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Abstract

The expression of the mitochondrial benzodiazepine receptor gene was assayed by a semi-quantitative non-radioactive reverse
Ž .transcriptase polymerase chain reaction RT-PCR assay. The level of amplified mitochondrial benzodiazepine receptor mRNA was

Ž .expressed as a ratio of either glyceraldehyde-3-phosphate dehydrogenase GAPDH or b-actin mRNA co-amplified in the same RT-PCR
assay. The relative amounts of mitochondrial benzodiazepine receptor RNA in several rat tissues were found to be similar to the
previously reported relative amount of mitochondrial benzodiazepine receptor binding sites. The level of these binding sites has also been
reported to be altered by stress stimuli. In this study we specifically measured the effect of stress on the mRNA levels of the
mitochondrial benzodiazepine receptor as an alternative method to the binding assay in an attempt to understand the mechanism by which
stress alters binding. Sprague-Dawley male rats were either forced to swim for 15 min in 188C water or restrained in a plastic cylinder for
45 min either once, or twice daily for 7 days. Neither the swim stress, nor acute or chronic restraint stress, caused a measurable
statistically significant relative change in mitochondrial benzodiazepine receptor mRNA in the adrenal gland, kidney, testis and olfactory
bulb. However, daily treatment of rats for 7 days with 4 mgrkg of dexamethasone caused a significant decrease in mitochondrial
benzodiazepine receptor gene expression in adrenal glands. This finding and the measurement of the relative levels of mitochondrial
benzodiazepine receptor mRNA in the various tissues indicate that mitochondrial benzodiazepine receptor density is regulated to some
extent at the gene expression level. However, the lack of detectable stress-induced changes in mRNA levels for this receptor seem to
indicate that either mRNA changes were below detectable levels or that other mechanisms may be involved in the previously reported
stress-induced changes of mitochondrial benzodiazepine receptor density. Because the focus of this work was on the regulation of
mitochondrial benzodiazepine receptor gene expression, ligand binding studies to determine changes in receptor densities were not
performed. q 1997 Elsevier Science B.V.

Ž . ŽKeywords: Peripheral-type benzodiazepine receptor; RT-PCR reverse transcriptase-polymerase chain reaction ; GAPDH glyceraldehyde-3-phosphate
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1. Introduction

The mitochondrial or peripheral-type benzodiazepine
receptor is an integral membrane protein localized pre-

Ždominantly on the outer mitochondrial membrane re-
viewed in Verma and Snyder, 1989; Weizman and Gavish,

.1993; Parola et al., 1993; Krueger, 1995 . The best charac-
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terized subunit of this receptor is an 18 kDa polypeptide
responsible for the binding of selective benzodiazepines
Ž .e.g., Ro5-4864 and the isoquinoline derivatives PK11195

Ž .and PK14104 Sprengel et al., 1989 . The amino acid
sequence of the 18 kDa subunit is highly conserved among
various species, but has shown no significant homology

Ž .with any other known mammalian protein Krueger, 1995 .
Other polypeptides appear to be associated with the 18

Ž .kDa subunit; these are a 10 kDa PK10 subunit photola-
Ž .belled by PK14104 Blahos et al., 1995 , a 32–34 kDa

Žsubunit photolabelled by flunitrazepam Snyder et al.,
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.1987 , the voltage dependent anion channel and the
Ž .ATPrADP carrier McEnery et al., 1992 . The nature of

the association of these proteins with the 18 kDa subunit
and their contribution to the function of the mitochondrial
benzodiazepine receptor is, however, still not fully eluci-

Ž .dated Krueger, 1995 .
Functionally, the mitochondrial benzodiazepine receptor

has been associated with steroidogenesis. In particular, it
has been shown that the mitochondrial benzodiazepine
receptor regulates the transport of cholesterol from the
outer to the inner mitochondrial membrane, which is the
rate limiting step of the synthesis of pregnenolone, the

Žprecursor of all other steroids Krueger and Papadopoulos,
.1992 . This role of the mitochondrial benzodiazepine re-

ceptor is reflected in its tissue distribution with the highest
densities in steroidogenic tissues such as adrenal gland and

Ž .testis DeSouza et al., 1985 . However, these receptors are
also present in other tissues such as lung, kidney, pineal

Žgland and lymphocytes Weissman et al., 1984; Quirion,
.1984; Drugan et al., 1988; Canat et al., 1993a . In lympho-

cytes, mitochondrial benzodiazepine receptors are also
found on the plasma membrane reinforcing the idea that
the mitochondrial benzodiazepine receptor may have mul-
tiple functions. In brain, mitochondrial benzodiazepine
receptors are found at the highest density in the olfactory

Ž .bulb Benavides et al., 1983 and are predominantly ex-
Ž .pressed in glial cells Syapin and Skolnick, 1979 , which

Žhave been shown to produce neurosteroids Jung-Testas et
.al., 1989 . In addition to the mitochondrial benzodiazepine

Žreceptors, the steroidogenic acute regulatory protein Lin et
.al., 1995 has been shown to have a similar role in

steroidogenesis. The roles played by these two proteins is
at the moment not fully understood.

Relatively little is known about the mechanisms regulat-
ing the expression of the mitochondrial benzodiazepine
receptor. The rat mitochondrial benzodiazepine receptor
gene promoter lacks a TATA or CAAT box and within the
first 500 base pairs, with the exception of three CG
repetitive sequences, it contains no classical regulatory
transcription elements such as cyclic-AMP or glucocorti-

Ž .coid responsive elements Casalotti et al., 1992 . However,
two positive and one negative putative transcription regula-

Žtory sites have been identified by in vitro studies Oberto
.et al., 1995 . It is thus possible that the level of mitochon-

drial benzodiazepine receptor protein may be regulated at
the gene expression level. To our knowledge, mitochon-
drial benzodiazepine receptor mRNA expression has been

Ž .investigated either only qualitatively Sprengel et al., 1989
or quantitatively, but limited to peripheral blood cells
Ž .Canat et al., 1993a,b . These studies have indicated a
good but not absolute correlation between mitochondrial
benzodiazepine receptor mRNA and protein level. Con-
versely, there have been many studies that have shown that

w3 x w3 xthe level of H PK11194 and H Ro5-4864 binding to the
mitochondrial benzodiazepine receptor is under the influ-
ence of various external factors. Of particular interest is

the effect of acute and chronic stress on mitochondrial
benzodiazepine receptor binding. Acute cold swim stress
in rats was shown to rapidly increase binding to the
mitochondrial benzodiazepine receptor in kidney and ol-

Ž .factory bulb Novas et al., 1987 , inescapable tail shock
Ž .increased binding in kidney Drugan et al., 1988 , while

acute noise had similar effects on adrenal gland mitochon-
Ž .drial benzodiazepine receptor Ferrarese et al., 1991 . The

Ž .response to stress was in most cases rapid 15–30 min
and tissue specific. Whereas the acute stress paradigm
tended to increase mitochondrial benzodiazepine receptor
binding, the chronic stress paradigm tended to have the
opposite effect by suppressing binding levels in specific
tissues. Prolonged cold exposure reduced mitochondrial
benzodiazepine receptor binding in brown adipose tissue

Ž .and kidney Gonzales-Solveyra et al., 1988 , while re-
peated tail shocks caused a decrease in mitochondrial
benzodiazepine receptor binding in kidney, cortex, heart

Ž .and pituitary Drugan et al., 1988 . In humans, students
Ž .after examinations Karp et al., 1989 , parachutists after

Ž .several jumps Dar et al., 1991 and clinically defined
Ž .anxious patients Ferrarese et al., 1990 displayed altered

levels of mitochondrial benzodiazepine receptor in periph-
eral blood cells and platelets.

Two major pathways may be implicated in the regula-
tion of mitochondrial benzodiazepine receptor binding
level, the hypothalamus–pituitary–adrenal axis and

Ž .reninrangiotensin system Drugan and Holmes, 1991 .
Additionally, it remains to be established if and to what
extent stress modulates mitochondrial benzodiazepine re-
ceptor gene expression. In order to investigate this problem
we have developed a reverse transcriptase-polymerase

Ž .chain reaction RT-PCR assay to measure the relative
levels of mitochondrial benzodiazepine receptor mRNA.
Although RT-PCR involves an exponential amplification
of the mRNA of interest, it is possible to obtain quantita-
tive or semi-quantitative values of the endogenous amounts
of specific mRNA levels provided that the necessary con-

Ž .ditions are satisfied. Duskas et al., 1993 .
Given the already extensive literature on stress-induced

changes in mitochondrial benzodiazepine receptors binding
level, in this work we focused exclusively on the measure-
ment of the mRNA levels for this receptor with the aim of
both introducing a new technique that could facilitate the
study of regulation of the expression of the mitochondrial
benzodiazepine receptor and to investigate the mechanism
by which stress influences this receptor. We report here
that we could not detect any changes in mitochondrial
benzodiazepine receptor mRNA level induced by three
paradigms of acute and chronic stress stimuli, while we

Žobserved that chronic dexamethasone injection 4 mgrkg
.per day for 7 days caused a significant decrease of

mitochondrial benzodiazepine receptor mRNA levels in
adrenal gland of treated animals as compared to saline-in-
jected control animals. The latter finding and our confirma-
tion of the differential tissue distribution of mitochondrial
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benzodiazepine receptor mRNA indicates that, at least in
part, mitochondrial benzodiazepine receptor density is reg-
ulated at the gene expression level.

2. Materials and methods

2.1. Chemicals

Fluorescein-12-dUTP, chemiluminescence reagents, ny-
lon membrane, blocking reagent, radiographic film and

Žanti-fluorescein antibodies were from DuPont Wilming-
. Ž .ton, DE, USA . Avian myeloblastosis virus AMV reverse

transcriptase and Taq polymerase were from Promega
Ž .Madison, WI, USA . Sprague-Dawley rats were obtained
from the National Animal Center, Mahidol University
Ž .Nakorn Pathom, Thailand . All other chemicals were ob-
tained from regular suppliers and were of analytical grade.

2.2. RNA preparation

Animals were killed at the indicated times after treat-
ments. Testes, adrenal glands, kidneys and olfactory bulbs
were dissected. For the kidney and testes the RNA was
extracted from a transverse section of the respective organs
while for the olfactory bulb and adrenal gland the whole
organs were utilized. RNA was prepared essentially ac-

Ž .cording to the method of Chomczynski and Sacchi 1987 .
Ž .Tissue samples up to 200 mg were homogenized in 1 ml
Žof solution D 4 M guanidinium thiocyanate, 25 mM

Ž .sodium citrate, pH 7.0, 0.5% wrv sarcosyl, 0.1 M
.2-mercaptoethanol for 30 s by Polytron. Sequentially, 2 M

Ž .sodium acetate pH 4, 100 ml , water-equilibrated phenol
Ž . Ž1 ml and chloroform–isomyl alcohol mixture 25:1, 200

.ml were added to the homogenate, with thorough mixing
by inversion after the addition of each reagent. The final
suspension was vortexed for 20 s and placed on ice for 30
min. Samples were centrifuged at 10,000=g for 20 min at
48C. The aqueous phase was transferred to a fresh tube,
mixed with 1 volume of isopropanol and placed at y708C
for at least 1 h to precipitate RNA. The solution was
centrifuged at 14,000=g for 15 min, the supernatant was
removed, the RNA pellet was dissolved in 300 ml of
solution D and precipitated with 1 volume of isopropanol
at y708C for 1 h. After centrifugation for 10 min at 48C,
the RNA pellet was washed with 75% ethanol and further
centrifuged. The majority of the ethanol was removed and
the remainder allowed to evaporate for a few minutes. The

ŽRNA pellet was resuspended in 40 ml of DEPC diethyl
.pyrocarbonate treated water and stored at y708C. The

amount and relative purity of the extracted RNA was
Ž .estimated by optical density O.D. at ls260 and 280

nm, where 1 O.D. at ls260 nm is equivalent to 40
mgrml RNA and an O.D. ratio of 260r280 of 1.7–1.8
was considered indicative of acceptable purity.

2.3. RT-PCR

The RT-PCR master mixture contained 1=PCR buffer
Ž50 mM KCl, 10 mM Tris–HCl, pH 8.3, 1.5 mM MgCl ,2

Ž . .0.001% wrv gelatin , 25 pmol of primers coding for
mitochondrial benzodiazepine receptor, GAPDH or ACTIN
Žexcept for olfactory bulb where 12.5 pmol GAPDH primer

.were used , 0.2 mM of dATP, dCTP, dGTP, 0.04 mM of
dTTP and 0.4 mM of fluorescein-12-dUTP, 1.25 U of Taq
DNA polymerase and 4 U of AMV reverse transcriptase in
a total volume of 25 ml. Control tubes contained no RNA
template to check for contamination. The mixture was
incubated in the thermocycler for 30 min at 428C for
RT-catalyzed first-strand cDNA synthesis, followed by
25–27 amplification cycles in a Perkin Elmer 9600 ther-
mocycler where each cycle consisted of 10 s at 948C, 10 s
at 588C and 30 s at 728C with a final 10 min extension step
at 728C. Primer pairs of mitochondrial benzodiazepine
receptor, glyceraldehyde-3-phosphate dehydrogenase
Ž .GAPDH and b-actin were designed using Oligo 4 soft-
ware and were synthesized on an ABI 392. Purity was
checked by capillary electrophoresis. The sequence of the
primers used were: mitochondrial benzodiazepine
receptor-upper ATCTG GGGCA CACTG TATTC: mito-
chondrial benzodiazepine receptor-lower AAAGC AG-
GAT GACCT CAACC; GAPDH upper: AGGTC GGTGT
CAACG GATTT, GAPDH-lower: CAGCA TCAAA
GGTGG AGGAA; actin-upper CCCAG AGCAA GAGAG
GCATC and actin-lower: CTCAG GAGGA GCAAT
GATCT.

2.4. Detection of RT-PCR products

RT-PCR products were electrophoresed in 1.4% agarose
gels and fixed to nylon membranes by downward capillary
transfer and UV-light cross-linking. Membranes were

Žrinsed in wash buffer 0.15 M NaCl, 0.1 M Tris HCl, pH
. Ž .7.5 and blocked in blocking reagent 0.5% wrv for 1 h

at room temperature. The membranes were incubated with
Ž .anti-fluorescein antibodies 1:1000 in blocking reagent

and washed 4=5 min with wash buffer. The chemilumi-
nescence reagent, was added over the whole surface of the
membrane and incubated for 1 min. Excess reagent was
gently blotted away and the damp membrane was placed
between a plastic sheet and immediately exposed to film
for 15 min to 2 h at room temperature. The film image was

Žacquired with a flat-bed scanner using Photoshop Adobe
.System and the density of the bands analyzed by NIH
Žprogram freeware, National Institutes of Health, Bethesda,
.MD, USA .

2.5. Animal treatments

ŽCold swim stress: male Sprague-Dawley rats approx.
.250 g were forced to swim in an 188C water tank for 15
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min and either killed immediately or following a 30 min
recovery period. Tissues were dissected and stored at
y708C until used. Control animals were removed from
cages and immediately killed. All animals were previously
handled daily for at least three days. The handling con-
sisted in transporting the animals from the animal room to
the experimental room, holding the rats for about 1 min
and returning them to the cage and to the animal room.

ŽRestrain stress: male Sprague-Dawley rats approx. 250
.g which had been pre-handled as described above were

placed in a perforated cylindrical clear plastic tube for 45
Ž . Žmin for either one session acute or for 2 daily sessions 8

. Ž .a.m. and 6 p.m. for 7 days chronic . Animals were killed
Ž .immediately after the acute session 8.45 a.m. or 14 h

Ž .8.45 a.m. after the last chronic treatment. Tissues were
dissected and stored at y708C. Control animals were
handled daily for 7 days and killed.

Dexamethasone treatment: male Sprague-Dawley rats
Ž .approx. 250 g were handled daily for a week and injected
subcutaneously daily for 7 days with either saline or

Ž .dexamethasone 4 mgrkg . Animals were killed 24 h after
the last dexamethasone treatment, tissues were dissected
and stored at y708C.

All animal treatments were carried out in accordance to
Žthe Guide for Care and Use of Laboratory Animals US

Department of Health and Human Services, National Insti-
.tutes of Health, Bethesda, MD, USA .

2.6. Statistical analysis

Data were analyzed by Student’s t-test for independent
means. Results are expressed as means"S.E.M. through-
out the study.

3. Results

3.1. EÕaluation of the non-radioactiÕe single-tube RT-PCR
technique

The non-radioactive single-tube RT-PCR technique used
was designed to yield quantification of mitochondrial ben-
zodiazepine receptor RNA from small tissue samples rela-
tive to an internal standard. The reaction parameters were
adjusted to obtain a linear relationship between number of

Ž .PCR cycles and RT-PCR products not shown and be-
Žtween initial amount of RNA and RT-PCR products Fig.

.1 . It can be seen that for both mitochondrial benzodi-
azepine receptor and GAPDH a linear increase in RT-PCR
products was measured by increasing the initial RNA
content from 0.05 to 0.5 mg, while the ratio between the

Ž .two amplified products remained nearly constant Fig. 1 .
The same was observed for the amplification of b-actin

Ž .mRNAs not shown . Variation within triplicate measure-
ments was not greater than 15%.

Ž . Ž .Fig. 1. Mitochondrial benzodiazepine receptor q and GAPDH =

Ž .RT-PCR products and their ratio ` co-amplified from kidney RNA.
Values are expressed in arbitrary units of optical density of the bands on
the photographic film following chemiluminescence detection of the
RT-PCR products. Each point is the average of triplicate measurements,
where the maximum variation observed for each point was less than 15%
Ž .error bars are omitted for clarity . The lines were drawn by linear
regression of the scatter points. The r values for mitochondrial benzodi-
azepine receptor and GAPDH linear regressions were 0.98 and 0.93,
respectively.

3.2. RelatiÕe expression of mitochondrial benzodiazepine
receptor gene in different organs

Amplification from an equivalent amount of mRNA, as
measured by optical density at ls260, from different
tissues of control animals indicated that the mitochondrial
benzodiazepine receptor gene is expressed at different

Ž .levels in various tissues Fig. 2 and that the relative
amounts of mitochondrial benzodiazepine receptor mRNA
is in good correlation to known amounts of mitochondrial
benzodiazepine receptor binding sites in the same tissues
Ž .Anholt, 1986 . For this experiment, the mitochondrial
benzodiazepine receptor mRNA values, expressed as per-

Fig. 2. RT-PCR products of mitochondrial benzodiazepine receptor
mRNA. Values are expressed as percentage of adrenal gland RT-PCR
products. Tissues were dissected as described, brain was an aliquot of a
total brain homogenate. Values are averages of 2 measurements from

Žeach tissue repeated for 5 different animals. Equal amounts of RNA 0.3
.mg was used for each sample. Error bars indicate S.E.M.
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Fig. 3. RT-PCR products of mitochondrial benzodiazepine receptor mRNA
from tissues of rats subjected to forced swim stress expressed as ratio of
actin or GAPDH RT-PCR products. Measurements from rats killed 15

Ž . Ž .min hatched columns or 45 min shaded columns after initiation of the
Ž15 min swim stress are expressed as percentage of control animals open

. )columns . Statistically different from controls of the same tissue,
Student’s t-test, P -0.05, ns5–8.

centage of adrenal gland levels, were calculated from the
absolute values of RT-PCR products as opposed to as a
ratio of an internal standard because both standards, actin
and GAPDH, are differentially expressed in the various
tissues.

3.3. Effect of experimentally induced stress on mitochon-
drial benzodiazepine receptor gene expression

When rats were subjected to swim stress and compared
to control animals no significant difference in the level of

Fig. 4. RT-PCR products of mitochondrial benzodiazepine receptor RNA
from tissues of rats subjected to restraint stress expressed as a ratio of
actin or GAPDH RT-PCR products. Measurements from rats sacrificed

Ž .immediately after acute treatment hatched columns or 14 h after chronic
Ž .treatment shaded columns are expressed as percentage of control ani-

Ž . )mals of each group open columns . Statistically different from control
of the same tissue, Student t-test, P -0.05, ns5–8.

mitochondrial benzodiazepine receptor mRNA was ob-
served in any of the tissues tested with the apparent
exception of the olfactory bulb when mitochondrial benzo-
diazepine receptor mRNA was expressed as mitochondrial

Žbenzodiazepine receptorrGAPDH RT-PCR products Fig.
.3 . However, analysis of the absolute values of mitochon-

drial benzodiazepine receptor and GAPDH RT-PCR prod-
Ž .ucts Table 1 for these tissues indicate that a change in

expression had occurred in GAPDH rather than mitochon-
drial benzodiazepine receptor mRNA levels. This was
confirmed by measurement of actin mRNA where neither
the values of actin, mitochondrial benzodiazepine receptor
or mitochondrial benzodiazepine receptorractin were sig-

Table 1
Measurement of RNA levels for GAPDH, actin and mitochondrial benzodiazepine receptor by RT-PCR

a b cŽ . Ž .Stress paradigm tissue RT-PCR products % of control animals
eGAPDH Actin MBR MBR MBR GAPDH MBR actin

f i iŽ .Swim stress, 15 min olfactory bulb 85.3"17.8 ND 105.3"11.7 ND 145.6"13.8 ND
f i iŽ .Swim stress, 45 min olfactory bulb 49.5"10.3 100.3"1.2 91.1"15.2 120.4"8.1 187.3"22.9 120.5"10.1

g Ž .Restraint stress, acute adrenal gland 81.6"5.54 98.6"2.8 96.2"3.1 82.3"4.3 107.3"6.5 85.2"9.5
g i iŽ .Restraint stress, chronic adrenal gland 135.4"10.4 88.6"6.4 102.6"2.7 93.9"9.2 62.9"6.5 111.6"7.5

h i i i iŽ .Dexamethasone injection adrenal gland 83.5"12.6 85.6"13 61.8"13.2 67.9"12.6 63.7"5.5 72.8"11.5

a Male Sprague-Dawley’s were subject to treatments that either induce or mimic stress, as described in Section 2.
b For each treatment, the adrenal gland, kidney, testes and olfactory bulb were tested, only selected results are reported here. All other tissues showed

Ž .non-statistically significant changes Student t-test, P)0.05 .
c Ž .Data are expressed as percentage of the value obtained in the control group of each experiment as described in Section 2 Average"S.E.M., ns5–8 .
d Ž .Relative mitochondrial benzodiazepine receptor MBR values obtained from experiments of co-amplification with GAPDH.
e Ž .Relative mitochondrial benzodiazepine receptor MBR values obtained from experiments of co-amplification with actin.
f Time animals were killed following initiation of swim stress. All animals were forced to swim for 15 min.
g Ž . Ž .Restraint was carried out as described, once acute and the animals were immediately killed, or twice daily for 7 days chronic and the animals were
killed 14 h after the last restraint.
h Ž .Dexamethasone 4 mgrkg was injected subcutaneously daily for 7 days and the animals were killed 24 h after the last injection.
i Ž .Statistically different from the control animals of the respective treatment Student t-test, P-0.05 .
ND, not determined.
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nificantly changed in olfactory bulb of stressed animals as
Ž .compared to control animals Fig. 3, Table 1 .

Both acute and chronic restraint stress also failed to
produce measurable changes in relative amounts of mito-

Ž .chondrial benzodiazepine receptor mRNA Fig. 4 Again,
we observed an unexpected change in GAPDH expression
in the adrenal gland of restraint-stressed rats and amplifica-
tion of actin mRNA confirmed that no real changes had
occurred in mitochondrial benzodiazepine receptor gene
expression in any of the tissues studied. Analysis of abso-
lute values of mitochondrial benzodiazepine receptor, actin
and GAPDH and their ratios confirm this observation
Ž .Table 1 .

3.4. Effect of dexamethasone injections on mitochondrial
benzodiazepine receptor gene expression

To approximate the effect of stress rats were injected
Ž .with dexamethasone 4 mgrkg daily for 7 days. This

treatment had an effect on the body weight of the animals.
The weight of saline injected rats increased from an aver-
age of 220"7.1 to 246"5.8 g over the 7 days, in
contrast, the weight of dexamethasone-treated rats de-
creased from 216"6.1 g to 176"2.9 g. Chronic injection
of dexamethasone caused a significant decrease of relative
levels of mitochondrial benzodiazepine receptor mRNA in
the adrenal gland of treated rats as compared to saline

Ž .injected animals Fig. 5 . To confirm this result we also
amplified actin mRNA from adrenal glands of dexametha-
sone treated rats and we observed a relative decrease of

Ž .mitochondrial benzodiazepine receptorractin Fig. 5 while
the absolute values of neither GAPDH nor actin were

Ž .changed Table 1 .

Fig. 5. RT-PCR products of mitochondrial benzodiazepine receptor RNA
Ž .from tissues of dexamethasone-injected rats 4 mgrkg expressed as a

ratio actin or GAPDH RT-PCR products. Measurements from rats sacri-
Ž .ficed 24 h after the last dexamethasone injection hatch columns are

Ž .expressed as percentage of saline injected animals open columns .
) Statistically different from control of same tissue, Student t-test, P -

0.05, ns5–8.

4. Discussion

Our study indicates that dexamethasone can alter mito-
chondrial benzodiazepine receptor gene expression while
three stress paradigms did not produce statistically signifi-
cant changes. The RT-PCR technique described here was
designed to measure relative amounts of specific mRNA
from small tissue samples without the use radioactive
materials. The quantitation of the RT-PCR products via
antibody overlay and chemiluminescence reaction does
involve additional steps as compared to radioactive nu-
cleotide incorporation or ethidium bromide staining. How-
ever, radioactive nucleotides are more hazardous, labile
and expensive, while ethidium bromide staining is not as
sensitive. We routinely stained all gels with ethidium
bromide and for some experiments RT-PCR products were
not visible by ethidium bromide but yielded measurable
bands by chemiluminescence detection. A major advantage
of the described RT-PCR protocol is that it allows use of
small amount of RNA and a low number of PCR cycles.
This ensures a linear relationship between initial template
RNA and final RT-PCR product over a 10 fold range of

Ž .mRNA concentration Fig. 1 . During the course of this
Ž .study Kell et al. 1995 described a similar technique

which also demonstrated the feasibility of chemilumines-
cence-RT-PCR for measuring relative amounts of mRNAs.
A common limitation of both the technique described here

Ž .and that of Kell et al. 1995 , is that we did not observe a
1:1 relationship between increase of RNA and increase of

Ž .RT-PCR product Fig. 1 . This is probably due to both
limits of PCR amplification efficiency and the sensitivity
of the photographic films. The implication of this problem
is that it limits the sensitivity of the technique for detecting
small changes of mRNA levels. Because a doubling in
initial amount of RNA resulted in only a 30–40% increase
in RT-PCR products, it follows that less than a 50%
change would not be reliably detected as we observed
experimental variation in sample measurements up to 15%
Ž .data not shown . In this respect although RT-PCR allows
work with much smaller amounts of RNA it is not more
sensitive than other techniques such as Northern blot or
RNAse protection assay in detecting small quantitative
changes in specific mRNA species. However, the fact that
we observed only up to 15% variation among triplicate
measurements indicates that the technique is suitable for
semi-quantitative studies.

The unexpected observed changes in the house-keeping
gene GAPDH in olfactory bulbs of swim-stressed animals
and adrenal glands of restraint-stressed animals reinforces
the importance of critically analyzing any apparent ob-
served changes of a mRNA species expressed as a ratio of
an internal control. GAPDH is widely used as an internal

Ž .control for gene expression studies Apanakis, 1993 as its
expression is unaffected by many treatments including

Ž .glucocorticoids Fukumoto et al., 1992 . However, insulin
Žhas been reported to alter GAPDH expression Alexander-
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.Bridges et al., 1992 . In this work we have observed
GAPDH mRNA changes in GAPDH only in two tissues,
olfactory bulb and adrenal under different experimental
conditions, and it would be difficult to attribute the change
to the action of insulin. There is an unpredictable risk in
using internal standards for any biological study. Accord-
ingly, in this work we have examined the absolute values
of each amplification product to test whether they were
affected by the treatment given and additionally expressed
mitochondrial benzodiazepine receptor mRNA level both
as a ratio of GAPDH and of actin mRNA.

Measurement of mitochondrial benzodiazepine receptor
RNA in various tissues indicated that the adrenal gland
contained the highest amount, followed by kidney, olfac-
tory bulb, testis and brain. With the exception of the lower
than expected level of testis mitochondrial benzodiazepine
receptor mRNA, the relative distribution of mitochondrial
benzodiazepine receptor mRNA correlates well with the
known distribution of mitochondrial benzodiazepine recep-

Ž .tor binding sites Anholt, 1986; DeSouza et al., 1985 . It
must be realized that because both actin and GAPDH are
differentially expressed in the tissues studied the reported
values for mitochondrial benzodiazepine receptor mRNA
are not corrected for an internal standard and thus could be
subject to error in the calculation of the initial amount of
RNA.

Neither the acute nor the chronic stressors employed
here were able to induce measurable changes in mitochon-
drial benzodiazepine receptor mRNA in the tissues studied.
This is in apparent contrast to several studies on ligand
binding to mitochondrial benzodiazepine receptor where
acute stress caused an increase and chronic stress a de-
crease in binding to mitochondrial benzodiazepine receptor
in specific tissues. Of particular relevance is the report of

Ž .Novas et al. 1987 which described a decrease in mito-
chondrial benzodiazepine receptor binding in rat olfactory
bulb and kidney following cold swim stress. In the work of

Ž .Novas et al. 1987 the rats were not previously handled
like in our study. The rationale of habituating the animals
to handling is to reduce stress response induced by the

Ž .handling on the day of the experiment. Biggio et al. 1981
for example, have reported a difference in gamma amino-
butyric acid binding in some rat brain areas following
chronic prehandling and concluded that the differences in
receptor density was caused by the stress of the handling at
the time of killing in the non-handling-habituated rats,
which argues in favor of prehandling the rats. Incidentally
in a previous experiment in which we had not prehandled
the rat we also did not observe a swim-stress induced
change in mitochondrial benzodiazepine receptor mRNA
Ž .results not shown . It would however be of interest to
determine whether handling itself alters the mRNA expres-
sion andror mRNA levels of this receptor. Post-transcrip-
tional mechanisms of receptor regulation, such as confor-
mational changes or phosphorylation could be proposed to
explain changes in receptor density, especially in the case

of acute stress where changes in binding were reported to
Žoccur within 15–30 min Novas et al., 1987, Ferrarese et

.al., 1991 . It has been reported that mitochondrial benzodi-
azepine receptors undergo affinity changes within seconds

Ž .of hormone stimulation Boujard et al., 1994 . The mito-
chondrial benzodiazepine receptor has been shown to con-
tain phosphorylation sites and to undergo phosphorylation
in vitro, however the role of phosphorylation in regulation
of mitochondrial benzodiazepine receptor function has not

Ž .yet been clarified Whalin et al., 1994 . Additionally, it
could be speculated that chronic stress alters gene regula-
tion of the other putative subunits of the mitochondrial

Ž .benzodiazepine receptor complex Krueger, 1995 affect-
ing mitochondrial benzodiazepine receptor binding in this
manner. We have not performed binding studies to estab-
lish whether the receptor protein had changed following
the stress paradigms. Such measurements would have been
useful to confirm and expand the present volume of pub-
lished data on the stress-induced changes in mitochondrial
benzodiazepine receptor binding. However, given that the
experimental paradigms used are known to induce stress,
performing receptor binding was not in line with our main
point of interest, namely whether mitochondrial benzodi-
azepine receptor gene expression studies can be readily
used for assessing stress responses. It can be concluded,
that at least in the tissues studied, measurements of stress-
induced changes in mitochondrial benzodiazepine receptor
gene expression is not a suitable approach for understand-
ing the role of this protein in the response to stress. The
data however, should not be interpreted as a lack of
stress-induced change in mitochondrial benzodiazepine re-
ceptor function.

In this work we observed that chronic injection of
Ž .dexamethasone 4 mgrkg caused a significant decrease in

adrenal gland mitochondrial benzodiazepine receptor
mRNA. This chronic dose of dexamethasone is known to
decrease the number of corticosteroid receptors in the
brain in a way similar to that of chronic stress, thus
affecting feedback inhibition via the hypothalamus pitu-

Ž .itary axis Sapolsky and McEwen, 1985 . It is therefore
difficult to explain why in this work we observed a
dexamethasone-induced change in mitochondrial benzodi-
azepine receptor mRNA, but not a corresponding effect
induced by chronic restraint stress, which is known to

Ž .elevate glucocorticoids levels Delbende et al., 1991 . Pos-
sibly the restraint stress did not elevate glucocorticoids to a
level equivalent to that of the injected dexamethasone.
Alternatively, it maybe that certain effects of glucocorti-
coids are normally inhibited or counteracted by other

Žstress-induced factors such as CRF corticotropin releasing
. Ž .factor or ACTH adrenocortocotropin hormone There-

fore, some glucocorticoid-induced effects, including down
regulation of mitochondrial benzodiazepine receptor gene
expression, would be detected in the dexamethasone-treated
rats but not in the stress-stimulated animals. It has also
been reported that chronic injection of dexamethasone can
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lead to a reduction in the weight of the adrenal gland
Ž .Calogero et al., 1990 . We did not perform a detailed
analysis of morphological changes of the adrenal gland,
although we have noticed a decrease in total body weight
of the dexamethasone-treated animals. As we used the
whole adrenal gland for RNA preparation, and expressed
mitochondrial benzodiazepine receptor level as ratio of the
internal standards, the observed reduction of mitochondrial
benzodiazepine receptor mRNA in dexamethasone-treated
animals could also be explained by specific degeneration
of adrenal cortex cells which, within the adrenal gland,
preferentially express mitochondrial benzodiazepine recep-
tor. A detailed in situ hybridization study would be re-
quired to fully address this possibility. It is interesting to
note that certain steroids inhibit ligand binding to the

Žmitochondrial benzodiazepine receptor in vitro Deckert
.and Marangos, 1986 . If this occurred also in vivo it may

work in parallel to the possible reduction of mitochondrial
benzodiazepine receptor density due to the here reported
decrease in mRNA. It has also been reported that food
deprivation causes a reduction in mitochondrial benzodi-

Ž .azepine receptor binding Weizman et al., 1990 . It may be
speculated that dexamethasone, which caused a reduction
in body weight in the injected animals, elicited a starva-
tion-like effect that could have been responsible for the
reduction in mitochondrial benzodiazepine receptor mRNA.

Ž .The in vitro work of Oberto et al. 1995 has clearly
indicated that the mitochondrial benzodiazepine receptor
gene promoter contains both positive-acting and negative-
acting regulatory sites and the present work supports that
regulation of this gene occurs also in vivo as indicated by
the fact that the distribution of the mitochondrial benzodi-
azepine receptor mRNA correlates with the reported differ-
ential expression of mitochondrial benzodiazepine receptor
binding sites and that dexamethasone appears to alter
mitochondrial benzodiazepine receptor gene expression in
vivo. With respect to the involvement of the mitochondrial
benzodiazepine receptor in stress, in this work no stress-in-
duced mitochondrial benzodiazepine receptor changes were
detected suggesting that the previously reported stress-in-
duced receptor density changes may have occurred via
mechanisms other than alteration of gene expression. How-
ever, since we have not measured ligand binding in our
stress paradigms, we can only comment that stress does
not seem to induce wide-spread changes of mitochondrial
benzodiazepine gene expression even in tissues where
these receptors are most enriched. The administration of
other hormones, steroids, receptor antagonists and other
stress paradigms followed by both RNA measurement and
binding studies are required to elucidate the complex
regulation of the mitochondrial benzodiazepine receptor.

Acknowledgements

We would like to thank Dr. Robert Holdefer and Prof.
Basil A. Baldwin for critically reviewing this manuscript

and Dr. Sakol Panyim for the use of laboratory facilities at
the Molecular Genetics and Genetic Engineering Center,
Mahidol University, Salaya, Thailand. This work was sup-
ported by a Mahidol University research grant to C.C.

References

Alexander-Bridges, M., Dugast, I., Ercolani, L., Kong, X.F., Giere, L.,
Nasrin, N., 1992. Multiple insulin-responsive elements regulate tran-
scription of the GAPDH gene. Adv. Enzyme Regul. 32, 149.

Anholt, R.R.H., 1986. Mitochondrial benzodiazepine receptors as poten-
tial modulators of intermediary metabolism. Trends Pharmacol. Sci. 7,
506.

Apanakis, E., 1993. Problems related to the interpretation of autoradio-
graphic data on gene expression using constitutive transcripts as
controls. Nucleic Acids Res. 21, 3809.

Benavides, J., Quateronet, P., Imbault, F., Malgouris, C., Uzan, A.,
Renault, C., Dubroeucq, M.C., Gueremy, C., LeFur, G., 1983. La-
belling of peripheral type benzodiazepine binding sites in the rat using
w3 xH PK11195, an isoquinoline carboxamide derivative, kinetic studies
and autoradiographic localization. J. Neurochem. 41, 1744.

Biggio, G., Corda, M.G., Concas, A., Demontis, G., Rossetti, Z., Gessa,
G.L., 1981. Rapid changes in GABA binding induced by stress in
different areas of the rat brain. Brain Res. 229, 363.

Blahos, J., Whalin, M.E., Krueger, K.E., 1995. Identification and purifi-
cation of a 10 kDa protein associated with mitochondrial benzodi-
azepine receptors. J. Biol. Chem. 270, 20285.

Boujard, N., Gaillard, J.L., Garnier, M., Papadopoulos, V., 1994. Acute
action of choriogonadotropin on Leudig cell tumors. Induction of a
high affinity benzodiazepine-binding site related to steroid biosynthe-
sis. Endocrinology 135, 1576.

Canat, X., Carayon, P., Bouaboula, M., Cahard, D., Shire, D., Roque, C.,
LeFur, G., Casellas, P., 1993a. Distribution profile and properties of
peripheral benzodiazepine receptors on human homopoietic cells. Life
Sci. 52, 1993.

Canat, X., Guillamont, A., Bauaboula, M., Poinot-Chazel, C., Derocq,
J.M., Carayon, P., LeFur, G., Casellas, P., 1993b. Peripheral benzodi-
azepine receptor modulation with phagocyte differentiation. Biochem.
Pharmacol. 46, 551.

Calogero, A.E., Kamilaris, T.C., Johnson, E.O., Tartaglia, M.E., Chrousos,
G., 1990. Recovery of the rat hypothalamic pituitary adrenal axis after
discontinuation of prolonged treatment with the synthetic glucocorti-
coid agonist dexamethasone. Endocrinology 127, 1574.

Casalotti, S.O., Pelaia, G., Yakovlev, A.G., Csikos, T., Grayson, D.R.,
Krueger, K.E., 1992. Structure of the rat gene encoding the mitochon-
drial benzodiazepine receptor. Gene 121, 377.

Chomczynski, P., Sacchi, N., 1987. Single-step method of RNA isolation
by acid guanidinium thiocyanate–phenol–chloroform extraction. Anal.
Biochem. 162, 156.

Dar, D.E., Weizman, A., Karp, L., Grinshpoon, A., Bidder, M., Kotler,
M., Tyano, S., Bleich, A., Gavish, M., 1991. Platelet peripheral
benzodiazepine receptors in repeated stress. Life Sci. 48, 341.

Deckert, J., Marangos, P.J., 1986. Hormonal interactions with benzodi-
azepine binding sites in vitro. Life Sci. 39, 675.

Delbende, C., Contesse, V., Mocaer, E., Kamoun, A., Vaudry, H., 1991.
The novel antidepressant, tianeptine, reduces stress evoked stimula-
tion of the hypothalamus–pituitary–adrenal axis. Eur. J. Pharmocol.
202, 391.

DeSouza, E.B., Anholt, R.R.H., Murphy, K.M.M., Snyder, S.H., Kuhar,
M.S., 1985. Peripheral-type benzodiazepine receptors in endocrine
organs: Autoradiographic localization in rat pituitary, adrenal and
testis. Endocrinology 116, 567.

Drugan, R.C., Basile, A.S., Crawley, J.N., Paul, S.M., Skolnick, P., 1988.
w3 xCharacterization of stress-induced alterations in H Ro5-4864 bind-



( )P. Siripurkpong et al.rEuropean Journal of Pharmacology 331 1997 227–235 235

ing to peripheral benzodiazepine receptors in rat heart and kidney.
Pharmacol. Biochem. Behav. 30, 1015.

Drugan, R.C., Holmes, P.V., 1991. Central and peripheral benzodiazepine
receptors: Involvement in an organisms response to physical and
psychological stress. Neurosci. Biobehav. Rev. 15, 277.

Duskas, K., Sarfati, P., Vaysse, N., Pradayrol, L., 1993. Quantitation of
changes in the expression of multiple genes by simultaneous poly-
merase chain reaction. Anal. Biochem. 215, 66.

Ferrarese, C., Mennini, T., Pecora, N., Pierpaoli, N., Frigo, C., Marzorati,
M., Gobbi, C., Bizzi, M., Cadegoni, A., Garattini, A., Frattola, L.,

Ž .1991. Diazepam binding inhibitor DBI increases after acute stress in
rats. Neuropharmacology 30, 1445.

Ferrarese, C., Apollonio, I., Frigo, M., Perego, M., Piolti, R., Trabucchi,
M., Frattola, L., 1990. Decreased density of benzodiazepine receptors
in lymphocytes of anxious patients: Reversal after chronic diazepam
treatment. Acta Psychiatr. Scand. 82, 169.

Fukumoto, S., Allan, E.H., Zeheb, R., Gelehrter, T.D., Martin, J., 1992.
Glucocorticoid regulation of plasminogen activator inhibitor-1 mes-
senger ribonucleic acid and protein in normal and malignant rat
osteoblasts. Endocrinology 130, 797.

Gonzales-Solveyra, C.G., Romeo, H.E., Rosenstein, R.E., Estevez, A.G.,
Cardinali, D.P., 1988. Benzodoazepine binding sites in rat interscapu-
lar brown adipose tissue: Effect of cold environment, denervation and
endocrine ablations. Life Sci. 42, 393.

Jung-Testas, I., Hu, Z.Y., Balieu, E.E., Robel, P., 1989. Neurosteroids:
Biosynthesis of pregnenolone and progesterone in primary cultures of
rat glial cells. Endocrinology 125, 2083.

Karp, L., Weizman, A., Tyano, S., Gavish, M., 1989. Examination stress,
platelet peripheral benzodiazepine binding sites and plasma hormone
levels. Life Sci. 44, 1077.

Kell, W.M., LeClaire, R.D., Schmidt, R., Langford, M., 1995. A rapid
immmunochemiluminescence RT-PCR method for temporal measure-
ment of induced nitric oxide synthase mRNA in macrophage and
endothelial cells. Methods Mol. Cell Biol. 5, 105.

Krueger, K.E., 1995. Molecular and functional properties of mitochon-
drial benzodiazepine receptors. Biochim. Biophys. Acta 1241, 453.

Krueger, K.E., Papadopoulos, V., 1992. Mitochondrial benzodiazepine
receptors and the regulation of steroid biosynthesis. Annu. Rev.
Pharmacol. Toxicol. 32, 211.

Lin, D., Sugawara, T., Strauss III, J.F., Clark, B.J., Stocco, D.M.,
Saenger, P., Rogol, A., Miller, W.L., 1995. Role of steroidogenic
acute regulatory protein in adrenal and gonadal steroidogenesis. Sci-
ence 267, 1828.

McEnery, M.W., Snowman, A.M., Trifiletti, R.R., Snyder, S.H., 1992.
Isolation of the mitochondrial benzodiazepine receptor: Association
with the voltage-dependent anion channel and the adenine nucleotide
carrier. Proc. Natl. Acad. Sci. USA 89, 3170.

Novas, M.L., Medina, J.H., Calvo, D., DeRobertis, E., 1987. Increase of
peripheral-type benzodiazepine binding sites in kidney and olfactory
bulb in acutely stressed rats. Eur. J. Pharmacol. 135, 243.

Oberto, A., Longone, P., Krueger, K.E., 1995. Identification of three
transcriptional regulatory elements in the rat mitochondrial benzodi-
azepine receptor-encoding gene. Gene 167, 255.

Parola, A.L., Yamamura, H.I., Laird II, H.E., 1993. Peripheral-type
benzodiazepine receptors. Life Sci. 52, 1329.

w3 xQuirion, R., 1984. High density of H Ro 5-4864 ‘peripheral’ benzodi-
azepine binding sites in the pineal gland. Eur. J. Pharmacol. 102, 559.

Sapolsky, R.M., McEwen, B.S., 1985. Down-regulation of neural cortico-
sterone receptors by corticosterone and dexamethasone. Brain Res.
339, 161.

Sprengel, R., Werner, P., Seeburg, P.H., Mukhin, A.P., Santi, A.G.,
Grayson, M.R., Guidotti, A.G., Krueger, K.E., 1989. Molecular
cloning and expression of cDNA encoding a peripheral-type benzodi-
azepine receptor. J. Biol. Chem. 264, 20415.

Snyder, S.H., Verma, A., Trifiletti, R.R., 1987. The peripheral-type
benzodiazepine receptor: A protein of mitochondrial outer membranes
utilizing porphyrins as endogenous ligands. FASEB J. 1, 282.

Syapin, P.J., Skolnick, P., 1979. Characterization of benzodiazepine
binding sites in cultured cells of neuronal origin. J. Neurochem. 32,
1047.

Verma, A., Snyder, S.H., 1989. Peripheral type benzodiazepine receptors.
Annu. Rev. Pharmacol. Toxicol. 29, 307.

Weissman, B.A., Skolnick, P., Klein, D.C., 1984. Regulation of ‘periph-
eral-type’ binding sites for benzodiazepines in the pineal gland.
Pharmacol. Biochem. Behav. 21, 821.

Weizman, A., Bidder, M., Fares, F., Gavish, M., 1990. Food deprivation
modulates gamma amino butyric acid receptors and peripheral benzo-
diazepine binding sites in rats. Brain Res. 535, 96.

Weizman, R., Gavish, M., 1993. Molecular cellular and behavioral
aspects of peripheral-type benzodiazepine receptors. Clin. Neurophar-
macol. 16, 401.

Whalin, M.E., Boujrad, N., Papadopoulos, V., Krueger, K.E., 1994.
Studies on the phosphorylation of the 18 kDa mitochondrial benzodi-
azepine receptor protein. J. Receptor Res. 14, 217.


