
 1

Acute Antiapoptotic Effects of Hydrocortisone in the Hippocampus of 

Neonatal Rats. 

 

P.N. MENSHANOV1,2, A.V. BANNOVA1, V.V. BULYGINA1, N.N. DYGALO1,3 

 
1. Functional Neurogenomics Laboratory, Institute of Cytology and Genetics, Russian 

Academy of Science, Novosibirsk, Russian Federation 

2. Institute of Economics and Industrial Engineering, Russian Academy of Science, 

Novosibirsk, Russian Federation 

3. Department of Natural Sciences, Novosibirsk State University, Novosibirsk, Russian 

Federation 

 

Corresponding Author 

PN Menshanov, Functional Neurogenomics Laboratory, Institute of Cytology and Genetics 

SB RAS, 630090, Russian Federation, Novosibirsk, Lavrentyev av. 10. Tel.: +7-383-363-

4958*3311; Fax: +7-383-333-12-78; E-mail: eternity@bionet.nsc.ru, dxkorall@gmail.com 

 

Running title: 

Antiapoptotic effects of hydrocortisone in the hippocampus 

physres
Nové razítko



 2

Summary 

Natural glucocorticoid hydrocortisone was suggested as a potent substitution for 

dexamethasone in the treatment of bronchopulmonary dysplasia in neonates. The aim of 

this study was to investigate whether hydrocortisone is able to affect the expression of 

apoptotic genes and the intensity of naturally occurring cell death in the developing rat 

hippocampus. Hormone treatment decreased procaspase-3 and active caspase-3 levels as 

well as DNA fragmentation intensity in the hippocampal formation of one-week-old rats in 

6 hours after injection. These changes were accompanied by an upregulation of 

antiapoptotic protein Bcl-XL, while expression of proapoptotic protein Bax remained 

unchanged. The action of hydrocortisone was glucocorticoid receptor-independent, as the 

selective glucocorticoid receptor agonist dexamethasone did not affect either apoptotic 

protein levels or DNA fragmentation intensity in the hippocampal region. The data are the 

first evidences for in vivo antiapoptotic effects of hydrocortisone in the developing 

hippocampus. 
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Introduction 

The excess or deficit of glucocorticoids induces apoptosis in the adult hippocampus 

(Almeida et al., 2000; Greiner et al., 2001). This brain region is rich in both 

mineralocorticoid (MR) and glucocorticoid (GR) receptors that bind glucocorticoids 

through development (Diaz et al. 1998, Matthews 2000). A specific synthetic ligand of 

glucocorticoid receptor dexamethasone ameliorates neonatal hypoxic-ischemic injury of 

hippocampus and reduces the key marker of programmed cell death — DNA 

fragmentation in it (Ekert et al. 1997, Tuor 1997, Macaya et al. 1998, Felszeghy et al. 

2004). This neuroprotective effect is beneficial for treatment of hypoxia-induced seizures 

in neonates, however, dexamethasone exposure was also known to decrease the volumes of 

hippocampus and brain gray matter as well as to induce behavioral deficits in the Morris 

water maze that result from hippocampal damage (Edwards and Burnham 2001, Ferguson 

et al. 2001, Jobe 2009). The side effects of dexamethasone treatment could be related 

either to so called “chemical adrenalectomy” that reduces availability of endogenous 

glucocorticoids for the brain or to direct induction of apoptosis by this drug (Meijer et al. 

1998). It is well known that glucocorticoid depletion by surgical adrenalectomy induces 

apoptosis in the hippocampus of adult rats (Greiner et al. 2001). In neonates, 

dexamethasone treatment was also shown to increase a number of TUNEL-positive cells, a 

well-known marker of apoptosis, in the hippocampal formation (Crochemore et al. 2005, 

Duksal et al. 2009). 

Unlike dexamethasone, natural glucocorticoid hydrocortisone is able to bind to both 

GR and MR (Rogalska 2010). Its low therapeutic doses do not provoke chemical 

adrenalectomy (Hopkins and Leinung 2005). Activation of MR by hydrocortisone may 

have prosurvival effect in hippocampal cells (Almeida et al. 2000). Up to date, there were 

no reports on the adverse neurological effects of hydrocortisone use for therapy of 
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bronchopulmonary dysplasia in neonates, and this natural glucocorticoid was suggested as 

a potent substitution for dexamethasone in perinatology (Rademaker et al. 2008, Jobe 

2009, Peltoniemi et al. 2009). 

The neuroprotective as well as damaging effects of glucocorticoids may be related to 

the attenuation or augmentation respectively of naturally occurring cell death in the 

neonatal hippocampus. Apoptosis is much more active in the developing than in the adult 

rat brain (White and Barone 2001, Menshanov et al. 2006, Men’shanov et al. 2011), 

moreover, the maturity of the rat brain at postnatal day 8 (PD8) is grossly comparable to 

that of a late-term gestation human fetus or newborn infant (Edwards and Burnham 2001). 

Previous studies highlighted the importance of the mitochondrial apoptotic signaling 

cascade and its essential molecules – the antiapoptotic protein Bcl-XL, proapoptotic 

protein Bax and enzyme caspase-3 for naturally occurring cell death in the developing 

brain (Roth and D’Sa 2001). However, it is still unknown whether hydrocortisone is able to 

affect the expression of apoptotic genes as well as the intensity of naturally occurring cell 

death in the neonatal hippocampus. The aim of the study was to determine the acute effects 

of hydrocortisone on the expression of the apoptotic proteins and the intensity of DNA 

fragmentation in the hippocampus of one-week-old rats. 

 

Materials and Methods 

Materials 

Polyclonal primary rabbit antibodies (P-19 antibody for Bax; S-18 for Bcl-XL; H-277 for 

intact and active caspase-3; I-19-R for actin) and secondary alkaline phosphatase 

conjugated goat anti-rabbit antibodies were purchased from Santa Cruz Biotechnology 

(Santa Cruz, CA, USA). Proteinase K was purchased from SibEnzyme (E347, Russia, 

Novosibirsk). Hydrocortisone was obtained from Gedeon Richter AO (Hungary, Budapest, 
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A73019A), dexamethasone was purchased from KRKA (Slovenia, Novo-Mesto, A49512). 

All other chemicals and reagents were of analytical grade and were purchased from Sigma 

Chemical Company (St. Louis, MO, USA) or Bio-Rad Laboratories (Hercules, CA, USA) 

Animals and treatment 

All animal procedures were in compliance with the European Communities Council 

Directive of 24 November 1986 (86/609/EEC) and were approved by the institutional 

Animal Care and Use Committee. All efforts were made to minimize animal suffering and 

to use only the number of animals necessary to produce reliable data. Wistar rat pups 

raised in the colony of our institute were used in experiments. The colony was maintained 

under natural illumination at 22-24ºC with food and water available ad libitum. The day of 

birth was considered as PD 1. Litters were culled to 8 pups on PD3. On PD8 animals were 

treated subcutaneously either with 5 mg/kg of hydrocortisone or 0.2 mg/kg of 

dexamethasone in 20 ul of saline. Control animals received an equal volume of saline or 

remained intact. Rats were rapidly decapitated in 6 or 24 hours after injection and 

hippocampi were dissected out on a cooled plate. Tissue samples were frozen in liquid 

nitrogen until further processing. Trunk blood was collected for determination of 

glucocorticoid levels by competitive protein-binding radioassay (Dygalo et al. 2006). 18-

20 animals per experimental group were used for plasma glucocorticoid level assay; 4-8 rat 

pups per experimental group were used for mRNA, protein and DNA assays. 

mRNA level analysis 

Total cellular mRNA was isolated from the brain tissue by a single step acid 

guanidinium-phenol-chloroform extraction method and converted to cDNA by reverse 

transcription. Semi-quantitative PCR was used to determine mRNA for apoptotic genes as 

it was described previously (Dygalo et al. 2004). Numbers of cycles and PCR parameters 
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were optimized to obtain each primer-specific product within a linear range of 

amplification. Caspase-3 (5’-aagccg-aaactc-ttcatc-3’ and 5’-tgagca-ttgaca-caatac-ac-3’), 

Bcl-XL (5’-gtgcca-tcaatg-gcaacc-cat-3’ and 5’-ccgccg-ttctcc-tggatc-caa-3’) and Bax (5’-

tggttg-cccttt-tctact-ttg-3’ and 5’-gaagta-ggaaag-gaggcc-atc-3’) mRNAs levels were 

normalized on the level of beta-actin mRNA (5’-cgtgaa-aagatc-acccag-at-3’ and 5’-attgcc-

gatagt-gatgac-ct-3’) of the same cDNA sample. 

Immunoblot analysis 

Brain tissue was homogenized in lysis buffer containing 150 mM NaCl, 50 mM Tris, 

1% Triton X-100 and following protease inhibitors: 1 mM phenylmethylsulfonylfluoride 

and 2 µg/ml of leupeptin, pepstatin and aprotinin. Electrophoresis was used to separate 

aliquots (50 ug) of a total protein on 15% sodium dodecyl sulfate polyacrylamide gel. The 

resolved proteins were transferred on the nitrocellulose membrane by Transblot Cell (Bio-

Rad Laboratories, USA). Ponceau S staining was used to control equal loading of the 

samples and protein transfer to membrane. Detection of apoptotic proteins was performed 

as it was described previously (Menshanov et al. 2006) with polyclonal primary rabbit 

antibodies (dilution 1:250 for Bax; 1:250 for Bcl-XL; 1:250 for intact and active caspase-3; 

1:1000 for actin) and secondary alkaline phosphatase conjugated goat anti-rabbit antibody 

(1:500). Intensities of the signals for Bax, Bcl-XL, procaspase-3 and active caspase-3 

bands were in a range of a linear dependence on these proteins amounts. 

DNA fragmentation analysis 

Brain tissue was homogenized in lysis buffer containing 100 mM NaCl, 20mM 

EDTA, 50mM Tris-HCl (pH 8.0) and 0.5% sodium dodecyl sulfate and incubated with 0.5 

mg/ml proteinase K for 10h at 55ºC. Total DNA was isolated from the tissue by phenol-

chloroform extraction method, dissolved in TE buffer (pH 7.5) and aliquots (2.5-4.5 mkg) 
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were separated on ethidium bromide stained 1.5% agarose gel for 90 min (4.5 V/cm) 

(Kalinina et al. 2002). High molecular DNA fraction (more then 50000 bp) and DNA 

fragments (180-3000 bp) were quantified by scanning densitometry (Biodoc System, 

Biometra GmbH, Gottingen, Germany). Ratio of a sum of optical densities of the DNA 

fragments to the optical density of the high molecular DNA fraction of the same DNA 

sample (expressed as a percentage) was used as a DNA fragmentation index. 

Data analysis 

Data on concentration of glucocorticoids in blood plasma, relative levels of apoptotic 

proteins and mRNAs, as well as DNA fragmentation intensity were analyzed by one-way 

ANOVA (treatment factor). Statistical comparison of experimental groups was performed 

using Fisher LSD post-hoc test. The results were considered significant at probability level 

less than 0.05. 

 

Results 

Hydrocortisone induced antiapoptotic changes in the developing rat hippocampus. 

Corticosterone levels in the plasma of untreated 8-day-old rat pups were 12 ± 1 

ng/ml, similar to basal levels of this hormone reported in previous studies (Jezova et al. 

1998). The injection of hydrocortisone was followed by a subsequent rise of plasma 

glucocorticoid level (54 ± 11 ng/ml) 6 hours after injection (F(2,56) = 21.76, p < 0.0001). 

Saline treatment also induced a slight increase in plasma glucocorticoid levels (21 ± 6 

ng/ml), which was insignificant and obviously accounted for endogenous glucocorticoid 

secretion caused by injection. 

Hydrocortisone treatment was followed by upregulation of Bcl-XL expression. The 

levels of this antiapoptotic protein and its mRNA were significantly increased 6 hours after 

hydrocortisone treatment (Fig. 1c, d; F(2, 10) = 18.51, p < 0.001 and Fig. 1a, b; F(2, 20) = 4.10, 



 8

p < 0.033, respectively). The abundance of proapoptotic Bcl-2 family member Bax mRNA 

tended to decrease 6 hours after hormone injection (Fig. 2a, b; F(2, 15) = 3.20, p < 0.070), 

and its protein level remained unaffected by treatment (Fig. 2c, d; F(2, 16) = 0.01, p > 0.993). 

Changes in the expression levels of Bcl-2 family members resulted in 1.5-fold increases in 

mRNA ratio of Bcl-XL to Bax as well as in ratio of these proteins (F(2, 17) = 4.60, p < 0.026 

and F(2, 10) = 4.12, p < 0.05, respectively). 

Hormone-induced shift in Bcl-XL to Bax ratio towards antiapoptotic protein was 

accompanied by a decrease in the level of procaspase-3 (Fig. 3b, d; F(2, 11) = 7.44, p < 

0.009). The level of the active form of this protease was also declined after hydrocortisone 

treatment (Fig. 3b, e; F(2, 9) = 5.37, p < 0.030). At the same time, the level of caspase-3 

mRNA was unaffected by hormone (Fig. 3a, c; F(2, 19) = 2.49, p > 0.110). 

The intensity of DNA fragmentation determined by gel-electrophoresis was slightly 

but nevertheless significantly attenuated by hydrocortisone in the hippocampal formation 

of 8-day-old rats 6 hours after injection (Fig. 4; F(3, 16) = 3.34, p < 0.046). 

 

Dexamethasone did not affect the expression of apoptotic proteins 6 h after injection 

To check whether the hydrocortisone actions were GR- and/or MR-dependent, the 

PD8 rats were treated either with hydrocortisone or a single equivalent dose of pure GR 

agonist dexamethasone. Dexamethasone treatment did not induce any changes in the 

protein levels of either Bcl-XL or Bax 6 hours after injection, while Bcl-XL protein level 

was increased again by hydrocortisone treatment (Fig. 5a; F(3, 18) = 5.93, p < 0.0054 for 

Bcl-XL; Fig. 5b; F(3, 22) = 0.59, p > 0.628 for Bax). Similarly, the protein levels of 

procaspase-3 and its active form were affected only by hydrocortisone, but not by synthetic 

GR agonist (Fig. 5c; F(3, 18) = 3.27, p < 0.046 for procaspase-3; Fig. 5d; F(3, 18) = 3.70, p < 

0.031 for active caspase-3). Dexamethasone also failed to affect the intensity of DNA 
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fragmentation in the developing hippocampus (Fig. 4). Thus, the administration of the GR 

agonist did not cause the antiapoptotic changes at all. 

 

Glucocorticoids did not affect the expression of apoptotic proteins 24 h after injection 

The analysis of protein levels was performed 24 hours after injection to find out 

whether the antiapoptotic changes were continuous or reversed by delayed cell death 

activation. However, neither hydrocortisone nor dexamethasone affected the levels of Bcl-

XL, Bax, procaspase-3 and active caspase-3 in the hippocampi of rats 24 hours after 

injection (Fig. 5a-d; F(3, 18) = 0.05, p > 0.982 for Bcl-XL; F(3, 18) = 0.26, p > 0.850 for Bax; 

F(3, 18) = 0.34, p > 0.794 for procaspase-3; F(3, 18) = 0.67, p > 0.582 for active caspase-3). 

 

Discussion 

The present findings show that hydrocortisone is capable of inducing acute 

antiapoptotic alterations in gene expression in the developing hippocampus. In our study, 

antiapoptotic effects were found after injection of 5 mg/kg of the hormone. This dose of 

hydrocortisone is rather low, corresponds to the typical doses of glucocorticoids used in the 

treatment of postnatal bronchopulmonary dysplasia (Watterberg 2007, Rademaker et al. 

2008, Jobe 2009) and was able to upregulate the plasma glucocorticoid level. However, 

antiapoptotic changes were not observed after treatment with the equivalent dose of GR 

agonist dexamethasone, revealing the GR-independent nature of hormone action. It is 

likely that the observed hydrocortisone-induced changes depended on the activation of 

MR, similar to the antiapoptotic MR-dependent action of natural glucocorticoids in the 

adult hippocampus (Almeida et al. 2000, Rogalska 2010), as the hippocampal levels of this 

type of receptors were already high on PD7-8 (Edwards and Burnham 2001). 



 10

Hydrocortisone treatment increased mRNA and protein levels of Bcl-XL in the 

hippocampal region of neonatal rats in our study. The observed upregulation of Bcl-XL 

expression could result from activation of P4 and, possibly, P3 distal promoters of Bcl-X 

gene by MR. P4 and P3 promoters contain specific glucocorticoid-response elements, and 

binding of ligand-activated receptors to these elements induces Bcl-XL expression both in 

vitro and in vivo (Gascoyne et al. 2003, Viegas et al. 2004). It is also known that 

overexpression of Bcl-XL prevents the activation of caspase-3 (Granville et al. 1998) and 

Bax-mediated cell death (He et al. 2003) as well as apoptosis induced by hypoxia-ischemia 

in the neonatal brain (Parsadanian et al. 1998). Thus, the upregulation of Bcl-XL would be 

expected to decrease susceptibility of hippocampal cells to apoptosis in the absence of the 

increase in Bax expression (Bannova et al. 2005). 

Indeed, the shift in the Bcl-XL to Bax ratio towards antiapoptotic protein expression 

was associated with the changes in the downstream apoptotic events in our experiments. 

Caspase-3 is the main apoptotic effector enzyme in the developing brain, and its 

downregulation or inhibition attenuates programmed cell death (Kalinina et al. 2001, 

Cheng et al. 2008). Hydrocortisone decreased the levels of procaspase-3 and active 

caspase-3 proteins in the neonatal hippocampus in our study. Moreover, hormone-induced 

downregulation of active caspase-3 level was in parallel with the change in the quantity of 

DNA fragments. DNA fragments considered to be a specific and definite hallmark of 

apoptosis, as they present in the tissue for a rather long period of time, at least for hours, 

after cell death induction (Morita-Fujimura et al. 1999, Galluzzi et al. 2009). Thus, the 

parallel attenuation of both active caspase-3 levels and levels of DNA fragmentation 

suggested real antiapoptotic effects of hydrocortisone in the neonatal hippocampus. 

As there were no differences in the abundance of caspase-3 mRNA, the decrease in 

the levels of pro- and active caspase-3 was most likely accounted for accelerated 
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degradation of this enzyme induced by hydrocortisone. This suggestion is supported by 

procaspase-3 half-life length, which is about 5 hours and could be even shorten by specific 

ubiquitin ligases, and also by well known facts that glucocorticoids inhibit protein 

synthesis and accelerate protein catabolism (Tan et al. 2006). 

It looks like the antiapoptotic protein Bcl-XL was the possible target of 

hydrocortisone. Neonatal hippocampus is not an exclusive example of such glucocorticoid 

action. It was shown that these hormones are capable of inhibiting apoptosis in cells of 

different types via induction of Bcl-XL expression (Chonghaile et al. 2006, Petrella et al. 

2006). Antiapoptotic action of glucocorticoids may be an underlying mechanism of 

developing brain protection from hypoxic-ischemic injury by these hormones, which was 

found in previous studies (Ekert et al. 1997, Tuor 1997, Macaya et al. 1998, Felszeghy et 

al. 2004). In these experiments glucocorticoid treatment was most effective when applied 

5-6 hours before hypoxia-ischemia (Tuor 1997, Macaya et al. 1998), and in the present 

study Bcl-XL expression was also found to be increased in the hippocampal tissue within 

this time interval after hormone treatment. 

It also should be noted that the administration of the single equivalent dose of 

dexamethasone on PD8 failed to induce any significant proapoptotic changes in the levels 

of hippocampal apoptotic proteins. As the proapoptotic effects of glucocorticoids are 

usually explained by GR activation (Almeida et al. 2000, Rogalska 2010), the absence of 

such changes in our experiment might be a simple reflection of the developmental 

dynamics of hippocampal levels of GR which are poorly expressed in this whole brain 

region (only in several cell populations) until the third-fourth week after birth (Edwards 

and Burnham 2001). Moreover, our results were in agreement with the fact that the 

hippocampus of juvenile rats is much less susceptible to the dexamethasone-mediated 

damage than the adult one (Hassan et al. 1996). 
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In summary, our data provide the first evidence that hydrocortisone induces short-

term antiapoptotic changes in the developing hippocampus. This antiapoptotic ability of 

natural glucocorticoid might be used in perinatal medicine for the brain protection, 

however, it should be cautioned that “antiapoptotic” is not a synonym for 

“neuroprotective”, especially in the case of the possible overinhibition of naturally 

occurring cell death in the developing brain. Further studies are necessary to clarify 

whether hydrocortisone-induced antiapoptotic effects might be beneficial or deleterious for 

morphological and functional development of the hippocampus. 
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Fig. 1. Bcl-XL expression in the hippocampi of 8-day-old rats 6 hours after 

hydrocortisone administration. (a) Electrophoresis of Bcl-XL and beta-actin RT-PCR 

products on 1.5 % agarose gel. (b) Bcl-XL mRNA levels. (c) Immunoblot with Bcl-XL 

and actin bands. (d) Bcl-XL protein levels. * — p<0.05 vs other groups. INT — intact 

group, SAL — saline-treated group, HZ — hydrocortisone-treated group. Data are 

presented as the means ± SEM. 

 

Fig. 2. Bax expression in the hippocampi of 8-day-old rats 6 hours after 

hydrocortisone administration. (a) Electrophoresis of Bax and beta-actin RT-PCR 

products on 1.5 % agarose gel. (b) Bax mRNA levels. (c) Immunoblot with Bax and actin 

bands. (d) Bax protein levels. # — p<0.1 vs intact group. INT — intact group, SAL — 

saline-treated group, HZ — hydrocortisone-treated group. Data are presented as the means 

± SEM. 

 

Fig. 3. Caspase-3 expression in the hippocampi of 8-day-old rats 6 hours after 

hydrocortisone administration. (a) Electrophoresis of caspase-3 and beta-actin RT-PCR 

products on 1.5 % agarose gel. (b) Immunoblot with procaspase-3, active caspase-3 and 

actin bands. (c) Caspase-3 mRNA levels. (d) Procaspase-3 protein levels. (e) Active 

caspase-3 protein levels. * — p<0.05 vs other groups. INT — intact group, SAL — saline-

treated group, HZ — hydrocortisone-treated group. Data are presented as the means ± 

SEM. 
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Fig. 4. DNA fragmentation in the hippocampi of 8-day old rats 6 hours after 

hydrocortisone and dexamethasone administration. (a) Electrophoresis of total DNA 

and control samples on 1.5 % agarose gel revealed high molecular DNA fraction and DNA 

fragments (180 – 3000 bp) in the samples derived from the developing hippocampus. (b) 

DNA fragmentation index. M — marker of fragments length (1 Kbp), Ad — total DNA 

control sample derived from the hippocampus of adult rat, RNA — total RNA control 

sample derived from the hippocampus of PD8 rats, C — total DNA control sample derived 

from the neocortex of PD8 rat, INT — intact group, SAL — saline-treated group, HZ — 

hydrocortisone-treated group, DX – dexamethasone-treated group. Data are presented as 

the means ± SEM. Arrows mark the position of low-molecular apoptotic DNA fragments 

(180-200 bp and 360-400 bp) on gel. * — p<0.05 vs intact and DX group. 

 

Fig. 5. Dynamics of expression of apoptotic proteins in the hippocampi of 

neonatal rats after hydrocortisone and dexamethasone administration 6 and 24 hours 

after injection. (a) Bcl-XL protein levels. (b) Bax protein levels. (c) Procaspase-3 protein 

levels. (d) Active caspase-3 protein levels. * — p<0.05 vs other groups. INT — intact 

group, SAL — saline-treated group, HZ — hydrocortisone-treated group, DX – 

dexamethasone-treated group. Data are presented as the means ± SEM. 

 

 

 












