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Abstract

This current study was designed to test whether the dehydroepiandrosterone (DHEA) and other neurosteroids could improve mitochon-
drial resistance to ischemic damage and cytoplasmf¢ @serload. To imitate these mechanisms at mitochondrial level we treated the
saponin permeabilized neurons either with the respiratory chain inhibitor, 1-methyl-4-phenylpyridinium or raised free extra-mitochondrial
[C&a?t]. Loss of mitochondrial membrane potential (as an indicator of loss of function) was detected by JC-1. The results demonstrate
that DHEA partly prevented CGa overload induced loss of mitochondrial membrane potential but not the loss of potential induced by
the inhibitor of the respiratory chain. A similar effect was observed in the presence of other neurosteroids, pregnenolone, pregnanolone
and allopregnanolone. DHEA inhibited also the?€Caccumulation to the mitochondria in the presence of'Gafflux inhibitors. Thus,
in the present work we provide evidence that DHEA with several other neurosteroids protect the mitochondria against intraééllular Ca
overload by inhibiting C&" influx into the mitochondrial matrix.
© 2003 Elsevier Ltd. All rights reserved.

Keywords. Mitochondrial membrane potential; Neurosteroids; Dehydroepiandrosterone; Neuroprotection

1. Introduction might be attributed to its-aminobutyric acid (GABA(A))
receptor-modulating propertie6], DHEA itself is not
Dehydroepiandrosterone (DHEA), together with its sul- interacting with the GABA receptor[7]. The neuropro-
phated form (DHEAS; collectively DHEA(S)), is the major tective effects of DHEA seem not to be related with its
secreting product of the adrenal gland. DHEA(S) is also N-methyln-aspartate (NMDA) or sigma receptor-activating
produced in the central nervous system. DHEA appears toproperties as wel[8,9]. It has been shown that DHEA
have memory enhancing, anxiolytic, and anti-aggression opposes the action of glucocorticoids, antagonizing cor-
effects in animals and may be helpful for major depression ticosterone neurotoxicity in neuronal cultures and in hip-
in humans. In addition, accumulating evidence suggests thatpocampug10], but the mechanism of such an interaction is
DHEA(S) is neuroprotective in a variety of paradigfts?]. unclear. In earlier works, DHEA(S) have also shown to af-
It was recently shown that DHEA(S) is neuroprotective in in fect the mitochondrial functiofi1,12] Morin et al. recently
vitro [3,4] and in vivo[3,5] models of brain ischemia. More-  demonstrated that DHEA partly preserves the function of
over, concentration of DHEA(S) decrease dramatically with isolated mitochondria altered by anoxia-reoxygenaftia).
age in humans and it has been proposed that this may conWe have shown previously that DHEAS preserves the loss
tribute to increased vulnerability of the ageing or stressed of mitochondrial activity following exposure of neurons to
human brain to ischemi@]. Nevertheless, the mechanisms ischemic insulf4]. Several other steroids have been shown
through which DHEA(S) exerts these protective effects are to preserve mitochondrial transmembrane potential after
still not unravelled. No specific receptors in the plasma exposure of cells to toxic insultgl4,15] However, the
membrane, nucleus or cytoplasm for DHEA(S) have been latter studies are unable to prove the direct link between
found. It has been shown that DHEA and its sulphate neurosteroids and mitochondria: neurosteroids may pro-
modulate GABAergic and glutamatergic neurotransmis- tect neurons by other mechanisms and the mitochondrial
sion. However, while the neuroprotective effect of DHEAS potential could be preserved because of that neuroprotec-
tion. To find an answer to that question we decided to
* Corresponding author. Telt372-737-4350:-fax: +372-737-4352. study the effect of DHEA, as well as other neurosteroids,
E-mail address: allen@ut.ee (A. Kaasik). on membrane potential of neuronal mitochondria in their
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natural surroundings using the permeabilization technique, itol and the ionic strength was adjusted to 160 mmol/l with
a method that have been extensively taken into use whenpotassium methanesulfonate. The desired pCa was obtained
studying the mitochondrial function in the hefit6-18] by varying CakEGTA/K>2EGTA.

2.3. Measurement of mitochondrial membrane potential
2. Materials and methods
A, was estimated in permeabilized neurons loaded with
2.1. Cerebellar granule cell cultures the Ay, sensitive fluorescent dye JC-1 (Molecular Probes,
USA). The permeabilized cultures were first incubated for
Primary cultures of cerebellar granule cells were pre- 10 min at room temperature on a slowly 3D rotating rocker
pared according to the method of Gallo et @l9], with with the intracellular solution at different pCa containing
minor modifications[4]. In brief, the cerebelli were dis- mitochondrial substrates, 5mM glutamic, 2 mM malic acid
sected from 8-day-old Wistar rats (Kuopio Animal Center, and neurosteroids or other compounds of interest. Stock so-
Finland) and cells were dissociated by mild trypsinization lutions (100 mM) of DHEA, DHEAS, pregnenolone sulfate,
(0.025% trypsin) at 35C for 15min followed by tritura- androstenedione and p+stradiol were made in DMSO,
tion in a 0.004% DNAse solution containing 0.05% soybean and cholesterol, pregnenolone, allopregnanolone and preg-
trypsin inhibitor. The cells were re-suspended in basal Ea- nanolone in ethanol. Final concentrations of these solvents
gle medium with Earle’s salts containing 10% foetal bovine never exceeded 0.3% and similar concentrations of solvents
serum, 25mM KCI, 2mM glutamine and 100 ng/ml gen- were also present in control preparations. At the end of incu-
tamicin. The cell suspension was seeded in dishes with abation, 3uM JC-1 was added and incubation was continued
culture area of 8.8 chfor toxicity experiments or 8-well  for the next 10 min. The dishes were then mounted on the
Lab-TekK'™ Il Chambered Coverglass (Nunc) with a cul- stage of a laser scanning confocal microscope MRC 1024
ture area of 0.9 chper well for fluorescence imaging. Both  (BioRad). Random fields of neurons300 cells) were illu-

were pre-coated with poly:={lysine) at a density 0f1.3 + minated with the 488-line of an Ar/Kr laser and emission at
1.4) x 1P cells/ml. The cell cultures were grown for 8 days 522DF35 and 605DF32 nm was monitored. The fluorescent
in a humidified 5% C@95% air atmosphere at 3T. After emission wavelength of JC-1 depends on the aggregation of

at least 24 h of incubation 10 mM cytosine arabinoside was the JC-1 molecules in mitochondria that in turn depends on
added to prevent the proliferation of non-neuronal cells.  the Ay, [20]. Relative changes iny,, were assessed by

monitoring the ratio of JC-1 fluorescence at 605 nm (aggre-
2.2. Permeabilization of neurons gate) and 522 nm (monomer).

Previous investigations of mitochondrial function have 2.4. Measurement of intra-mitochondrial Ca2*
been mainly carried out either in living cells or in iso-
lated mitochondria. However, both approaches have serious For quantitative measurement of mitochondrial?Ca
drawbacks, at least for this current study. Visualization of signals, permeabilized neurons were loaded at room tem-
mitochondrial membrane potential in living cells reflects perature for 20 min with M X-rhod-5F-AM (Molecular
rather the extent of cellular damage than the specific ef- Probes, USA) in arintracellular solution and incubated
fect of the compound at mitochondrial level. On the other at room temperature for 30min to allow hydrolysis of
hand, the isolation procedure damages the connections beX-rhod-5F-AM trapped in mitochondria. This was followed
tween the cytoskeleton and mitochondfiz®]. Moreover, by a 20 min incubation in aimtracellular solution contain-
the phase of active respiration of the isolated mitochondria ing compounds of interest at different pCa after which the
is rather short for experiments aimed to use actively respir- dishes were mounted on the stage of a laser scanning con-
ing mitochondria for monitoring the changes in membrane focal microscope and illuminated with the 568-line of an
potential. To overcome these difficulties we used the per- Ar/Kr laser and emission at 605DF32 nm was monitored.
meabilization techniqugl6—18] giving the opportunity to Mitochondria were prepared as described previo{sH.
study mitochondrial function in situ, in their natural sur-
rounding where the active phase of respiration is not any 2.5. Satistical analysis
more restricted due to the presence of cellular ATPases. In
brief, specific permeabilization of the plasmalemma was The mean£S.E.M) values were compared using one-way
obtained by incubating the cultures for 20 min &tCtin ANOVA and Bonferroni post hoc analysis.
an intracellular solution at pCa 7 containing additionally
50p.g/ml saponin. Thisolution contained 10 mM ethylene
glycol-bis@3-aminoethyl etheiy,N,N',N'-tetraacetic acid 3. Results
(EGTA), 60 mM N,N-bis[2-hydroxyethyl]-2-aminoethane-
sulfonic acid (BES, pH 7.1), 5.69 mM MgATP, 1 mM free Neurons were skinned by p@/ml saponin that specif-
Mg2*, 20 mM taurine, 3mM KHPO,, 0.5 mM dithiothre- ically removes plasmalemma, but leaves intracellular
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Fig. 2. Dose response curve of DHEA. Skinned neurons incubated at
pCa 5.5 and at different concentrations of DHEA were stained with JC-1.
Relative Ay, was assessed by monitoring the ratio of JC-1 fluorescence
intensities at 605DF32 and 522DF35nm. Values are expressed as per-
centage of maximal effect of DHEAu(= 5-8).

mitochondrial membrane potential was studied. In cells
treated with MPP, DHEA had no effect on mitochondrial
membrane potential (data not shown). Cells exposed to
high [C&T] in the presence of DHEA, however, showed
significantly higher red to green fluorescence ratio of JC-1
than the ones with the absence of DHEA(. 1(B)—(D).

The effect of DHEA was concentration dependent. As can
be seen frontig. 2, the maximal response was obtained at
Fig. 1. (A) Mitochondrial membrane potential in saponin skinned neuron 100pM concentration with E€y 15uM. A similar effect

as stained by JC-1 (green, emission at 522DF35nm—low potential; red, Was observed when the cells were treated with other neu-
emission at 605DF32 nm—high potential). Field of neurons (B) at control rosteroids (10Q.M) pregnenolone, pregnanolone, allopreg-
conditions or at elevated intracellular calcium (pCa 5.5): (C) in the absence ngnolone and to a lesser extent als@-Estradiol but not

or (D) presence of 10aM DHEA or () 10uM ruthenium red. with DHEAS, pregnenolone sulphate or androstenedione
(Table ). 100nM cholesterol was ineffective. We also

structures completely intact and well exposed to the extra- agteq the possibility whether the mixture of neurosteroids in
cellular medium[17,18] This is shown inFig. 1(A) where

neurons have been labelled with the membrane potential
sensitive dual emission probe JC-1. As shown in the confo- Table 1

cal image, in the presence of mitochondrial substrates (glu- Effect of different steroids on mitochondrial membrane potential
tamate and malate) and ATP, most of the mitochondria were 1eatment Meant S.E.M.
functional as they maintained a high membrane potential.

Ischemia-reperfusion has two immediate consequences’;g: gg 1221;
at the mitochondrial level: oxygen deficiency hampering pca 554 DHEA 100uM 63 + 72
the respiratory chain and cytoplasmic®eoverload lead-  pca 5.5+ DHEAS 100uM 29+ 3
ing to accumulation of Ca& in the mitochondrial matrix ~ PCa 5.5+ pregnenolone 10GM 81 & 42
(see reviews if21,22). To imitate these mechanisms we PCa 5.5+ pregnenolone sulphate 100/ 32£3
treated the skinned neurons either with a respiratory chainggz ggi gﬂi%?:g:;leloﬁgﬂqu gii ;a
inhibitor, 1-methyl-4-phenylpyridinium (MPP or raised pCa 554 17 B-estradiol 10Q:M 43 + 72
free extra-mitochondrial [4] and detected the ratio of  pCa 5.5+ androstenedione 1G0M 40+ 5
red/green fluorescence of JC-1 after 10 min of incuba- pCa 5.5+ cholesterol 100.M 38+ 2
tion. As expected, both applications lowered the red/green PCa 55+ mixture of neurosteroids 50+ 2

fluorescence ratio significantly, indicating a fall of mito- RelativeAy,, was assessed by monitoring the ratio of JC-1 fluorescence
chondrial membrane potential. The 50% inhibition was intensities at 605DF32 and 522DF35nm and is expressed as a percentage
observed at 2mM MPP or at 2uM free [C&*]. In the of control at pCa 7.0.

. aDifference compared with pCa 5.5 group,< 0.05, n = 7-27.
next experiments, the effect of DHEA (1ﬂfM, added at b Mixture of neurosteroids contained 150 nM DHEA, 200 nM DHEAS,

the start of incubation with MPPor high [C&*]) against 900nM pregnenolone, 100nM pregnenolone sulphate and 4nM preg-
the 5mM MPF or 3.2uM free [C&*] induced loss of  nanolone.
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chondrial calcium sequestration was examined by imag-

3 200+ —O— control ) g P
£ e DHEA ing the fluorescent calcium indicator recently developed
§ 150 - . fluorinated analogue of rhod-2, acetoxymethyl ester of
‘g: * X-rhod-5F. The acetoxymethyl ester of X-rhod-5F is
=g cationic and membrane-permeant but possesses no de-
g 5197 * tectable calcium-dependent fluorescence. When added to
o5 the extra-mitochondrial media, it accumulates in the mito-
§g\i 50 \*\: chondria because of the mitochondrial membrane potential.
..‘5 \Q\Q\o Once de-esterified by mitochondrial esterases, however,
o 0o F——————— X-rhod-5F is retained in the mitochondrial matrix, re-
E 7.5 6.5 55 4.5 gardless of mitochondrial membrane potential. Compared
pCa with rhod-2 X-rhod-5F has a lower €& binding affin-

Fig. 3. Effect of DHEA on mitochondrial membrane potential at different Ity (Kg: 0.6 and 1'@“M'. res!oectlvely) ‘T:md saturates .at
free C&* concentrations. Skinned neurons incubated at different fréé Ca higher free [Céﬂm making it more suitable for moni-
concentrations in the presence or absence of MDHEA were stained toring intra-mitochondrial CH overload. To verify that
with JC-1. RelativeAy,, was assessed by monitoring the ratio of JC-1  X-rhod-5F and it's loading protocol led to a specific load-
fluorescence intensities at 605DF32 and 522DF35nm and is expressed as;ng of the mitochondria we carried out control experlments
a percentage of control at pCa 7.5. Asterisk signifies difference between where we also loaded the cells with MitoTracker Green, a
groups, P < 0.05, n = 6-14. . . g .
mitochondrial specific dye. The results (not shown) indi-
cated that X-rhod-5F and MitoTracker Green were loaded
a range of physiological concentrations in the human brain into the same cellular compartment with a characteristic
[23] could be protective in our model. As can be seen from distribution similar to that seen with mitochondrial potential
Table 1 the mixture of DHEA, DHEAS, pregnenolone, sensitive dye JC-1Hjgs. 1A and 4A. To avoid impact of
pregnenolone sulphate, pregnanolone protected mitochon-
drial membrane potential from cytoplasmic®aoverload.

It should also be noted here that neurosteroids themselve
had no effect on the fluorescence spectra of JC-1.

The effect of DHEA depended on the extra-mitochondrial
[Ca?t] used. As demonstrated Hig. 3, the increasing of
external C&" (up to 32uM of free ion, pCa 4.5) produced a
bell-shaped curve: the initial small increase of mitochondrial

membrane potential was followed by a decrease when pCa
exceeded 6.5. In the presence of 0@ DHEA, however,
the initial rise was significantly higher and the whole curve
for membrane potential was shifted to the right. Thus, while
in control preparations the membrane potential fell to half
of the initial value at pCa 5.7 (M), the same level (50%
of control value) was achieved significantly later, at pCa 5.3
(5p.M) in the DHEA treated group.

It should be noted here that a similar shift, however, more
potent, was observed in the presence of the inhibitor of mi- 100 ym

tochondrial C&" influx, ruthenium red, e.g. 10M ruthe-
nium red led to an increase in membrane potential at pCa 7.0
and was also protective at higher Ca concentrations betwee
pCa 5.5 and 4.5Hig. 1(E). At the same time CGP-37157
or cyclosporin A, inhibitors of mitochondrial €& efflux
pathways, e.g. N&e/Cat exchanger and mitochondrial per-
meability transition pore, respectively, did not reverse the
protective effect of DHEA. Both compounds alone had no
effect on membrane potential suggesting that DHEA do not
activate the C&" efflux pathways but rather inhibit the in-

flux of C&" into the mitochondrial matrix.

To determine if these effects of DHEA on mitochon- Fig. 4. (A) Free [C&'] in mitochondrial matrix of saponin skinned
neuron as stained by X-Rhod-5F-AM (emission at 605DF32 nm). Field

drial ‘membrane pOtentlal are associated with a mito- of neurons at (B) control conditions or at elevated intracellular calcium

chondrial [C&"] we carried out experiments to directly (pCa 5.5): (C) in the absence or (D) presence of IBODHEA or (E)
measure free [Gd] in the mitochondrial matrix. Mito-  10uM ruthenium red.
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different membrane potentials on loading, all preparations
were loaded at high membrane potential after which the
experiment was started.

First we measured the X-rhod-5F response following
the increase in extra-mitochondrial [€3 up to pCa 5.5
in the presence of Ca efflux inhibitors, CGP-37157 and
cyclosporin. As shown irrig. 4(B) and (C) this led to an
increase in the X-rhod-5F fluorescence suggesting calcium
accumulation into the mitochondrial matrix. However, this
accumulation was partially inhibited in the presence of
100puM DHEA. As shown inFig. 4(D), addition of 10QuM
DHEA induced a drop in the high extra-mitochondrial
[Ca2t] induced X-rhod-5F fluorescence. No €aaccu-
mulation at all was observed when extra-mitochondrial
Cat was raised in the presence of a potent inhibitor of
mitochondrial C&" uniporter, ruthenium redF(g. 4(E).
For quantitative analysis, the mean intensity of X—rhod-5F

fluorescence was determined in 8—20 random microscopy

fields (200-300 neurons per field). The results show that
high extra-mitochondrial [C&] led to a three-fold increase
of fluorescence intensity over the control values from which
30% was reduced by DHEARg. 5).

Similar results were obtained when isolated mitochon-
dria were used. Mitochondria were loaded with X-Rhod-5F,
incubated at different pCa for 20min and after that the
intra-mitochondrial free C& was detected fluorimetrically.

In this case, treatment with DHEA at the same concen-
tration as in situ experiments (1QM) lowered signifi-
cantly the sensitivity of mitochondrial €& accumulation to
extra-mitochondrial [C& ] (from 0.5+0.1 to 09+0.2 uM,

P < 0.01) without affecting the maximal & concentra-
tion in the matrix Fig. 6). From these results we conclude
that DHEA inhibits partly the C& influx into the mito-
chondrial matrix.
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Fig. 5. Measurement of free [€4] in the mitochondrial matrix. Skinned
neurons stained with X-Rhod-5F-AM were incubated at pCa 7.0 as a
control or at pCa 5.5 in the absence or presence of  MODHEA.

All experiments were performed in the presence o.M CGP-37157
and 10uM cyclosporin to block the mitochondrial €a efflux pathways.
Relative free [C&'] in the mitochondrial matrix was assessed by moni-
toring the X-Rhod-5F fluorescence intensity at 605DF32 nm. Asterisk in-
dicates significant difference vs. control and cross vs. pCas5,0.01,

n = 8-20.
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Fig. 6. Measurement of free [€8] in the mitochondrial matrix. Isolated
mitochondria loaded with X-Rhod-5F were incubated at pCa: (closed
circles) in the absence or (open circles) presence ofuMMHEA or
(triangles) 1QuM ruthenium red. Results are expressed as a percentage
of maximal fluorescence intensity obtained at control conditions.

4, Discussion

The present study is the first report, to the best of our
knowledge, demonstrating that DHEA and as well the other
neurosteroids inhibit Ga influx into the mitochondria. The
mitochondrial calcium uptake pathway is electrogenic and is
expected to cause a depolarization of the mitochondrial po-
tential. Inhibition of C&* influx, on the other hand, should
have an opposite effect and support the mitochondrial mem-
brane potential. Indeed as is demonstrate#im 3, in the
presence of DHEA, suggested to inhibit that pathway, and
at free C&t concentrations higher than 0.3&1, the mi-
tochondrial membrane potential was always higher than in
the control group. On the other hand, the effect of DHEA
either on membrane potential or Yaaccumulation was
not modulated by the inhibitors of mitochondrial &aef-
flux pathways suggesting that the observed effect was due
because of inhibiting the influx and not because of the acti-
vating of efflux pathways. Moreover, the observed effect of
DHEA was also evident at conditions of €aoverload (at
pCa 6-5). The latter allows the suggestion that in the pres-
ence of DHEA the mitochondria could be more resistant to
cytoplasmic C4&t overload.

What could be the physiological or pharmacological sig-
nificance of that phenomenon? Cytoplasmi¢Caverload
and subsequent €a accumulation in the mitochondrial
matrix are among the most devastating events of ischemic
damage. Resultant loss of mitochondrial membrane poten-
tial and the concomitant decline in energy production are
associated with the increased open probability of the mi-
tochondrial permeability pore. Opening of the latter is a
catastrophic event leading to the “death” of mitochondrion
that will initiate pathways to cell deaff21,22] Thus, any
compound that could block the mitochondrial®tanflux
reducing thus the mitochondrial [€8], preserves the mi-
tochondrial membrane potential and thereby protects cells
from the initiation of death cascades. Ruthenium red, the
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well-known and widely used inhibitor of mitochondrial
c&t influx [24], has been shown to be protective against
excitotoxic damage of neuronal ce]&5—27] Such a neuro-
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