
Biochemical Pharmacology, Vol. 46. No. 5, pp. 82L-827, 1993. CCUlf,-2%@3 S&K! + 0.00 

Printed in Great Britain. @ 1993. Pergamon Ptess Ltd 

I~ERL~U~IN-~ AND PHORBOL MYRISTATE ACETATE 
MODULATE THE PERIPHERAL-TYPE BENZODIAZEPINE 

RECEPTOR IN LYMPHOCYTES AND GLIAL CELLS 

PAUL N. MOYNAGH,* LUKE A. J. O’NEILL and D. CLIVE WILLIAMS 

Department of Bi~hemist~, Trinity College, University of Dublin, Dublin 2, Ireland 

(Received 2 April 1993; accepted 7 June 1993) 

Abstract-High affinity “peripheral-type” benzodiazepine binding sites were detected in an interleukin- 
1 (IL-l) responsive murine thymoma cell line EL4.NOB-I. Exposure of these cells to IL-1 over a 
period of at least 24 hr resulted in down-regulation of the binding sites. This effect was inhibited by 
the IL-I receptor ~tagonist (IL-IRA) which in these cells inhibits IL-l binding to the type I IL-1 
receptor. Phorbol my&ate acetate (PMA), another activator of EL?.NOB-1 cells, had an opposite 
effect to IL-l in that it increased binding site expression dramatically suggesting different mechanisms 
of action for these two effecters. IL-l produced a similar response in the rat glioma cell line C6 whereas 
PMA was ineffective. Such modulation of the peripheral-type benzodiazepine receptor may provide an 
insight into its physiological role and its possible participation in IL-1 actions in different cells. 

Interleukin-1 (IL-l?) is a 17.5 kDa polypeptide 
hormone produced by many cell types including 
macrophages, keratinocytes and brain glial cells 
[l-3]. The ubiquitous distribution of IL-1 in diverse 
tissues has accordingly suggested an equally 
pleiotypic range of biological activities. The most 
rigorously studied biological effect of IL-l has been 
its proposed role in the immune system as a pro- 
inflammatory molecule [4] and thus an important 
mediator of host responses to microbial and 
inflammatory diseases. Some of the potent biological 
activities ascribed to IL-1 appear to be mediated via 
the central nervous system. These include the 
induction of fever, slow-wave sleep and sickness 
syndrome [5]. Moreover, IL-l has been shown to 
stimulate astrocytic growth and is detected in the 
brain upon cerebral trauma suggestive of a role in 
brain cell repair and viability [6]. Possible clues as 
to the basis of the effects of IL-1 in the central 
nervous system have come from a recent report 
suggesting an association between IL-1 and the 
peripheral-type benzodiazepine receptor in brain 
(71. 

The peripheral-type benzodiazepine receptor 
differs from the central-type henzodiazepine receptor 
(associated with the neuronal GABAA receptor) in 
its pharmacolo~cal specificity and its anatomical and 
su~llular dist~bution [S]. The peripheral receptor 
is predominantly localized in the mitochondrial outer 
membrane [9, lo] and is present in both peripheral 
tissues and in glia in the central nervous system 
[ll, 121. It can be specifically labelled with ligands 
such as [3H]Ro 5-4864 and [3H]PK 11195, which 
have very low affinity for the central receptor 

* Corresponding author. Tel. (353) l-7021802; FAX 
(353) l-772400. 

t Abbreviations: FCS, foetal calf serum; IL-l, inter- 
leukin-1; IL-lRA, IL-1 receptor antagonist; PMA, phorbol 
my&ate acetate; DMEM, Dulbecco’s modified Eagle’s 
medium. 

[ 13,141. The peripheral receptor and its ligands have 
been proposed to play roles in a kaleidoscope of 
biological phenomena most notably stimulation of 
steroidogenesis [15,16]. However, a complete 
mechanistic understanding of the involvement of the 
peripheral receptor in such a process remains to be 
resolved. 

A recent report has suggested that IL-1 can 
increase the expression of the peripheral-type 
benzodiazepine receptor in brain [7] which may be 
an important response of brain tissue to injury. The 
mechanism of this modulation and its importance 
for the more general effects of IL-1 in brain have 
not been deduced. In order to extend these studies 
this work assessed the ability of IL-1 to regulate 
directly the expression of the peripheral receptor in 
two cell types: the murine thymoma line EL4. NOB- 
1, which has previously been used in IL-l receptor 
and signalling studies [17,18] and the rat glioma line 
C6, commonly used in the study of glial cell function 
and previously shown to be rich in the peripheral- 
type benzodiazepine receptor [19]. IL-1 was found 
to down-regulate expression in both cell types, an 
observation which is likely to be a first step in 
probing the possible role of the peripheral-type 
benzodiazepine receptor in IL-l-mediated effects in 
different cell types. 

MATERIALS AND METHODS 

Materials. The murine thymoma ELA.NOB-1 and 
rat glioma C6 lines were obtained from the European 
Collection of Animal Cell Cultures (Salisbury, 
U.K.). RPM1 1640, Dulbecco’s modified Eagle’s 
medium (DMEM) and foetal calf serum (FCS) were 
from Seromed (Frickenhausen, Germany). Trypsin 
was from GIBCO (Paisley, U.K.). Recombinant 
human IL-la and /3 were gifts from Dr Jeremy 
Saklatvala (Strangeways Research Laboratory, 
Cambridge, U.K.). Recombinant human IL-1 
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Fig. 1. Binding of [3H]PK 11195 and [3H]R~ 54864 to ELA.NOB-1 and C6 homogenates. Homogenates 
of (a) EIA.NOB-1 (12Opg protein) and (b) C6 cells (4Opg protein) were assayed in triplicate for 
binding of 04OnM [3H]PK 11195 (8Ci/mmol) (0) or &20 nM [3H]Ro 5-4864 (lOCi/mmol) (0) as 
described in Materials and Methods. The lines represent the best fits to rectangular hyperbolae each 
of which describes the binding of ligand to a single class of binding sites [22]. The data are shown in 

the form of Scatchard plots for clarity. 

receptor antagonist (IL-1RA) was given by Dr 
Robert Thompson (Synergen Inc., Boulder, CO, 
U.S.A.). Phorbol myristate acetate (PMA) was from 
the Sigma Chemical Co. (Poole, U.K.). [3H]PK 
11195 (869Ci/mmol) and [3H]R~ 5-4864 (90 Ci/ 
mmol) were from NEN (Dreieich, Germany). PK 
11195 was a gift from Dr Gerard Le Fur (Pharmuka 
Laboratories, Gennevilliers, France). Ro 5-4864 was 
from Fluka Chemicals (Glossop, U.K.). 

Cell culture. The murine thymoma ELA.NOB-1 
cell line was cultured in RPM1 1640 containing 10% 
FCS and the rat glioma C6 cell line in DMEM 
containing 10% FCS. The cells were maintained at 
37” in a humidified atmosphere of 5% CO?. C6 
glioma were passaged using 0.25% trypsin in DMEM. 
Both cell types were stimulated in serum-containing 
medium at 37” for all experiments. 

Preparation of cell homogenates. EL4.NOB-1 and 
C6 were stimulated with various concentrations of 
IL-la, IL-l@ or PMA for different time periods. In 
some experiments, cells were pre-treated with IL- 
RA for 1 hr prior to IL-l/PMA treatment. 
Stimulation was terminated by washing the cultures 
twice with ice-cold 50 mM Tris-HCl buffer, pH 7.4. 
Each wash in the case of EIA.NOB-1 consisted of 
gentle trituration of pelleted cells in the above buffer 
followed by centrifugation at 15OOg for 5 min. 
ELA.NOB-1 were thus obtained in pellet form whilst 
C6 were harvested, subsequent to washing, by 
scraping into the above buffer and centrifuging at 
1500g for 5 min. Cell pellets were resuspended in 
this buffer using an Ultra-Turrax homogenizer to 
give a protein concentration of 0.5-l mg/mL as 
determined by the method of Markwell et al. [20]. 
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Fig. 2. Time course of effect of IL-1 or PMA on [H]PK 11195 binding to EL4.NOB1 and C6 cells. 
Cultures of EL4.NOB-1 (a) and C6 (b) ceiis were treated with 10 ng/mL of IL-la (0) and IL-l/? (O), 
respectively, or PMA (0) for various time periods. Samples were then assayed for specihc binding of 
1 nM [3H]PK 11195 (86.9 Ci/mmol) as described in Materials and Methods. Each point is the 
mean t SEM of triplicate detestations from three different ex~~ments. Results are expressed as a 
percentage of values obtained in untreated control cultures of ceils (dashed iine). Specific bindin of 
[3H]PK 11195 to control cultures of ELA.NOB-1 and C6 cells was 1.2 k 0.1 and 6.2 zk 0.6pmol 7 mg 
protein, respectively. Significantly different (*P < 0.05, **P < 0.01) when compared to control values. 

Binding may. Homogenates (40-120 lug protein) 
were incubated in triplicate for 90 min with UO nM 
rH]PK 11195 (g-86.9 Ci/mmol) or O-20 nM r3H]Ro 
5-4864 (10-90 Ci/mmol) in 50 mM Tri+HCl buffer, 
pH 7.4, in a total volume of 0.5 mL at 4”. Total and 
non-spe~~fi~/non-saturable binding in each case was 
determined in the absence and presence of 1OpM 
unlabelled ligand, respectively. Specific/saturable 
binding was calculated from the difference between 
total and non-saturable binding. The incubation 
mixtures were filtered and counted as described 
previously f21j. Equiiib~um binding parameters 
were determined by fitting data to an equation 
describing a rectangular hyperbola by weighted non- 
linear regression [22]. 

Statistical analysis. Significance was evaluated by 
Student’s t-test for unpaired data. 

RESULTS 

~~.NOB-lthymomaandC6gliomahomogenates 
both displayed saturable high affinity binding of 
[‘HJPK 11195 and i3H]Ro 5-4864, selective iigands 
for the peripheral-type benzodiazepine receptor 
(Fig. 1). Direct fitting of the data to a rectangular 
hyperbola by non-linear regression using the method 
of Wilkinson [22] indicated in all cases ligand binding 
to a single class of site. Homogenates of ELANOB- 
1 displayed Kd values of 1.5 + 0.3 and 1.4 + 0.2 nM 
and R,, values of 2.6 k 0.2 and 1.8 f 0.1 pmol/mg 
protein for 13H]PK 11195 and t3H]Ro S-4864 binding, 
respectively, where each value represents the 
mean k residual for two different preparations. 
Similarly, homogenates of C6 demonstrated Kd 
values of 1.4 lr: 0.1 and 2.4 A 0.4 nM and B,,, values 



824 P. N. MOYNAGH, L. A. J. O’NEILL and D. C. WILLIAMS 

(a) l 

190- 

l 

170 - l . 

150 - 

130 - 

l l 
t * 

I 1 I 
.I 1 10 100 

IL-1 or PMA (nglml) 

(b) 
110 c 

IL-1 (nglml) 

Fig. 3. Effect of various concentrations of IL-1 or PMA on [‘H]PK 11195 binding to EL4.NOB-1 and 
C6 cells. Cultures of ELA.NOB-1 (a) and C6 (b) cells were exposed for 48 hr to various concentrations 
(O.l-lOOng/mL) of IL-la (0) and IL-l/3 (0). respectively. EL&NOB-l cells were also treated for 
48 hr with 0.1-50 ng/mL of PMA (0). Cultures were assayed after treatment for specific binding of 
1 nM [3H]PK 11195 (86.9 Ci/mmol) as described in Materials and Methods. Each point represents the 
mean + SEM of triplicate determinations from three separate experiments. Results are expressed as a 
percentage of values obtained in untreated control cultures of cells (dashed line). Specific binding of 
[3H]PK 11195 to control cultures of ELA.NOB-1 and C6 cells was 1.2 + 0.1 and 6.2 2 0.6pmol/mg 
protein, respectively. Significantly different (*P < 0.05, **P < 0.01) when compared to control values. 

of 23.1 + 0.7 and 12.3 + 0.6pmol/mg protein 
for [3H]PK 11195 and [3H]Ro 5-4864 binding, 
respectively. 

EL4.NOB-1 and C6 cultures were treated with 
IL-la and IL-l/3, respectively, for various time 
periods in order to assess the effect of such cytokines 
on [3H]PK 11195 binding in these cells (Fig. 2). IL- 
18 was chosen to stimulate C6 because of previous 
studies which reported human recombinant IL-@ to 
be more potent than its (Y equivalent in rat model 
systems [23,24]. Exposure to the respective forms 
of IL-l (each at a concentration of 10 ng/mL) for at 
least 24 hr resulted in significant decreases of 
[3H]PK 11195 binding in both cell types, effects 
which reached their maximum at 48 hr. The latter 
time period was used to demonstrate the dose- 

dependent decrease of [3H]PK 11195 binding activity 
by the two forms of IL-l (Fig. 3). The maximum 
effect in EL4.NOB-1 cells was obtained with IL-la 
at a concentration of lOng/mL and resulted in a 
decrease of [3H]PK 11195 binding activity to 61% 
of control levels (Fig. 3a). Similarly, [3H]PK 11195 
binding activity in C6 cells decreased maximally to 
58% of control levels in response to lOng/mL of 
IL-l/3 (Fig. 3b). 

PMA, which usually mimics IL-l effects in 
ELA.NOB-1 cells, interestingly increased the 
[3H]PK 11195 binding activity of these cells in a 
time- (Fig. 2a) and dose-dependent (Fig. 3a) manner. 
No such effect could be demonstrated in C6 cells in 
response to PMA (Fig. 2b). 

The effect of IL-1RA on the decrease of [3H]PK 
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Fig. 4. Inhibition of IL-1 effects by IL-1 receptor antagonist. Cultures of EL4.NOB-1 (a) and C6 (b) 
cells were maintained in the presence (1 and 2) and absence (3) of IL-la and IL-l/I (10 ng/mL), 
respectively, for 48 hr. Samples (2) and (3) had been pre-treated with the IL-1 receptor antagonist 
(5 pg/mL) for 1 hr. After 48 hr, cultures were assayed for specific binding of 1 nM [‘H]PK 11195 
(86.9 Ci/mmol) as described in Materials and Methods. Each value is the mean * SEM of triplicate 
determinations from three separate experiments. Results are expressed as a percentage of values 
obtained in untreated control cultures of cells (dashed line). Specific binding of [)H]PK 11195 to control 
cultures of EL4.NOB-1 and C6 cells was 1.2 + 0.1 and 6.2 2 0.6pmol/mg protein, respectively. 

Significantly different (**P < 0.01) when compared to control values. 

Table 1. Effect of IL-1 and PMA on binding parameters for the ligands, [‘HJPK 11195 and [‘H]Ro 5-4864, binding to 
EL4.NOB-1 and C6 cell homogenates 

[3H]PK 11195 [‘H]Ro 5-4864 
Control IL-1 PMA Control IL-l PMA 

ELJ.NOB-1: 
& (nM) 1.3 2 0.3 1.6 + 0.2 1.1 * 0.3 1.6 + 0.3 1.6 2 0.3 1.3 2 0.2 
B,,, (pmol/mg protein) 2.4 + 0.1 1.87 ? 0.07* 3.3 t 0.2* 1.74 + 0.09 1.34 + 0.08” 2.25 2 0.08* 

C6: 
Kd (nM) 1.4 2 0.1 1.5 + 0.3 ND 2.4 * 0.4 2.2 * 0.2 ND 
B,,, (pmol/mg protein) 23.1 2 0.7 182 l* ND 12.3 + 0.6 8.8 2 0.2* ND 

Homogenates (1OOng protein) of EL4.NOB-1 and C6 cells, previously treated with IL-la and IL-l/l (lOng/mL), 
respectively, or PMA (10 ng/mL) for 48 hr, were assayed for saturable binding of [3H]PK 11195 and [‘H]Ro 5-4864 over 
a range of radioligand concentrations. 

Binding parameters were obtained by computer analysis of the binding data using the method of Wilkinson [22]. 
Each value represents the mean 2 SEM from triplicate determinations. 
Significantly different (“P < 0.01) when compared to control levels. 
ND. not determined. 
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11195 binding activity by IL-1a:and B was examined. 
IL-1RA was preincubated for 1 hr with ELA.NOB- 
1 or C6 cells prior to stimulating them with IL-la 
and @, respectively. IL-1RA prevented the decrease 
of [3H]PK 11195 binding activity in both cases (Fig. 
4). IL-1RA alone displayed no significant effect on 
[3H]PK 11195 binding in either cell type. 

Equilibrium binding parameters were determined 
by saturable binding studies in an attempt to elucidate 
whether changes of binding activity with respect to 
ligands selective for the peripheral-type benzo- 
diazepine receptor reflected alterations in expression 
of new binding sites or modulation of affinity of 
existing binding sites. Treatment of ELCNOB-1 and 
C6 cells with IL-la and IL-l#?, respectively, caused 
a decrease in the binding ca acities of the cells for 
both [3H]PK 11195 and P [ H]Ro 5-4864 without 
altering the affinities for the ligands (Table 1). In 
contrast, PMA increased the capacity of ELA.NOB- 
1 cells to bind both ligands without affecting affinities. 

DISCUS!SION 

It has been demonstrated in these studies that the 
murine thymoma ELA.NOB-1 and the rat glioma C6 
lines contain significant levels of the peripheral-type 
benzodiazepine receptor as determined by high 
affinity, saturable binding of both [3H]PK 11195 and 
[3H]Ro 5-4864. The binding parameters determined 
for C6 agree with values reported previously [19]. 
However the present study demonstrates more 
reproducible B,, values for different batches of 
cells. This greater consistency is not understood as 
Gorman et al. [19] did not study the nature of their 
variability. 

EL4.NOB-1 and C6 cells were thus used as models 
to examine the direct effect of IL-l on the peripheral- 
type benzodiazepine receptor in cells of both immune 
and central nervous system lineage. IL-l was found 
to down-regulate the receptor in these cells possibly 
via inhibition of its expression as suggested by IL-l 
causing a decrease of B,,, values for [3H]PK 11195 
and [3H]Ro 5-4864 binding. This is in apparent 
contrast to a previous study which reported that IL- 
1 could actually increase the expression of the 
receptor in brain [7]. However, the latter was a 
systemic response and may well be explained by the 
indirect effect of gliosis which results from the 
mitogenic activity of IL-l [6]. 

The signalling mechanism(s) employed by IL-la 
and /3 to decrease the binding capacity of EL4.NOB- 
1 and C6 cells for ligands, selective for the peripheral- 
typebenzodiazepinereceptor,isnotfullyunderstood. 
The type I IL-1 receptor is probably involved based 
on the inhibitory action of IL-1RA on the IL-l 
effects and a recent study reporting that the human 
IL-1RA binds strongly to the murine type I IL-l 
receptor, but only weakly, if at all, to the type II 
receptor [25]. Past studies have shown that many of 
the effects of IL-l are mimicked by PMA [26,27], 
suggestive of a common signalling pathway possibly 
involving protein kinase C. However, other lines of 
evidence now point to a lack of involvement of 
protein kinase C in IL-l signalling [28,29]. The 
present study adds further evidence to the latter 
argument, in that PMA failed to mimic IL-l action 

in C6 cells and indeed showed opposing effects in 
EL4.NOB-1 cells thus implying a protein kinase C- 
independent transducing pathway with respect to IL- 
1 modulation of the peripheral-type benzodiazepine 
receptor. It also points to the complexity of cellular 
responses to IL-1 and PMA whereby the signalling 
pathways for both agents may converge on one 
response [26,27] but diverge on another. 

The end result of IL-l and PMA actions on the 
cells is apparently due to regulation of the expression 
of peripheral-type benzodiazepine receptor rather 
than direct modification of existing receptor as 
judged by changes in receptor density without 
altering receptor affinity. This was reflected in 
changes of binding site density for both [3H]PK 
11195 and [3H]R~ 5-4864. The binding of both 
radioligands was similarly affected in all cases. 
Previous reports have failed to demonstrate 
unequivocally whether the binding sites for these 
ligands are located on the same or different 
polypeptides [30,31]. The similar regulation of the 
binding sites in the present study proposes that the 
former scenario is more probable but the alternative 
which would necessitate closely coordinated regu- 
lation of the expression of different polypeptides 
cannot be excluded. 

The functional significance of this novel finding 
that IL-l down-regulates the expression of the 
peripheral-type benzodiazepine receptor in cells 
representative of the immune and central nervous 
systems is unclear. However, IL-1 has been 
demonstrated to be a very potent inhibitor of 
steroidogenesis in primary culture [32] and whilst 
this may be due in part to inhibition of expression 
of cholesterol side-chain cleavage cytochrome P450 
[33], it is highly plausible that down-regulation of 
the peripheral-type benzodiazepine receptor may 
play a key role in such an IL-l mediated process. 
The latter argument arises from the many recent 
reports which indicate that the receptor regulates 
the rate-limiting step in steroidogenesis [15, 16,341. 
As certain steroids display immunosuppressive 
properties [35], regulation of their production by IL- 
1 may be of physiological significance with respect 
to the immunomodulatory activity of IL-l. In 
addition, neurosteroids play crucial roles in the 
brain, including control of convulsive and anaesthetic 
states [36-381 and thus modulation of their production 
by IL-l may constitute an important mechanism for 
regulating neuronal excitability. The present study 
may, therefore, provide a basis to explain some of 
the effects of IL-l in brain as well as intimating a 
further aspect of IL-1 action in the immune system. 
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