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Abstract

A selective and extremely sensitive procedure has been developed and optimized, using high-performance liquid
chromatography (HPLC), specific derivatization and gas chromatography—mass spectrometry (GC—MS), to simultaneously
quantify very small amounts of different neurosteroids from rat brain. Unconjugated and sulfated steroids in brain extracts
were separated by solid-phase extraction. The unconjugated fraction was further purified by HPLC, the steroids being
collected in a single fraction, and the sulfated fraction was solvolyzed. All steroids were derivatized with heptafluorobutyric
acid anhydride and analyzed by GC—MS (electron impact ionization) using selected-ion monitoring. High sensitivity and
accuracy were obtained for all steroids. The detection limits were 1 pg for pregnenolone (PREG), dehydroepiandrosterone
(DHEA) and their sulfate esters PREG-S and DHEA-S, 2 pg for progesterone (PROG) and 5 pg for 3a,5a-tetrahydro-
progesterone (3«,5a-THP). In a pilot study on arat brain, the concentrations of PREG-S and DHEA-S were 8.26+-0.80 and
2.47+0.27 ng/g, respectively. Those of PREG, DHEA and PROG were 4.17+0.22, 0.45+0.02 and 1.95+0.10 ng/g,
respectively. Good linearity and accuracy were observed for each steroid. The methodology validated here, allows
femtomoles of neurosteroids, including the sulfates, found in small brain samples (at least equal to 10 mg) to be quantified
simultaneously. [ 2000 Elsevier Science BV. All rights reserved.
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1. Introduction

Steroids that are present in the central nervous
system (CNS) can originate from steroidogenic
endocrine glands (gonads and adrenals) directly or
after the conversion of blood-borne precursors, or
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from local synthesis. The neurosteroids include those
steroids whose accumulation in the CNS (and
peripheral nervous system) occurs independently of
peripheral steroidogenic sources and which can be
synthesized by glia cells and neurons de novo from
sterol precursors (for reviews see Refs. [1-3]).
Using radioimmunoassays (RIA) with specific anti-
bodies, the cerebral concentrations of pregnenolone
(PREG), dehydroepiandrosterone (DHEA) and their
sulfate esters PREG-S and DHEA-S have been found
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to be larger in the rat brain than in plasma, and did
not significantly change after remova of endocrine
glands [4,5]. Progesterone (PROG) has also been
assayed in the rat brain by RIA [6,7] and is now
considered to be a neurosteroid. In the CNS, glia
cells are responsible for most neurosteroid synthesis.
PREG is obtained by the cleavage of cholesterol
through the action of the cytochrome P-450 side
chain cleavage enzyme [8], PROG is formed from
PREG by the 33-hydroxysteroid dehydrogenase-A,_,
isomerase and can further be reduced to 5a-
dihydroprogesterone (5a-DHP) and 3o,5a-tetrahy-
droprogesterone (3a,5a-THP) [9-11].

Some neurosteroids influence CNS functions as
paracrine/ autocrine regulators (for reviews [12—14]).
These neuroactive neurosteroids can alter neuronal
excitability by modulating the activity of different
neurotransmitter  receptors, including GABA,,
NMDA and sigma receptors, and thus influence
severa types of behavior. Variations in the brain
concentrations of neurosteroids can be induced under
pharmacological conditions [15,16] and can be re-
lated to changes in behavior such as anxiety [17].
Such variations can also be observed in different
physiological states, including stress [18,19] and
premenstrual syndrome [20].

Although neurosteroids have originally been mea-
sured in brain by RIA, gas chromatography—mass
spectrometry (GC-MS) is becoming increasingly
used for identifying and measuring steroids in bio-
logical sources. Compared with RIA, GC-MS avoids
some problems related to antibody specificity and
lack of sengitivity. Quantification of neurosteroids in
the rat brain using GC-MS with selected-ion de-
tection has been described [21,22]. However in these
reports, steroids were generally measured individual -
ly following high-performance liquid chromatog-
raphy (HPLC) of relatively large brain samples
(either the whole brain or pools of brain regions).

In the present work, we describe the validation of
a methodology that allows rigorous identification and
simultaneous quantification of several neurosteroids
from small samples of rat brain (in the 10-40 mg
range). In this procedure, steroid extraction and
fractionation, as well as HPLC purification, were
optimized and appropriate steroid derivatization and
GC-MS analysis in the electron impact mode were
used. Results indicated extremely high sensitivity
(detection down to the low femtomole range), high

reproducibility and accuracy for the detection of the
main neuroactive neurosteroids. Thus, this meth-
odology should be very suitable for determining,
simultaneously, concentrations of different neuro-
steroids, including steroid sulfates, in very small
regions of the CNS of single animals, and thus very
useful for further studying physiopathological impli-
cations of neurosteroids in the modulation of CNS
functions.

2. Experimental
2.1. Chemicals

The non-radioactive steroids PREG, DHEA,
PROG, 3a,5¢-THP, PREG-S (potassium salt) and
DHEA-S (sodium salt) were kind gifts from Roussel-
Uclaf (Romainville, France) and 3B,5B-tetrahydro-
androstenedione (3p,58-THA) was purchased from
Sigma—Aldrich (Saint Louis, MO, USA). Tetradeut-
erated *H,-PREG-S ([17,21,21,21-°H]-PREG-S, tri-
methyl ammonium sdt) and  °H,-PREG
([17,21,21,21-°H]-PREG) were prepared by Dr. R.H.
Purdy (La Jolla, CA, USA). The radioactive steroids
*H-PREG ([7-°H]-PREG, 25 Ci/mmol], *H-DHEA
([1,2,6,7->H]-DHEA, 925 Ci/mmol) and °H-
DHEA-S ([1,2,6,7-°H]-DHEA-S, 92.5 Ci/mmol)
were provided by New England Nuclear (NEN,
Boston, MA, USA), and *H-PROG ([1,2,6,7-°H]-
PROG, 92 Ci/mmol) by Amersham International
(UK). *H-30,5a-THP ([5,6-°H]-3a,5a-THP, 52.2 Ci/
mmol) was provided by Roussel-Uclaf (Romainville,
France). *H-PREG-S ([7-°H]-PREG-S, 25 Ci/mmol,
potassium salt) was synthesized in the laboratory
from *H-PREG using pyridine sulphur trioxide kind-
ly given by Dr. R. Emiliozzi (Nice, France) [23]. The
degree of purity of al steroids was at least 99%. All
solvents were of analytical grade from Carlo Erba
(Milan, Italy) and were used without further purifica-
tion. The derivatization reagent heptafluorobutyric
acid anhydride (HFBA) was purchased from Pierce
(Rockford, 1L, USA).

2.2. Seroid extraction and fractionation
The general analytical procedure is presented in

Fig. 1. The entire brain (2 g) of a Sprague-Dawley
adult male rat (9 months old, supplied by Janvier,
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Fig. 1. Analytical procedure for the analysis of the unconjugated
and sulfated neurosteroids from rat brain.

CERJ, Le Genest St-1de, France) was collected in a
polypropylene Falcon tube. A solution of methanol
(MeOH) containing 1% acetic acid (CH,CO,H) (10
volumes, w/v) was added together with 200 pg of
3B,53-THA and 300 pg of °H,-PREG-S. The
former, a non-endogenous steroid, was systematical-
ly used as the internal standard for the four steroids
PREG, DHEA, PROG and 3a,5«-THP, and the latter
for PREG-S and DHEA-S. The sample was then
sonicated in an ultrasonic bath for 5 min, left
overnight at room temperature and centrifuged at
3000 g for 5 min. The organic phase was collected
and the rest of the extract residue washed again with
20 ml of MeOH containing 1% CH,CO,H and
centrifuged. The two organic phases were pooled and
aliquots of 800 wl of the total extract (corresponding
to 40 mg of brain tissue) were collected, evaporated
to dryness under compressed air in a water bath at
60°C, taken up in 1 ml of MeOH-H,O (40:60, v/v)
and sonicated for 5 min.

An in vivo experiment was carried out to test the
efficiency of steroid extraction. One hour following
intraperitoneal injection of *H-PREG (33 p.Ci) into
the rat, the brain was collected and divided into two
hemispheres. One part, serving as a control, was
homogenized in 5 ml of phosphate buffered saline
and digested with 3 ml Soluene 100 (Packard
Instruments, Warrenville, RI, USA) at 60°C for 20
min. The other part was extracted as described

above. The radioactivity in each hemisphere was
determined.

A clean-up step was performed by solid-phase
extraction (SPE) on AMPREP silica minicolumns
C,g (500 mg, Amersham International, UK). This
C,s SPE method, previously described by Belanger
et a. [24] and modified by De Wang et al. [25]
alows sulfated and unconjugated steroids to be
separated. Samples were deposited on columns
which had been previously activated successively
with 5 ml of MeOH, 5 ml of H,O and 5 ml of
MeOH-H,O (40:60, v/v). The fraction of steroid
sulfates was eluted with 5 ml of MeOH-H,0O (40:60,
v/v) and taken to dryness. The unconjugated steroid
fraction was eluted with 5 ml of MeOH-H,O
(85:15, v/v), filtered through a 0.45-um Millipore
PFTE membrane and dried.

2.3 Solvolysis and purification

The sulfated steroids fraction was subjected to
solvolysis in 1 ml ethyl acetate containing 2 pl of
0.5 M H,SO, [26] at room temperature for 1 h. The
organic phase containing unconjugated steroids was
washed with H,O and evaporated. The residue was
taken up in 1 ml of MeOH-H,O (40:60, v/v) and
purified by SPE as described above. The fraction
eluted with 5 ml of MeOH-H,O (85:15, v/v) was
collected and dried.

2.4. High-performance liquid chromatography
(HPLC)

The HPLC system from Thermoquest (San Jose,
CA, USA) consisted of a P1000XR Thermo Sepa-
ration Product (TSP) quaternary pump and an AS
100XR TSP autoinjector. A 202 mode Gilson
fraction collector was used. HPLC was achieved
with a Lichrosorb Diol column (25 cmX4.6 mm, 5
pm) in a thermostated block at 30°C.

Only the unconjugated steroid fraction that had
been purified by SPE and filtered, was submitted to
HPLC. The analytical column was first equilibrated
in a solvent system of hexane and mixture A (90:10,
v/v), the latter being composed of hexane—iso-
propanal (85:15, v/v). One hundred and eighty .l of
the steroid fraction dissolved in hexane—isopropanol
(91:9, v/v) were then injected. The elution was
performed at a flow-rate of 1 ml/min, first with
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hexane and mixture A (90:10, v/v) for 15 min, then
with a linear gradient to 30% mixture A in 2 min.
This mobile phase was kept constant for 13 min,
after which the proportion of mixture A was in-
creased to 100% in 5 min and kept constant for 19
min. Finally, the column was washed with 100%
MeOH for 5 min.

2.5. Derivatization reaction

The unconjugated steroids from the HPLC fraction
and those obtained after solvolysis and purified by
SPE were derivatized separately. They were trans-
ferred in 1 ml of anhydrous acetone to reaction vials
under anhydrous conditions (the vial was previously
heated and cooled down under nitrogen). After
complete evaporation, 20 pl of HFBA and 200 .l of
anhydrous acetone were added and the vial closed
with a PFTE-coated cap. The reaction was then
carried out at room temperature for 30 min. After
evaporation, the residue was redissolved in 12 pl of
hexane.

Calibration solutions had previously been deriva-
tized with HFBA, under the same conditions as
described above. A mixture containing PREG and
DHEA (1, 2, 5, 10 and 20 pg/pl for each steroid),
PROG (2, 5, 10, 20 and 40 pg/wl), 3a,5a-THP (5,
10, 20, 40 and 60 pg/wl) and the internal standard
3B,58-THA (20 pg/wl) was used for unconjugated
steroids, and a mixture containing PREG and DHEA
(1, 2, 5, 10 and 20 pg/pl for each steroid) and the
internal standard *H,-PREG (20 pg/ wl) was used for
steroids released from sulfate esters.

2.6. Gas chromatography—mass spectrometry
(GC-MY9)

Derivatized brain samples (2 pl) as well as
derivatized calibration solutions (1 wl) were injected
with an AS 800 autosampler (Carlo Erba, Milan,
Italy) into the GC-MS system which consisted of a
GC 8000 Top gas chromatograph (Carlo Erba)
coupled with an Automass (model 150) mass spec-
trometer (Finnigan Automass, Argenteuil, France).
The fused-silica capillary column (25 mXx0.22 mm)
was coated with 0.25-um layer of cross-linked BPX5
[5% phenyl (equivalent), 95% dimethyl polysilox-
ane; SGE, Australia).

GC was performed in the splitless mode with a
1-min splitless-time. The temperature in the oven
was initialy 50°C for 1 min, further increased to
140°C at 30°C/min and then to 300°C at 10°C/min.
The temperature in the injection chamber was 250°C
and the flow-rate of helium (carrier gas) was main-
tained constant at 0.7 ml/min.

The mass spectrometer was operated in the elec-
tron impact (ElI) mode with an emission current of
2000 pA and with an ionization energy of 70 e/. The
temperatures in the ionization chamber and the
interface were 170°C and 290°C, respectively. |denti-
fication was performed in the full scan mode in the
m/z range 50-550. Quantification was done in the
single-ion monitoring (SIM) mode.

2.7. Radioactivity analysis

Five ml of scintillation liquid (Picofluor 15) was
added to counting vials containing dried radioactive
samples, and the radioactivity was measured on a
Tricarb 4660 liquid-scintillation spectrometer (Pac-
kard Instruments) equipped with quench correction.

2.8 Data analysis

Data were expressed as means=SEM (standard
error of mean). Linear regression analysis using the
least sguare method was calculated for the cali-
bration curve of each neurosteroid.

3. Results and discussion

The aim of this work was to develop a general and
very sensitive analytical procedure for the quantifica-
tion of unconjugated and sulfated 3p-hydroxy-A.-
neurosteroids, using extraction, fractionation and
purification steps sufficient to avoid sample over-
loading of the GC column, with acceptable recovery
and reproducibility.

3.1. Extraction, fractionation and purification of
neurosteroids

A pilot study was performed to optimize the
extraction, SPE and HPLC methods and estimate the
recoveries of al these steps. For this purpose, the



P. Liere et al. / J. Chromatogr. B 739 (2000) 301-312 305

radioactive steroids *H-PREG, *H-DHEA, *H-PROG,
*H-3a,50-THP and °H-PREG-S (30000 dpm of
each steroid) were individually added to isolated
brain samples.

Quantitative extraction of steroids from brain
tissue is somewhat difficult to estimate [27]. Never-
theless, the same amounts of *H-PREG were found
in both methanolic brain extract and digested brain
(for details see the Experimental section), leading to
the conclusion that the extraction recovery was
100%. This suggests that an isotopic equilibrium is
reached within the brain following radioactive neuro-
steroid injection into the rat.

The fractionation method by SPE on C,, columns
was chosen for its efficient and easy separation of
unconjugated and sulfated steroids compared with
other methods such as liquid—liquid extraction. Two
fractions were obtained from brain extracts, the
sulfated steroids being eluted with MeOH-H,O
(40:60, v/v) and the free steroids with MeOH-H,O
(85:15, v/v). The recoveries were 75+5% in both
Cases.

The general goa of the study was to be able to
quantify steroids with closely related structures (3-
hydroxy-, 3-oxo-A ,- and 3-oxo-steroids) and steroids
of different classes (progestagens, estrogens, cortico-
steroids). Thus, unconjugated steroids need to be
separated by HPLC prior to their chemical structure-
specific derivatization.

In the present paper, the use of HPLC served to
clean up a mixture of unconjugated steroids and to
separate them into two fractions, the one of interest
containing 3-hydroxy- and 3-oxo-A ,-steroids.

Unconjugated steroids were analyzed individually
in the HPLC system consisting of a Diol column and
eluted with a solvent sequence used for the sepa-
ration of steroids with high resolution [21,22].
Fractions of 500 pl were collected and the radioac-
tivity counted to determine the elution profile and
retention times of steroids (Fig. 2). Under these
conditions, the four radioactive steroids PROG,
30,50-THP, PREG and DHEA and the corre-
sponding internal standard 3p,58-THA (which is not
an endogenous steroid) were eluted between 10 and
29 min (Fig. 2). The retention time of the derivatized
internal standard 3B,58-THA was determined by
GC—MS because its radioactive form was not avail-
able commercially. The recovery after HPLC purifi-
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| PREG , DHEA
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10000 +

3B,58-THA
3a,50-THP

8000 |
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°
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Fig. 2. HPLC elution profile of radioactive PROG, 3a,5a-THP,
PREG and DHEA. The interna standard 38,58-THA was iden-
tified by GC-MS.

cation was 75+10% for all steroids. Such a simplifi-
cation in the HPLC method avoids the use of an
internal standard for each steroid, greatly shortens
the time for sample preparation and also results in a
gain of precison in quantification. Therefore, the
global recovery was 54+10% for all steps of sample
preparation (including extraction, SPE, and HPLC).

For the sulfated steroids PREG-S and DHEA-S,
which were not purified by HPLC, the recovery of
the entire analytical procedure using °H-PREG-S
was 57+5%.

3.2, |dentification of neurosteroids

The choice of the derivatization reaction was
based on the presence of a hydroxyl group in the
steroid  structure.  Trifluoroacetyl, pentafluoro-
propionyl and heptafluorobutyryl (HFB) anhydrides
are mostly used to derivatize alcohol functions. The
formation of such steroid derivatives results in a
decrease of polarity and an increase of volatility and
thermal stability, which are crucial advantages for
GC. Furthermore, such derivatization reactions give
improved detection properties in the electron-capture
negative ionization mode (ECNI) [22,28,29]. A
highly sensitive analysis can then be obtained be-
cause of the high response of halogenated derivatives
and the selectivity of ionization. However, the ECNI
detection mode lacks robustness, so that El is more
often used for quantification of perfluoroacylated
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derivatives of steroids in biological fluids or tissue
samples. Indeed, with this type of derivatives, El
mass spectra are generally characterized by abundant
ionic species of high mass. Thus, the perfluoroacyla-
tion, and particularly the formation of heptafluoro-
butyrate derivatives, is considered as a method of
choice for steroid analysis by GC-MS [30,31].

PROG with its 3-oxo0-A, group reacts similarly to
3-hydroxy steroids in the derivatization reaction with
HFBA. For this reason, all of the unconjugated
steroids can be purified and collected together by
HPLC. The derivatization reaction of PROG with
HFBA was optimized using specific conditions (Fig.
3). In these conditions, two dienol 3-HFB isomers
(2,4- and 3,5-dienols) were formed with the major
isomer (95%) being the 3,5 dienol 3-HFB resulting
in an enhancement of senditivity. Any changes in
reaction time or reagent quantity can strongly affect
the ratio between the two isomers [31]. Such a
derivatization method has previously been reported
for testosterone-17@3-acetate, which was found to be
mainly converted to 3,5-dienol-3-HFB when it
occurred in acetone containing 10% of HFBA for 30
min [31].

In the present experiments, al steroids were
completely converted into derivatives by reaction
with HFBA (100% recovery). The 3-hydroxy groups
formed 3-HFB esters as it was found by others for
steroids hydroxylated at the C, and C,, positions
[21,22,32,33]. The 3-oxo-group of PROG gave 3-
HFB enol esters as described by Cheney et a. [21].

The reconstructed ion chromatograms of the un-
conjugated fraction of the reference compounds, i.e.
PREG-HFB, DHEA-HFB, PROG-HFB, 3a,5a-THP-
HFB and the internal standard 33,53-THA-HFB are
shown in Fig. 4A. The chromatograms of the fraction

)‘]\ 95%
o Cos o
HFBA 3,5-diene isomer
30 min. o
20°C
o
PROG H 50,
oA

2,4-diene isomer

Fig. 3. Derivatization reaction pathways of PROG with HFBA.

of the reference sulfated steroids after solvolysisi.e.
PREG-HFB, DHEA-HFB and °H,-PREG-HFB are
shown in Fig. 4B. The El mass spectra of reference
internal standards are represented in Fig. 5 and those
of reference neurosteroids are shown in Fig. 6. The
GC conditions gave identical retention times for
PROG-HFB and PREG-HFB. However, since ions of
different mass were monitored, i.e. m/z 298 for
PREG-HFB and m/z 510 for PROG-HFB, no inter-
ference could occur in the quantification of these
steroids. Furthermore, the retention time of PREG-
HFB was 3 s longer than that of the internal standard
’H,-PREG-HFB and this facilitated identification
and integration calculations. The other steroids were
clearly separated by the BPX5 column.

The fragmentation pathways of the HFB-steroids
were generally favourable. For example, the molecu-
lar ion of the internal standard 3B8,58-THA (M ™
486) was relatively abundant. The derivatives of the
3B-hydroxy-A.-steroids underwent similar  frag-
mentations. The molecular ions of PREG-HFB and
DHEA-HFB were absent in their El mass spectra and
the major ions came from the loss of heptafluoro-
butyric acid (214) from the molecular ion (Fig. 6).
The diagnostic ion m/z 302 is the base peak in the El
mass spectrum of “H,-PREG-HFB (Fig. 5) indicat-
ing that there was no or very little H/°H exchange
during the derivatization reaction with HFBA under
our conditions. The extent of fragmentation of
3a,5a-THP-HFB was higher than those of other
steroids, the abundance of the ionic species of high
m/z being low. The El mass spectrum of the
acylated PROG was the most favourable case, the
molecular ion (M 510) being the base peak.

3.3, Quantification of neurosteroids

For the quantification of neurosteroids in brain
tissue, the high sensitivity obtained with our ana-
lytical procedure is a great advantage, in particular
when only a small amount of material (10 mg) is
available.

3.3.1. Sensitivity

It is well known that the sensitivity can be
increased by selected monitoring of relevant ions.
lonic species of high intensity and high m/z ratio are
generally chosen to increase the selectivity of the
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Fig. 4. Reconstructed ion chromatograms of reference compounds (1 ng) in full scan mode: (A) the unconjugated steroid fraction containing
3B,58-THA-HFB (m/z 486), DHEA-HFB (m/z 270), 3a,5a-THP-HFB (m/z 514), PREG-HFB (m/z 298) and PROG-HFB (m/z 510), and
(B) the sulfated steroid fraction after solvolysis containing °H,-PREG-HFB (m/z 302), PREG-HFB (m/z 298) and DHEA-HFB (m/z 270).

detection relative to the electronic and chemical
noise. The diagnostic ions for each steroid analyzed
by GC-MS are given in Table 1.

The ions selected for DHEA-HFB and PREG-HFB
were m/z 270 and m/z 298, respectively. These ions
were the base peaks of the respective mass spectra
(Fig. 6) and originated from an analogous fragmenta-
tion pathway as discussed below. Identification was
further ascertained by analyzing the m/z 255 and

m/z 283 ions of DHEA-HFB and PREG-HFB,
respectively. These ionic species were formed by the
loss of a methyl radical from m/z 270 and m/z 298,
respectively. The detection limits were 1 pg for
PREG and DHEA (3.2 and 3.5 fmoal, respectively),
and also 1 pg for PREG-S and DHEA-S (2.3 and 2.5
fmol, respectively).

The respective detection limits for PROG-HFB
and 3o,5a-THP-HFB were 2 pg (6.4 fmol) and 5 pg
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Table 1

Molecular mass of steroids and derivatized steroids with values of the respective diagnostic ions analyzed by GC-MS

Steroids Molecular mass Derivatized steroids Molecular mass of Diagnostic
(Da) derivatized steroids ions m/z

(Da)

PREG 316 PREG-HFB 512 298

DHEA 288 DHEA-HFB 434 2707

PROG 314 PROG-HFB 510 510

3a,5a-THP 318 3a,5a-THP-HFB 514 514

3B,58-THA 290 3B,53-THA-HFB 486 486

’H,-PREG 320 ’H,-PREG-HFB 516 302°

®Formed by the loss of heptafluorobutyric acid (214 Da) from the molecular ion. Note: PREG-S and DHEA-S were analyzed as PREG

and DHEA, respectively, after solvolysis of the sulfated fraction.

(15.7 fmol), respectively, based on the relative
intensity of the respective target ions m/z 510 and
m/z 514 in the corresponding mass spectra (Fig. 6).
The m/z 495 (M *'-CH;) and m/z 496 (M *'-H,0),
respectively, were also monitored to definitely iden-
tify the PROG-HFB and 3a,5a-THP-HFB signals.

The calibration curves for the unconjugated neuro-
steroids (towards the internal standard 383,53-THA-
HFB) and for the sulfated neurosteroids (towards the
internal standard °H-PREG-HFB) are suitable, ac-
cording to good linearity and correlation coefficients
for PREG (y=0.8787x—0.2844, r=0.9998), DHEA
(y=0.6037x—0.2766, r=0.9986), PROG (y=
0.0724x+0.2361, r=0.9944), 3a,5a-THP (y=
0.0096x—0.008, r=0.9958), PREG-S (y=0.0372x+
0.0021, r=0.9927) and DHEA-S (y=0.0512x—
0.0557, r=0.9979). PREG, DHEA, PREG-S and
DHEA-S would be detected at levels higher than 0.3
ng/g when starting with 40 mg brain tissue, based on
their detection limits. On the other hand, PROG and
3a,5a-THP would be detected at concentrations
=0.6 ng/g and 1.5 ng/g, respectively.

Preliminary experiments on another neurosteroid
namely 5a-dihydroprogesterone (5«-DHP, a metabo-
lite of PROG) were performed. 5a-DHP was analyzed
under the same HPLC conditions as described here,
and was eluted separately in a less polar fraction
(3—10 min) (data not shown). As this steroid isin the
3-oxo-5a configuration, it does not react with HFBA
and a specific derivatization reaction with methoxy-
amine reagent was used. Indeed, methyloxime forma-
tion is the most popular derivatization reaction for
ketosteroids [34,35]. 5a-DHP forms a dimethyloxime
derivative by reaction at C, and C,,. Two isomers

(syn and anti) are formed at C, in the same pro-
portions [21,36], thus decreasing sensitivity two fold.
In our study, a suitable fragmentation pathway was
obtained in El with these oximes. Indeed, in spite of
the low abundance of the molecular ion (M " 374),
high amounts of the ionic species m/z 343 were
formed by EIl. This ion originates from the loss of a
methoxy radical (—31) from the molecular ion. Un-
fortunately, the detection limit of 5a-DHP was as
high as 50 pg (158 fmol). Taking into account the
detection limit, the dilution factor and the recovery, it
appears that 5a-DHP cannot be detected at levels
lower than 15 ng/g in 40 mg tissue. The low sensitivi-
ty is probably due to the formation of two isomers and
the relatively high chemical background with the
methoxyamine reagent.

3.3.2. Reproducibility

The inter-assay variations for neurosteroid quanti-
fication were investigated on ten fractions of the
same rat brain extract, each corresponding to 40 mg
tissue. The SEM and coefficients of variation (CV.)
values for al steroids indicate a satisfactory repro-
ducibility. As shown in Table 2, sample A, PREG

Table 2
Reproducibility of quantification of the unconjugated (A) and
sulfated (B) neurosteroids in rat brain by GC-MS

A (n=10) B (n=5)

PREG DHEA PROG PREG-S DHEA-S
Mean (ng/g)  4.17 0.45 1.95 8.26 247
SEM 0.22 0.02 0.10 0.80 0.27
CV. (%) 17 13 17 21 23
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was the neurosteroid characterized by the highest
concentration in rat brain (4.17+0.22 ng/g). PROG
and DHEA were also measured, albeit at lower
levels (1.95+0.10 and 0.45+0.02 ng/g, respective-
ly), but 3a,5a-THP was not detected in this brain
sample probably because of its higher detection limit
compared with that of the other steroids. Our data
show that the levels of PROG and DHEA found in
rat brain (Table 2) are in good agreement with the
results of others obtained with large amounts of
tissue using either RIA [4,5] or GC-MS [21].
PREG-S and DHEA-S levels in rat brain were
8.260.80 ng/g and 2.47+0.27 ng/g, respectively
with CV.s dlightly larger than those for the unconju-
gated steroids (Table 2, sample B). Previous studies
have shown that PREG-S is present in adult male
rats, at 15.8+3 ng/g and 5.7+2.1 ng/g in anterior
and posterior brain, respectively [5]. In addition, the
brain concentrations of PREG, PREG-S and DHEA-
S were similar to those reported by De Wang et al.
[25] and Corpéchot et al. [4].

333 Linearity and accuracy

Linearity and accuracy are other criteria to val-
idate an analytical method. For the assessment of
linearity, increasing amounts of rat brain fractions
(10, 20, 40, 70 and 100 mg) were assayed in
triplicate. The linearity was satisfactory for al
steroids studied since the measured amounts of
neurosteroids increased as expected with increasing
amounts of brain tissue (Fig. 7). Remarkably, PREG,
PROG and PREG-S were measured accurately in
brain fractions weighing as little as 10 mg. However,
due to low concentrations of DHEA and 3o,5a-THP
in rat brain and the relatively high detection limit for
30,5a-THPR, these two neurosteroids were measur-
able only from samples weighing at least 40 mg.

The criterion of accuracy is the relationship be-
tween the amounts of added steroid and the amounts
detected by the GC-MS assay. In the present work,
100 pg of unconjugated steroids were added to an
aliquot of brain extract corresponding to 40 mg,
whereas 200 pg of sulfated steroids were added to 50
mg of tissue. The accuracy values were expressed as
percentage of assayed concentration relative to calcu-
lated concentration. They were 108+9%, 105+ 1%,
113+8%, 112+5%, 98.3=5% and 96.2+5% for

PREG, DHEA, PROG, 3a,5¢-THP, PREG-S and
DHEA-S, respectively.

4. Conclusion

We have developed a methodology for neuro-
steroid quantification in very small samples of brain
tissue. The optimization of extraction, fractionation
by SPE, purification by HPLC of unconjugated
neurosteroids and solvolysis of sulfated neuro-
steroids, together with the combination of the de-
rivatization with HFBA and GC-MS analysis by
SIM provides a highly selective and sensitive ana-
Iytical procedure. This should contribute to improv-
ing the quality of trace analysis of neurosteroids
from complex tissue such as brain. The results of the
reproducibility, linearity and accuracy experiments
indicate that the procedure is reliable for quantifica-
tion of neurosteroids at low levels using a wide range
of brain sample sizes. Although PREG-S and
DHEA-S were previousy analyzed by LC-MS
[26,37-40], this is, to our knowledge, the first report
showing a methodology for the determination of the
levels of both unconjugated and sulfated forms of
PREG and DHEA in the same biological sample by
GC-MS.

Thus, the highly reliable procedure that is val-
idated here, is potentialy of extensive use to perform
serial assays of neurosteroids in small brain struc-
tures of individua animals, under different
pathophysiological conditions.
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