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Alzheimer¢s disease (AD) is characterized by the presence of
senile plaques containing b-amyloid (Ab) and neuronal loss
(Walsh and Selkoe 2004). The most frequent alteration of a
neuropeptide in the brain of patients with AD is the reduction
of somatostatin (SRIF), implicated in learning and memory,
in the temporal cortex (Reinikainen et al. 1990). The effects
of SRIF are mediated via five SRIF receptor subtypes located
in diverse brain areas, including the temporal cortex. These
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Abstract

The protective effects of insulin-like growth factor I on the

somatostatin (SRIF) system in the temporal cortex after b-

amyloid (Ab) injury may be mediated through its N-terminal

tripeptide glycine-proline-glutamate (GPE). GPE is cleaved to

cyclo[Pro-Gly] (cPG), a metabolite suggested to mediate in

neuroprotective actions. We evaluated the effects of GPE and

cPG in the temporal cortex of Ab25–35-treated rats on SRIF

and SRIF receptor protein and mRNA levels, adenylyl cyclase

activity, cell death, Ab25–35 accumulation, cytosolic calcium

levels ([Ca2+]c) and the intracellular signaling mechanisms in-

volved. GPE and cPG did not change Ab25–35 levels, but GPE

partially restored SRIF and SRIF receptor 2 protein content

and mRNA levels and protected against cell death after Ab25–

35 insult, which was coincident with Akt activation and glyco-

gen synthase kinase 3b inhibition. In addition, GPE displaced

glutamate from NMDA receptors and blocked the glutamate

induced rise in cytosolic calcium in isolated rat neurons and

moderately increased Ca2+ influx per se. Our findings suggest

that GPE, but not its metabolite, mimics insulin-like growth

factor I effects on the SRIF system through a mechanism

independent of Ab clearance that involves modulation of

calcium and glycogen synthase kinase 3b signaling.
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receptors are coupled, via G proteins, to different signal
transduction pathways including inhibition of adenylyl
cyclase (AC) (Reisine and Bell 1995). A marked loss of
SRIF receptors with unaltered levels of Gi proteins has been
reported in the cortex of AD patients (Cowburn et al. 1991).

Diverse approaches have been tested to block Ab toxicity
and diminish the progression of AD. Insulin-like growth
factor-I (IGF-I) that acts as a survival factor in the brain,
inhibits glycogen synthase kinase 3b (GSK3b) through
phosphorylation on Ser9 in a PI3K-dependent manner
preventing apoptosis (Quevedo et al. 2000). However, its
use in AD is restricted given its limited ability to cross the
blood–brain barrier and potential mitogenic effects (Górecki
et al. 2007). IGF-I is cleaved in brain into des-(1–3)-IGF-I
and the N-terminal tripeptide, glycine-proline-glutamate
(GPE) (Sara et al. 1993) and this tripeptide is cleaved to
cyclo[Pro-Gly] (cPG). The small size and stability of both
compounds in the CNS make them good candidates for use
in clinical therapies. Indeed, administration of GPE following
ischemic brain injury reduces apoptosis and inhibits micro-
glial proliferation (Guan et al. 2004) and cPG mediates
memory processes.

However, there is little information regarding the effec-
tiveness of GPE and cPG in protecting against Ab induced
damage. We have previously shown that GPE partially
blocks Ab-induced SRIF depletion in the temporal cortex
(Aguado-Llera et al. 2004), although the mechanisms
involved remain unknown. Ab-induced cell death involves
glutamate toxicity, resulting from over-activation of NMDA
receptors and increased intracellular calcium (Hynd et al.
2004) and SRIF neurons are vulnerable to NMDA-receptor
over-stimulation (Figueredo-Cardenas et al. 1994). Ab-
induced cell death is also dependent on GSK3b activation,
through impairment of Akt signaling (Takashima 2006).
Activity of GSK3b is regulated through phosphorylation
(Grimes and Jope 2001) on serine (inhibitory) and tyrosine
residues (stimulatory). Given that GPE can induce neuro-
protection by acting as a NMDA receptor antagonist,
reducing glutamate excitotoxic actions (Sara et al. 1993),
we hypothesized that GPE and cPG may exert protective
effects through modulation of cytosolic calcium levels
([Ca2+]c) and blockage of GSK3b signaling, thus reducing
cell death and restoring SRIF levels in the temporal cortex of
Ab25–35-treated rats. To address this issue, we examined the
effects of GPE and cPG after chronic Ab25–35 administra-
tion on SRIF and SRIF receptor protein and mRNA levels,
SRIF receptor binding capacity, as well as AC activity and
ai1, ai2, and ai3 G protein concentrations in ovariectomized
rats. This model was chosen because estrogens attenuate Ab
toxicity (Zheng et al. 2002).

In addition, we analyzed the effect of GPE and cPG
treatments on Ab-like immunoreactive levels, cell death and
phosphorylation of Akt, GSK3b on Ser9 and Tyr216
residues, cAMP-responsive element binding protein (CREB),

heat-shock protein 27 (HSP27), extracellular-signal regulated
kinases 1/2 (ERK1/2), p38-MAPK and p53. Finally, the
ability of GPE and cPG to modulate intracellular calcium
signaling in isolated hippocampal neurons, NMDA binding
and displacement of L-[3H]glutamate from rat brain synaptic
membranes and neuroprotection against NMDA excito-
toxicity were also studied.

Experimental procedures

Chemicals and reagents
Synthetic [Tyr11]-SRIF and SRIF-14 were purchased from Universal

Biological (Cambridge, UK); carrier-free Na125I (100 mCi/mL) and

enhanced chemiluminescence (ECL) western blotting detection

system from Perkin-Elmer Life Sciences (Boston, MA, USA) and

GPE and cPG were from Bachem AG (Bubendorf, Switzerland).

The antibody for the SRIF radioimmunoassay was raised in rabbits

against SRIF-14. Antibodies against Ab25–35 (A2275-76) and

secondary antibody conjugated to horseradish peroxidase (I1906-10)

were from United States Biological (Swampscott, MA, USA).

Immobilon PSQ membranes were purchased from Millipore (Bed-

ford, MA, USA), polyvinylidene fluoride (PVDF) membranes and

multiplex bead array assay kits from Bio-Rad Laboratories (Madrid,

Spain) and osmotic minipumps from Alzet (Alza, Palo Alto, CA,

USA). High-capacity cDNA archive kit, TaqMan PCR Master Mix

and TaqMan gene expression assays were from Applied Biosystems

(Foster City, CA, USA). fura-2AM was from Molecular Probes

(Invitrogen, Carlsbad, CA, USA) and purchased from Invitrogen

(Barcelona, Spain). Sigma (St Louis, MO, USA) was the source for

all other reagents.

Animals and treatments
Thirty female Wistar rats (8 weeks of age) were bilaterally

ovariectomized under anesthesia (0.1 mL of ketamine/kg wt and

0.2 mL of xylazine/kg wt). Three weeks after ovariectomy,

animals were divided into six groups. Five rats were anesthetized

and a cannula attached to an osmotic minipump was implanted

into the right cerebral ventricle ()0.3 mm anteroposterior, 1.1 mm

lateral from Bregma). Infusion of Ab25–35 was administered

during 14 days (300 pmol/day, infusion rate 0.5 lL/h), as

described previously (Nag et al. 1999). The second and third

experimental groups received Ab25–35 at the same dose and for

the same period of time and an intraperitoneal injection of 300 lg
of GPE (Sizonenko et al. 2001) or cPG at 0, 6, and 12 days. The

fourth and fifth groups of rats received GPE or cPG, as described

above and an intracerebroventricular saline infusion during

14 days. Control ovariectomized rats received saline by the same

routes. After treatment, the rats were killed by decapitation and

the temporal cortex was dissected. The rats were treated according

to the European Community laws for animal care and the

experiment was approved by the Animal Care Committee of

Alcalá University.

Immunoprecipitation and quantification of Ab25–35
Ab25–35 was immunoprecipitated according to the method of

Williamson et al. (2002) with minor modifications. Briefly,

immunoprecipitation was performed by incubation of tissue lysates
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(100 lg total protein) with primary antibody (1 : 300) overnight at

4�C followed by addition of 50 lL protein A/G PLUS-agarose/mL

and a further incubation of 4 h at 4�C. The mixture was then

centrifuged at 14 000 g at 4�C for 15 s, and the supernatant was

removed and stored at 4�C until analysis. The beads were washed

three times in ice-cold ristocetin-induced platelet agglutination

buffer and resuspended in 15 lL tricine buffer and boiled for

5 min.

Beta-amyloid-25–35 was resolved on a 15% (w/v) polyacryl-

amide sodium dodecyl sulfate (SDS)-Tris–Tricine gel. After

separation, proteins were transferred onto PVDF membranes and

blocked with Tween 20 Tris Buffered Saline (TTBS) containing 5%

(w/v) bovine serum albumin for 1.5 h at 25�C. These membranes

were incubated with the primary antibody at a dilution of 1 : 1000 in

TTBS overnight at 4�C. The membranes were incubated with the

secondary antibody at a dilution of 1 : 2000 in TTBS for 1.5 h at

25�C. The peptide was detected by an ECL system. Quantification

was carried out by densitometry using a Gel Logic 1500 Imaging

System (Kodak, Madrid, Spain).

SRIF radioimmunoassay
Somatostatin was extracted from temporal cortical tissue in 2 M

acetic acid by homogenization and boiling during 5 min and

measured by radioimmunoassay (Patel and Reichlin 1978).

Binding assay
Membranes from the temporal cortex were prepared (Reubi et al.
1981) and SRIF binding was measured in these membranes

(0.15 mg protein/mL) incubated with 250 pM of 125I-[Tyr11]-SRIF

in the absence or presence of 0.01–10 nM unlabelled SRIF during

60 min at 30�C.

Adenylyl cyclase assay
Adenylyl cyclase activity was measured in membranes (0.06 mg/

mL) incubated with 1.5 mM ATP, 5 mM MgSO4, 10 lM GTP, an

ATP-regenerating system, 1 mM 3-isobutyl-1-methylxanthine,

0.1 mM phenylmethylsulfonyl fluoride, 1 mg/mL bacitracin,

1 mM EDTA, and 10)4 M SRIF. After a 15 min incubation at

30�C, the reaction was stopped by heating. After cooling, 0.2 mL of

an alumina slurry (0.75 g/mL in Tris/HCl buffer, pH 7.4) were

added and the suspension was centrifuged. The supernatant was

used for assay of cAMP (Gilman 1970).

Western blotting
Fifty milligrams of temporal cortex were homogenized in a lysing

solution (Bio-Rad Laboratories) following the manufacturer’s

instructions. The tissue lysates for pSer9-GSK3b, pTyr216-GSK3b,
GSK3b, p-CREB, and CREB and the membrane extracts for

somatostatin receptor subtype (sst) 1–4 and the ai1-3 G protein

subunits were diluted in SDS-sample buffer. The proteins (30 lg for

GSK3b, 60 lg for CREB and 100 lg for sst1–4 and ai1-3 G

protein subunits) were run on a 10% SDS-polyacrylamide gel

except for GSK3b forms that were run on an 8% gel. After

separation, the proteins were transferred onto PVDF membranes

and blocked with TTBS containing 5% (w/v) non-fat dry milk for

1.5 h at 4�C. These membranes were incubated with the primary

antibodies (all diluted at 1 : 1000): rabbit anti-p-CREB, anti-CREB,

anti-pSer9-GSK3b (Cell Signaling Technology, Danvers, MA,

USA), mouse anti-pTyr216-GSK3b, anti-GSK3b (BD Transduction

Labs, Franklin Lakes, NJ, USA), rabbit anti-ai1-2 monoclonal

antibodies (Chemicon International, Temecula, CA, USA) or goat

anti-sst1–4 and rabbit anti-ai3 polyclonal antibodies (Santa Cruz

Biotechnologies, Santa Cruz, CA, USA) in TTBS overnight at 4�C.
The membranes were incubated with the corresponding secondary

antibody conjugated with peroxidase at a dilution of 1 : 2000,

except for GSK3b at 1 : 10 000 dilution) in TTBS was added and

incubated for 60 min. The proteins were detected by an ECL

system.

Multiplex bead array assays
Phosphorylated forms of Akt, ERK1/2, p38-MAPK, HSP27 and p53

and total content of Akt and p38-MAPK were measured as

previously described (Khan et al. 2004). Briefly, beads conjugated
to the appropriate antibodies and tissue lysates (50 lL each) were

incubated for 18 h at 25�C. Wells were washed using a vacuum

manifold and antibody conjugated to biotin (25 lL) was added.

After incubation for 30 min at 25�C, beads were incubated during

30 min with 50 lL streptavidin conjugated to phycoerythrin. Beads

were analyzed in the Bio-Plex suspension array system 200 (Bio-

Rad Laboratories). Raw data (mean fluorescence intensity) were

analyzed using the Bio-Plex Manager Software 4.1 (Bio-Rad

Laboratories).

RNA extraction, reverse transcription and RT-PCR for SRIF
and SRIF receptors
Total RNA was extracted according to the Tri-Reagent protocol

(Chomczynski 1993). The reverse transcription reaction and real-

time PCR were performed on 50 ng of total RNA as previously

reported (Aguado-Llera et al. 2007). Sequences of primers and

probes for sst1, sst3, and sst4; as well as for glyceraldehyde-3-

phosphate dehydrogenase, used as an invariant endogenous control

for relative gene expression comparisons, have been reported

(Aguado-Llera et al. 2007). According to the manufacturer’s

guidelines, the DDCT method was used for relative quantification.

Statistics were performed using DCT values.

Cell death detection
Detection of cell death was performed by a commercial ELISA kit,

according to the manufacturer’s protocol (Roche Diagnostics,

Penzberg, Germany). Measurements were taken at 405 nm with

an automatic microplate analyzer (Bio-Tek Instruments Inc.,

Winooski, VT, USA).

TUNEL/immunohistochemistry
Terminal deoxynucleotidyltransferase-mediated dUTP nick end

labeling (TUNEL) and immunohistochemistry were performed as

previously reported (Aguado-Llera et al. 2007).

Isolation and culture of rat hippocampal neurons
Pregnant rats were killed and 18-day old embryos were removed.

Hippocampi were dissected under a stereomicroscope in phos-

phate-buffered saline at 4�C. The tissue was digested with 0.5 mg/

mL papain and 0.25 mg/mL Dnase dissolved in Ca2+- and Mg2+-

free phosphate-buffered saline containing 1 mg/mL bovine serum

albumin and 6 mM glucose at 37�C for 20 min. The papain

solution was replaced by 5 mL of Neurobasal medium

Journal Compilation � 2009 International Society for Neurochemistry, J. Neurochem. (2009) 109, 360–370
� 2009 The Authors

362 | E. Burgos-Ramos et al.



supplemented with 10% fetal bovine serum. The digested tissue

was disaggregated and the cell suspension centrifuged for 4 min at

120 g. Cells were resuspended in 5 mL Neurobasal medium and

plated at a density of 1 · 105 cells/mL on 4 cm diameter Petri

dishes (2 mL per dish) coated with poly-D-lysine (0.1 mg/mL).

Cells were plated in Neurobasal medium supplemented with 10%

fetal bovine serum, 50 lg/mL streptomycin–penicillin and 50 lg/
mL gentamicin, and maintained in an incubator at 37�C with 5%

CO2. After 24 h, the medium was replaced by fresh serum-free

medium containing B27 supplement, essential for hippocampal

neuronal survival. Under these conditions, standard cell survival

was 4 weeks; the experiments were performed on neurons after

14–16 days in culture.

Binding to NMDA receptors
Cortical membranes were prepared according to the method of

Foster and Fagg (1987). Displacement assays of glutamate with

GPE and cPG from NMDA receptors were performed according to

the method of Monahan and Michel (1987).

Neuroprotection against NMDA excitotoxicity
After 2 weeks, hippocampal neurons were loaded with Locke

solution. After pre-incubation at 37�C with 10 lM GPE or cPG in

Locke solution, exposure to NMDA was carried out for 3 h and

neurons are maintained in an incubator at 37�C with 5% CO2

(Snider et al. 2003). After this period, the medium was replaced

by Neurobasal medium containing 10 lM GPE or cPG. Cell death

was analyzed 24 after the beginning of the exposure period by

measuring lactate dehydrogenase present in the medium (Koh and

Choi 1987).

Cytosolic calcium measurements with fura-2
After 2 weeks post-plating, hippocampal neurons (2 · 105 cells/

25 mm diameter dishes) were loaded with 3 lM fura-2/AM plus

pluronic acid 0.02% for 45 min at 37�C in Krebs-HEPES solution

containing (in mM): 140 NaCl, 5.6 KCl, 1.2 MgCl2, 2 CaCl2, 10

HEPES, 11 D-glucose, pH 7.4. Loading with fluorescent dye was

terminated by washing the cells twice with Krebs-HEPES and then

kept at 25�C for 15 min. Fluorescence was measured in a Nikon

eclipse TE-300 microscope equipped with shutter lambda 10-2 filter

wheels (Shutter instruments Co., Novato, CA, USA). fura-2 was

excited at 340 and 380 nm. Emitted light was transmitted through a

405-nm dichroic mirror and a 500- to 545-nm barrier filter before

being detected by a Hamamatsu cooled CCD-camera Orca-G

(Hamamatsu Photonics Inc., Hirakuchi, Japan). [Ca2+]c was calcu-

lated according to Grynkiewicz et al. (1985). Data were analyzed

using the Metafluor v 2.2 Imaging System (Molecular Devices).

Statistical analyses
The LIGAND software (Bethesda, MD, USA) was used to analyze the

binding data. This program was used to produce Scatchard plots and

to compute values for receptor affinity (Kd) and density (Bmax) that

best fit the binding data. Statistical analysis was carried out by one-

way ANOVA followed by a Scheffé F-test. Relationships between

variables were determined by linear regression analysis. The values

were considered significantly different when the p value was < 0.05.

Statistical analyses were performed using Statview software

(Statview 5.01; SAS Institute, Cary, NC, USA).

Results

GPE or cPG treatments did not change Ab25–35 levels
To determine whether the IGF-I metabolites GPE and cPG
alter Ab-like immunoreactive levels, western blot was used.
Ab25–35 levels in the temporal cortex were not modulated
by GPE or cPG treatment in either control rats or rats treated
with Ab25–35 (Fig. S1).

GPE, but not cPG, partially restored Ab25–35-induced SRIF
content and SRIF receptor density depletion
Continuous infusion of Ab25–35 reduced SRIF-like immu-
noreactivity (SRIF-LI) content. GPE treatment, but not
cPG, partially inhibited the loss of SRIF-LI in Ab25–35-
treated rats, whereas GPE or cPG had no effect in controls
(Table 1).

Table 1 Effect of b-amyloid-25–35, Ab25–35 plus Gly-Pro-Glu, Ab25–35 plus cyclo[Pro-Glu], and GPE or cPG alone on somatostatin-like

immunoreactivity levels and relative SRIF mRNA content, equilibrium parameters for 125I-[Tyr11]-SRIF binding in membranes from the temporal

cortex and relative SRIF receptor subtype 2 protein and mRNA content

SRIF-LI SRIF mRNA Kd Bmax sst2 sst2 mRNA

Control 30.3 ± 5.2 100.0 ± 9.8 0.56 ± 0.03 538 ± 20 100.0 ± 2.7 100.0 ± 7.9

Ab25–35 17.8 ± 3.2* 62.3 ± 15.7* 0.53 ± 0.02 356 ± 14* 59.8 ± 3.6* 60.3 ± 8.1*

Ab25–35 + GPE 24.6 ± 2.9*# 83.2 ± 9.0*# 0.50 ± 0.05 465 ± 19*# 82.3 ± 4.8*# 79.5 ± 8.6*#

Ab25–35 + cPG 19.4 ± 2.7* 67.0 ± 6.2* 0.55 ± 0.05 329 ± 22* 56.0 ± 6.0* 70.0 ± 12.5*

GPE 28.5 ± 3.8 96.2 ± 9.1 0.48 ± 0.03 511 ± 12 104.7 ± 4.2 102.3 ± 9.7

cPG 31.0 ± 2.5 106.2 ± 4.9 0.60 ± 0.06 520 ± 19 96.3 ± 5.0 90.9 ± 10.0

SRIF-LI is expressed in ng/mg protein. Binding parameters were calculated from Scatchard plots by linear regression. Kd is the dissociation

constant expressed in nM; Bmax is the maximum binding capacity expressed in fmol/mg protein; SRIF and sst2 mRNA levels are expressed as

percentage of control densitometry units (DU). Values are expressed as the mean ± SEM. The number of rats in each experimental group was

five. *p < 0.05 compared to C-Ovx group, #p < 0.05 compared to Ab25–35-treated group.

Ab25–35, b-amyloid-25–35; GPE, Gly-Pro-Glu; cPG, cyclo[Pro-Glu]; SRIF-LI, somatostatin-like immunoreactivity; sst2, SRIF receptor subtype 2.
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Beta-amyloid-25-35 administration reduced the density of
SRIF receptors. GPE, but not cPG, partially inhibited the
Ab25–35 induced reduction in the density of these receptors
in the temporal cortex (Table 1). The affinity of the SRIF
receptors was consistently unchanged in all groups. Treat-
ments with GPE or cPG alone had no effect on these
parameters.

To test if GPE or cPG had an effect on a specific receptor
subtype, western blot analyses of sst1–4 were performed in
membranes from the rat temporal cortex. A decrease in sst2
protein levels was found in the Ab25–35-treated group,
whereas GPE partially restored the loss of this receptor
subtype. CycloPG did not restore the decrease of sst2 levels
and neither compound alone had an effect on this parameter
in controls (Table 1). Protein levels of sst1, sst3, or sst4 were
consistently unchanged in all the experimental groups (data
not shown).

Effect of GPE on AC activity
No significant differences in basal AC activity were detected
among groups (data not shown). Basal AC activity was
inhibited by SRIF in all experimental groups. However, the
capacity of SRIF to inhibit AC activity in these membranes
was different between groups (30.8 ± 1.1, 18.4 ± 1.8,
26.0 ± 1.0, 21.2 ± 1.1, 31.9 ± 1.6, and 30.1 ± 1.4, expres-
sed as percent of SRIF inhibition of AC activity in control,
Ab25–35, Ab25–35 plus GPE, Ab25–35 plus cPG, GPE and
cPG groups, respectively). The capacity of SRIF to inhibit
this activity was significantly lower (40.2%, p < 0.01) in the
Ab25–35-treated group compared to controls. GPE, but not
cPG treatment partially reduced the effect of Ab25–35 on
this parameter (15.6% less than controls, p < 0.01).

Gi proteins were unchanged by Ab25–35, GPE or cPG
treatments
Western blot analyses showed no differences in the levels of
ai1 (100.0 ± 3.4, 91.3 ± 11.7, 92.6 ± 1.8, 106.0 ± 4.5,
110.3 ± 3.5, and 103.8 ± 2.9, expressed as percentage of
densitometry units in control, Ab25–35, Ab25–35 plus GPE,
Ab25–35 plus cPG, GPE and cPG groups, respectively), ai2
(100.0 ± 0.8, 101.3 ± 6.0, 97.5 ± 0.2, 91.7 ± 4.7, 99.9 ±
2.7, and 101.8 ± 2.6) or ai3 (100.0 ± 1.7, 100.3 ± 4.6,
96.0 ± 6.0, 92.1 ± 6.3, 98.6 ± 2.5, and 95.1 ± 3.1) among
the experimental groups.

GPE protected against the Ab25–35-induced decrease
in SRIF and sst2 mRNA levels
We found that SRIF and sst2 mRNA levels were significantly
decreased in Ab25–35 treated rats. GPE treatment of Ab25–
35-treated rats partially restored SRIF and sst2 mRNA levels,
whereas cPG coadministered with Ab25–35 and GPE or cPG
alone had no effect on these levels (Table 1). No differences
in the mRNA levels of sst1, sst3, or sst4 were found between
the experimental groups (data not shown).

GPE treatment decreased Ab25–35-induced cell death
Cell death was increased in the temporal cortex of Ab25–35-
treated rats and GPE partially inhibited the Ab25–35 induced
death. CycloPG did not modify cell death in Ab25–35-treated
rats. GPE or cPG alone had no effect on cell death (Fig. 1a).

Fig. 1 (a) Relative cell death, as determined by ELISA, in the temporal

cortex from control ovariectomized (C-Ovx) rats, C-Ovx rats treated

with b-amyloid 25–35 peptide (Ab25–35), C-Ovx rats treated with

Ab25–35 plus Gly-Pro-Glu (Ab25–35 + GPE), C-Ovx rats treated with

Ab25–35 plus cyclo[Pro-Glu] (Ab25–35 + cPG), C-Ovx rats treated

with GPE alone and C-Ovx rats treated with cPG alone. Values rep-

resent the mean ± SEM of five rats. (b) Relative phosphorylated (p)-Akt

protein levels [(MFI) of p-Akt/MFI of total Akt] in the temporal cortex of

the same experimental groups, (c) Relative p-cAMP-responsive ele-

ment binding protein (p-CREB) concentrations in the temporal cortex of

the same groups, (d) Relative glycogen synthase kinase 3b phos-

phorylated on serine 9 (pSer9-GSK3b) protein levels in the temporal

cortex of the same groups and (e) Relative glycogen synthase kinase

3b phosphorylated on tyrosine 216 (pTyr216-GSK3b) protein levels in

the temporal cortex of the same groups. For quantification, p-CREB

was normalized against total CREB and pSer9-GSK3b and pTyr216-

GSK3b were normalized against total GSK3b. The data are expressed

as a percentage of the control ratio. DU, densitometry units; MFI,

median fluorescence intensity; MW, molecular weight. *p < 0.05 com-

pared to C-Ovx group, #p < 0.05 compared to Ab25–35-treated group.
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Few TUNEL-positive cells were detected in the control
group (Fig. S2a). Increased TUNEL labeling was detected in
Ab25–35-treated rats (Fig. S2b) and GPE co-administration
reduced the number of TUNEL positive cells (Fig. S2c).
GPE alone did not change the number of TUNEL-positive
cells (Fig. S2d).

Immunohistochemistry for SRIF was performed in con-
junction with TUNEL labeling to identify cells undergoing
apoptosis. Figure S2, panels f–h illustrates the colocalization
of SRIF-immunopositive cells with TUNEL staining in
Ab25–35-treated rats.

Effect of GPE co-administration to Ab25–35-treated rats
on modulation of Akt, CREB and GSK3b signaling
b-amyloid activates GSK3 through inhibition of Akt signal-
ing (Takashima 2006). Activation of Akt in the temporal
cortex was reduced in Ab25–35-treated rats and concomitant
GPE treatment normalized Akt activation, whereas GPE
alone had no effect (Fig. 1b). CycloPG did not revert the
reduction in Ab25–35-treated rats (78.3 ± 10.8 and
68.4 ± 3.5, expressed as percent of controls, in Ab25–35
plus cPG and cPG groups, respectively) and cPG alone had
no effect. Levels of pSer9-GSK3b were decreased and
pTyr216-GSK3b increased in Ab25–35-treated rats and GPE
treatment return to normal values these levels (Fig. 1d, e).

Immunoblots of p-CREB showed that Ab25–35 decreased
the levels of p-CREB and GPE co-administration normalized
p-CREB protein levels, whereas GPE administration to
control ovariectomized rats had no effect (Fig. 1c). The total
amount of CREB protein was not significantly altered by any
of the treatments.

Analyses of activation of HSP27, p53, p38-MAPK, and
ERK1/2 showed no significant differences between groups:
HSP27 (100.0 ± 6.4, 100.6 ± 14.5, 86.1 ± 9.1, and 91.7 ±
14.2, expressed as percentage of mean fluorescence intensity
in control, Ab25–35, Ab25–35 plus GPE or GPE groups,
respectively), p53 (100.0 ± 9.7, 93.0 ± 5.7, 84.9 ± 7.5,
and 83.4 ± 10.7), p38-MAPK (100.0 ± 10.9, 97.0 ± 12.6,
111.2 ± 10.2, and 117.4 ± 12.5) and ERK1/2 (100.0 ± 9.5,
112.8 ± 11.6, 101.2 ± 8.4, and 113.8 ± 5.7). Total protein
levels of these factors were not affected by any of the
treatments.

Effects of GPE and cPG on glutamate displacement from
NMDA receptors and neuroprotection against NMDA
excitotoxicity
Displacement of L-[3H]glutamate from NMDA receptors by
GPE showed a Ki of 31.2 ± 15.7 lM, whereas no displace-
ment was found using concentrations up to 100 lM of cPG.

The neuroprotective effects were evaluated in cultured
hippocampal neurons exposed to NMDA (10 lM). GPE
decreased NMDA induced cell death by 26.8% ± 3.5%
(p < 0.01), whereas cPG did not exhibit this property
(1.4% ± 0.1%, non-significant).

GPE reduced the glutamate-induced [Ca2+]c rise
in hippocampal neurons
To determine if GPE modulates glutamate signaling we
conducted the following experiments. In fura-2 loaded
hippocampal neurons, the increase in [Ca2+]c induced by
2 s pulses of 100 lM glutamate in the presence of glycine
10 lM was measured. Control pulses, in the absence of GPE,
gave a fura-2 ratio of approximately one (Fig. 2a). After a
control pulse, cells were incubated with GPE for 2 min.
Subsequent depolarization with glutamate reduced the fluo-
rescent signal with respect to the control pulse. Following
1 min washout of the compounds, neurons tended to recover
the signal induced by glutamate. The peak calcium signal

Fig. 2 Inhibitory effect of GPE on the glutamate (100 lM) induced

elevation of [Ca2+]c in cultured hippocampal neurons. [Ca2+]c was

measured in fura-2/AM loaded hippocampal cells and data are re-

ported as the ratio of emission at excitation wavelengths 340 and

380 nm. (a) Original recording of [Ca2+]c elevation induced by 2 s

pulses of 100 lM glutamate in the absence or presence of GPE

(100 lM). Cells were incubated with GPE for 2 min before glutamate

perfusion followed by 1 min washout with Krebs-HEPES solution.

Fluorescence was monitored every 2 s. (b) Representation of the

mean maximum [Ca2+]c peak induced by glutamate in the presence or

absence of GPE and mean total calcium entry measured as the area

under the curve induced by glutamate. Data are normalized respect to

the control signals before GPE incubation. Results are expressed as

the mean ± SEM of 14 cells of three different cultures. ***p < 0.001

compared to control. (c) Effect of Gly-Pro-Glu (GPE) and cyclo[Gly-

Pro] (cPG) on [Ca2+]c. [Ca2+]c was measured in fura-2/AM loaded

hippocampal cells and data are reported as concentration in nM. Cells

were perfused with 100 lM GPE or cPG for 4 min and fluorescence

was monitored every 2 s. Results are expressed as the mean ± SEM

of 39 GPE- and 38 cPG-treated cells. ***p < 0.001 compared to cPG.
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induced by glutamate was significantly reduced by GPE
(15.9%). When total calcium entry was evaluated by
calculating the area under the curve induced by glutamate,
GPE decreased calcium entry by 19.7% (Fig. 2b). These
results indicate that GPE reduces glutamate induced calcium
entry.

Exposure to GPE induced a gradual increase of [Ca2+]c

in hippocampal neurons
To analyze if GPE or cPG could cause changes in the [Ca2+]c
per se, we performed the following assay. After stabilization
of the basal [Ca2+]c, hippocampal neurons were continuously
perfused for 4 min with 100 lM GPE or cPG and [Ca2+]c
were monitored every 2 s. GPE causes a gradual increment
of [Ca2+]c, reaching values of approximately 140–150 nM.
However, cPG had no significant effect on the [Ca2+]c
(Fig. 2c).

Effect of GPE on the [Ca2+]c increase induced by
depolarization with high [K+] in hippocampal neurons
To evaluate if GPE could modify calcium signaling mediated
by cell depolarization we performed experiments in fura-2
loaded cells stimulated with depolarizing concentrations of
K+. When hippocampal neurons were continuously perfused
with Krebs-HEPES solution and challenged with a solution
containing 70 mM K+ for 5 s, a transient [Ca2+]c signal was
recorded as an increase in the fura-2 340/380 ratio. Four
consecutive 5 s pulses of 70 mM K+ every 4 min gave
[Ca2+]c transients that gradually decayed (Fig. S3a). Peak
[Ca2+]c responses were reduced from 100% in the 1st pulse
to 87.2 ± 3.8, 83.3 ± 6.5 and 58.71 ± 6.3% during the 2nd,
3rd, and 4th control pulse, respectively (Fig. S3c). Total
calcium entry measured as the area under the curve of the
[Ca2+]c transients was reduced from 100% in the 1st pulse to
70.6 ± 9.1, 58.8 ± 5.6, 46.8 ± 9.1% in the 2nd, 3rd, and 4th
control pulse, respectively (Fig. 3Sd).

When GPE (100 lM) was perfused starting 3 min before
the 2nd pulse until two min after the 3rd pulse (Fig. S3b), the
peak [Ca2+]c responses were similar to the control responses
(Fig. S3c). However, when total calcium entry was evalu-
ated, GPE appeared to prevent inactivation of the depolar-
izing control response (Fig. S3d). This phenomenon can be
attributed to the fact that GPE increased the inactivation
constant of the K+ induced [Ca2+]c response from 19.8 s in
control (P1) to 28.81 s in GPE treated cells (P3). After
washout of the compound the inactivation constant returned
to control values (14.85 s). In control cells the inactivation
constant was maintained at similar values (Table 2).

Discussion

The key findings of this study are: (i) GPE administration,
but not cPG, partially restores the decrease in both SRIF
content and SRIF receptor density induced by Ab25–35

infusion; (ii) inhibition of cell death after GPE administration
to Ab25–35-treated rats is coincident with activation of
CREB and Akt and inhibition of GSK3b signaling; (iii) the
effects induced by GPE are independent of Ab25–35
clearance; and (iv) the protective effects of GPE may be
related with modulation of intracellular calcium signaling,
inhibition of glutamate binding to NMDA receptors and
protection against NMDA excitotoxicity.

Our experimental model consisted in a continuous infusion
of Ab that induces the main changes described in AD patients
such as Ab deposits distributed throughout the cortex and
changes in cognitive functions and neurotransmitter expres-
sion (Yamaguchi et al. 2006). In this study, Ab25–35 was
chosen because this fragment is proposed to be the functional
domain of Ab responsible for its neurotoxic properties and it
is present in the brain of AD patients (Kubo et al. 2002).

Somatostatin neurons are more susceptible to Ab toxicity
than other neurons (Nag et al. 1999) and we previously
reported increased death of SRIF-containing cells in response
to Ab25–35 (Aguado-Llera et al. 2007). Here and as
previously reported, we demonstrate that Ab25–35 decreases
SRIF-LI levels, increases cell death and reduces p-Akt levels,
in addition to decreasing the density of SRIF receptors. The
latter appears to be selective for sst2 as the mRNA and
protein content of only this receptor subtype was found to
vary, similar to what is reported to occur in AD cortices
(Kumar 2005). Our present results indicate that the toxic
effects of Ab25–35 may involve a reduction in p-CREB
levels. As Ab inhibits the CREB-signaling pathways (Vitolo
et al. 2002) and the SRIF and sst2 genes contain cAMP
responsive element (CRE) sites (Montminy and Bilezikjian
1987; Kimura et al. 2001), Ab25–35 may reduce SRIF and
sst2 mRNA levels through CREB inhibition.

Infusion of Ab25–35 did not change basal AC activity.
However, the capacity of SRIF to inhibit AC activity was
lower in Ab25–35-treated rats. This could be due to the
reduction in sst2, as the relationship between the reduction in

Table 2 Values of the activation (sa) and inactivation constants (si), in

seconds, of the K+ induced [Ca2+]c responses in control cells (CON-

TROL) and cells treated with 100 lM GPE. P1, P2, P3, and P4 cor-

respond to the 1st, 2nd, 3rd, and 4th consecutive 5 s K+ pulses in

hippocampal neurons

CONTROL P1 P2 P3 P4

sa (s) 4.88 4.35 3.50 4.08

sI (s) 21.24 22.41 26.28 27.61

GPE P1

P2 + GPE

100 lM

P3 + GPE

100 lM P4-washout

sa (s) 5.04 3.77 3.32 5.57

sI (s) 19.89 26.44* 28.81* 14.87

*p < 0.05 compared with respective control.

Journal Compilation � 2009 International Society for Neurochemistry, J. Neurochem. (2009) 109, 360–370
� 2009 The Authors

366 | E. Burgos-Ramos et al.



SRIF receptor density and the lower inhibitory effect of SRIF
on AC activity has been described in AD patients (Cowburn
et al. 1991). Thus, the physiological consequences of this
decrease may be related with attenuated intracellular signal-
ing, as we have shown here. In fact, SRIF receptors are
negatively coupled to AC via G proteins and this pathway is
partially responsible for the sst2 receptor-mediated modula-
tion of intracellular calcium levels (Cervia et al. 2002).

Although IGF-I is a physiological regulator of Ab levels
(Carro et al. 2002), GPE and cPG do not modulate brain
Ab25–35 levels. However, GPE was able to partially block
the Ab-induced changes in SRIF and sst2. This result
indicates that GPE and IGF-I exert at least part of their
effects through distinct mechanisms and indeed, GPE fails to
bind either IGF-I or IGF-II receptors (Sara et al. 1993).

Glycine-proline-glutamate could inhibit the decline in
SRIF and sst2 by increasing the survival of cells that express
these proteins and/or stimulation of their expression in
individual cells. Indeed, peripheral administration of GPE
increased cortical levels of p-CREB in Ab-treated rats, and
SRIF and sst2 gene transcription is enhanced by the binding
of p-CREB to cAMP responsive element (CRE) sites in
these genes (Mayr and Montminy 2001). In addition, GPE
increases Akt phosphorylation, which can increase cell
survival via activation of CREB (Chong et al. 2005). Thus,
it is possible that GPE could increase CREB phosphorylation
via the Akt pathway, counteracting the effects of Ab25–35
on SRIF and sst2 expression, as well as on cell survival.
Indeed, we have shown that GPE, but not cPG, interacts with
NMDA receptors, displacing glutamate from these binding
sites. Neuroprotective mechanisms that inactivate NMDA
receptors with a parallel activation of PI3K/Akt pathway
have been described (Chuang 2005). Our results suggest that
the glutamate residue may be important in the mechanism of
action of this tripeptide, given that cPG neither displaced
glutamate nor activated this pathway, suggesting that GPE
may act as a NMDA receptor antagonist. In support of this,
previous studies demonstrated that changes made at the
C-terminal glutamate residue resulted in inactive compounds
(Brimble et al. 2005).

Binding of IGF-I to its receptor activates Akt, which can
then phosphorylate GSK3b on serine 9, resulting in its
inhibition. Here we demonstrate that the IGF-I metabolite
GPE inactivates the pro-apoptotic protein GSK3b in Ab25–
35-treated rats, through phosphorylation of its serine 9
residue. On the contrary, Tyr216 phosphorylation increases
the activity of this enzyme (Grimes and Jope 2001). Indeed,
Ab-administration increased phosphorylation of GSK3b on
Tyr216, as previously reported to occur in response to other
apoptotic stimuli (Bhat et al. 2000), and GPE was able to
block this effect. The inactivation of GSK3b by GPE,
through both decreasing it phosphorylation on Tyr216 and
increasing Ser9 phosphorylation, has a highly potential
clinical application, given that increased GSK3 activity

promotes inflammation in AD and contributes to Ab-
mediated neuronal death (Jope et al. 2007).

Neither Ab25–35 nor GPE change HSP27 or p53 levels.
Expression of HSP27 is associated with the presence of
classic senile plaques, whereas other HSPs are present in
diffuse plaques (Yokota et al. 2006). However, HSP27 levels
may not be induced by Ab25–35, as this protein forms
protofibrils rather than large amyloid fibrils (Liu et al. 2004).
Although p53 accumulates in cells of AD brain, inactivation
of this protein does not modify Ab25–35 induced cell death,
demonstrating that this fragment induces apoptosis in a p53-
independent manner (Blasko et al. 2000). The lack of
changes in ERK1/2 indicates that the survival properties of
GPE are most probably not mediated through this pathway,
in agreement with what has been reported for IGF-I (Zheng
and Quirion 2004). Nevertheless, the effect of other Ab
fragments on ERK1/2 activation is unclear. Activation of
ERK1/2 has been reported in some AD models, but this
effect is mainly with Ab oligomers with higher molecular
weight than Ab25–35 (Chong et al. 2006); however this
point remains controversial as lack of change or inhibition
have also been reported (Damjanac et al. 2008; Mok et al.
2006).

Growing evidence indicates that Ab increases calcium
influx into neurons inducing cell death by apoptosis. Ab
peptides can insert into the membrane and form ion channels

Fig. 3 Proposed mechanism of action. Phosphorylation-dependent

regulation of GSK3b by GPE may antagonize apoptotic effects of Ab.

Protective effects of GPE may be related with activation (solid arrow)

of survival signaling pathways (Akt and CREB) and blockage (dashed

line) of proapoptotic signals, as an increase of cytosolic calcium

concentrations ([Ca2+]c). Phosphorylation of Akt inactivates GSK3b by

serine phosphorylation, reducing cell death. In turn, a raise of [Ca2+]c

may activate GSK3b by tyrosine phosphorylation, increasing cell

death. Ab, beta-amyloid; CREB, cAMP-responsive element binding

protein; GPE, Gly-Pro-Glu; GSK3b, glycogen synthase kinase 3b.
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or alter the activity of glutamate receptors, modulating
calcium influx (Shankar et al. 2007). Indeed, Ab25–35
induces apoptosis in cultured neurons that is associated with
an increase in [Ca2+]c (Zeng et al. 2004). We have chosen
hippocampal neurons, given that in culture these neurons are
more vulnerable than cortical neurons to Ab25–35 by a
mechanism that involves perturbation of calcium homeosta-
sis (Resende et al. 2007). Because GPE modulates NMDA
receptor activity (Sara et al. 1993), it could regulate calcium
influx and reduce glutamate-induced cytotoxicity (Brewer
et al. 2007), through a mechanism that may involve GSK3b
inactivation. Indeed, increases of [Ca2+]c are closely associ-
ated with tyrosine phosphorylation of GSK3b (Hartigan and
Johnson 1999) and here we show that GPE significantly
reduces the glutamate induced elevation in [Ca2+]c. Although
excessive elevation of [Ca2+]c is a trigger of neuronal injury
in AD, moderate increases of [Ca2+]c are required for
activation of anti-apoptotic proteins (Bickler and Fahlman
2004), as well as for pro-SRIF formation (Austin and Shields
1996). A slight increase in [Ca2+]c after GPE incubation, as
demonstrated in this report, could be associated with Akt
activation and CREB phosphorylation (Yano et al. 2005).
These results are in accordance with the lack of effect of cPG
on [Ca2+]c after incubation. Finally, GPE did not modify the
peak [Ca2+]c increase induced by K+, but did increase total
calcium entry measured as the area under the curve. Our
interpretation is that GPE does not affect voltage-dependent
calcium channels since we observe no differences in [Ca2+]c
peaks, but could be inducing release from intracellular
calcium deposits as shown by [Ca2+]c signals when GPE was
given alone and because it increased the inactivation constant
of the [Ca2+]c transient caused by high K+.

In summary, the present study demonstrates an in vivo
protective effect of GPE on the SRIF system in the temporal
cortex of Ab25–35-treated rats. The protective action of GPE
in the temporal cortex, independent of Ab clearance, may
antagonize deleterious effects of Ab through Akt activation,
which could reduce GSK3b signaling by Ser9 phosphoryla-
tion and Tyr216 dephosphorylation (Fig. 3). In addition,
in vitro GPE shows a protective effect by lowering [Ca2+]c
after glutamate insult, but in the basal state promotes a
moderate elevation of [Ca2+]c compatible with neuroprotec-
tive processes. The activation of the mentioned protective
pathways, together with the blockage of apoptotic signaling,
indicates that GPE acts as a survival factor against Ab insult
in brain. These findings contribute to the understanding of
the mechanisms involved in GPE neuroprotection and
suggest a possible new therapeutic strategy for AD.
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Ferreiro E. and Barrios V. (2004) Gly-Pro-Glu protects b-amyloid-
induced somatostatin depletion in the rat cortex. Neuroreport 15,
1979–1982.

Aguado-Llera D., Arilla-Ferreiro E., Chowen J. A., Argente J., Puebla-
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