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Abstract

The number and affinity of GABAB receptors (assayed by the specific antagonist [3H]CGP54626A) was unchanged when compared in

carefully washed cerebrocortical membranes from young (12-day-old) and adult (90-day-old) rats. In contrast, high-affinity GTPase activity,

both basal and baclofen-stimulated was significantly higher (by 45% and 56%, respectively) in adult than in young rats. Similar results were

obtained by concomitant determination of agonist (baclofen)-stimulated GTPgS binding. Under standard conditions, baclofen-stimulated

GTPase activity was further considerably enhanced by exogenously added regulator of G protein function, RGS1, but not by RGS16. RGS16

was able to affect agonist-stimulated GTPase activity only in the presence of markedly increase substrate (GTP) concentrations. RGS1 alone

slightly increased GTPase activity in adult rats, but neither RGS1 nor RGS16 influenced GTPase activity in membrane preparations isolated

from young animals. These findings indicate increasing functional activity of trimeric G protein(s) involved in GABAergic transmission in

the developing rat brain cortex and suggest a high potential of RGS1 in regulation of high-affinity GTPase activity.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction induced GDP/GTP exchange reaction, which can be mea-
The major inhibitory signalling system in the mammalian

brain receives information transmitted by g-aminobutyric

acid (GABA) through two types of membrane-bound recep-

tors—ionotropic (GABAA and GABAC) and metabotropic

(GABAB) receptors. Metabotropic GABAB receptors initi-

ate a variety of cellular responses via pertussis toxin-

sensitive GTP-binding regulatory proteins (G proteins) of

the Gi/Go family [1,16,17,21,28]. This family of G proteins

is highly abundant in brain tissue [11,22]. Activation of Gi/

Go as well as other G proteins proceeds by an agonist-
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sured as GTPgS binding. This step is immediately followed

by stimulation of an endogenous, high-affinity GTPase

residing in the Ga subunit, which converts GTP to GDP

and inorganic (ortho)phospate. In this way, all heterotri-

meric G proteins composed of a and hg subunits undergo

activation/deactivation cycles initiated by agonist-occupied

receptors [23]. Since activation of G proteins is initiated by

the release of GDP from Ga, measurement of the subse-

quent binding of GTP (GTPgS) and/or agonist-stimulated

GTPase activity serve as a valuable tools for assessment of

direct functional coupling between the receptors and their

cognate G proteins [27].

It was reported earlier that the number of rat neocortical

GABAB receptors increases during the first 2–3 weeks after

birth and then slightly decreases in adulthood [12,32]. The

content of GABAB receptor-coupled Gia/Goa proteins in

cerebrocortical membranes was shown to rise during post-
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natal development [15,18]. Temporary activation of

adenylyl cyclase, which was observed around postnatal

day (PD) 12, suggests that this period might represent a

critical step in postnatal development of G protein-mediated

signalling [14,20].

Here we have analysed the high-affinity GTPase activity

in cerebrocortical membranes isolated from young (12-day-

old) and adult (90-day-old) rats. The 12- and 90-day-old rats

were selected from the wide range of age intervals studied

previously in our laboratory [12,14,15]. In order to evaluate

the potential developmental changes in transduction effi-

ciency of the GABAB-ergic signalling system, baclofen-

stimulated GTPase activity was determined. Beside that we

have investigated the effect of some regulators of G protein

function, namely RGS1 and RGS16, which terminate the

signalling by accelerating the intrinsic GTPase activity and

promote formation of the inactive GDP-bound state of the

Ga subunit. The final result of this reaction sequence is the

formation of non-active heterotrimeric form of G protein

[6,33]. In parallel, the functional status of GTP-binding

proteins in both types of samples was also assessed by

GTPgS binding experiments.
2. Materials and methods

[g32P]GTP (25 Ci/mmol) was from ICN Biomedicals,

[35S]GTPgS (1113 Ci/mmol) and [3H]ouabain (17 Ci/mmol)

were from Amersham Biosciences International,

[3H]CGP54626A (40 Ci/mmol) was obtained from Tocris

Cookson. All other chemicals were of highest available

purity and purchased from Sigma.

Male Wistar rats were killed by decapitation in deep ether

anaesthesia at PD 12 or 90, and their brains quickly

removed. The cerebral cortex was rapidly isolated, frozen

in liquid nitrogen and stored at � 70 jC. After thawing, the
brain tissue was minced with scissors, homogenised in 10

ml STME buffer per gram wet weight (250 mM sucrose, 20

mM Tris HCl, 3 mM MgCl2, 1 mM EDTA; pH 7.6) by

using a Potter-Elvehjem homogeniser (Teflon-glass). Un-

broken cells and nuclei were removed by low-speed centri-

fugation (600� g, 5 min, 4 jC). The supernatant was

centrifuged at 200,000� g for 30 min and the resulting

membrane pellet resuspended in STME buffer—total vol-

ume corresponded to quintuple initial tissue wet weight.

Before the final freezing in liquid nitrogen, cerebrocortical

membranes were washed twice in STME buffer using high-

speed centrifugation (200,000� g, 30 min). For each age

group, cerebrocortical membranes were isolated in three

independent isolation procedures and five brain cortexes

were processed in each preparation.

The properties of GABAB receptors were assessed by

radioligand binding studies using the selective GABAB

antagonist [3H]CGP54626A. These experiments were con-

ducted analogously to [3H]baclofen binding assays de-

scribed previously [12]. Briefly, 100 Ag protein was mixed
and incubated with the radioligand in a total volume of 0.5

ml of 50 mM Tris–HCl, 2.5 mM CaCl2; pH 7.4 (TC buffer)

for 60 min at 25 jC. Incubation was terminated by filtration

through GF/C filters followed by washing (3� 3 ml) with

ice-cold 50 mM Tris–HCl; pH 7.4. Radioactivity retained

on the filters was determined by liquid scintillation. Non-

specific binding was defined as that remaining in the

presence of 1 mM GABA.

The GTP hydrolysing activity of membrane samples

isolated from young and adult rat brain cortex was deter-

mined by measuring the radioactivity of inorganic phos-

phate 32Pi released from [g-32P]GTP as described by Fong

and Milligan [7,8]. Samples of cortical membranes (about

10 Ag protein) were incubated in the reaction mixture

containing 10 mM creatine phosphate, 5 units creatine

kinase, 0.1 mM adenosine-5V-O-(3-imidotriphosphate

(App(NH)p), 1 mM ATP, pH 7.5, 1 mM ouabain, 100

mM NaCl, 5 mM MgCl2, 2 mM dithiothreitol, 0.1 mM

EDTA, pH 7.5, 40 mM Tris–HCl, pH 7.5, 0.5 AM GTP, pH

7.5 and [g32P]GTP (about 100,000 dpm per assay) for 30

min at 37 jC. GTPase activity was determined in the

absence of any additives (basal) or in the presence of 1

mM baclofen (agonist-stimulated level) and/or RGS pro-

teins (0.44 AM). The enzyme reaction was discontinued by

chilling the tubes in ice-cold water and charcoal (5% w/v) in

10 mM phosphoric acid. After removal of the charcoal by

centrifugation, the radioactivity of 32Pi was measured in a

liquid scintillation spectrometer. Non-specific GTPase ac-

tivity was assessed in parallel assays containing 100 AM
GTP.

The receptor coupling of GTP-binding proteins was also

determined by agonist (baclofen)-stimulated [35S]GTPgS

binding as described previously [7,8]. Aliquots of mem-

brane suspension (20 Ag of protein) were incubated with

(total) or without (basal) 1 mM baclofen in final volume of

100 Al of reaction mix containing 20 mM HEPES (pH 7.4),

3 mM MgCl2, 100 mM NaCl, 2 AM GDP, 0.2 mM ascorbate

and 0.5 nM [35S]GTPgS (about 100,000 dpm per assay) for

30 min at 30jC. The binding reaction was discontinued by

dilution with 3 ml of ice-cold 20 mM HEPES (pH 7.4), 3

mM MgCl2 and immediate filtration through Whatman GF/

C filters on a Brandel cell harvester. Radioactivity remain-

ing on the filters was determined by liquid scintillation

using BioScint cocktail. Affinity of GTPgS binding sites

was calculated from competitive displacement curves

(5� 10� 6–1�10� 10 M GTPgS) by application of the

algorithm of DeBlasi [5].

Recombinant RGS1 and RGS16 were expressed and

purified as described by [13,34] and were a kind gift from

Prof. Graeme Milligan, Glasgow University, UK.

[3H]ouabain binding was used to examine the inhibitor

binding sites on Na+,K+-ATPase in cerebrocortical mem-

brane preparations from both young and adult rats and this

assay was performed as described previously [30].

The Lowry method was used for determination of protein

concentrations. An aliquot of each membrane sample was
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diluted with water to a final volume of 200 Al, mixed with

0.3 ml of 0.1 N NaOH plus 2% Na2CO3 and after 10 min at

room temperature, 50 Al of Folin’s reagent (diluted 1:1 by

volume) was added and mixed immediately. After exactly

30 min, the absorbance was determined at 720 nm. A

calibration curve was measured in parallel with 0, 10, 20,

30, 40, 50, 75, 100, 150 and 200 Ag of protein standard

(Fraction V bovine serum albumin, Sigma). Data were

calculated by fitting the calibration curve as a quadratic

equation.

If not stated otherwise, all data were obtained from three

independent membrane preparations. The numbers represent

the averageF S.E.M. of radioligand binding assays or

enzyme activity measurements. The data within each group

were analysed by one-way ANOVA using the Dunnett’s

multiple comparison post test and differences between

samples from young and adult animals were evaluated by

two-way ANOVA followed by the Bonferroni’s multiple

comparison post test.
Fig. 1. [3H]CGP 54626A binding in cerebrocortical membranes from young

and adult rats. The specific GABAB antagonist [3H]CGP 54626Awas used

for determination of number and affinity of GABAB receptors in 3�
washed membranes prepared from young (12 days old) or adult (90 days

old) rats (see Materials and methods). Data represent the mean of three

experiments performed in triplicate. Inset: Scatchard representation of the

data collected from saturation binding isotherms.
3. Results

In order to compare the content of plasma membranes in

tested cerebrocortical preparations, specific [3H]ouabain

binding was determined as a typical plasma membrane

marker. The number of [3H]ouabain binding sites was not

significantly different in samples from young (15.6F 2.1

pmol mg� 1 protein) and adult (13.8F 2.7 pmol mg� 1

protein) rats.

GABAB receptors in cerebrocortical membranes from

young and adult animals were determined by radioligand

binding using the selective antagonist [3H]CGP54626A.

Saturation binding assays were performed in the 0.15–25

nM range of [3H]CGP54626A concentrations. These assays

did not reveal any significant difference between the binding

characteristics of GABAB receptors in both tested age

groups (Fig. 1). The number and affinity of specific

[3H]CGP54626A binding sites in young rats (Bmax =

0.79F 0.22 pmol mg� 1 protein, KD = 3.5F 1.3 nM) was

not different from the number and affinity of these sites in

adult animals (Bmax = 0.85F 0.20 pmol mg� 1 protein,

KD = 5.2F 0.6 nM).

The next set of experiments was focused on determina-

tion of high-affinity GTPase activity in parallel aliquots of

membrane preparations previously used in receptor binding

assays. GTPase activity in membranes from adult rats was

significantly higher than that determined in membranes

isolated from young, 12-day-old rats (Fig. 2). Both basal

and baclofen-stimulated GTPase activities were markedly

increased (by about 45%) in 90-day-old as compared to 12-

day-old rats. The GABAB receptor agonist baclofen raised

GTPase activity in samples from young and adult animals

by 57% and 55%, respectively. Whereas RGS16 alone did

not influence GTPase activity in any cerebrocortical prep-

arations tested, RGS1 did not affect GTPase activity in
young rats but increased it (by 33%) in adult rats. The

baclofen-stimulated level of GTPase activity was further

enhanced (by about 63%) by the addition of RGS1 in both

types of membranes. Interestingly, very little stimulating

effect was observed in the case of RGS16.

GTPase activity measurements were also performed on

these membrane preparations in the presence of a fixed

amount of [g32P]GTP as tracer and increasing concentra-

tions of non-radioactive GTP (10� 10� 9–10� 10� 6 M) to

generate isotopic dilution curves. Enzyme kinetic analysis

of such data demonstrated that the GABAB receptor agonist

baclofen raised GTPase Vmax without altering the measured

Km for GTP (the slope of the line when data were presented

as an Eadie-Hofstee transformation) (Fig. 3). This ‘‘paral-

lel’’ type of shift in Eadie-Hofstee plots was observed in 12



Fig. 2. High-affinity GTPase activity. Basal, baclofen (Bcf)- and/or RGS-

stimulated GTPase activity was determined in cerebrocortical membranes

isolated from young and adult rats. Data are presented as meansF S.E.M.

of at least three experiments performed in triplicates. Asterisks (*p< 0.1;

**p< 0.01) denote the significant effect of baclofen and/or RGS on basal

GTPase activity and statistical difference between corresponding samples

from adult and young rats is indicated by small crosses (+p < 0.1;
+ +p< 0.01).

Fig. 3. Kinetic analysis of GTPase activity. Basal- (open circles), baclofen-

(closed circles), baclofen +RGS16- (full diamonds) and baclofen +RGS1-

(full squares) stimulated GTPase activity was measured in membranes

isolated from 12- (Young) and 90-day-old (Adult) rats as function of

increasing GTP concentrations. The data are presented as Eadie-Hofstee

transformation. The calculated Km and Vmax values are shown in Table 1.

The data represent the average of three experiments performed in triplicates.
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days old as well as 90-day-old rats. As noted previously

[2,3], these characteristics are incompatible with the agonist-

stimulated GTPase activity being regulated by GTPase

activating protein such as RGS, possibly because of low

amounts of RGS proteins in the membranes. This picture

was changed by the addition of exogenous RGS1 and

RGS16. Under these conditions, baclofen-stimulated

GTPase activity was characterized by increase in Vmax as

well as in the measured Km for GTP (increased slope of the

line). These results indicated that both exogenous RGS1 and

RGS16 could function as GAPs (GTPase activating pro-

teins) for receptor-activated G proteins because effects on

both Vmax and Km for GTP are the anticipated characteristics

of such an action [3,4,13]. A significant increase in the Km

and Vmax values determined in the presence of RGS1 and

RGS16 was detected at both age intervals studied (Table 1).

Concomitant measurements of [3H]GTPgS binding indi-

cated that the high-affinity type of this radioligand binding

was higher in cerebrocortical membranes isolated from adult

rats than in those prepared from young rats (Fig. 4). This

difference was found in the case of both basal and baclofen-

stimulated levels of [3H]GTPgS binding. The relative in-

crease by baclofen was roughly the same in both types of

membranes, by 31% (young) and 28% (adult), respectively.

The KD values, which were calculated from competitive

binding displacement curves according to the algorithm of

DeBlasi [5], did not significantly differ in samples from

young and adult rats—38.6 nM and 33.5 nM, respectively.

This indicated an unchanged affinity for the GTPgS binding

reaction. However, in both types of membranes, baclofen

addition induced a minor left-oriented shift of displacement
curves indicating an increase of affinity. This was reflected

by the decrease of KD values from 38.6 to 28.2 nM (33.5–

24.3 nM) in samples of young (adult) animals.
4. Discussion

The GABAB receptor-mediated response is representative

of the conventional receptor-initiated mode of G protein

activation. Therefore, determination of the basic character-

istics of GABAB receptors had to constitute an initial part of

our current experimentation which was primarily aimed at the

estimate of G protein functional activity in membrane frac-

tions isolated from young and adult rat brain cortex. Onto-

genetic distribution of metabotropic GABAB receptors in the

brain tissue was investigated in a number of earlier studies



Table 1

Kinetic characteristics of high-affinity GTPase in rat brain cortex

Basal Baclofen Baclofen +RGS1 Baclofen +RGS16

12-day-old

Km 0.99F 0.09 1.27F 0.12 2.65F 0.21zz 2.41F 0.29zz

Vmax 10.7F 0.5 19.5F 1.1** 42.9F 2.6zzz 29.2F 2.6zz

90-day-old

Km 2.43F 0.22 2.55F 0.19 3.73F 0.23zz 3.55F 0.15zz

Vmax 36.2F 2.4 51.7F 2.9** 81.7F 3.8zz 67.3F 2.2zz

The Km (AM) and Vmax (pmol min� 1 mg� 1 protein) values were calculated

from data presented in Fig. 3. The numbers represent the average of three

experiments (meansF S.E.M.). The significant effects of baclofen on basal

and those of RGS proteins on baclofen-stimulated kinetic characteristics are

indicated by asterisks (**p < 0.01) and small arrows (zzp < 0.01;
zzzp< 0.001), respectively.

Fig. 4. Competitive binding curves of [35S]GTPgS binding in cerebrocort-

ical membranes from young and adult rats. Points represent the mean of

three experiments performed in triplicates for determination of basal (open

symbols) and baclofen-stimulated (closed symbols) [35S]GTPgS binding in

samples from young (12 days old) and adult (90 days old) rats. Inset: Data

were expressed as percentage of the relevant maximal binding.
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using different experimental approaches [9,10,12,19,29,32].

Our present findings showing no significant change in the

receptor density between PD 12 and PD 90 in rat brain

cortex are basically in line with most of these investigations.

In order to assess the functional coupling between

GABAB receptors and the inhibitory G proteins, baclofen

was employed as an agonist of the receptors involved.

Measurement of basal and baclofen-stimulated, high-affinity

GTPase activity indicated that both enzyme activities were

greatly elevated in samples from adult rats as compared to

the young animals. Working with 3� washed membranes,

GTPase activity in both age groups was strongly stimulated

by this agonist. Interestingly, the net increment of high-

affinity GTPase activity induced by baclofen was virtually

the same in both types of membranes. This observation

supports the idea that the GABAB receptor-mediated sig-

nalling is already functional in 12-day-old rats but is

developed/modified in the course of further maturation.

It has previously been demonstrated that the increase in

the brain high-affinity GTPase activity elicited by baclofen

does indeed reflect the functional activation of heterotri-

meric G proteins coupled with the GABAB receptors [26].

The brain agonist-stimulated GTPase activity has been

analysed in several other studies [24,25,31,35], but these

investigations dealt with GTPase activity stimulated by

other ligands. Furthermore, most of these studies were

performed in regions other than the brain cortex [24,

25,31,35]. Thus, there is no direct information available

on baclofen-induced changes of high-affinity GTPase activ-

ity in the course of postnatal development of rat brain

cortex. Here we show that baclofen significantly increased

GTPase activity in cerebrocortical preparations from both

young and adult rats. Our previous measurements indicated

that, between PD 12 and PD 90, the content of Gia(1,2) and

Goa* proteins in rat brain cortex rose by about 50% and

300%, respectively [15]. Higher levels of these G proteins

might well account for the increased basal as well as

agonist-stimulated GTPase activity in adult rat neocortex.

Nevertheless, it is also conceivable that the parallel

increases observed in both G protein activation and deacti-
vation might have been brought about by participation of an

alternative substrate, such as guanine nucleotide exchange

inhibitors that act on G proteins or perhaps G protein kinase/

arrestin activity. Kinetic parameters derived from the Eadie-

Hofstee plots (unchanged values of Km) implied that en-

dogenous RGS proteins do not apparently play any signif-

icant role in mediating this effect. It has been reported

previously that a ‘‘parallel‘‘ shift in Eadie-Hofstee plots is

incompatible with the agonist-stimulated GTPase activity

being regulated by a GTPase activating protein such as RGS

[2,3].

Next part of our present studies aimed to assess the

presumed effect of exogenously added RGS proteins (reg-

ulators of G protein signalling), namely RGS1 and RGS16.

These two RGS proteins have previously been shown to

influence differently agonist-stimulated GTPase activity in

COS-7 cells expressing the a2A-adrenoceptor-G protein

fusion proteins [13]. Here we took advantage of using

cerebrocortical membranes in order to compare the effects

of these two closely related RGS proteins on GTPase

activity in native tissue containing endogenous receptors

and G proteins only. While RGS1 strongly enhanced baclo-

fen-stimulated GTPase activity in samples from both young

and adult rats, no such effect was observed for RGS16 in

standard experimental conditions. Interestingly, data

obtained from the enzyme kinetic analysis indicated that

both RGS1 and RGS16 could influence agonist-stimulated

GTPase activity. This seeming discrepancy may be most

likely explicable on the basis of much weaker regulatory
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potential of RGS16 as compared to RGS1. As a strong

activator, RGS1 per se increased high-affinity GTPase in

preparations from adult animals. Apparently much less

potent RGS16 was able to enhance agonist-stimulated

GTPase activity only in the presence of high substrate

concentrations (>5 AM GTP). Hence, these data provide

additional evidence that closely related RGS proteins do not

need to function with equal effectiveness [13].

Like high-affinity GTPase activity, GTPgS binding de-

termined in adult rats was higher than that in young animals

and baclofen augmented GTPgS binding to similar extent in

preparations from both age groups. Hence, these results

clearly conform with the increased GTPase activity of

cerebrocortical GTP-binding proteins observed in adult-

hood. We took advantage of using the algorithm of DeBlasi

[5] for calculating KD values for GTPgS binding in both

tested membrane preparations and the calculated constants

showed not to be significantly different in young and adult

rats. Perhaps not too surprisingly, KD values for baclofen-

stimulated GTPgS binding were a bit lower when compared

to control conditions, which may reflect the positive effect

of agonist-promoted coupling of GABAB receptors with

their cognate G proteins.

In conclusion, our measurements of agonist-stimulated

high-affinity GTPase activity and GTPgS binding in the

developing rat brain cortex have revealed a markedly higher

functional activity of GTP-binding proteins in adult than in

young rats. This study further demonstrates that RGS1, by

contrast to RGS16, might function as strong regulator of

high-affinity GTPase activity in this tissue.
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Adenylyl cyclase (AC), which catalyses the forma-
tion of the ubiquitous second messenger cAMP,
plays an important role in neurotransmission in the
CNS [1–3]. To date, nine different membrane-bound

mammalian isoforms of AC have been cloned and
identified in various tissues [4, 5]. Most of AC iso-
forms may occur in the CNS, but especially type I, II
and V are expressed at high levels in rat brain [6, 7].
The unequal tissue distribution of the individual AC
isoforms and diversity of their regulatory features
may reflect a specific function of this effector
molecule in determining the routing of signals to the
cAMP pathway. 

Modulation  of  adenylyl  cyclase  activity  in  
young  and  adult rat  brain  cortex.  Identification  of  
suramin  as  a  direct  inhibitor of  adenylyl  cyclase
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Abstract

Adenylyl cyclase (AC) in brain cortex from young (12-day-old) rats exhibits markedly higher activity than in adult
(90-day-old) animals. In order to find some possibly different regulatory features of AC in these two age groups,
here we modulated AC activity by dithiothreitol (DTT), Fe2+, ascorbic acid and suramin. We did not detect any sub-
stantial difference between the effects of all these tested agents on AC activity in cerebrocortical membranes from
young and adult rats, and the enzyme activity was always about two-fold higher in the former preparations.
Nevertheless, several interesting findings have come out of these investigations. Whereas forskolin- and Mn2+-stim-
ulated AC activity was significantly enhanced by the addition of DTT, increased concentrations of Fe2+ ions or
ascorbic acid substantially suppressed the enzyme activity. Lipid peroxidation induced by suitable combinations of
DTT/Fe2+ or by ascorbic acid did not influence AC activity. We have also observed that PKC- or protein tyrosine
kinase-mediated phosphorylation apparently does not play any significant role in different activity of AC deter-
mined in cerebrocortical preparations from young and adult rats. Our experiments analysing the presumed modu-
latory role of suramin revealed that this pharmacologically important drug may act as a direct inhibitor of AC. The
enzyme activity was diminished to the same extent by suramin in membranes from both tested age groups. Our pre-
sent data show that AC is regulated similarly in brain cortex from both young and adult rats, but its overall activi-
ty is much lower in adulthood. 
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The regulation of AC activity by G protein-cou-
pled receptors (GPCRs) is a classically described
mechanism in which a stimulatory G protein (Gs)
couples neurotransmitters to activation of AC, where-
as an inhibitory G protein (Gi) couples to inhibition of
AC [8]. This simple scheme, however, does not cover
significant diversity in regulation of the individual
enzyme isoforms. All AC isoforms are activated by
the α subunits (Gsα) of Gs protein, but only AC type
I, V and VI can be inhibited by direct interaction with
the α subunits (Giα) of Gi protein [9]. In addition, the
different AC isoforms display very distinct patterns of
regulation by the βγ subunits of G proteins (Gβγ) as
well as by calmodulin (CaM) and protein kinases [5,
10]. All membrane-bound ACs are inhibited by P-site
analogues and, except for type IX, stimulated by the
diterpene forskolin [11, 12]. 

Some previous studies revealed marked alter-
ations in AC activity during postnatal development of
rodent brain tissue [7, 13–16]. Whereas AC activity is
very low shortly after birth, it consecutively increases
to reach a sharp maximum by the end of the second
postnatal week. Subsequently, activity of AC rapidly
decreases to the adult values, which are comparable
to those observed shortly after birth. The same devel-
opmental profile of the enzyme activity was observed
using different stimulators (forskolin, Mn2+, GTPγS,
fluoride) of AC [7, 13]. Until now, however, no expla-
nation has been provided for the marked differences
between AC activity in young and adult brain. 

In the present work we have used different
modulators (dithiothreitol, ascorbic acid, Fe2+

and suramin) in order to analyse in a more detail
AC activity in cerebrocortical membrane prepa-
rations from young (12-day-old) and adult (90-
day-old) rats. The possible effect of phosphoryla-
tion on the enzyme activity was also assed in
cerebrocortical homogenates derived from both
tested age groups.

Materials and methods

Materials

[α-32P]ATP and [3H]cAMP were purchased from
Amersham Pharmacia Biotech (Buckinghamshire, UK).
Aluminum oxide 90 (neutral, activity I) was from Merck
(Darmstadt, Germany). All other chemicals were obtained

from Sigma (St. Louis, MI, USA) and they were of the
highest purity available. 

Membrane preparation

Young (12-day-old) and adult (90-day-old) male Wistar
rats were etherised and killed by decapitation, and their
brains quickly removed. Cerebral cortexes were rapidly
isolated, frozen in liquid nitrogen and stored at -70°C. The
brain material obtained usually from 6 young or 4 adult
animals was always combined together to constitute indi-
vidual experimental groups. After thawing, the brain tissue
was minced with scissors, homogenised in 10 ml of STME
buffer per gram wet weight (250mM sucrose, 20mM Tris
HCl, 3mM MgCl2, 1mM EDTA, pH 7.6) by using a Potter-
Elvehjem homogeniser (Teflon-glass). Unbroken cells and
nuclei were removed by low-speed centrifugation (600 x g,
5 min, 4°C). The supernatant was centrifuged at 200,000 x
g for 30 min and the resulting membrane pellet resuspend-
ed in STME buffer (total volume corresponded to quintu-
ple initial tissue wet weight). Cerebrocortical membranes
were then washed twice in STME buffer using high-speed
centrifugation (200,000 x g, 30 min) and, before final
freezing in liquid nitrogen, the membrane pellet was resus-
pended in TMN buffer (20mM Tris HCl, 3mM MgCl2,
150mM NaCl, pH 7.6). 

Adenylyl cyclase activity

Activity of adenylyl cyclase was determined according
to the method of White [17]. The reaction mixture (total
volume of 0.1ml) contained 30µg of protein (cerebrocor-
tical membranes), 50mM Tris-HCl buffer (pH 7.4), 5mM
MgCl2, 50U/ml pyruvate kinase, 10mM potassium phos-
phoenolpyruvate, 160µg/ml BSA, 0.2 mM 3-isobutyl-1-
methylxanthine, 20µM GTP, 0.1mM cAMP, 10,000 cpm
per sample of [3H]cAMP and 0.4mM ATP with [α-
32P]ATP (about 1x106 cpm per sample). Besides
forskolin, Mn2+, GTPγS and AlF4

- (classical activators of
AC activity) some other modulators (dithiothreitol, Fe2+,
ascorbic acid, suramin) were also used in concentrations
stated concretely in the detailed description of the indi-
vidual experiments. Before starting the reaction, the
assay tubes containing all the components except for the
isotope were preincubated for 10 min at 30°C. The assay
was then run for 30 min at 30°C and the enzyme reaction
terminated by adding 0.2 ml of 0.5 M HCl and heating
for 5 min at 100°C. The cyclic AMP formed was sepa-
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rated from other nucleotides and inorganic phosphate by
alumina column chromatography [17]. 

Assay of lipid peroxidation

Lipid peroxidation was measured using the thiobarbi-
turic acid (TBA) test for malondialdehyde (MDA) for-
mation. This assay was conducted according to the pre-
viously described protocol [18], with minor modifica-
tions. Briefly, after addition of appropriate amounts of
different tested compounds (DTT, Fe2+ or ascorbic
acid), the reaction mixture (100µl) for AC activity
without ATP was incubated for 40 min at 32°C. After
this time period, samples were mixed with the same
volume (100µl) of ice-cold 10% trichloroacetic acid
and centrifuged at 10,000 rpm for 5 min. The resulting
supernatant (150µl) was mixed with 0.67% TBA
(150µl) and boiled for 10 min. Absorbance was then
measured at 535 nm. MDA formation in tested samples
was calculated from the calibration curve, which was
obtained by parallel measurements of a standard
(1,1,3,3-tetramethoxypropane). 

Data analysis

All measurements were performed in triplicate in
membrane samples prepared by three independent iso-
lation procedures. The numbers represent the average
± S.E.M. and statistically significant differences with-
in each group were calculated using one-way ANOVA
with the Dunnett's multiple comparison post test.
When desired, differences between samples from
young and adult animals were evaluated by two-way
ANOVA followed by the Bonferroni's multiple com-
parison post test.

Results

Activation of AC by forskolin, GTPγγS,
AlF4

- and Mn2+

Activity of AC was determined in samples of
cerebrocortical membranes prepared from young
(12-day-old) and adult (90-day-old) rats. First we
measured the dose-response curves of forskolin
and GTPγS to find optimum conditions for using

these classical stimulators of AC activity (Fig. 1).
Forskolin and GTPγS were then used either at
maximal stimulating concentrations (5x10-5 M
and 1x10-4 M, respectively) or, in some experi-
ments, at lesser concentrations (1x10-5 M and
3x10-6 M, respectively) in order to discern possi-
ble effects of some other modulators of AC activ-
ity. AlF4

- (10 mM NaF and 1 mM AlCl3) and
Mn2+ (10 mM MnCl2) were used at stated stan-
dard concentrations in all experiments. In all con-
ditions, AC activity in cerebrocortical membranes
from young rats was markedly (about two-fold)
higher than in preparations from adult animals.
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Fig. 1 Stimulation of AC activity by forskolin (FSK)
and GTPγS. Activity of AC was determined in cerebro-
cortical membranes from 12-day-old (PD 12) young
(open circles) and adult (closed circles) rats and the
dose-response curves for forskolin (A) and GTPγS (B)
were constructed. Data are means (± S.E.M.) from a
representative experiment assayed in triplicate.
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Effect of dithiothreitol

According to some earlier observations the thiol-
reducing agent dithiothreitol (DTT) can influence
activity of AC [19, 20]. In our preliminary experi-
ments we observed that DTT did not affect basal
AC activity but it was able to enhance forskolin-
stimulated activity of the enzyme (data not shown).
This augmenting effect of DTT, however, was
detectable only at sub-maximal concentrations of
forskolin (compare Fig. 2A and 2B). DTT at its
most effective concentration (10 mM) increased
forskolin-stimulated AC activity by about 37% and
28% in cerebrocortical membranes from young and
adult rats, respectively. When used at 1x10-5 M
concentration, forskolin in combination with DTT
(10 mM) brought about the same stimulatory effect
on AC activity as that achieved by maximal stimu-

lating concentration of forskolin (5x10-5 M) alone.
At lower forskolin concentrations (1x10-6 M), the
overall maximal stimulatory effect did not manifest,
but the activity of AC was significantly increased
(by about 20–30%) in the presence of DTT (data
not shown). Interestingly, Mn2+-stimulated AC
activity was also enhanced by the addition of DTT,
similarly as in the case of forskolin (Fig. 2C). The
relative increase in AC activity elicited by DTT in
cerebrocortical membranes from young rats was
higher by about 20% as compared to the increase in
samples from adult animals. By contrast, AlF4

--
stimulated AC activity was rather diminished by
DTT (Fig. 2D). Similar decrease (by about 16%)
was observed in cerebrocortical membrane prepara-
tions both from young and adult rats. Next we anal-
ysed the possible effect of DTT on AC activity
stimulated by GTPγS, a non-hydrolyzable analogue
of GTP. Interestingly, DTT did not significantly
influence AC activity stimulated either by maximal
or sub-maximal concentrations of GTPγS (Fig. 3).

Effect of Fe2+ and ascorbic acid

Some previous studies have demonstrated that free
radicals generated by Fe2+/ascorbic acid may alter
functioning of the AC signal-transducing system in
certain tissues [18, 19, 21, 22]. Our current mea-
surements indicated that the increased concentra-
tions of Fe2+ substantially reduce basal as well as
forskolin-stimulated AC activity in cerebrocortical
membrane preparations both from young and adult
rats (Fig. 4). It was shown previously that AC activ-
ity in synaptic membrane fraction of rat brain could
be potentiated by lipid peroxidation induced by sev-
eral metal ions (Fe2+ inclusive) in the presence of
DTT [18, 19]. Surprisingly, here we did not observe
any stimulatory effect of any concentration of Fe2+

plus DTT (Fig. 5). Results of our concomitant
determination of MDA formation demonstrated that
Fe2+ in the range of micromolar concentrations in
the presence of increased levels of DTT (over 1
mM) evidently caused lipid peroxidation (Fig. 6),
but activity of AC was not changed under these
conditions. Interestingly enough, Fe2+ ions at a con-
centration of 1x10-4 M induced a quite perceptible
increase in MDA formation, which was totally abol-
ished by the addition of 5mM DTT (Fig. 6A). In
addition, DTT markedly attenuated the negative
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Fig. 2 Effect of DTT on AC activity stimulated by
forskolin, Mn2+ and AlF4

-. Increasing concentrations of
DTT were applied in order to modulate AC activity
stimulated by 1x10-5 M forskolin (A), 5x10-5 M
forskolin (B), 1x10-2 M Mn2+ (C) and AlF4

- (D) in cere-
brocortical membranes from young (open circles) and
adult (closed circles) rats. Data are means (± S.E.M.)
from a representative experiment assayed in triplicate. 

x

x x
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effect of increased Fe2+ concentrations on AC activ-
ity. While 0.1mM Fe2+ reduced basal AC activity

by about 67%, the enzyme activity dropped only by
16% in the presence of 5 mM DTT (compare Fig. 4
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Fig. 3 Effect of DTT on AC activity stimulated by
GTPγS. The effect of DTT (1x10-2 M) on AC activity
stimulated by a maximally effective concentration of
GTPγS (1x10-4 M) was tested in cerebrocortical mem-
branes from young (PD 12) and adult (PD 90) rats (A).
Increasing concentrations of DTT were used in order to
modulate AC activity stimulated by a sub-maximal con-
centration of GTPγS (3x10-6 M) in cerebrocortical
membranes from young (open circles) and adult (closed
circles) rats. Data are means (± S.E.M.) from a repre-
sentative experiment assayed in triplicate. 

Fig. 4 Effect of Fe2+ on basal and forskolin-stimulated
AC activity. Increasing concentrations of Fe2+ (FeSO4)
were applied in order to modulate basal (A) and
forskolin-stimulated (B) activity of AC in cerebrocorti-
cal membranes from young (open circles) and adult
(closed circles) rats. Data are means (± S.E.M.) from a
representative experiment assayed in triplicate. 

x
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and 5). In the following experiments we evaluated
the presumed role of ascorbic acid in modulation of

AC activity. In spite of our expectations, ascorbic
acid at lower concentrations (up to 1mM) did not
influence either basal or forskolin-stimulated AC
activity and at high concentrations it strongly
diminished the enzyme activity in membrane prepa-
rations from both young and adult rat brain cortex
(Fig. 7). Ascorbic acid at optimal concentration
(about 1x10-5 – 1x10-4 M) was equally effective in
eliciting lipid peroxidation in both types of tested
samples (Fig. 6C).

Effect of suramin

Suramin, a polysulphonated naphtylurea, can pre-
sumably exert many different biological actions.
Besides others, suramin is known to act directly on
G protein α subunits and to block their activation
by inhibiting the exchange of GDP for GTP
[23–25]. In the present study we decided to test this
potent G protein antagonist for its possible modula-
tory effect on AC activity. Quite unexpectedly,
suramin exercised a clear inhibitory effect on basal
as well as on differently stimulated activity of AC
and higher concentrations (above 1x10-4 M) of this
compound totally diminished the enzyme activity
(Fig. 8). The pronounced negative effect was mani-
fested to the same extent in cerebrocortical mem-
branes both from young and adult rats. Since the
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Fig. 5 Effect of Fe2+/DTT on basal AC activity.
Activity of AC in cerebrocortical membranes from
young (open circles) and adult (closed circles) rats was
measured in the presence of 5x10-3 M DTT and increas-
ing concentrations of Fe2+ (FeSO4). Data are means (±
S.E.M.) from a representative experiment assayed in
triplicate. 

Fig. 6 Effect of Fe2+/DTT and ascorbic acid on lipid peroxidation. Lipid peroxidation in cerebrocortical mem-
branes from young (circles) and adult (triangles) rats was determined as MDA formation using either increasing con-
centrations of Fe2+ (FeSO4) in the absence (open symbols) or presence (closed symbols) of 5x10-3 M DTT (A) or
increasing concentrations of DTT in the absence (open symbols) or presence (closed symbols) of 1x10-5 M Fe2+ (B)
or in the presence (open symbols) of increasing concentrations of ascorbic acid (C). Data are means (± S.E.M.) from
a representative experiment assayed in triplicate.
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IC50 of suramin (about 3x10-5 M) was practically
the same for basal and directly (Mn2+) stimulated
AC activity as well as for the enzyme activity stim-
ulated through the G proteins (AlF4

-) or both direct-
ly and through the G proteins (forskolin), suramin
might be considered to act as a direct inhibitor of
the catalytic subunits of AC. This assumption was
confirmed by subsequent experiments with plasma
membranes derived from S49 cyc- lymphoma cells,
which lack Gsα protein [26]. Fig. 9 shows that
suramin (1x10-4 M) substantially reduced AC activ-

ity in cyc- membranes stimulated either by Mn2+ or
forskolin to the values corresponding to basal
enzyme activity, which come close to zero.

Effect of phosphorylation

In order to find possible differences between the
regulation of AC activity in cerebrocortical prepa-
rations from young and adult rats, finally we evalu-
ated the potential modulatory role of phosphoryla-
tion. It is known that some types of AC from high-
er organisms can be regulated by protein kinases [5,
27, 28]. Posttranslational modification of AC by
phosphorylation may either stimulate or inhibit the
enzyme activity. Therefore it was of interest to
assess the potential effect of AC phosphorylation
catalysed by protein kinase C (PKC) as well as by
protein tyrosine kinases (PTKs). For this purpose,
phorbol myristate acetate (PMA) and pervanadate
(PV) were employed as effective activators of PKC
and PTKs, respectively [29, 30]. We determined
basal as well as foskolin- and AlF4

--stimulated AC
activity in cerebrocortical homogenates prepared
from both young and adult rats. All tested samples
were either untreated (control) or treated with PMA
or PV in order to induce the requisite type of phos-
phorylation. As seen in Fig. 10, treatment of cere-
brocortical homogenates with protein kinase activa-
tors apparently did not influence AC activity,
because it was not significantly altered in any of the
used experimental conditions. 

Discussion

In the present work we sought to compare more
closely AC activity in cerebrocortical membranes
from young (12-day-old) and adult (90-day-old)
rats. These two age intervals were chosen because
some earlier studies demonstrated that activity of
AC dramatically changes during postnatal develop-
ment of rodent brain and, as a rule, this enzyme
activity reaches a sharp maximum around PD 12 and
then quickly declines to the adult values [7, 13, 15].

Our current results indicated that AC activity
was always considerably (about two-fold) higher
in cerebrocortical preparations derived from
young than from adult animals. Nevertheless,
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Fig. 7 Effect of ascorbic acid on basal and forskolin-
stimulated AC activity. Basal (A) and forskolin-stimu-
lated (B) activity of AC in cerebrocortical membranes
from young (open circles) and adult (closed circles) rats
was measured in the presence of increasing concentra-
tions ascorbic acid. Data are means (± S.E.M.) from a
representative experiment assayed in triplicate. 
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some interesting differences could have been
observed between the ability of various activators
to stimulate the enzyme activity in both types of
tested samples, especially when it was modulated
by the addition of dithiothreitol (DTT) to the
reaction mixture. Whereas DTT alone did not sig-
nificantly influence basal activity of AC, the
enzyme activity stimulated by forskolin or Mn2+

was markedly enhanced by high concentrations
(over 1mM) of this agent. The potentiation effect
of DTT was detectable only when using sub-max-
imal stimulating concentrations of forskolin; DTT
was not able to further enhance AC activity stim-
ulated by maximally effective forskolin doses.
DTT was a bit more effective in exercising these
positive effects on AC activity in samples from
young than adult rats. Interestingly, DTT did not
influence AC activity stimulated by GTPγS and
somewhat reduced AlF4

--stimulated AC activity
in samples from both tested age groups. These
results indicate that DTT can enhance activity of
AC, which is stimulated directly (by forskolin or
Mn2+). By contrast, the lack of clear effect of
DTT on AC activity stimulated through the G pro-
teins (Gs) suggests that this compound apparently
does not strongly influence functioning of these
regulatory proteins and their interaction with AC.
Our finding of no direct effect of DTT on basal
AC activity is in line with some previously pub-
lished observations [19, 31]. On the other hand,
Ozawa and colleagues detected a certain increase
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Fig. 8 Effect of suramin on AC activity in cerebrocor-
tical membranes. Increasing concentrations of suramin
were applied in order to modulate basal (A) as well as
AC activity stimulated by 1x10-5 M forskolin (A), 1x10-2

M Mn2+ (B) and AlF4
- (C) and 5x10-5 M forskolin (D)

in membrane preparations from young (open circles)
and adult (closed circles) rats. Data are means (±
S.E.M.) from a representative experiment assayed in
triplicate. 

Fig. 9 Effect of suramin on AC
activity in cyc- membranes. Basal,
Mn2+ (1x10-2 M) - and forskolin
(1x10-5 M)-stimulated AC activity
in plasma membranes derived from
S49 cyc- lymphoma cells was deter-
mined in the absence (empty bars)
or presence (solid bars) of 1x10-4 M
sodium suramin. Data are means (±
S.E.M.) from a representative
experiment assayed in triplicate. 
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in basal AC activity after pretreatment of thyroid
plasma membranes with DTT [32]. The positive
modulatory role of DTT on AC activity stimulat-
ed by forskolin or Mn2+ has not been previously
noted. It has been shown, however, that DTT may
partially prevent inactivation of AC by some P-
site inhibitors [33]. Likewise, Lin and colleagues
observed that inhibition of the enzyme activity
caused by low concentrations (<0.1 mM) of
organic mercurials could be reversed by the addi-
tion of DTT [34]. This is in accord with our pre-
sent finding that DTT was able to reduce appre-
ciably the negative effect of increased Fe2+ con-
centrations on AC activity. These results suggest
that protection of -SH groups of the enzyme from
oxidative reactions might be of great importance
for proper AC functioning. 

Next we examined the potential effects of vari-
ous concentrations of Fe2+ ions on basal and
forskolin-stimulated AC activity. Increased levels
of Fe2+ (over 10µM) diminished AC activity simi-

larly in cerebrocortical membranes from both
young and adult animals. As mentioned above, this
negative effect was strongly attenuated in the pres-
ence of DTT. However, neither combination of Fe2+

with DTT had stimulating effect on the enzyme
activity, despite lipid peroxidation took place under
some tested conditions. Our present results thus do
not show any correlation between activity of AC
and ambient levels of lipid peroxides. This is a bit
surprising, since Baba and co-workers reported ear-
lier that AC in synaptic membrane fraction of rat
brain was activated selectively by stimulation of
peroxidation [18, 19]. A short transient increase in
AC activity was also elicited by lipid peroxidation
in sarcolemmal membranes, which was followed by
depression of the enzyme activity [22]. In our
experimental conditions, however, AC activity was
not affected even by lipid peroxidation induced by
optimal concentrations of ascorbic acid. By con-
trast, higher concentrations of ascorbic acid sub-
stantially reduced the enzyme activity. All these
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Fig. 10 . Effect of phosphorylation on AC activity. Phosphorylation in cerebrocortical homogenates from young
(empty bars) and adult (solid bars) rats was catalysed either by protein kinase C (PKC) or protein tyrosine kinases
(TRKs). PKC was activated by preincubation of samples with 1µM phorbol myristate acetate (PMA) for 10 min at
30°C [57]. Preincubation (10 min at 30°C) of samples with 10µM pervanadate (PV) was used for activation of TRKs
[58]. Basal, forskolin (1x10-5 M)- and AlF4

--activated AC cyclase was then determined as described in Methods. Data
are means (± S.E.M.) from a representative experiment assayed in triplicate. 
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observations are in line with data published by [35,
36], who did not find any stimulation of AC in neu-
roblastoma cells exposed to Fe2+/DTT. Moreover,
lipid peroxidation was associated with reduction of
AC activity [35]. Likewise, Shin and co-workers
have recently reported that AC activity is attenuat-
ed by aldehydic products of lipid peroxidation in
GH4C1 cells [37]. These observations conform to
the notion about generally deleterious effects of
reactive O2 species and peroxidation on transmem-
brane signalling.

In the following set of experiments we wished to
test the possibility that the higher AC activity deter-
mined in brain cortex preparations from young
compared to adult rats could be perhaps somehow
related to the enzyme interaction with the G pro-
teins. Therefore we decided to take advantage of
using suramin as a known blocker of the G protein
function (inhibition of the GDP/GTP exchange) and
tried to test this compound for its presumed modu-
latory effect on AC activity. Rather surprisingly,
suramin inhibited not only AC activity stimulated
through the G proteins but it was also highly effec-
tive in diminishing the basal as well as forskolin- or
Mn2+-stimulated enzyme activity. Similar inhibi-
tion was found in cerebrocortical preparations from
both tested age groups. These observations indicat-
ed that suramin may function as a direct inhibitor of
the catalytic subunit of AC. Further evidence in
favour of this assumption was brought by the
assessment of suramin effect on AC activity in plas-
ma membranes derived from S49 cyc- cells. The
addition of suramin to these membranes, which lack
Gsα protein [26], completely abolished the stimu-
lating effect of Mn2+ and forskolin on AC activity. 

Besides showing a high potential of suramin in
blocking the G protein function [23–25], a number
of previous studies demonstrated its ability to
impede binding of several growth factors to their
cellular receptors [38–40]. Moreover, suramin has
also been identified as an agent strongly interfering
with the signal transduction pathways by inhibiting
protein kinase C (PKC) and phosphoinisitide syn-
thesis [41–43]. Nevertheless, there is only little
information available about the potential relation-
ship between suramin and AC. It has been observed
earlier that suramin as a P2-purinoceptor antagonist
could markedly reduce ATP- or UTP-mediated inhi-
bition of forskolin-stimulated cAMP accumulation
in cultured mesangial cells [44]. Similarly, suramin

in a concentration-dependent manner attenuated
ADP-induced inhibition of PGE1-stimulated cAMP
accumulation in human platelets [45]. Suramin
alone, however, had no significant effect on the
basal levels of intracellular cAMP and it was able to
inhibit accumulation of cAMP induced by sub-max-
imal concentrations of PDE1 [45]. Interestingly
enough, Lopez-Lopez and co-workers reported that
treatment of the breast cancer cell line MCF-7 with
suramin resulted in rapid and significant enhance-
ment of AC activity (increase in intracellular cAMP
levels), but no such effect was observed in the
prostate cancer cell line PC3 [46]. Results of many
previous experiments have thus disclosed suramin
as an agent causing different perturbations in cellu-
lar signalling, including variable effects on the
cAMP metabolism. Our present data bring a new
evidence about direct interaction of suramin with
AC and suggest that this drug should be considered
not only as a potent inhibitor of G proteins and
PKC, but of AC activity as well. 

As a last step toward investigating the basis for
markedly different activity of AC in brain cortex
from young and adult rats, we assessed the possi-
ble modulatory effect of phosphorylation. Basal as
well as forskolin- and AlF4

--stimulated AC activity
was determined in cerebrocortical homogenates
prepared from both age groups. Before measure-
ment of AC activity, the samples were either
untreated (control) or treated with phorbol myris-
tate acetate or pervanadate in order to induce phos-
phorylation catalysed by PKC or protein tyrosine
kinases (PTKs), respectively [29, 30]. However,
we did not find any significant difference in AC
activity in any tested samples after activation of
these protein kinases. It has been shown previous-
ly that posttranslational modification of some types
of AC by phosphorylation may either stimulate or
inhibit the enzyme activity [5, 27, 28]. Whereas AC
II and AC VII can be stimulated by PKC [47, 48],
PKC-mediated phosphorylation of AC IV and AC
VI seems to be inhibitory [49, 50]. Some in vitro
experiments indicated that PKC may enhance
activity of AC V [51]. However, treatment of cells
with phorbol esters did not alter AC V activity to
any significant extent and it remains to be deter-
mined whether or not is activity of this type of AC
altered by PKC in intact cells [52]. Most recently,
it has been noted that AC activity is also regulated
by the activation of both receptor- and nonrecep-
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tor-linked tyrosine kinases and both stimulatory
and inhibitory effects mediated by PTKs have been
described [27, 30, 53, 54]. As mentioned above,
treatment of cerebrocortical homogenates with any
used protein kinase activator did not significantly
influence AC activity in our experimental condi-
tions. It might be therefore assumed that the poten-
tially variable effects of phosphorylation are more
or less balanced at the level of an overall cerebro-
cortical activity of AC.

In conclusion, our present observations indicate
that AC is regulated similarly in brain cortex from
young (12-day-old) and adult (90-day-old) rats, but
the enzyme activity is much lower in adult than in
young animals. As argued previously, the differ-
ence between AC activity in these two age groups
is not explicable on the basis of the developmental
expression profiles of either AC I, II, IV and VI or
different G proteins [13, 55]. It might be speculat-
ed, however, that the complement of some other
types of AC could be changed in adulthood. This
supposition is supported by our recent finding of
altered characteristics of [3H]forskolin binding in
cerebrocortical membranes from adult compared to
young rats [56]. Nevertheless, a possibility can not
be ruled out that AC activity in adult rat brain cor-
tex might be perhaps affected by some yet not
known negative regulatory factor/mechanism,
which is switched on shortly after maturation.
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Characterization of [3H]-forskolin binding sites in
young and adult rat brain cortex: identification of
suramin as a competitive inhibitor of [3H]-forskolin
binding

Jiri Stöhr, Jiri Novotny, and Petr Svoboda

Abstract: Little is know about forskolin binding in the rat brain during ontogenetic development. For this paper, we
have characterized specific binding sites for [3H]-forskolin in cerebrocortical membranes from young (12-day-old) and
adult (90-day-old) rats. High-affinity, as well as super-high-affinity, [3H]-forskolin binding sites were detected in sam-
ples from both age groups tested, and the binding parameters of these sites differed significantly. Whereas the number
of high-affinity [3H]-forskolin binding sites was higher by about 50% in adult than in young rats, their affinity was
markedly (about 4 times) lower. In the presence of AlF4

–, the number high-affinity [3H]-forskolin binding sites in sam-
ples from young rats rose to the level determined in samples from adult animals, and the number of super-high-affinity
sites considerably increased in both age groups. The different characteristics of [3H]-forskolin binding found in
cerebrocortical membranes from young and adult rats may be closely related to markedly diminished adenyl cyclase ac-
tivity in preparations from adult animals. Results of our experiments with suramin indicated that this drug may act as a
competitive inhibitor of [3H]-forskolin binding.

Key words: rat brain cortex; development; forskolin binding; suramin.

Résumé : On sait peu de choses sur la fixation de la forskoline dans le cerveau du rat durant le développement onto-
génique. Dans la présente étude, nous avons caractérisé les sites de fixation spécifiques de la [3H]-forskoline dans les
membranes cérébrocorticales de rats jeunes (12 jours) et adultes (90 jours). On a détecté des sites de fixation de haute
affinité et de très haute affinité dans les échantillons des deux groupes d’âges et les paramètres de fixation de ces sites
ont différé de manière significative. Alors que le nombre de sites de fixation de haute affinité a été plus élevé
d’environ 50 % chez les rats adultes, leur affinité a été nettement (environ 4 fois) plus faible. En présence de AIF4

–, le
nombre de sites de fixation de haute affinité dans les échantillons des rats jeunes a rejoint celui déterminé dans les
échantillons des rats adultes et le nombre de sites de très haute affinité a augmenté de manière considérable chez les
deux groupes d’âges. Les différentes caractéristiques de la fixation de [3H]-forskoline, observées dans les membranes
cérébrocorticales des rats jeunes et adultes, pourraient être étroitement liées à la diminution significative de l’activité
AC dans les préparations des animaux adultes. Les résultats de nos expériences avec de la suramine ont indiqué que ce
médicament agit comme un inhibiteur compétitif de la fixation de la [3H]-forskoline.

Mots clés : cortex cérébral du rat, développement, fixation de la forskoline, suramine.

[Traduit par la Rédaction] Stöhr et al. 581

Introduction

The diterpene forskolin was originally discovered as a
unique efficacious activator of mammalian hormone-sensitive
adenylyl cyclase (AC) (Seamon et al. 1981). Forskolin acti-
vates the AC catalytic subunit directly or it may synergisti-
cally stimulate the enzyme activity in combination with
hormones that activate AC via the Gs protein (Seamon and

Daly 1981; Daly et al. 1982; Sutkowski et al. 1994).
Whereas the direct activation of AC occurs at micromolar
concentrations, much lower (nanomolar) concentrations of
forskolin are sufficient to elicit cAMP formation by its syn-
ergistic interaction with hormones.

The ability of forskolin to interact with AC with high
affinity suggests the existence of high-affinity binding sites
for forskolin. These high-affinity binding sites can be stud-
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ied with radioligand binding techniques, and [3H]-forskolin
has successfully been used to detect high-affinity binding
sites for forskolin in membranes from a number of tissues
(Seamon et al. 1985; Nelson and Seamon 1986; Goldman
et al. 1988; Post et al. 1996; Musser et al. 1999). Interest-
ingly, several autoradiographic studies performed in brain
tissue revealed a highly heterogeneous distribution of [3H]-
forskolin binding sites (Gehlert et al. 1985; Gehlert 1986;
Poat et al. 1988; Stockmeier and Zhang 1993). This distinct
pattern, which does not correspond to the known distribution
of AC or receptors in the brain, may reflect association of
the high-affinity [3H]-forskolin binding sites with a complex
of AC and the activated Gs protein (Insel and Ostrom 2003).
This assumption is supported by the finding that guanine nu-
cleotides and AlF4

–, which are known to promote Gsα-AC
coupling, may also stimulate [3H]-forskolin binding (Seamon
et al. 1985; Gehlert 1986).

Previous studies have indicated that AC activity in rat
brain cortex reaches a sharp maximum around postnatal day
(PD) 12 and then rapidly declines to the adult values (Keshles
and Levitzki 1984; Matsuoka et al. 1997; Ihnatovych et al.
2002a). This considerable alteration is apparently not expli-
cable by quantitative changes in expression of crucial com-
ponents of the AC signalling system. The levels of various
isoforms of AC (type I, II, IV, and VI) are either unchanged
or increased between PD 12 and PD 90, and the same ap-
plies for Gsα protein (Ihnatovych et al. 2002a, 2002b). We
have also observed that different modulators exert compara-
ble effects on AC activity in cerebrocortical membranes pre-
pared from young (12-day-old) and adult (90-day-old) rats
(unpublished data). Hence, other factors must account for
the diminished activity of AC in adulthood. To assess the
properties of AC (and its coupling to Gsα protein) in more
detail, here we have sought to analyze the characteristics of
[3H]-forskolin binding sites in cerebrocortical membranes
derived from young (12-day-old) and adult (90-day-old) rats.
Interestingly, despite the binding characteristics (Bmax and
KD) were quite different in preparations from young and
adult rats, Gpp(NH)p and sodium fluoride exerted similar ef-
fects on [3H]-forskolin binding in both types of tested sam-
ples. We previously identified suramin as a direct inhibitor
of AC in our recent experiments (unpublished observations),
and so evaluated the potential ability of this agent to inter-
fere with [3H]-forskolin binding. Quite unexpectedly, our
current measurements performed on cerebrocortical mem-
brane preparations from both young and adult rats allowed
us to reveal that suramin may act as a potent inhibitor of
[3H]-forskolin binding.

Materials and Methods

Materials
[3H]-forskolin (34 Ci/mmol) was purchased from Perkin

Elmer Life Sciences, Inc. (Boston, Mass.). All other chemi-
cals were obtained from Sigma (St. Louis, Mo.) and they
were of the highest purity available.

Membrane preparation
Young (12-day-old) and adult (90-day-old) male Wistar

rats were etherised, killed by decapitation, and their brains

quickly removed. Cerebral cortexes were rapidly isolated,
frozen in liquid nitrogen and stored at –70 °C. The brain ma-
terial obtained (usually from 6 young or 4 adult animals)
was always combined to constitute individual experimental
groups. After thawing, the brain tissue was minced with
scissors, homogenized in 10 mL STME buffer/g wet mass
(250 mmol/L sucrose, 20 mmol/L Tris–HCl, 3 mmol/L MgCl2,
1 mmol/L EDTA, pH 7.6) by using a Potter-Elvehjem ho-
mogenizer (Teflon-glass). Unbroken cells and nuclei were
removed by low-speed centrifugation (600g for 5 min at
4 °C). The supernatant was centrifuged at 200 000g for 30
min, and the resulting membrane pellet was resuspended
in STME buffer (total volume corresponded to quintuple
initial tissue wet mass). Cerebrocortical membranes were
then washed twice in STME buffer using high-speed centri-
fugation (200 000g for 30 min) and, before final freezing in
liquid nitrogen, the membrane pellet was resuspended in TN
buffer (20 mmol/L Tris–HCl, 150 mmol/L NaCl, pH 7.6).
The animals used in this study were cared for in accordance
with the Guide to the Care and Use of Laboratory Animals
(Canadian Council on Animal Care).

[3H]-forskolin binding
High affinity [3H]-forskolin binding sites in cerebrocorti-

cal membranes from young and adult rats were determined
as described previously (Nelson and Seamon 1986). Briefly,
the membrane suspension was diluted with 50 mmol/L Tris
buffer (pH 7.4) to a protein concentration of 2 mg/mL. The
reaction mixture (total volume of 0.4 mL) contained 200 µg
of protein (cerebrocortical membranes), 50 mmol/L Tris–HCl
buffer (pH 7.4), 10 mmol/L MgCl2 (if not stated otherwise),
5 mmol/L cytochalasin B and 20 nmol/L [3H]-forskolin
(about 6x105 dpm/sample). The incubation was carried out
at 20 °C for 60 min without any other additives, or in the
presence of AlF4

– (10 mmol/L NaF and 1 mmol/L AlCl3) or
Gpp(NH)p (1×10–7 – 1×10–4 mol/L). The assay was termi-
nated by the addition of 4 mL of ice-cold TM buffer
(50 mmol/L Tris, 10 mmol/L MgCl2, pH 7.4) and rapid fil-
tration over Whatman GF/C filters, using a Brandel cell har-
vester (Gaithersburg, Md.). Filtered samples were rinsed free
of unbound radioligand with ice-cold TM buffer (3 washes
with 4 mL of buffer) and radioactivity associated with the
filters was determined by scintillation counting. Specific
[3H]-forskolin binding was defined as that not replaceable by
excess unlabelled forskolin (2×10–5 mol/L). Nonspecific
binding usually represented less than 35% of total [3H]-
forskolin binding. To determine the binding parameters, data
were analysed using the GraphPad program (PRISM,
GraphPad Software Inc.; San Diego, Calif.).

Data analysis
All data were obtained from at least 3 independent mem-

brane preparations. The data within each group were analysed
by the one-way ANOVA followed by Dunnett’s multiple
comparison post-hoc test, and variances between samples
from young and adult animals were evaluated by 2-way
ANOVA followed by the Bonferroni’s multiple comparison
post test. Results are presented as mean ± SE, and were sig-
nificant when p < 0.05.
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Results

[3H]-forskolin binding and competition binding studies
Specific high-affinity binding sites for [3H]-forskolin were

studied in cerebrocortical membrane preparations both from
young and adult rats. Our preliminary experiments indicated
that incubation of membrane samples with [3H]-forskolin for
60 min at 20 °C is sufficient to achieve the maximal radio-
ligand binding. All subsequent experiments were conducted
in the same incubation conditions. Representative saturation
isotherms for [3H]-forskolin binding to cerebrocortical mem-
branes, which were measured in the presence of 10 mmol/L
MgCl2, are shown in Fig. 1. A curvilinear shape of Scatch-
ard plots constructed from the binding data was indicative of
2 classes of binding sites on cerbrocortical membranes from
both young and adult animals. Nevertheless, binding param-
eters determined in these 2 types of membrane samples were
rather different (Table 1). Cerebrocortical preparations from
young rats contained a lower number of high-affinity [3H]-
forskolin binding sites (Bmax = 200 pmol/mg protein) than
those from adult rats (Bmax = 296 pmol/mg protein), but af-
finity of these sites was apparently much higher in young
(KD = 33 nmol/L) than in adult (KD = 136 nmol/L) animals.
Besides these high-affinity binding sites, low amounts of
super-high-affinity [3H]-forskolin binding sites were detect-
able in preparations from both age groups, but their charac-
teristics did not differ markedly from each other (Table 1).
Both these types of [3H]-forskolin binding sites were clearly
preserved, even when the measurements were performed in
the presence of AlF4

–. In this case, the number of high-
affinity [3H]-forskolin binding sites in cerebrocortical mem-
branes from young rats increased by about 75%, and it was
similar to that one determined in samples from adult animals
(Table 1). Interestingly, whereas the KD values were not
markedly affected by the presence of AlF4

–, this activator in-
creased considerably (by about 20 times) the number of de-
tectable super-high-affinity [3H]-forskolin binding sites in
samples from both young and adult rats (Table 1).

Our subsequent competition binding experiments with un-
labelled forskolin did not reveal any major difference be-
tween membrane preparations from both tested age groups,
except for higher values of [3H]-forskolin binding in samples
from young rats achieved at a chosen constant concentration
(20 nmol/L) of the radioligand (data not shown). The disso-
ciation constants (Ki) for unlabelled forskolin calculated
from these measurements were 87 ± 27 nmol/L and 98 ±
19 nmol/L in samples from young and adult rats, respec-
tively. Thus, the Ki values seem to be relatively very close to
the KD values determined from direct binding studies.

Effect of Mg2+ ions and Gpp(NH)p
It has been shown earlier that Mg2+ ions play a significant

role in binding of [3H]-forskolin (Seamon et al. 1984; Nel-
son and Seamon 1986). The increased concentration of Mg2+

is especially important for the effective enhancement of
[3H]-forskolin binding by sodium fluoride or GTP ana-
logues. We determined the effect of increasing concentra-
tions of Mg2+ on [3H]-forskolin binding stimulated by low
(1×10–7 mol/L) and high (1×10–4 mol/L) concentrations of
Gpp(NH)p (Fig. 2). The binding of [3H]-forskolin was very

low in the absence of Mg2+ ions and it reached about 40 or
20 fmol/mg protein in cerebrocortical membranes from
young or adult rats, respectively. The addition of MgCl2
(10 mmol/L or 100 mmol/L) increased the “basal” values of
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Fig. 1. Saturation curve of [3H]-forskolin binding to rat
cerebrocortical membranes. Membranes from (A) young and
(B) adult rats were incubated with increasing concentrations of
[3H]-forskolin in the presence 10 mmol/L MgCl2 at 20 °C for 60
min. Specific (!) [3H]-forskolin binding refers to the difference
between total (�) and nonspecific (∆) binding, which was mea-
sured in the presence of 20 µmol/L unlabelled forskolin. Data
are mean ± SE from a single representative experiment assayed
in triplicate. Inset: Scatchard plots of the data collected from sat-
uration binding isotherms.



[3H]-forskolin binding to membranes from young and adult
animals by about 37% and 131%, respectively (Fig. 3).
Higher concentrations of Mg2+ ions did not significantly
change the level of [3H]-forskolin binding (data not shown).
The nonhydrolyzable GTP analogue Gpp(NH)p was able to
further enhance [3H]-forskolin binding, but this effect was
manifested only in the presence of increased Mg2+ concen-
trations (>100 mmol/L). Similar effects were observed in
preparations from both young and adult brain cortex
(Fig. 2).

Interestingly, construction of the dose-response curves for
Gpp(NH)p (1×10–7 – 1×10–4 mol/L) allowed us to reveal a
certain difference between samples from young and adult
animals (Fig. 3). As noticed above, [3H]-forskolin binding
determined in the presence of Mg2+ ions was significantly
higher in samples from young (about 55 fmol/mg protein)
than adult (about 40 fmol/mg protein) rats. Whereas the ad-
dition of both low (1×10–7 mol/L) and high (1×10–4 mol/L)
concentrations of Gpp(NH)p apparently increased the bind-
ing of [3H]-forskolin to cerebrocortical membranes from
young rats to the maximal values (about 80 fmol/mg pro-
tein), the maximal level of [3H]-forskolin binding in samples
from adult animals was achieved only by adding high
amounts of Gpp(NH)p (>1×10–5 mol/L). Gpp(NH)p did not
influence [3H]-forskolin binding to samples from any tested
age group in the presence of 10 mmol/L MgCl2 (Fig. 3).

Effect of AlF4
–, isoproterenol and baclofen

Our assessment of the effect of AlF4
– (10 NaF mmol/L

and 1 AlCl3 mmol/L) indicated that this classical activator of
G proteins (in the presence of 100 MgCl2 mmol/L) was able
to increase [3H]-forskolin binding to cerebrocortical mem-
branes from both young and adult rats by about 63% and
124%, respectively (Fig. 4). The comparable enhancement of
[3H]-forskolin binding (to about 90 fmol/mg protein) in-
duced by AlF4

– in samples from both tested age groups was
even slightly higher than that elicited by the addition of
maximally effective concentrations of Gpp(NH)p (about 80
fmol/mg protein).

In the next set of experiments we aimed to modulate
Gpp(NH)p-promoted [3H]-forskolin binding by agonists of
the receptors coupled either to Gs or Gi/Go proteins. For this
purpose we employed isoproterenol and baclofen as the typi-

cal β-adrenergic and GABAB receptor agonists, respectively.
Fig. 4 shows that the binding of [3H]-forskolin enhanced by
Gpp(NH)p (1×10–7 mol/L) was not significantly altered by
the addition of either isoproterenol (1×10–5 mol/L) or baclo-
fen (1×10–3 mol/L) in any tested samples.

Effect of suramin
Finally, we investigated the potential effect of suramin on

the binding characteristics of [3H]-forskolin. This compound
is known to affect the function of G proteins (Butler et al.
1988; Beindl et al. 1996), but our recent observations sug-
gested that suramin may also act as a direct inhibitor of AC
activity (unpublished data). Interestingly, our preliminary ex-
periments indicated that this agent could strongly inhibit the
binding of [3H]-forskolin (Fig. 4). Therefore we performed
complete competition binding experiments on cerebrocorti-
cal membrane preparations from both young and adult rats
(Fig. 5). These studies indicated that suramin could quite ef-
fectively inhibit specific binding of [3H]-forskolin, with Ki
about 5 µmol/L in samples from both tested age groups. The
steepness of competitive binding curves was characterized
by the slope factor (Hill coefficient), which was 0.88 ± 0.05
and 0.85 ± 0.08 in samples from young and adult animals,
respectively. These data (Hill slopes calculated from compe-
tition binding data close to 1.0) suggest that suramin might
be considered as a competitive inhibitor of [3H]-forskolin
binding.

Discussion

The high-affinity binding sites for forskolin have been
identified in various tissues, especially in membranes from
brain and platelets (Seamon et al. 1984; Gehlert et al. 1985;
Nelson and Seamon 1985; Seamon and Daly 1985; Jackman
and Bobik 1986; Nelson and Seamon 1986; Ross et al.
1993). However, little attention has been paid to the possible
changes in forskolin binding during ontogenetic develop-
ment. In the present study, we aimed to determine and com-
pare binding parameters for [3H]-forskolin binding sites in
cerebrocortical membranes from young (12-day-old) and
adult (90-day-old) rats.

Our current analyses indicate that a two-site model is
more appropriate than a single-site model for fitting the
binding data obtained from standard [3H]-forskolin satura-
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KD (nmol/L) Bmax (fmol/mg)

KH KSH BH BSH

PD 12
Mg2+ 33±6 3.1±1.8 200±16 3.2±1.6
Mg2+/AlF4

– 45±9 4.0±2.3 351±45 † 103±15 †

PD 90
Mg2+ 136±26* 3.2±1.9 296±39* 8.6±2.9
Mg2+/AlF4

– 168±31* 5.6±2.5 335±34 101±18 †

Note: Characteristics of [3H]-forskolin binding to cerebrocortical membranes from young (PD 12) and adult
(PD 90) rats in the presence of 10 mmol/L MgCl2(Mg2+) or 10 mmol/L MgCl2 + AlF4

– (Mg2+/AlF4
–) were cal-

culated from the corresponding Scatchard plots. Values are mean ± SE of the high-affinity (KH) and super-
high-affinity (KSH) dissociation constants or of the numbers of high-affinity (BH) and super-high-affinity (BSH)
binding sites for [3H]-forskolin obtained from 3 independent experiments measured in triplicate.*p < 0.05 vs.
PD 12;† p < 0.05 vs. Mg2+.

Table 1. Binding of [3H]-forskolin to cerebrocortical membranes from young and adult rats.



tion binding assays. In this way, we were able to distinguish
high-affinity and super-high-affinity binding sites in
cerebrocortical membranes from both young and adult rats.
Whereas the total number of prevalent high-affinity [3H]-
forskolin binding sites was higher (by about 50%) in sam-
ples from adult than from young animals, affinity of these
sites was much lower (about 4 times) in adulthood. The

number and affinity of high-affinity [3H]-forskolin binding
sites determined in our preparations correspond quite well to
some previously published data. The following binding pa-
rameters of [3H]-forskolin binding to rat brain membranes
were previously reported: Bmax ≈ 400 fmol/mg and KD ≈
26 nmol/L (Seamon et al. 1984), Bmax ≈ 200 fmol/mg and
KD ≈ 15 nmol/L (Seamon et al. 1985), Bmax ≈ 102 fmol/mg
and KD ≈ 42 nmol/L (Gehlert et al. 1985), Bmax ≈ 408
fmol/mg and KD ≈ 31 nmol/L (Odagaki et al. 1991).
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Fig. 2. Effect of Mg2+ on specific [3H]-forskolin binding modu-
lated by Gpp(NH)p. Cerebrocortical membranes from (A) young
and (B) adult rats were incubated with 20 nmol/L [3H]-forskolin
in the presence of 1×10–7 mol/L (open circles) or 1×10–4 mol/L
Gpp(HN)p (closed circles) and increasing concentrations of
MgCl2 at 20 °C for 60 min. The “basal” values of [3H]-forskolin
binding obtained in the absence of Mg2+ and Gpp(NH)p are
marked ‘B’. Data are mean ± SE from a representative experi-
ment assayed in triplicate.

Fig. 3. Effect of Gpp(NH)p on specific [3H]-forskolin binding in
cerebrocortical membranes from young (A) and adult (B) rats.
Samples were incubated with 20 nmol/L [3H]-forskolin in the
presence of 10 mmol/L Mg2+ (open circles) or 100 mmol/L
Mg2+ (closed circles) at 20 °C for 60 min. The “basal” values of
[3H]-forskolin binding obtained in the absence of Gpp(NH)p and
Mg2+ are marked ‘B’ on the x-axis. Data are mean ± SE from a
representative experiment assayed in triplicate.



Besides these high-affinity binding sites, we were able to
detect low amounts of super-high-affinity [3H]-forskolin
binding sites in membrane preparations from both age groups,

but their characteristics did not differ markedly from each
other (Table 1). Curiously, super-high-affinity binding sites
for [3H]-forskolin have not been previously noted in either
brain or other tissues. There are 2 possible explanations for
our present successful uncovering of this type of [3H]-
forskolin binding sites. First, we used relatively low
amounts of protein (about 200 µg per assay) as compared
with the majority of earlier studies using about 1 mg protein
per assay. It is likely that the whole process of [3H]-
forskolin binding may have been affected by this condition
to at least some extent. Second, our sample preparation dif-
fered from previous experiments, and may have influenced
the outcome of our [3H]-forskolin binding experiments. Our
cerebrocortical membranes were washed 3 times before us-
ing in subsequent analyses. This step might have been of
crucial importance for removing some endogenous ligands
that may have otherwise hampered the binding of [3H]-
forskolin to its super-high-affinity binding sites.

Interestingly, both types of [3H]-forskolin binding sites
were clearly detectable, even in the presence of the G pro-
tein activator AlF4

–. Whereas AlF4
– did not significantly in-

fluence the amount of high-affinity [3H]-forskolin binding
sites in cerebrocortical membranes from adult rats, the num-
ber of these sites in young rats was markedly elevated and
approached the level found in membranes from adult ani-
mals. Additionally, AlF4

– increased enormously, and to simi-
lar extent, the number of super-high-affinity [3H]-forskolin
binding sites in samples from both tested age groups. The
ability of activated G proteins to enhance [3H]-forskolin
binding has been previously described (Seamon et al. 1985;
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Fig. 4. Modulation of [3H]-forskolin binding by Gpp(NH)p, isoproterenol, baclofen, AlF4
–, and suramin. Cerebrocortical membranes

from (A) young and (B) adult rats were incubated with 20 nmol/L [3H]-forskolin in the presence of either 1×10–7 mol/L Gpp(NH)p
alone or in combination with 1×10–5 mol/L isoproterenol (ISO), 1×10–3 mol/L baclofen (BCF), or 1×10–4 mol/L sodium suramin
(SUR) at 20 °C for 60 min. The effect of AlF 4

– (10 mmol/L NaF + 1 mmol/L AlCl3) or 1×10–4 mol/L suramin alone on [3H]-
forskolin binding was assessed under the same conditions. All these data were measured in the presence of 100 mol/L MgCl2 and are
representative of 2 experiments performed in triplicate. *p < 0.01, ***p < 0.001 vs. basal [3H]-forskolin.

Fig. 5. Effect of suramin on [3H]-forskolin binding.
Cerebrocortical membranes from young (open circles) and adult
(closed circles) rats were incubated with increasing concentra-
tions of suramin in the presence of 20 nmol/L [3H]-forskolin at
20 °C for 60 min. The competition curve is representative of 2
similar experiments performed in triplicate.



Gehlert 1986; Goldman et al. 1988), but the exact underly-
ing molecular mechanism is not quite clear. It may be specu-
lated that the interaction between activated Gs protein and
AC alters the enzyme conformation, which becomes more
easily accessible to forskolin molecules. Such a notion is
supported by the observation that activity of AC is much
more effectively promoted by low concentrations of fors-
kolin in the presence of activated Gs protein than by fors-
kolin alone (Daly et al. 1982; Seamon and Daly 1985).
Interaction of Gs protein with AC apparently favours both
substrate catalysis at the active site and binding of forskolin
at the pseudoactive site of the enzyme (Dessauer et al.
1998). It has been proposed that high-affinity binding sites
for forskolin correspond to a ternary complex of the AC cat-
alytic subunit, Gs protein, and forskolin (Alousi et al. 1991;
Post et al. 1995).

In the next set of experiments, we analysed more closely
the effect of different concentrations of Mg2+ ions and
Gpp(NH)p on the specific binding of [3H]-forskolin to
cerebrocortical membranes. As expected, the addition of Mg2+

ions markedly increased [3H]-forskolin binding in both types
of tested membranes, but it was still higher in preparations
from young than adult animals. Previously, it was shown that
Gpp(NH)p may promote [3H]-forskolin binding, and Mg2+

ions were found to be essential for this effect to take place.
Whereas some investigators reported that Gpp(NH)p increases
[3H]-forskolin binding in the presence of 5 mmol/L MgCl2
(Nelson and Seamon 1985; Seamon et al. 1985), others ob-
served that much higher Mg2+ concentrations (100 mmol/L)
were necessary (Odagaki et al. 1991). In our experimental
conditions, Gpp(NH)p markedly enhanced [3H]-forskolin
binding, but this effect was manifested only in the presence of
high concentrations of Mg2+ (>100 mmol/L). In addition, we
noticed a different ability of Gpp(NH)p to promote [3H]-
forskolin binding in samples from young and adult rats.
Whereas [3H]-forskolin binding in cerebrocortical membranes
from young rats was maximally increased by the addition of
low amounts of Gpp(NH)p (1×10–7 mol/L), much higher con-
centrations (>1×10–5 mol/L) of this nonhydrolyzable GTP an-
alogue were required for maximal binding enhancement in
preparations from adult animals. These data may suggest that
the coupling efficiency of the stimulatory Gs protein to AC is
lower in samples from adult rather than young animals.

Inspired by the work of Nelson and Seamon (1986), who
observed a clear stimulating effect of PGE1 and PGD2 on
Gpp(NH)p-promoted [3H]-forskolin binding in platelet mem-
branes, we wished to assess the supposable effect of the β-
adrenergic receptor agonist isoproterenol and the GABAB re-
ceptor agonist baclofen on [3H]-forskolin binding. In spite of
isoproterenol (1×10–5 mol/L) and baclofen (1×10–3 mol/L)
added to the incubation mixture at their maximally effective
concentrations usually applied in measurements of AC activ-
ity (Ihnatovych et al. 2002a), neither of these 2 agents sig-
nificantly altered the binding of [3H]-forskolin found in the
presence of 1×10–7 mol/L Gpp(NH)p. Interestingly, isopro-
terenol has previously been shown to enhance [3H]-forskolin
binding in S49 lymphoma cells, but these experiments were
conducted on growing cell cultures and not in isolated mem-
branes (Alousi et al. 1991; Post et al. 1996). In contrast,
isoproterenol did not significantly influence [3H]-forskolin
binding in cardiac myocytes, although this agonist and

forskolin exerted remarkable synergistic effect on cAMP
production in these cells (Post et al. 1995). Our current
data that show no detectable effects of isoproterenol and
baclofen indicate that binding of [3H]-forskolin to cerebro-
cortical membranes is not prone to modulation by these 2
agonists, although their ability to affect AC activity in this
kind of samples has been demonstrated (Ihnatovych et al.
2002a). Likewise, Odagaki et al. (1991) did not observe
any effect of isoproterenol on [3H]-forskolin binding in rat
brain tissue.

We have recently observed that suramin may act as a di-
rect inhibitor of AC activity (unpublished data) and therefore
considered this compound worth testing for its possible ca-
pacity to interfere with [3H]-forskolin binding. The current
competition binding experiments performed on cerebrocorti-
cal membranes demonstrated that suramin was able to in-
hibit specific binding of [3H]-forskolin similarly in samples
from both age groups. Results of further analyses of compet-
itive binding curves (Hill slopes close to 1.0) suggested that
suramin may act as a competitive inhibitor of high-affinity
[3H]-forskolin binding. These observations bring new infor-
mation about this pharmacologically important compound.
Suramin has mostly been used as trypanocidal drug for
treatment of African sleeping sickness and as salvage ther-
apy in some cancers in the last 2 decades (Jennings et al.
2002; Kaur et al. 2002; Ryan et al. 2002). Nevertheless, the
molecular mechanism of its action is not well understood.
Suramin exhibits antiproliferative and antiangiogenetic ac-
tivity by interfering with the binding of several growth fac-
tors to their receptors (Mills et al. 1990; Minniti et al.
1992; Firsching et al. 1995). However, suramin may com-
promise the enzyme functions of protein kinase C and
protein-tyrosine phosphatases (Khaled et al. 1995; Zhang
et al. 1998), and it has the ability to interfere with
transmembrane signalling regulated by trimeric G proteins
has also been described (Butler et al. 1988; Huang et al.
1990; Beindl et al. 1996). More recently, suramin has been
shown to interact directly with calmodulin-recognition sites
and to activate the skeletal-muscle ryanodine receptors
(Klinger et al. 1999; Klinger et al. 2001). Our present stud-
ies have thus extended the existing array of suramin cellu-
lar targets by identifying this drug as a potent direct
inhibitor of AC and [3H]-forskolin binding.

Overall, the results presented here demonstrate that high-
affinity, as well as super-high-affinity, binding sites for [3H]-
forskolin can be detected in rat brain cortex. In addition, we
have found that parameters (KD and Bmax) of specific [3H]-
forskolin binding differ quite significantly in cerebrocortical
membranes from young and adult rats. It may be assumed
that the markedly different affinity of [3H]-forskolin binding
sites in these 2 age groups, which certainly reflects altered
ability of forskolin to interact with AC, is above all given by
qualitative changes in the enzyme. There are some indica-
tions that forskolin need not bind to and activate all AC
isoforms with the same rank of potency (Sutkowski et al.
1994). Our present finding of lower affinity of binding sites
for [3H]-forskolin and presumably lesser coupling efficiency
of Gs protein to AC in adulthood may thus imply that the
complement of AC isoforms in young and adult rat brain
cortex might be different. This speculation remains to be
proved or disproved in future studies.
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