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Abstract Although a substantial number of pre-clinical

and experimental studies have investigated effects of 17b-

estradiol, its precise molecular mechanism of action in the

early state of chronic cerebral hypoperfusion remains con-

troversial. The present study attempted to verify whether

post-ischemic estradiol treatment (33.3 lg/kg for seven

consecutive days) affects previously reported number of

hippocampal apoptotic cells and amount of DNA fragmen-

tation characteristic for apoptosis as well as the expression of

key elements within synaptosomal Akt and Erk signal

transduction pathways (NF-jB, Bax, Bcl-2, cytochrome C,

caspase 3, and PARP). Additionally, alterations of afore-

mentioned molecules linked to protection in various neu-

rodegenerative disorders were monitored in the cytosolic,

mitochondrial, and nuclear fractions associating investi-

gated kinases and NF-jB with gene expression of their

downstream effectors—Bcl-2, Bax, and caspase 3. The

results revealed that an initial increase in the number of

apoptotic cells and amount of DNA fragmentation induced

by chronic cerebral hypoperfusion was significantly reduced

by 17b-estradiol. In synaptic regions, an altered profile with

respect to the protein expression of Bcl-2 and phosphory-

lated Akt was detected, although the level of other examined

proteins was not modified. In other investigated sub-cellular

fractions, 17b-estradiol elicited phosphorylation and

translocation of Akt and Erk along with modulation of the

expression of their subsequent effectors. Our findings sup-

port the concept that repeated post-ischemic 17b-estradiol

treatment attenuates neurodegeneration induced by chronic

cerebral hypoperfusion in hippocampus through the activa-

tion of investigated kinases and regulation of their down-

stream molecules in sub-cellular manner indicating a time

window and regime of its administration as a valid thera-

peutic intervention.
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Introduction

Aside from traditional performance as regulator and

maintainer of female reproductive functions, and due to its

lipophilic nature, estradiol easily diffuses across cellular

membranes and elicits its effects in various tissues

including cardiovascular, immune and central nervous

systems (Petrone et al. 2014). Within the brain, one of the

prime neuronal targets for its action is the hippocampus,

which comprises three types of estrogen receptors (ER):

ERa, ERb, and GPR30 (G-protein coupled receptor)

(Arevalo et al. 2015; Brann et al. 2012; Liu et al. 2009;

Manthey and Behl 2006). Its gradual genomic (classical)

or/and rapid non-genomic effects emerge due to modula-

tion of ligand-dependent ER signaling pathways and thus

the expression and activity of various downstream mole-

cules. In the non-genomic pathway that occurs within

seconds or minutes, a ligand-bounded ER complex can

remain at the plasma membrane (GPR30) or in the cyto-

plasm (ERa and ERb) and acts as a signaling molecule

through inhibition of caspase 3 and caspase 8 activity and

activation of caspase 12 (Ma et al. 2013; Jia et al. 2009;

Jover et al. 2002), protein kinase B (PKB/Akt) and mito-

gen-activated kinases (MAPK/Erk) (Brann et al. 2012;
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Jover-Menguala et al. 2010; Yang et al. 2010), etc. In

addition to the non-genomic pathway, following various

types of insults, estradiol can transmit signal through

genomic mechanism when both ERa and ERb serve as

ligand-activated transcription factors, form dimmers, and

translocate into the nucleus. In such manner, it increases

the expression of several proteins involved in cell survival,

including phosphoinositide 3 kinase (PI3K) (Wang et al.

2006), Bcl-2 (Choi et al. 2004; Dubal et al. 1999; Singer

et al. 1998), Bcl-x (Stoltzner et al. 2001), NF-jB (Bondeau

et al. 2001), PARP (McCullough et al. 2005), and reduces

expression of molecules involved in cell death-like Bax

and subsequently decreases release of cytochrome C (Choi

et al. 2004).

Protective properties of this female sexual steroid hor-

mone in ovariectomized female (Dubal et al. 1998; Simp-

kins et al. 1997), young and middle-aged animals (Dubal

and Wise 2001), in vivo models of focal cerebral ischemia

(Manthey and Behl 2006), as well as various neurodegen-

erative disorders including traumatic brain injury, stroke,

Alzheimer’s disease have been previously documented

(Garcia-Segura et al. 2001). Its neuroprotective actions are

associated with the activation of NADPH oxidase, reduc-

tion of oxidative stress, regulation of superoxide and

reactive oxygen species (ROS) generation (Brann et al.

2012), suppressive actions on inflammatory processes via

TNFa and NF-jB (Koellhoffer and McCullough 2013) or

enhancing the neurogenesis (Li et al. 2011), etc. Our

recently published study implicates estradiol treatment

with the absence of apoptotic cascade activation in pre-

frontal cortex of adult male rats submitted to chronic

cerebral hypoperfusion as well as reduction of DNA frag-

mentation and number of degenerating neurons through the

initiation of Akt and Erk signaling pathways and regulation

of their downstream effectors (Stanojlovic et al. 2015).

However, opposite to its widely acknowledged neuropro-

tective role in cerebral ischemia, some reports indicate

negative outcome or no effect of estradiol treatment in this

type of brain injury (Lobo 2013; Grodstein et al. 2008;

Bingham et al. 2005; Gordon et al. 2005; Harukuni et al.

2001). The discrepancy between neuroprotective effects

versus ineffective or even negative outcomes may lie in the

type and severity of the insult, timing of hormone admin-

istration, duration of treatment, manner of application

(Sherwin 2009), gender (Gibson 2013), etc.

Our previous report indicated that modulations in pro-

apoptotic biochemical cascades triggered in synaptic ter-

minals could provoke time-dependent neurodegeneration in

hippocampus of adult male rats (Stanojlović et al. 2014b),

while estradiol was sufficient to exert profound protective

effects in prefrontal cortex in ischemic brain (Stanojlović

et al. 2015). Hence, the aim of the current study was to

evaluate the impact of chronic post-ischemic estradiol

treatment in the regime of repeated administration on

hippocampal complex apoptotic signaling pathways and

cell survival. Conducted experiments provide observations

of protein expression, distribution, and activation not only

in synaptosomal but also in cytosolic, nuclear, and mito-

chondrial sub-cellular fractions, along with mRNA

expression and cytochemical analysis highlighting the

potential involvement of Akt and Erk signaling and thus

give insight into the possible neuroprotective effects of

estradiol after an onset of chronic cerebral hypoperfusion.

Materials and Methods

Animals

All animal procedures were approved by the Ethical

Committee for the Use of Laboratory Animals of Univer-

sity of Belgrade, VINCA Institute of Nuclear Sciences,

Belgrade, Republic of Serbia according to the guidelines of

the EU registered Serbian Laboratory Animal Science

Association (SLASA).

Three-month-old male Wistar rats (300–350 g,

n = 100), obtained from the local colony and separate

litters, were maintained under the standard conditions:

group housed (4 per cage) with free access to food (com-

mercial pellet) and tap water, regular 12-h light/12-h dark

cycle, and constant temperature (21 ± 2 �C) and humidity.

Surgical Procedure and Treatment

To induce chronic cerebral hypoperfusion (CCH) in rats

(n = 74), permanent bilateral occlusion of common carotid

arteries was done as previously described (Stanojlović et al.

2015, 2014a, b). Briefly, CCH surgeries were performed on

5 % chloral hydrate (400 mg/kg) anesthetized animals. A

neck ventral midline incision was made to expose both

carotid arteries. The arteries were carefully separated from

the carotid sheath, cervical sympathetic, and vagus nerve

and double ligated with 5–0 silk suture. The same proce-

dure was performed on sham group (n = 26) but without

actual ligation of carotid arteries. During post-operative

recovery, all rats were closely monitored on their physical

health condition on a daily basis.

Following ligation of carotid arteries, animals were

randomly assigned in two groups. Rats in the first group

(CCH ? E) were injected subcutaneously with 17b-estra-

diol (Sigma-Aldrich Co., St Louis, MO, USA) dissolved in

commercial flax oil in dose 33.3 lg/kg/day, while the

animals in the second group (CCH ? V) received an equal

volume of vehicle (commercial flax oil) (Stanojlović et al.

2015). Sham-operated animals were subjected to vehicle

(commercial flax oil, Sham ? V). Following the treatments
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that were administrated from 09.00 to 10.00 AM for seven

consecutive days starting immediately after both types of

surgeries, animals were sacrificed.

Tissue and Sample Preparation

For Fluoro-Jade B staining, animals (n = 5 per each CCH

group and n = 2 per sham group) were euthanized with an

overdose of 5 % chloral hydrate, perfused transcardially

with saline and then with 4 % paraformaldehyde (PFA).

The animals for other analyses were quickly decapitated

with guillotine (Harvard Apparatus, Holliston, MA, USA).

For immunoblotting of proteins in cytosolic, nuclear, and

mitochondrial extracts (n = 8 per each CCH group and

n = 6 per sham group), DNA fragmentation assay (n = 8

per each CCH group and n = 6 per sham group), and qRT-

PCR analysis (n = 8 per each CCH group and n = 6 per

sham group), the hippocampi obtained from all experi-

mental groups were quickly isolated, immediately frozen in

liquid nitrogen, and stored at -70 �C for subsequent pro-

cessing. To prepare samples for Western blotting analysis

of proteins in synaptosomal fraction, after decapitation, the

hippocampi (n = 8 per each CCH group and n = 6 per

sham group) were rapidly removed for immediate

processing.

Preparation of Sub-cellular Fractions for Western

Blot Analysis

For immunoblotting of proteins in cytosolic, nuclear, and

mitochondrial extracts, individual frozen hippocampal tis-

sue was weighed and homogenized with 20 strokes of

Potter–Elvehjem Teflon-glass homogenizer in ice-cold

20 mM Tris–HCl (pH 7.2) buffer containing 10 % glyc-

erol, 50 mM NaCl, 1 mM EDTA, 1 mM EGTA, 2 mM

DTT, and several protease (20 mM Na2MoO4, 0.15 mM

spermine, 0.15 mM spermidine, 0.1 mM PMSF, 5 lg/ml

antipain, 5 lg/ml leupeptin, 5 lg/ml aprotinin, 10 lg/ml

trypsin inhibitor and 3 mM benzamidine) and phosphatase

inhibitors (20 mM glycerophosphate, 5 mM Na4P2-

O7 9 10H2O, 2 mM Na3VO4, 25 mM NaF) (1:2 w/v).

Samples were centrifuged at 20009g, 10 min, 4 �C to gain

supernatant and pellet. Supernatant was further centrifuged

at 200009g, 30 min, 4 �C to obtain crude mitochondrial

pellet. The resulting supernatant was ultracentrifuged at

1050009g, 60 min, 4 �C to get final supernatants used as

cytoplasmic fraction. The crude mitochondrial pellet was

washed (three times) in 0.5 ml of homogenization buffer

and centrifuged at 200009g, 30 min, 4 �C. Mitochondrial

pellets were then lysed in buffer containing 50 mM Tris–

HCl (pH 7.4), 5 % glycerol, 1 mM EDTA, 5 mM DTT,

protease inhibitors, and 0.05 % Triton X-100 and incubated

on ice for 90 min with frequent vortexing. The resulting

fraction was used as a final mitochondrial extract. The final

pellets containing nuclear and cell remains were weighed,

resuspended (1:1 w/v) in the homogenizing buffer supplied

with 0.5 M KCl, incubated 2 h on ice (with frequent vor-

texing), and centrifuged at 80009g, 10 min, 4 �C. Super-

natant was used as nuclear extract (Drakulić et al. 2013).

For immunoblotting of proteins in synaptosomal frac-

tion, hippocampi were homogenized with 20 strokes in

Potter–Elvehjem Teflon-glass homogenizer at 900 rpm in

ice-cold 0.32 M sucrose and centrifuged at 10009g, 10

min. The supernatant was decanted, while pellet was

resuspended in 10 ml of the same medium and centrifuged

for a second time under the same conditions. The super-

natants were pooled and centrifuged at 120009g,

30 min, 4 �C, and obtained pellet was resuspended in

5 mM Tris–HCl.

All samples were stored at -70 �C until further

processing.

Protein concentration of samples was measured by the

modified method of Markwell et al. (1978) using bovine

serum albumin (BSA) (Sigma-Aldrich Co., St Louis, MO,

USA) as a standard.

Western Blotting

Equal amounts of total proteins (20 lg of cytosolic, nuclear

and mitochondrial extracts, 40 lg of synaptosomal frac-

tion) were separated on 10 or 12 % SDS-PAGE gel,

depending on the protein molecular mass, and transferred

on PVDF membranes (Imobilion-P membrane, Millipore,

USA). Membranes were blocked in TBS containing 5 %

non-fat milk (NFM) or 5 % BSA and 0.1 % Tween 20 for

2 h and incubated overnight at 4 �C with the following

primary antibodies: anti-Bax (sc-7480, Santa Cruz

Biotechnology Inc., CA, USA, dilution 1:1000), anti-Bcl-2

(sc-492, Santa Cruz Biotechnology Inc., CA, USA, dilution

1:1000), anti-procaspase 3 (sc-7148, Santa Cruz Biotech-

nology Inc., CA, USA, dilution 1:1000), anti-NF-kB (Santa

Cruz Biotechnology Inc., CA, USA, dilution 1:1000), anti-

cytochrome C (sc-13561, Santa Cruz Biotechnology Inc.,

CA, USA, dilution 1:1000), anti-PARP (#9542, Cell Sig-

naling Technology Inc., Beverly, MA, USA, dilution

1:1000), anti-Akt (#9272, Cell Signaling Inc., Beverly,

MA, USA, dilution 1:1000), anti-phospho Akt (p-Akt)

(#9271S, Cell Signaling Inc., dilution 1:1000), anti-Erk 44/

42 kDa (#9102, Cell Signaling Inc., Beverly, MA, USA,

dilution 1:1000), anti-phospho Erk 44/42 kDa (p-Erk 44/

42 kDa) (#9101S, Cell Signaling Inc., Beverly, MA, USA,

dilution 1:1000), and anti-b-actin (sc-1615, Santa Cruz

Biotechnology Inc., CA, USA, dilution 1:5000). After

washing, the membranes were incubated for 2 h with

horseradish peroxidase-conjugated goat anti-rabbit anti-

body (sc-2030, Santa Cruz Biotechnology Inc., CA, USA,
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dilution 1:5000) for Bcl-2, procaspase 3, PARP, Akt,

p-Akt, Erk 44/42 kDa, p-Erk 44/42 kDa and NF-kB;

horseradish-peroxidase-conjugated donkey anti-mouse

antibody (sc-2318, Santa Cruz Biotechnology Inc., CA,

USA, dilution 1:5000) for Bax and cytochrome C; horse-

radish peroxidase-conjugated donkey anti-goat antibody

(sc-2033, Santa Cruz Biotechnology Inc., CA, USA, dilu-

tion 1:5000) for b-actin. The antigen–antibody complex

was detected using enhanced chemiluminescence (ECL)

system (Amersham Bioscience, Piscataway, NJ, USA), and

densitometric analysis was performed using Image J soft-

ware package. The level of all proteins in sham operated

group was taken as 100 %, whereas changes were calcu-

lated with respect to this value and normalized to b-actin.

Additional experiments confirming the purity of the cell

fractions using specific antibody have been done originally

with anti-c-jun (sc-1694, Santa Cruz Biotechnology, Inc.,

CA, USA, dilution 1:1000), anti-a-tubulin (T9026, Sigma-

Aldrich, Co., St Louis, MO, USA, dilution 1:1000), and

anti-mHsp60 (sc-13115, Santa Cruz Biotechnology, Inc.,

CA, USA, dilution 1:1000) antibodies for the nuclear,

cytosolic, or mitochondrial cell compartments, respec-

tively, to exclude the possibility of cross-contamination

(data not shown).

DNA Fragmentation Assay

Diphenylamine (DPA) colorimetric assay was carried out

as previously described (Drakulić et al. 2013). Briefly,

frozen hippocampi were homogenized in lysis buffer con-

taining 5 mM Tris–HCl (pH 8.0), 20 mM EDTA and 0.5 %

Triton X-100. Homogenates were then centrifuged at

270009g, 20 min, 4 �C to separate intact chromatin in the

pellets from fragmented DNA in the supernatant fractions.

Pellets were resuspended in 0.5 N perchloric acid (PCA),

while 5.5 N PCA was added to supernatant fractions to

final concentration of 0.5 N. Samples were heated at 90 �C,

15 min and centrifuged at 15009g, 10 min, 4 �C to

remove proteins. Supernatant fractions were reacted with

DPA for 16–20 h at RT, and absorbance was measured at

600 nm.

Results are presented as a percentage of control fragmenta-

tion obtained by formula: % of fragments = [OD600 nm T/

OD600 nm (T ? B)] 9 100, where T is fragmented DNA and

B is intact DNA obtained from rats subjected to sham operation

and vehicle treatment (commercial flax oil, Sham ? V) as well

as chronic cerebral hypoperfusion and vehicle (commercial flax

oil, CCH ? V) or estradiol treatment (CCH ? E). In the sham-

operated group, DNA fragmentation was expressed as a per-

centage of total DNA appearing in the supernatant fraction and

taken as 100 %, whereas in other experimental groups, those

were also calculated as a percentage of total DNA appearing in

the supernatant fraction and reported as a percentage of DNA

fragmentation detected in sham.

Fluoro-Jade Staining and Image Analysis

Following transcardiac perfusion, brains were carefully

removed on ice, fixed in 4 % PFA for 24 h at 4 �C, and

cryoprotected in a sucrose gradient (10, 20 and 30 %

sucrose in 0.2 M phosphate-buffered saline) for 24 h at

4 �C. The brains were frozen in isopentane, cooled on dry

ice, and stored at -70 �C. The hippocampal brain areas

were cut, and every 3rd coronal section (16 or 25 lm thick)

was mounted on a slide, allowed to dry overnight, and

stored at -20 �C. The slides were first immersed in a basic

alcohol solution containing 5 % NaOH in 70 % ethanol

and dH2O and incubated in 0.06 % KMnO4 solution for

10 min and then transferred for 20 min into a 0.0001 %

solution of Fluoro-Jade B (Chemicon International, Milli-

pore, Billerica, CA, USA) dissolved in 0.1 % acetic acid

and rinsed three times in dH2O for 1 min. Slides were

additionally immersed in 0.01 % Hoechst 33258 (Acros

Organics, Fair Lawn, NJ, USA) staining solution for

10 min and cover slipped with glycerol. The sections were

examined and transformed into digital images by the Axio

Observer Microscope Z1 (Zeiss, Jena, Germany) using a

filter system suitable for visualizing fluorescein isothio-

cyanate. Cells labeled with Fluoro-Jade B were observed as

individual, shiny green spots that were clearly discernible

from the background while Hoechst staining of nuclei

showed chromatin condensation in the nuclei of Fluoro-

Jade B-positive cells, which is indicative of neurodegen-

eration. The number of degenerating neurons labeled by

Fluoro-Jade B and Hoechst staining was counted in 3 fields

under the area of the screen (0.38 mm2) in 5 sections per

animal by three independent researchers. The Fluoro-Jade

assay was run with sham-operated rats treated with vehicle

as a control for neurodegeneration.

RNA Extraction and Reverse Transcription

Total RNA was extracted using TRIzol Reagent (Invitro-

gen, Carlsbad, CA, USA) according to the manufacturer’s

instructions. RNA quality was determined using spec-

trophotometric analyses. For the synthesis of cDNAs, a

High-Capacity cDNA Reverse Transcription Kit (Thermo

Fisher Scientific, Waltham, MA, USA) was used according

to the manufacturer’s instructions. MultiScribe Reverse

Transcriptase was used to transcribe 2 lg of total RNA in

the presence of 2 ll Random Primers. The cDNAs were

stored at -20 �C until further use.
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qRT-PCR

The studied gene products were amplified by Power SYBR

Green PCR Master Mix (Thermo Fisher Scientific, Wal-

tham, MA, USA) in a 7500 Realtime PCR System. Specific

primers were used to selectively amplify Bcl-2, Bax, cas-

pase 3 and PARP mRNA. Housekeeping genes GAPDH

and RPL-19 were used as the internal controls. Since it had

shown better performance, RPL-19 was used to normalize

absolute values obtained for all samples. The sequences of

the used primers and length of their amplification products

are described in Table 1.

cDNAs were amplified using the following conditions:

hold 95 �C/10 min, denaturation 95 �C/15 s, annealing

60 �C/1 min, extension 60 �C/1 min, and final extension

72 �C/5 min. Melt curve analysis was performed at the end

of every experiment to confirm formation of a single PCR

product.

As additional controls, PCR samples lacking only tem-

plate were run for each set of reactions. A single peak

melting profile was obtained for all reactions. Each sample

was run in triplicate and all experiments were repeated

three times. Standard curves were included for each primer

pair to estimate the efficiency of amplification and values

were obtained from the slope of cycle threshold versus log

concentration (Rutledge and Cote 2003). The relative

changes in mRNA expression were analyzed using the

2-DDCt method (Livak and Schmittgen 2009).

Data Analysis

The results are presented as percentage of the mean of the

values in the animals submitted to sham operation and

treated with vehicle ± SEM. The differences among the

groups were analyzed by one-way analysis of variance

(ANOVA) test followed by the post hoc Tukey test using

Origin 7.5 software package. A p value of 0.05 or less was

considered to be significant for all statistical analyses.

Results

Estradiol Suppresses Pro-apoptotic Signaling

in the Hippocampal Synaptosomal Fraction of CCH

Rats

The hippocampal synaptosomal expression of total forms

of both investigated kinases involved in cell survival, Akt,

and Erk (Erk 44/42 kDa), remained unaltered in all

experimental groups (Fig. 1a, b). Interestingly, estradiol

treatment induced augmentation of phosphorylated Akt (p-

Akt) about 46 % when compared to vehicle treated

hypoperfused rats (p\ 0.05, CCH ? V vs. CCH ? E) but

failed to change the levels of both phosphorylated Erk

forms (p-Erk 44/42 kDa, CCH ? V vs. CCH ? E)

(Fig. 1a, b).

The protein expression of NF-jB retained similar in all

experimental groups (Fig. 1c).

Figure 1d illustrates that in rats submitted to chronic

cerebral hypoperfusion and vehicle when compared to

sham group, Bcl-2 expression was decreased about 38 %

(p\ 0.01, Sham ? V vs. CCH ? V) and about 23 % in

contrast to estradiol-treated group (p\ 0.05, CCH ? V vs.

CCH ? E). In parallel, level of Bax protein was signifi-

cantly increased (p\ 0.05, Sham ? V vs. CCH ? V)

while estradiol managed to recover it to control level

(Fig. 1d). Observed modulations in Bcl-2 and Bax

expression induced significant alterations in their protein

ratio between sham-operated group and one subjected to

hypoperfusion (p\ 0.01 Sham ? V vs. CCH ? V) while

Table 1 The sequences of the

used primers and length of their

amplification products

Gene name Sequences of primers (50–30) Melting temperature (�C) Product (bp)

GAPDH F: GGCAAGTTCAATGGCACAGTCAAG 65 125

R: ACATACTCAGCACCAGCATCACC 65

RPL-19 F: TCGCCAATGCCAACTCTCGTC 63 92

R: AGCCCGGGAATGGACAGT 65

Bax F: TGCTACAGGGTTTCATCCAG 58 135

R: CCAGTTCATCGCCAATTC 57

Bcl-2 F: TGGAAAGCGTAGACAAGGAGATGC 65 88

R: CAAGGCTCTAGGTGGTCATTCAGG 67

NF-jB p65 F: GTGCAGAAAGAAGACATTGAGGTG 64 131

R: AGGCTAGGGTCAGCGTATGG 63

PARP F: CGCTCAAGGCTCAGAACGAG 63 130

R: CAGGATTGCGGACTCTCCA 59

caspase 3 F: GATGTCGATGCAGCTAACC 57 321

R: TGTCTCAATACCGCAGTCC 57
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estradiol provoked shifting for about 46 % towards an anti-

apoptotic molecule, Bcl-2 (p\ 0.05, CCH ? V vs.

CCH ? E) returning it to control level (Sham ? V vs.

CCH ? E) (Fig. 1d).

In comparison to sham group, hypoperfusion led to

augmentation of procaspase 3 and its cleaved form

(17 kDa) (Fig. 1e) as well as full length PARP (116 kDa)

and its cleaved form (89 kDa) protein levels (Fig. 1f)

(p\ 0.05, Sham ? V vs. CCH ? V). Although estradiol

attenuated the effects of chronic cerebral hypoperfusion by

returning the expressions of investigated proteins to control

levels, no statistical differences were obtained between

both hypoperfused groups (CCH ? V vs. CCH ? E).

Modulations of Apoptotic Signaling in Hippocampus

of Rats Subjected to Chronic Cerebral

Hypoperfusion and Estradiol Treatment

Effects of estradiol treatment in the state of chronic cere-

bral hypoperfusion were also evaluated based on the level

of redistribution and activation of Akt and Erk by analyz-

ing their protein expression in hippocampal cytosolic and

nuclear fractions in contrast to sham. Data showed that

protein expressions of all total kinases were on the similar

level in both cytosol and nucleus in all investigated groups

(Fig. 2a, b). However, the level of p-Akt was augmented in

both sub-cellular fractions of rats subjected to chronic

cerebral hypoperfusion and estradiol compared to sham

(p\ 0.01, Sham ? V vs. CCH ? E). Furthermore, in

contrast to chronic cerebral hypoperfused animals treated

with vehicle, estradiol increased p-Akt expression in

cytosolic about 70 % (p\ 0.001) and in nuclear fraction

for 68 % (p\ 0.001) (Fig. 2a) along with the enhancement

of p-Erk 44 kDa in cytosol about 36 % (p\ 0.05) and in

nucleus around 54 % (p\ 0.01) as well as p-Erk 42 kDa

in cytosol for 52 % (p\ 0.01) and in nucleus around 60 %

(p\ 0.01) (Fig. 2b).

As shown in Fig. 2c, the expression of NF-jB remained

statistically unaltered in cytosolic fraction isolated from

both hypoperfused groups compared to sham, however, its

level in nucleus was altered about 44 % between animals

exposed to hypoperfusion and treated with vehicle and

estradiol (p\ 0.01, CCH ? V vs. CCH ? E).

Although protein levels of both investigated members of

Bcl-2 family, Bcl-2 and Bax, remained statistically unal-

tered in cytosolic fractions of all investigated groups

(Sham ? V vs. CCH ? V and Sham ? V vs. CCH ? E),

estradiol induced significant modulations in their mito-

chondrial expression as well as Bcl-2/Bax protein ratio

when comparing rats subjected to chronic cerebral

hypoperfusion and vehicle with ones submitted to estradiol

(CCH ? V vs. CCH ? E) (Fig. 2d). Namely, under the

influence of estradiol, the level of Bcl-2 protein was

increased about 33 % (p\ 0.05), while Bax was decreased

Fig. 1 Alterations in protein expression of apoptotic molecules in

hippocampal synaptosomal fraction in rats subjected to chronic

cerebral hypoperfusion treated with vehicle (commercial flax oil,

CCH ? V) or estradiol (CCH ? E) compared to sham-operated

animals treated with vehicle (Sham ? V). Graphics represent relative

protein levels with representative Western blots of total Akt and

p-Akt (a), total Erk 44/42 kDa and p-Erk 44/42 kDa (b), NF-jB (c),

Bcl-2, Bax and Bcl-2/Bax protein ratio (d), procaspase 3 and cleaved

caspase 3 (e), PARP (full length (116 kDa) and cleaved (89 kDa)) (f).
Data are presented as the mean ± SEM. Statistical analysis was

performed using one-way ANOVA followed by Tukey’s post hoc test

(*p\ 0.05, **p\ 0.01 Sham ? V vs. CCH ? E, and #p\ 0.05

CCH ? V vs. CCH ? E)
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about 29 % (p\ 0.05), which induced predominance of

anti-apoptotic molecule Bcl-2 against pro-apoptotic Bax in

mitochondrial fraction about 62 % (p\ 0.01) (Fig. 2d).

Protein expression of cytochrome C in cytosol of rats

subjected to chronic cerebral hypoperfusion treated with

vehicle was statistically enhanced when compared to sham

(p\ 0.01, Sham ? V vs. CCH ? V), while its expression

was decreased almost to control level due to estradiol

treatment (reduction about 38 %, p\ 0.01, CCH ? V vs.

CCH ? E) (Fig. 2e). Level of investigated protein was

similar in mitochondrial fractions isolated from sham and

both chronic cerebral hypoperfused groups (Fig. 2e).

Chronic cerebral hypoperfusion increased expression of

procaspase 3 in cytosol comparing to sham operation

(p\ 0.01, Sham ? V vs. CCH ? V), whereas estradiol

treatment lowered its expression around 39 % (p\ 0.01,

CCH ? V vs. CCH ? E) (Fig. 2f). Interestingly, in con-

trast to sham, the level of its cleaved form was augmented

in hypoperfused group treated either with vehicle

(p\ 0.01, Sham ? V vs. CCH ? V) or estradiol

(p\ 0.05, Sham ? V vs. CCH ? E) (Fig. 2f).

The data demonstrated that both full length PARP

(116 kDa) and its cleaved fragment (89 kDa) were unal-

tered in cytosol and nucleus of chronic cerebral hypoper-

fused rats treated with either vehicle or estradiol in contrast

to sham-operated group; however, estradiol diminished the

expression of PARP 89 kDa in cytosol of hypoperfused

rats about 40 % (p\ 0.05, CCH ? V vs. CCH ? E)

(Fig. 2g).

Estradiol-Induced Modulation of mRNA Expression

in Hippocampus of CCH Rats

As Fig. 3 demonstrates, compared to sham, chronic cere-

bral hypoperfusion reduced level of NF-jB mRNA about

39 % (p\ 0.001, Sham ? V vs. CCH ? V) while its level

Fig. 2 Estradiol modulates protein expression of apoptotic molecules

in hippocampal cytosolic (cyt), nuclear (nuc) or mitochondrial (mth)

fractions. Graphics represent relative protein levels with representa-

tive Western blots of total Akt and p-Akt (a), total Erk 44/42 kDa and

p-Erk 44/42 kDa (b), NF-jB (c), Bcl-2, Bax and Bcl-2/Bax protein

ratio (d), cytochrome C (e), procaspase 3 and cleaved caspase 3 (f),
PARP (full length (116 kDa) and cleaved (89 kDa)) (g) in rats

subjected to chronic cerebral hypoperfusion treated with vehicle

(commercial flax oil, CCH ? V) or estradiol (CCH ? E) compared to

sham-operated animals treated with vehicle (Sham ? V). Data are

presented as the mean ± SEM. Statistical analysis was performed

using one-way ANOVA followed by Tukey’s post hoc test

(*p\ 0.05, **p\ 0.01 Sham ? V vs. CCH ? E, and #p\ 0.05,
##p\ 0.01 CCH ? V vs. CCH ? E)
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was upregulated for 65 % in response to estradiol

(p\ 0.001) associating this transcription factor and mod-

ulations in redistribution and activation of investigated

kinases in regulation of Bcl-2 and Bax gene expressions. In

contrast to vehicle-treated chronic cerebral hypoperfused

rats, estradiol induced increase in Bcl-2 mRNA level for

about 32 % (p\ 0.05, CCH ? V vs. CCH ? E) and

decrease in Bax expression about 58 % (p\ 0.001,

CCH ? V vs. CCH ? E). This further caused shifting of

the ratio between apoptotic molecules within Bcl-2 family

towards pro-apoptotic in hypoperfused group treated with

vehicle in contrast to sham (p\ 0.001, Sham ? V vs.

CCH ? V) and anti-apoptotic for about 75 % when com-

pared to estradiol group (p\ 0.001, CCH ? V vs.

CCH ? E). Caspase 3 mRNA level was also affected by

cerebral hypoperfusion (p\ 0.05, Sham ? V vs.

CCH ? V) and decreased about 30 % when treated with

estradiol (p\ 0.05, CCH ? V vs. CCH ? E) (Fig. 3).

Furthermore, either vehicle or estradiol treatment that fol-

lowed chronic cerebral hypoperfusion failed to modulate

PARP gene expression when compared to sham-operated

animals (Fig. 3).

Assessment of Estradiol Impact on Cell Survival

in Hippocampus of the CCH Rats

Fluoro-Jade B staining that specifically marks degenerating

somata and their processes was exploited to investigate

neuroprotective potential of estradiol at histological level

(Fig. 4a–d). Figure 4a–d reveals an apparent increase in the

number of Fluoro-Jade B-labeled cells in hippocampus of

rats subjected to chronic cerebral hypoperfusion and trea-

ted with vehicle, particularly in CA1 subregion. Namely,

these animals exhibited a high degree of neuronal cell

death, as shown by the elevated number of stained cells

when compared to sham (p\ 0.05 Sham ? V vs.

CCH ? V, Fig. 4d) while in chronic cerebral hypoperfu-

sion rats treated with estradiol, the number of degenerating

neurons was similar to one obtained for sham group

resulting in significant difference between both CCH

groups (p\ 0.05, CCH ? V vs. CCH ? E). Furthermore,

to investigate the mode of cell death in these neurons,

alongside Fluoro-Jade B staining, sections were marked

with Hoechst 33258, a blue fluorescent DNA dye. In rats

submitted to chronic cerebral hypoperfusion, many cells

contained 1 or more foci of compact Hoechst-stained

chromatin, indicating that they were undergoing apoptosis,

were detected, while in other, their number was in the

range of sham-operated group (data not shown).

The neuroprotective potential of estradiol is also

examined by DPA colorimetric assay. Namely, Fig. 4e

illustrates the increment about 35 % in content of apopto-

sis-specific DNA fragments in chronic cerebral hypoper-

fused rats treated with vehicle when compared to sham

(p\ 0.05, Sham ? V vs. CCH ? V) and about 33 % in

contrast to ones treated with estradiol (p\ 0.05).

Discussion

The literature highlights that much of the biochemical

machinery implicated in apoptotic cell death can be acti-

vated in synaptic terminals by modifying function and

endorsing localized degeneration of synapses and neurites

and finally transmitting pro-apoptotic signals to cell body

and leading to nuclear DNA condensation and fragmenta-

tion (Costain et al. 2008; Mattson and Duan 1999). Indeed,

time-dependent hippocampal neurodegeneration induced

by chronic cerebral hypoperfusion arises along with shifted

expression of Bcl-2 family members towards pro-apoptotic

Bax, and increased and activated procaspase 3 accompa-

nied by augmented cleaved PARP (89 kDa) in synaptoso-

mal fraction (Stanojlovic et al. 2014a), illustrating that

neuroprotective effects of certain compounds should be

tested in assertive time frame. One of those substances is

estradiol, a potent female steroid hormone that promotes

recovery from ischemic injury by supporting neuronal cell

proliferation and synaptogenesis and modulating synaptic

connectivity, causing axonal sprouting and regeneration

(Petrone et al. 2014; Liu et al. 2009; Garcia-Segura et al.

2001) most likely through direct or indirect ER-dependent

action on growth factors and components, neurotrophins,

synaptic proteins, as well as activation of MAPK/Erk and

PKB/Akt signaling cascade (Li et al. 2012) whose down-

stream effectors, once stimulated, may remain in cytosol or

translocate to other compartments of the cell and further

phosphorylate and trigger variety of substrates essential for

Fig. 3 Nf-jB, PARP, caspase 3, Bcl-2, Bax and Bcl-2 to Bax

mRNAs levels in hippocampus of rats subjected to sham operation

treated with vehicle (commercial flax oil, Sham ? V), chronic

cerebral hypoperfusion treated either with vehicle (CCH ? V) or

estradiol (CCH ? E). Data are presented as the mean ± SEM.

Statistical analysis was performed using one-way ANOVA followed

by Tukey’s post hoc test (*p\ 0.05, **p\ 0.01, ***p\ 0.001

Sham ? V vs. CCH ? E, and #p\ 0.05, ###p\ 0.001 CCH ? V vs.

CCH ? E)
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cell survival and prevention of apoptosis (Cargnello and

Roux 2011). According to the results of the current study,

although expression of other investigated proteins was

unaltered, detected effects of estradiol in synaptosomal

fraction may be mediated via triggering anti-apoptotic

signaling pathways through activation of Akt and regula-

tion of Bcl-2 expression and Bcl-2/Bax protein ratio.

Unexpectedly, usually cooperative Akt and Erk response

(Tang et al. 2014; Friguls et al. 2002) is not present in this

cell compartment, leading to conclusion that due to its high

sensitivity to ischemic insult, estradiol treatment in repe-

ated regime of administration is either not sufficient to

provoke Erk-dependent response (Hofmeijer and van Put-

ten 2012) and/or that Akt activation is more amenable

(Jover-Menguala et al. 2010).

Given that apoptotic signals generated at synapse may

be spread to the cell body (Mattson and Duan 1999) while

positive effects of estradiol on pro-survival cascade are

demonstrated in prefrontal cortex following cerebral

ischemia (Stanojlovic et al. 2015), of interest was to

establish whether applied estradiol treatment may also

prevent activation of pro-apoptotic cascade in the body of

hippocampal cells. Interestingly, estradiol treatment eli-

cited an increase in both phospho-Akt and phospho-Erk

signals cooperatively in cytosol and nucleus most likely

through GPR30 or other ER (Tang et al. 2014; Choi et al.

2004; Friguls et al. 2002; Singh 2001; Simpkins et al.

1997) followed by a strong induction of their downstream

effector, NF-jB, indicating that detected upregulation of

anti-apoptotic gene Bcl-2 and downregulation of pro-

apoptotic genes Bax and caspase 3 may be mediated by

this transcription factor and investigated kinases. This was

also accompanied by significant augmentation in the pro-

tein expression of Bcl-2 and Bcl-2/Bax protein ratio as well

as stimulated Bcl-2 translocation from cytoplasm to mito-

chondria and significantly reduced expression of Bax

molecule along with reduction of cytochrome C and pro-

caspase 3 levels in cytosol that might be associated with

decreased propensity for apoptosis. Namely, overexpres-

sion of anti-apoptotic molecule Bcl-2 and downregulation

of pro-apoptotic Bax preserves permeability of outer

mitochondrial membrane and directly blocks the leakage of

cytochrome C pursued by mitigation of procaspase 3 and

cleavage of PARP critically involved in programmed cell

death (Wang and Youle 2009; Desagher and Martinou

2000). Although initiation of Akt and Erk pathways have

been shown to inhibit apoptosis over inhibition of cas-

pase 3 activation (Jover-Menguala et al. 2010; Lebesgue

et al. 2009; Terada et al. 2000; Zhou et al. 2000), its

immunoreactivity was augmented compared to sham and

Fig. 4 Estradiol promotes cell survival in hippocampus of rats

subjected to chronic cerebral hypoperfusion. Fluoro-Jade B staining

of CA1 hippocampal sections of adult male Wistar rats exposed to

sham operation and vehicle (commercial flax oil, Sham ? V) (a),

chronic cerebral hypoperfusion and vehicle (CCH ? V) (b) or

chronic cerebral hypoperfusion and estradiol (CCH ? E) (c). Degen-

erating neurons are marked with arrows. Quantitative analysis of

Fluoro-Jade B staining of adult male CA1 hippocampal subsections

(d). Measurement of DNA fragments with the diphenylamine (DPA)

colorimetric assay (e). Data are presented as the mean ± SEM.

Statistical analysis was performed using one-way ANOVA followed

by Tukey’s post hoc test (*p\ 0.05 Sham ? V vs. CCH ? E, and
#p\ 0.05 CCH ? V vs. CCH ? E)
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similar between both hypoperfused experimental groups. In

current experimental setup, the level of intact PARP and its

fragment weighed 89 kDa as well as procaspase 3 which

are characteristic substrates for caspase 3 cleavage could

not be associated with its activity. Obtained results suggest

that investigated protein might exert other functions than

pro-apoptotic like normal signaling, axon guidance,

synaptic plasticity, and even neuroprotection against

ischemic and excitotoxic injury (McLaughlin 2004).

Our previous study showed that chronic cerebral

hypoperfusion could induce time-dependent neurodegen-

eration and cell loss by triggering intrinsic mitochondrial

apoptosis pathway in hippocampal synaptosomal fraction

(Stanojlovic et al. 2014a), while in current experimental

setup, estradiol treatment affected previously reported

processes and showed protection against injury in rats

subjected to chronic cerebral hypoperfusion associated

with suppression of apoptosis-positive cells amount and

DNA fragmentation. It is likely that observed containment

of apoptotic cell death is a result of elevated phosphory-

lation of Akt in synaptosomal fraction and increased Bcl-2

and shifted Bcl-2/Bax ratio towards anti-apoptotic mole-

cule, as well as cooperative activation of Akt and Erk

signaling pathways in other investigated sub-cellular frac-

tions along with decrease of Bax, increase of Bcl-2 and

Bcl-2/Bax protein ratio, and reduction of cytochrome C

release from mitochondria.

Estradiol, a highly potent female steroid hormone, in

both epidemiological and experimental studies has been

reported to exert anti-apoptotic, anti-cytotoxic effects and

even neuroprotective outcome when administered chroni-

cally and acutely before an ischemic insult. However, an

area of ambiguity in the therapy is its benefit during post-

ischemic period (Petrone et al. 2014; Yang et al. 2000).

The current study has started considering this matter by

examining the extent of hippocampal neurodegeneration

and its association with modulation of the expression,

cellular distribution, and activation of various molecules

within Akt and Erk signaling pathways like NF-jB, Bcl-2

family members, cytochrome C, caspase 3, and PARP not

only in synaptosomal fraction but also in the rest of the

cell. According to our findings repeated post-ischemic

estradiol treatment reduces neurodegenerative changes

induced by chronic cerebral hypoperfusion in hippocampus

through the activation of investigated kinases and regula-

tion of their downstream molecules in sub-cellular manner

indicating a time window and regime of its administration

as a valid therapeutic intervention.
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Inhibition of MLK3-MKK4/7-JNK1/2 pathway by Akt1 in

exogenous estrogen-induced neuroprotection against transient

global cerebral ischemia by a non-genomic mechanism in male

rats. J Neurochem 99(6):1543–1554

Yang SH, Shi J, Day AL, Simpkins JW (2000) Estradiol exerts

neuroprotective effects when administered after ischemic insult.

Stroke 31(3):745–749

Yang L, Zhang QG, Zhou C, Yang F, Zhang Y, Wang R, Brann DW

(2010) Extranuclear estrogen receptors mediate the neuropro-

tective effects of estrogen in the rat hippocampus. PLoS One

5(5):e9851

Zhou H, Li XM, Meinkoth J, Pittman RN (2000) Akt regulates cell

survival and apoptosis at a postmitochondrial level. J Cell Biol

151:483–494

Cell Mol Neurobiol (2016) 36:989–999 999

123

http://dx.doi.org/10.1016/j.neuint.2015.03.002
http://dx.doi.org/10.1016/j.neuint.2015.03.002

	Repeated Estradiol Treatment Attenuates Chronic Cerebral Hypoperfusion-Induced Neurodegeneration in Rat Hippocampus
	Abstract
	Introduction
	Materials and Methods
	Animals
	Surgical Procedure and Treatment
	Tissue and Sample Preparation
	Preparation of Sub-cellular Fractions for Western Blot Analysis
	Western Blotting
	DNA Fragmentation Assay
	Fluoro-Jade Staining and Image Analysis
	RNA Extraction and Reverse Transcription
	qRT-PCR
	Data Analysis

	Results
	Estradiol Suppresses Pro-apoptotic Signaling in the Hippocampal Synaptosomal Fraction of CCH Rats
	Modulations of Apoptotic Signaling in Hippocampus of Rats Subjected to Chronic Cerebral Hypoperfusion and Estradiol Treatment
	Estradiol-Induced Modulation of mRNA Expression in Hippocampus of CCH Rats
	Assessment of Estradiol Impact on Cell Survival in Hippocampus of the CCH Rats

	Discussion
	Acknowledgments
	References




