that is cleaved by β and γ secretase to generate Aβ, and Aβ
deposition forms plaques observed in AD patients (Sambamurti et al., 2002). APP can be
cleaved in neuronal and non-neuronal cells by two different proteolytic pathways. For
instance, the α-secretase protein cleaves APP within its Aβ domain to produce sAPPα. This
‘non-amyloidogenic pathway’ precludes the production of the Aβ peptide (Ray et al.,
2009b). On the contrary, β-secretase cleaves the N-terminus of the Aβ peptide sequence of
APP, and then γ-secretase further cleaves the protein to produce Aβ peptide, a mechanism
defined as the ‘amyloidogenic’ pathway (Sambamurti et al., 2002). This mechanism leads to
the production of Aβ with 42 amino acids residue (Aβ 1-42) and Aβ with 40 amino acids
residue (Aβ 1-40). The larger form of Aβ (i.e. Aβ 1-42) leads to more aggregates than the
shorter form (i.e. Aβ 1-40) in AD patients. Deposited Aβ peptide, especially Aβ (1-42), can
lead to severe neuro-inflammation and neurodegeneration due to the production of reactive
oxygen species (ROS). In AD patients, significant decreases in the levels of brain derived
neurotrophic factor (BDNF) have been documented in hippocampal and cortical regions
(Hock et al., 2000). In addition, previous studies demonstrate that a single or repeated
restraint-induced stress in rats leads to decreases in BDNF mRNA levels in the hippocampus
(Smith et al., 1995). BDNF and other neurotrophins regulate multiple cellular functions by
supporting the development, the differentiation and the maintenance of neurons (Cohen-
Cory et al., 1996). Therefore, neurotrophins are essential for normal brain function
throughout life.

Corticotrophin releasing factor (CRF) plays a critical role in activating the behavioral and
physiological responses to stress. Its biological function is carried out through activation of
two receptor subtypes, corticotropin-releasing factor receptor 1 (CRFR1) and CRF receptor
2 (CRFR2). CRFR1 and CRFR2 receptors are 70% homologous at the protein level and
contain a putative signal peptide, an extra cellular N-terminal domain (ECD1) and seven
transmembrane domains. CRFR1 receptors are distributed throughout the brain, whereas the
location of the CRFR2 receptors is more restricted to specific brain regions (Chalmers et al.,
1995, Van Pett et al., 2000). The mammalian family of ligands for the CRFR1 and CRFR2
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receptors includes CRF, urocortin I (UCN1), UCN II, and UCN III. These ligands differ in
their tissue distribution and receptor pharmacology. For example, CRF binds to CRFR1 with
high affinity, whereas UCN1 binds with high affinity to both CRFR1 and CRFR2
(Lovenberg et al., 1995). UCN II and UCN III appear to be selective for CRFR2 (Lewis et
al., 2001, Inoue et al., 2003).

CRF is the principal neuroregulator of the hypothalamic-pituitary-adrenal (HPA) axis, and is
the major mediator of the stress response (Bale and Vale, 2004). Following a stressor, CRF
is released from the paraventricular nucleus (PVN) of the hypothalamus activating the HPA
axis. CRF then binds to CRFR1 in the anterior pituitary resulting in the secretion of adrenal
corticotrophic hormone (ACTH). ACTH then stimulates the release of glucocorticoids (i.e.
corticosterone) from the adrenal cortex that act via a negative-feedback system to inhibit
further CRF release from the hypothalamus. Corticosterone binds primarily to two receptor
types including mineralocorticoid receptors (MR) and glucocorticoid receptors (GR). In
response to stress, CRFR2 may function as an inhibitory or modulatory receptor to dampen
HPA activation (Bale and Vale, 2004).

In humans, chronic stress is associated with the development of psychiatric disorders in
susceptible individuals including anxiety and depression (Arborelius et al., 1999,
Rosenkranz et al., 2010). Additionally, chronic stress leads to changes in the amygdala in
rodents, a brain region implicated in both anxiety and fear-based learning (Bale and Vale,
2004). For instance, both electrical and pharmacological stimulation of the amygdala
induces an enhanced cardiovascular response and behavioral arousal consistent with a fight-
or-flight response (Kapp et al., 1982, al Maskati and Zbrozyna, 1989). By selectively
targeting the basolateral amygdala (BLA) using pharmacological manipulation, previous
studies demonstrate that the amygdala also regulates social aspects of anxiety and fear-based
learning (Sanders and Shekhar, 1995, Sajdyk and Shekhar, 2000, Sajdyk et al., 2008). For
example, mimicking repeated episodes of the stress response, repeated sub-anxiogenic doses
of the CRF receptor agonist urocortin1 (Ucn1) microinjected into the basolateral amygdala
(BLA) of rats once a day for 5 consecutive days (termed ‘priming’) leads to the development
of pathological anxiety in that long-lasting behavioral changes are observed in social
interaction (SI) and elevated plus maze (EPM) tests of anxiety (Rainnie et al., 2004).
Likewise, rats primed with Ucn1 in the BLA demonstrated both increased anxiety-like
behaviors as well as physiological sensitivity to intravenous sodium lactate infusions
(Sajdyk and Shekhar, 2000). This physiological response to lactate infusion has been
documented in subjects with panic or posttraumatic stress disorders, but not social or
generalized anxiety disorders.

Given the previously documented involvement of stress and anxiety in the regulation of AD
biomarkers, we hypothesized that restraint stress and repeated stimulation of CRF receptors
within the BLA would lead to dysregulation in biomarkers associated with AD. We
observed significant increases in total intracellular APP and Aβ peptide (x-40) with each
respective condition, but only detected an increase in the level of Aβ (x-42) following three-
hour (hr) restraint-induced stress. Interestingly, three-hr restraint stress negatively regulates
BDNF and pre-synaptic proteins, while Ucn1 administration into the BLA positively
regulates these proteins. Together, these findings reveal an important role for stress in the
regulation of APP and Aβ in rats, and define BDNF as a potential marker of interest
associated with synaptic integrity and the pathophysiology of AD.
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MATERIALS AND METHODS
Animals

Male Wistar rats (275–300 g); Harlan Laboratories, Indianapolis, IN, USA) were used in
these experiments. Upon arrival, the animals were housed individually in a temperature-
controlled room (22°C) and had access to food and water ad libitum. The room was
maintained at 12–12 hr light/dark cycle with light on at 0700 hr. Animal care procedures
were conducted in accordance with the National Institutes of Health Guidelines for the Care
and Use of Laboratory Animals and the Guidelines of the Indiana University–Purdue
University Indianapolis Institutional Animal Care and Use Committee.

Experimental Protocol
In experiment 1, the rats assigned to the ‘restraint stress’ group (N=5) were placed in a
decapicone for three hrs (Brain TreeScientific, Braintree, MA, USA). The unstressed control
rats (N=5) were kept in their home cage during this time period. Social interaction was
measured immediately after the restraint stress. In experiment 2, the rats received a daily
bilateral i.c. microinjection into the BLA with either vehicle [Veh,1% bovine serum
albumin/100 nl/side] (N=6) or a sub-anxiogenic dose of Urocortin 1 [ (Ucn1), 6 fmoles/100
nl/side] (n=6) for five consecutive days. Urocortin1 (Sigma-Aldrich, St Louis, MO, USA)
was dissolved in a vehicle of 1% bovine albumin in distilled water. The rats were tested for
differences in social interaction, as compared to controls 30 minutes following the priming
microinjection on D5. The brains were harvested for protein studies immediately after
completion of the SI test of each experiment.

Surgical Procedures
For experiment 2, BLA cannulation surgeries were conducted on the rats at least 1 week
following arrival from the supplier. Rats were anesthetized with isoflurane (2.5%) and
placed in a stereotaxic apparatus. Bilateral injection cannulas (26 gauge; Plastics One,
Roanoke, VA, USA) were implanted into the BLA [anteroposterior (AP): –2.1; mediolateral
(ML): +5.0; dorsoventral (DV): –8.0; incisor bar: –3.3 mm] according to a standard
stereotaxic atlas of the rat brain (Paxinos and Watson, 1986). The cannulas were secured to
the skull with three stainless steel screws (2.8 mm; Plastics One) and locktite adhesive
(Applied Industrial Technologies, Indianapolis, IN, USA). After completion of surgery, all
animals received buprenex (Sigma, St. Louis, MO; 1 mg/kg, s.c.) and were placed on a
warming pad until they had fully recovered from the anesthetic. The rats were allowed to
recover in their home cages for at least 5 days prior to any behavioral testing.

Social interaction test
Following three-hr restraint or Ucn1- priming injections into the BLA, the social interaction
(SI) test was utilized to characterize the anxiety-like response to each respective condition.
A day before the SI test, the rats were exposed to the test room for at least 30 minutes and
then placed into the SI apparatus alone for a 5 minute habituation session. A previously
standardized version of the SI test was used to measure social interaction, in which the
experimental rats were placed in an open field (0.9 m long × 0.9 m wide with walls 0.3 m
high) with a novel male Wistar rat. During the five minute test, the total amount of time the
treated rat initiated interaction with the partner rat was recorded (sniffing, grooming, etc.), as
described previously (Shekhar and Keim, 1997). All tests were videotaped and
independently scored at a later time by two individuals who were unaware of the animals’
treatment using cumulative stopwatches. Between each session, the apparatus were cleaned
with 70% ethanol.
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Dissection and preparation of brain lysate
After the SI test all animals were anaesthetized and promptly decapitated. The brains were
carefully removed, and the frontal cortices were dissected and stored in -80°C freezer for
further analysis. Brain dissections were carried out as described earlier (Sajdyk et al., 2008).
To prepare protein lysates, the frozen tissues were homogenized in Tris-HCl buffered saline
(TBS) [pH 7.6] containing 140 mM NaCl, 3 mM KCl, 25 mM Tris-HCl (pH 7.6), 5 mM
EDTA, 2mM Phenanthroline, 0.5% SDS, EDTA-free protease inhibitor cocktail that was
supplemented with protease inhibitor (Roche, Indianapolis, IN, USA). The resulting samples
were then homogenized using ‘polytron’ homogenizer, and were centrifuged at 4°C
(12,000g) for 10 minutes to obtain TBS soluble fraction of the tissue. This fraction was
subjected to protein estimation using the Bradford assay, as previously described (Ray et al.,
2009a). The resulting volume of supernatant containing a fixed amount of protein was
analyzed for Western immunoblotting.

Corticosterone assay in the plasma in rats following restraint stress verses controls
After the SI test, trunk blood was collected from the rats following restraint stress and in
controls. Whole blood was centrifuged at 10,000×g to collect plasma. Plasma samples were
aliquoted and frozen at -80°C freezer. To measure corticosterone, a competitive EIA assay
was used (Enzo Life Sciences, Plymouth Meeting, PA, USA). Briefly, 97.5 μl of plasma
was added with 2.5 μl of corticosterone displacement reagent to displace bound
corticosterone present in plasma. The plasma samples were diluted 1:20, and the assay was
carried out as per manufacturer's protocol.

Western immunoblotting
Equal amounts of protein from the denatured lysates from each respective experimental and
control groups were loaded in 10% Bis-Tris ‘Criterion’ polyacrylamide gels (BioRad,
Hercules, CA, USA) and separated at 180 V for 2 hrs. Proteins were then electrophoretically
transferred onto a PVDF membrane (BioRad) using the chilled transfer buffer (25 mM Tris
base, 200mM Glycine and 20% Methanol) at 30V for 5 hrs at 4°C. After the protein transfer,
the membrane was blocked in 5% nonfat milk in a Tris buffered saline, (pH 7.4) containing
0.05% Tween-20 (TBST) at room temperature (RT) for 1 hr. Different parts of the
membrane were then probed with 22C11 (Amyloid Precursor protein, Millipore, Billerica,
MA, USA) and β-actin (Sigma-Aldrich, USA) antibody. Brain homogenate (15μg of
protein) was treated with 1(N) HCL to bring the pH down to 2.5 and incubated at room
temperature for 15 minutes. The acid treated lysates were subsequently treated with 1(N)
NaOH to bring back to normal neutral pH. Acid treatment increases detectable amount of
neurotrophic factors in the sample (Okragly and Haak-Frendscho, 1997). Acid treated
samples were mixed with Laemmli buffer and ran in a 10% SDS-PAGE, as previously
described. The membrane was then probed with BDNF (1:1000 dil) (Abcam, Cambridge,
MA, USA) and β-actin antibody (1: 100,000 dil). Levels of pre-synaptic proteins (SNAP25;
1:10,000dil and syntaxin6; 1: 3000 dil) were also measured in a similar fashion using
specific antibodies (Millipore and BD Bioscience, Rockville, MD, USA, respectively).
Detection of protein band signals was achieved by adding chemoluminescent buffer (GE,
Buckinghamshire, UK) to the blot, which was immediately photographed using GE
chemoluminescent detection film. A specific strip of the membrane was also probed with
monoclonal anti-β-actin antibody (Sigma) for normalization purposes.

ELISA
ELISA was utilized to detect BDNF in an acid treated brain homogenate according to the
manufacturer's protocol (Promega, Madison, WI, USA). The resulting BDNF levels (in pg/
ml) were normalized by protein content of the lysates (μg/ml) and the unit was converted to
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pg/μg of lysate. Additionally, sensitive chemiluminescence Aβ assays were utilized to
measure Aβ (x-40) and Aβ (x-42) in the rat cortical homogenate (Covance, Princeton, NJ,
USA). The individual kit measures Aβ (x-40) and Aβ (x-42), respectively. (x-40) ELISA kit
detects full length sequence of Aβ (1-40) and also peptides generated by N-terminal
cleavages, such as Aβ (3-40), Aβ (11-40) etc. Similarly (x-42) ELISA kit detects full length
sequence of Aβ (1-42) and also peptides generated by N-terminal cleavages, such as Aβ
(3-42), Aβ (11-42) etc. Chemiluminescence signals obtained in Aβ ELISAs were
normalized by the protein content of the lysates and plotted as ‘% control’.

Statistical analyses
Statistical analyses were performed by SPSS using a student's t-test, and the results were
plotted using GraphPad Prism 4.0 software (GraphPad Software, La Jolla, CA, USA). All
data were presented as mean ± SEM, and p-value < 0.05 were considered significant for all
analyses. For SI, a one-tailed t-test was performed, which was consistent with our a priori
hypothesis.

RESULTS
Both three-hr restraint and repeated Ucn1 injections into the BLA lead to decreases in
social interaction in rats

The social interaction test was performed to measure the effects of three-hr restraint and
repeated Ucn1 administration on anxiety-like behavior in rats. Both three-hr restraint stress,
and Ucn1 administration resulted in decreases in social interaction in rats (p=0.06 and
0.0008 respectively) (Figure 1A and 1B). To confirm that three-hr restraint stress leads to
the activation of the HPA-axis, plasma corticosterone levels were determined following
restraint stress. Plasma corticosterone was significantly increased in the plasma of rats
following restraint stress versus controls (Figure 1C).

Both three-hr restraint and repeated Ucn1 injections into the BLA increases intracellular
levels of APP and amyloid-β (x-40)

Following the social interaction test, the rats were decapitated, and brain lysates were
isolated from cortical tissue. Western immunoblotting revealed a significant increase
(p=0.008 and p=0.0002 respectively)) in the levels of total intracellular APP following both
three-hr restraint and repeated Ucn1 injections into the CNS (Figure 2A and 2B). The total
APP bands were normalized with β-actin bands. The levels of Aβ (x-40) were significantly
increased (p=0.0027) in the cortex following both three-hr restraint stress and repeated Ucn1
injections verses controls (Figure 3A and 3B). While we observed a significant increase
(p=0.0048) in the level of Aβ (x-42) in the frontal cortex following restraint stress (Figure
3C), repeated Ucn1 injections into the CNS did not affect cortical levels of Aβ (x-42)
(p=0.6) (Figure 3D).

Three-hr restraint decreases and repeated Ucn1 injections the BLA increases intracellular
levels of BDNF, respectively

Following three-hr restraint stress, we observed a significant decrease (p=0.025) in the brain
levels of BDNF by Western immunoblotting in the stressed rats versus controls (Figure 4A).
On the contrary, the repeated injection of Ucn1 resulted in increased levels of BDNF
(p=0.02) in the frontal cortex of Ucn1 primed animals verses controls (Figure 5A). These
results were further confirmed utilizing an ELISA that is sensitive to BDNF detection
(Figure 4B and 5B). For ELISA, individual BDNF values (pg/ml) were converted to pg/μg
by normalizing protein content of the corresponding brain lysate as measured by the
Bradford assay.

Ray et al. Page 6

Neuroscience. Author manuscript; available in PMC 2012 July 08.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Three-hr restraint decreases whereas repeated Ucn1 injections into the BLA increases
intracellular levels of pre-synaptic proteins, respectively

Pre-synaptic markers provide an important biological measure of neuronal integrity as well
as synaptic plasticity. Western immunoblot analyses of pre-synaptic proteins syntaxin6
revealed a significant decrease (p=0.008) in the cortex following three hr restraint versus
controls (Figure 6A), and a decreasing trend for SNAP25 levels (p=0.08; Figure 6B).
Following repeated Ucn1 injections, significant increases in the levels of syntaxin6 (p=0.02)
and SNAP25 (p=0.0076) were detected in the cortical lysate versus controls (Figure 7A and
7B).

Discussion
In the present study, we observed reductions in social interaction associated with both three-
hr restraint stress and Ucn1 repeated injections into the BLA. Additionally, we found
significant increases in total intracellular APP and Aβ peptide (x-40) associated with each
respective condition. However, a significant increase was only observed in the level of Aβ
(x-42) following three-hr restraint-induced stress. While we observed significant decreases
in the level of BDNF in the cortical lysate from rats after three-hr restraint stress, Ucn1
administration resulted in significant increases in the level of BDNF in the cortex. Western
immunoblotting and ELISA studies revealed decreases in the levels of pre-synaptic proteins
(syntaxin6 and SNAP25) in the cortical lysate following three-hr restraint stress; however,
the levels of SNAP25, a pre-synaptic protein of SNARE complex, was significantly
increased in the cortical lysate following Ucn1-induced anxiety.

Late onset AD is the most common cause of dementia in the elderly population, and often
displays a sporadic mode of transmission (Lahiri et al., 2003). As opposed to a purely
genetic approach to evaluate the risk factors, more emphasis in recent years has focused on
the contribution of environmental factors associated with AD (Migliore and Coppede, 2009,
Zawia et al., 2009). For example, an epidemiological study in Nigeria revealed no
association between the well known risk gene APOE ε 4 and AD in a local population,
which further emphasizes the role of environmental factors in the pathogenesis of AD
(Gureje et al., 2006). Consistent with other environmental factors that underlie AD, recent
studies indicate that stress may also represent an important risk factor (Smith et al., 2005,
Wilson et al., 2005).

A previous study demonstrated that acute restraint stress leads to increases in the levels of
Aβ in brain interstitial fluid (ISF), and the effect was mediated by a corticotropin-releasing
factor (CRF)-dependent mechanism (Kang et al., 2007). In this study, it was postulated that
the increase in the levels of ISF Aβ is likely due to the increase in neuronal activity
associated with CRF, which was increased in response to stress. In a cell culture based
study, APP processing leads to a shift towards an intracellular route following stimulation
by heat shock protein in human astrocyte (Shepherd et al., 2000). Additionally, a recent
study using gene expression profiling demonstrates a 1.64-fold increase in APP (App)
expression in DBA/2J mice following the force swim test, a behavioral test that activates a
stress response (Tsolakidou et al., 2010). However, the effect of acute restraint stress on
APP has not yet been addressed. In the present study, we observed a significant increase
(~55%) in the levels of APP in frontal cortex following restraint stressed versus unstressed
rats. Because APP was significantly increased in the frontal cortical lysate following
restraint stress, we further assayed the levels of Aβ peptide (both x-40 and x-42). We
detected significant increases in Aβ peptide (both x-40 and x-42). This increase in Aβ can
either result from increased intracellular processing of APP, the up-regulation of BACE-1 or
a direct effect that can be attributed to the action of CRF on neurons (Tamagno et al., 2005,
Kang et al., 2007). While the exact mechanism that underlies this increase in Aβ peptides
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following restraint stress is not fully understood, a shift in APP processing towards the
intracellular compartment lead to an “amyloidogenic state” in the neuron (LaFerla et al.,
2007). In the present study, we observed a significant increase in corticosterone levels
following restraint stress. Therefore, increases in corticosterone and other hormones in
response to the activation of the HPA axis following a stressful condition may independently
up-regulate the levels APP and BACE-1, which may ultimately contribute to the formation
of Aβ peptides (Green et al., 2006). A previous study has also shown that CRF itself can
independently stimulate neurons that can lead to the release of more Aβ peptides (Kang et
al., 2007).

In addition to the effects on APP and Aβ, we also detected significant decreases in the levels
of BDNF in the frontal cortex following restraint stress versus unstressed rats. In a previous
study, a significant decrease in BDNF positive cells was detected following chronic isolation
in frontal cortex and hippocampus that is consistent with our findings (Chen et al., 2008).
Additionally, a previous study found that 6 hrs of restraint stress in rats is also associated
with significant decreases in BDNF mRNA levels in the hippocampus (Murakami et al.,
2005). Because BDNF plays a critical role in the regulation of synaptic plasticity, we
hypothesized that acute restraint stress would lead to decreases in the levels of pre-synaptic
proteins. We found significant decreases in the levels of the pre-synaptic protein synataxin-6
in the prefrontal cortical lysate following restraint stressed versus unstressed rats. In
addition, the levels of the pre-synaptic protein SNAP25 were also lower in the stressed
group; however, the difference did not reach significance. Consistent with these findings,
previous findings indicate that BDNF treatment in organotypic hippocampal slice culture
results in an increase in both the number of synapses as well as docked synaptic vesicles
(Tyler and Pozzo-Miller, 2001). Interestingly, the lack of BDNF can also play important
roles in trafficking of APP. For example, the exogenous administration of BDNF in primary
neuron culture leads to decreases in Aβ production mediated through up-regulation of
SORLA (Rohe et al., 2009). Hence, decreased levels of BDNF following restraint stress may
also contribute to the increases in Aβ production following restraint stress.

Stress resulting from physical restraint leads to a complex physiological response, and
involves multiple structures in the CNS including the amygdala and the hypothalamus. To
specifically target the effects of the amygdaloid nuclei on APP and Aβ, site directed
injections of Ucn1 were conducted into the BLA, a brain region that is known to mediate the
effects of CRF on anxiety. Interestingly, different molecular sequelae were observed
following repeated activation of CRF receptors with Ucn1 treatment, as compared to
restraint stress. Ucn1 is a peptide that shows sequence homology with both urotensin 1 and
CRF (Vaughan et al., 1995), and produces anxiety-like behavior in rodents (Moreau et al.,
1997). In fact, the site directed injection of Ucn1 into the BLA of rats acts as a potent
anxiogenic peptide, and leads to a more robust effect on anxiety-like behavior than that of
CRF (Sajdyk et al., 1999). Therefore, we hypothesized that the levels of APP and Aβ
peptides would also be increased in Ucn1-treated rat in the frontal cortex. In the present
study, we observed a robust increase in the levels of APP in Ucn1 injected rats consistent
with our findings in rats following restraint stress. Additionally, we observed a significant
increase in the level of Aβ (x-40) in the frontal cortical lysate of Ucn1-treated rats versus
untreated controls. However, the levels of Aβ (x-42) were left unchanged. These findings
suggest that the increases APP may underlie the increases seen in Aβ peptides that were
observed following both Ucn1 treatment and restraint stress.

In contrary to the decreases observed following restraint stress, we observed significant
increases in the levels of BDNF in the frontal cortex of Ucn1 injected rats. Although chronic
stressors increase APP and other markers of AD in adult rodents (Dong et al., 2008), a
similar increase in cortical BDNF levels are seen in very early adolescent rats following
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short-term social isolation stress where significant synaptic reorganization is thought to
occur (Meng et al., 2011). Additionally, a previous study demonstrates that CRFR1 receptor
signaling in cerebellar granular cells leads to increases in BDNF mRNA levels (Bayatti et
al., 2005). Likewise, CRFR1 receptor signaling in locus coeruleus also increases BDNF
signaling via ERK-MAPK cascade (Bayatti et al., 2005). Since Ucn1 also has primary
stimulatory effects on CRFR2 receptor, the increase in the levels of BDNF may potentially
be due to CRFR2 mediated effects on neurons projecting from the amygdala to the
prefrontal cortex.

Consistent with the increase of BDNF in the frontal cortex following Ucn1 injections into
the BLA, we also observed significant increases in the levels of pre-synaptic proteins
SNAP25 and syntaxin6 in Ucn1 injected rats versus controls. Hence, repeated Ucn1
injections into the BLA nucleus results in a complex cascade of signal transduction events.
Our findings suggest that the increases in APP and Aβ peptide and BDNF may result from
the effects on CRFR1 receptors. Likewise, the increases in BDNF may underlie the
increases in the levels of pre-synaptic proteins SNAP25 and syntaxin6. A previous study has
revealed that decreases in BDNF levels are mediated by Aβ (1-42) (Hjorth et al., 2010).
Interestingly, the BDNF level is associated with phagocytosis of Aβ (1-42) by macrophases
(Asami et al., 2006). In a cell culture model, BDNF was found to protect neurons from Aβ
(1-42)-mediated damage. Therefore, increases in the levels of BDNF may be responsible for
the lack of increase in Aβ (x-42) levels in the frontal cortex in Ucn1 injected rats.
Ultimately, the increases seen in BDNF and pre-synaptic proteins could be due to
compensatory mechanism in response to chronic Ucn1 injections into the BLA associated
with increases in APP and Aβ generation.

Mechanistically, whether the aforementioned restraint-induced stress or Ucn1-induced
anxiety triggers cellular oxidative stress remains unclear. It is known that aging and
neurodegenerative disorders are associated with increased cellular oxidative stress; however,
we have not directly assayed oxidative stress markers in the present work because of the
experimental design. Nevertheless, we do not rule out the possibility that the induced stress
tested in this work may cause oxidative stress resulting from different reactive oxygen
species such as superoxide, hydrogen peroxide and hydroxyl radicals. The effect of
oxidative stress and growth factors in the regulation of neuronal gene expression, such as
APP and BACE, has been studied (Lahiri and Nall, 1995, Ge et al., 2004, Lahiri et al.,
2006). Further, transcriptional activation of APP gene by stress was previously reported
(Dewji et al., 1995). The interaction of various transcription factors with the BACE1
promoter can modulate synaptic plasticity, neuronal apoptosis and oxidative stress, which
are relevant to the pathogenesis of AD (Lahiri et al., 2006). It would be interesting to
speculate the underlying mechanism. Nuclear factor erythroid 2-related factor 2 (NrF2),
which protects against Aβ (Kanninen et al., 2008), is known to play a role in antioxidant
defense in the cell and has been shown to be neuroprotective in an animal model making an
interesting target for studies into preventing or reversing neurodegeneration in dementias (de
Vries et al., 2008, Ohtsuji et al., 2008). Analysis of the transcription factor binding sites on
both APP and BACE, using the TESS program (Transcriptional Element Search System)
reveals sites for heat shock element and the transcription factor Nrf2 in the APP and BACE1
promoter (Lahiri and Robakis, 1991, Sambamurti et al., 2004). Another study suggests that
p-hydroxybenzyl alcohol (HBA) protects against brain damage by modulating
cytoprotective genes, such as NrF2, and neurotrophic factors, including BDNF (Kam et al.,
2011). The above results taken with our present data suggest that restraint-induced stress
may cause cellular oxidative stress, which results in down regulation of cytoprotective genes
such as BDNF and in upregulation of APP gene expression leading to the amyloidogenic
pathway. Thus, restraint-induced stress triggers APP and Aβ peptide expression at the cost
of cytoprotective BDNF and synaptic proteins. Our present study would have great
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translational implication in understanding the neurobiology and therapeutic targets for the
stress-related psychiatric disorders, such as AD, anxiety, depression and schizophrenia.

In conclusion, our findings identified significant increases in APP and Aβ levels following
both restraint stress and sub-anxiogenic doses of Ucn1 administered into the BLA. Because
the regulation of APP and Aβ deposition represent biological markers that are associated
with AD pathogenesis, environmental stressors and persistent anxiety may represent
predisposing factors that may contribute to AD pathogenesis. Furthermore, these findings
demonstrate a negative role for restraint stress and a positive role for Ucn1-induced anxiety
in the regulation of BDNF and presynaptic markers. These results indicate that the levels of
APP and Aβ are likely regulated by distinct mechanisms from BNDF and pre-synaptic
markers following restraint stress and repeated Ucn1 injections into the BLA. Ultimately,
the effects of stress and persistent anxiety likely define important factors that can contribute
to AD. Overall, the present molecular-driven study in vivo may contribute a great
translational impact for AD and anxiety, and pave the way for identifying biomarkers and
novel therapeutic strategies for these devastating disorders.
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RESEARCH HIGHLIGHTS

➢ Environmental stress and anxiety may be risk factors for Alzheimer's disease
(AD).

➢ We observed that both restraint stress and Ucn1 inj. in the BLA lead to changes in
APP and Aβ.

➢ Restraint-induced stress leads to reductions in the levels of BDNF and
presynaptic markers.

➢ Ucn1-induced anxiety is associated with increases in the levels of each respective
protein.

➢ Therefore, this study identifies putative biomarkers for AD and anxiety disorders.
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Figure 1A. Social interaction of control and stressed animals after three hrs of restraint stress
The social interaction test was conducted to measure anxiety-like behavior in rats. Following
three hrs of restraint stress, we have observed a trend in decreased social interaction in
stressed rats (P=0.06 by one tailed t-test).
Figure 1B: Social interaction of vehicle and Ucn1-treated animals: Following repeated
Ucn1 injections into the BLA, the rats showed significant decreases in social interactions
consistent with increased anxiety-like behavior.
Figure 1C: Plasma corticosterone levels in control and restraint stressed animals:
Plasma corticosterone was measured after three hrs restraint stress from both stressed and
control animals. A competitive EIA assay was utilized to measure corticosterone and the
levels were significantly higher in the stressed animals versus controls.

Ray et al. Page 16

Neuroscience. Author manuscript; available in PMC 2012 July 08.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Ray et al. Page 17

Neuroscience. Author manuscript; available in PMC 2012 July 08.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2A. Levels of total APP in the frontal cortex of control and restraint stressed animals
Frontal cortex of control and stressed animals were homogenized in Tris- HCl buffer
supplemented with protease inhibitors cocktail. Equal amount of protein samples from both
control and stressed groups were loaded in 10% polyacrylamide mini gel, and Western
immunoblot was performed to measure the levels of total APP. APP band density was
normalized with β-actin bands. Normalized APP bands showed a significant increase in the
frontal cortex of restrained stressed animals versus controls.
Figure 2B: Levels of total APP in the frontal cortex of control and Ucn1-treated
animals: Western immunoblot analysis of frontal cortex brain lysate from vehicle and
Ucn1-treated animals was performed as described previously in ‘Figure 3A’. Normalized
APP band density showed a significant increase in frontal cortex of Ucn1-treated animals
versus controls.
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Figure 3A & 3B. Levels of Aβ (x-40) in the cortical lysates
To determine the levels of Aβ (x-40) in the cortical lysates, a sensitive chemiluminescent
ELISA was used. This sandwich ELISA measures Aβ (x-40) in rodent and human brain
samples and has negligible cross reactivity with Aβ (x-42). The ELISA values were
normalized by the total protein content of the lysates and plotted as ‘% control’. Normalized
results revealed a significant increase in the levels of Aβ (x-40) in the cortical lysates of
both restraint stressed and Ucn1-treated animals versus control/vehicle treated animals.
Figure 3C and 3D: Levels of Aβ (x-42) in the cortical lysates: Aβ (x-42) levels in the
cortical lysates were measured by a sensitive and specific chemiluminescent ELISA as per

Ray et al. Page 20

Neuroscience. Author manuscript; available in PMC 2012 July 08.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



manufacturer's protocol. Aβ (x-42) signals were normalized and plotted in the same way as
described in ‘Figure 3A and 3B’. Normalized Aβ (1-42) showed a significant increase in the
cortex of restraint stressed animals versus controls. However, Aβ (x-42) levels did not differ
between the cortical lysates of vehicle and Ucn1-treated animals.
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Figure 4A. Levels of BDNF in the frontal cortex of control and restraint stressed animals:
Western immunoblot analysis
Acid treated frontal cortex lysates were analyzed by western immunoblotting to detect the
levels of BDNF (for details see ‘Materials and Methods’). BDNF band densities (primarily
BDNF dimer) were normalized by β-actin signals. Normalized BDNF showed a significant
decrease in the cortex of animals underwent 3 hrs restraint stress versus controls.
Figure 4A: Levels of BDNF in the frontal cortex of control and restraint stressed
animals: ELISA analysis. To confirm the BDNF Western immunoblot results, BDNF
levels were measured in acid treated cortical lysates by a sensitive colorimetric ELISA.
BDNF values (pg/ml) were converted to pg/μg, normalized by protein contents of the
lysates and plotted. BDNF ELISA also revealed a significant decrease in the cortex of
restraint stressed animals versus controls.

Ray et al. Page 22

Neuroscience. Author manuscript; available in PMC 2012 July 08.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5A. Levels of BDNF in the frontal cortex of vehicle and Ucn1-treated animals: Western
immunoblot analysis
BDNF Westernblotting was performed with the cortical lysates of vehicle and Ucn1-treated
animals in a similar way described in ‘Figure 4A’. β-actin adjusted BDNF band densities
(BDNF dimer) showed a significant increase in the cortical lysates of Ucn1-treated animals
versus vehicle. The lower band observed in this figure is due to secondary ‘artifact’ and
excluded from the analyses.
Figure 5B: Levels of BDNF in the frontal cortex of vehicle and Ucn1-treated animals:
ELISA analysis. To confirm the findings of ‘Figure 3A’, a sensitive ELISA was used to
determine the levels of BDNF in the acid treated cortical lysates of vehicle and Ucn1-treated
animals. BDNF values (pg/ml) were converted to pg/μg, normalized by protein contents of
the lysates and plotted. Results showed a significant increase in the cortical lysates of Ucn1-
treated animals versus vehicle.
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Figure 6A. Levels of syntaxin6 in the cortical lysates of control and restraint stressed animals
Western immunoblot analyses of cortical lysates of control and restrained stressed animals
were carried out with specific monoclonal syntaxin6 antibody, which recognizes one of the
important pre-synaptic proteins syntaxin6. The bands were normalized by β-actin signals.
Normalized syntaxin6 bands showed a significant decrease in the lysates of restraint stressed
animals versus controls.
Figure 6B: Levels of SNAP25 in the cortical lysates of control and restraint stressed
animals: Western immunoblot analyses of the same samples mentioned in ‘Figure 6A’ for
another pre-synaptic protein SNAP25 showed a decreasing trend (p=0.08) in the cortical
lysates of restraint stressed animals versus controls.
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Figure 7A. Levels of SNAP25 in the cortical lysates of vehicle and Ucn1-treated animals
Western immunoblot analyses of cortical lysates of vehicle and Ucn1-treated animals were
carried out to detect the levels of cortical SNAP25. SNAP25 bands were normalized by β-
actin signals and plotted. Normalized SNAP25 showed a significant increase in the cortex of
Ucn1-treated animals versus vehicle treated animals.
Figure 7B: Levels of syntaxin6 in the cortical lysates of vehicle and Ucn1-treated
animals: Western immunoblot analyses revealed a significant increase in the levels of
syntaxin6 in the cortical lysates of Ucn1-treated animals versus vehicle treated animals.
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