
J. Pharm. Pharmacol. 1997,49: 305-309 
Received September 4, 1996 
Accepted November 7, 1996 

0 1997 J. Pharm. Pharmacol. 

Estimation of the Chemosensitizing Activity of Modulators of 
Multi-drug Resistance via Combined Simultaneous Analysis of 

Sigmoidal Dose-Response Curves 

G E R H A R D  E C K E R ,  P E T E R  C H I B A *  A N D  K L A U S - J U R G E N  S C H A P E R t  

Institute of Pharmaceutical Chemistry and *Institute of Medical Chemistry, University of Vienna, 
Wahringerstrasse 10, A-1090 Wien, Austria, and ?Medicinal-Pharmaceutical Chemistry, Borstel Research Center, 

Parkallee 1-40, 0-23845 Borstel, Germany 

Abstract 
The potency of modulators which re-establish sensitivity of resistant tumour cells to cytotoxic drugs is not 
usually described by ED50 values, even though such values are needed for comparison of modulator activity. 

Various methods are reported for the determination of ED50 values of propafenone-type modulators of 
multi-drug resistance in cytotoxicity assays. Best results were obtained by using a combined simultaneous 
analysis of dose-response curve families. This approach enables calculation of statistically highly significant 
ED50 values without any data reduction directly from the original data points obtained in daunomycin 
cytotoxicity assays. 

The method also enables extrapolation of the ED50 values of compounds with low activity or poor solubility, 
or both. 

Cellular resistance to a broad spectrum of cytostatic drugs is an 
increasing problem in cancer therapy. The phenomenon of 
multi-drug resistance (MDR) confers resistance to a large 
variety of structurally and functionally diverse drugs, such as 
anthracyclines, epipodophyllotoxins, actinomycin D, vinca 
alkaloids, colchicine and tax01 (Bradley et a1 1988). The cross- 
resistance profile is usually accompanied by a reduction in 
drug accumulation in resistant cells and it has been shown that 
this decrease in intracellular drug levels is often mediated by 
the expression of P-glycoprotein. This trans-membrane protein 
functions as an ATP-driven efflux pump for a wide variety of 
cytotoxic drugs (Horio et a1 1988). Several substances have 
been identified which are able to re-establish sensitivity of 
resistant tumour cells to cytotoxic drugs in-vitro (Ecker & 
Chiba 1995). 

Different approaches are used to define modulatory potency. 
Potency is not usually described by ED50 values; most authors 
determine the MDR ratio, or MDR-fold reversion, which is 
expressed as the ratio of the ED50 value of a toxin in the 
absence of modifier and the ED50 value of the toxin in the 
presence of a fixed concentration of modulator (Ford et a1 
1989; Dhainaut et a1 1992). A comparison of modulator 
potencies is attempted under the assumption that modulator 
efficacies are equal. Some papers give changes in the ED10 or 
ED50 values of modifiers at fixed toxin concentrations (Dodic 
et a1 1995). For rational modifier design, which requires the 
search for quantitative structure-activity relationships, there is, 
however, a need for precise and comparable modifier activity 
data, e.g. ED50 values, for modulating activity. In this paper, 
various methods based on simultaneous analysis of dose- 
response curve families are reported for the determination of 
modulator ED50 values using cytotoxicity assay data. 

Correspondence: K.-J. Schaper, Medicinal-Pharmaceutical Chem- 
istry, Borstel Research Center, Parkallee 1-40, D-23845 Borstel, 
Germany. 

Materials and Methods 

Chemistry 
Compounds la-k and 2a-e, the chemical structures of which 
are given in Fig. 1, were prepared as described elsewhere 
(Ecker et a1 1994, 1995, 1996; Chiba et a1 1996). 

Cell lines and culture conditions 
The CCRF-CEM T lymphoblast cell line and the resistant line 
were obtained as described previously (Chiba et a1 1996). Cells 
were kept in RPMI1640 medium supplemented with 10% 
foetal calf serum under standard culture conditions. The 
resistant CCRF vcr 100 cell line was kept in the continuous 
presence of 100 ng m ~ -  vincristine. The selecting agent was 
washed out at least 1 week before the experiments. The cell 
line used in our studies was selected in the presence of 
increasing doses of vincristine without prior mutation. This 
cell line has been chosen on basis of distinct P-glycoprotein 
expression and does not show the mutation at codon 185. In 
addition, no significant contribution of other factors to MDR 
could be observed (unpublished data). 

Cell cytotoxicity assay 
The assay is dependent on the cellular reduction of MTT (3- 
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; 
Sigma, St Louis, MO) to water-insoluble formazan in the 
mitochondria of viable cells. The assays were performed in 96- 
well plates essentially as described by Mosmann (1983), with 
the exception that water-insoluble formazan granules were 
dissolved in 0.04 M HCl in 2-propanol. The absorbance was 
read spectrophotometrically using an EL3 11 Biotek microtiter 
plate reader (Biotek Instruments, Highland Park, VT). 

The chemosensitizing effect of the propafenone-type mod- 
ulators relative to daunomycin was determined using CCRF- 
CEM vcr 100 cells. One independent experiment represents the 
evaluation of the toxicity of daunomycin in CCRF-CEM vcr 
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FIG. 1. The chemical structures of the compounds investigated. 

- a  

100 cells in the presence of six different concentrations of a 
modifier. Each experiment also includes the measurement of a 
dose-response curve for daunomycin without modifier (VCR- 
control) and of one curve of the non-resistant, wild-type 
CCW-CEM line (WT-control). Six different concentrations of 
toxin were usually used for each dose-response curve (Fig. 2). 

In a first step, these experiments were analysed con- 
ventionally by fitting each dose-response curve of daunomycin 
according to equation 1: 

%s = 100 - 100[T]a/(ED50~a + [TIa) (1) 

where %S is the percentage survival, [TI the concentration of 
the toxin daunomycin, ED5& the ED50 value of daunomycin 
for a given concentration of modulator and a the Hill coeffi- 
cient of daunomycin-toxicity curves. This model leads to eight 
ED50 values for daunomycin and the corresponding Hill 
coefficients. A plot of E D 5 6  values against log (modulator 
concentration) leads to a sigmoidal dose-response curve which 
enables estimation of the ED50 value of the respective mod- 
ulator according to equations 2a and 2b. To describe this dose- 
response curve a Minmax function was used with the minimum 
effect (MIN) being expressed as the ED50 value of toxin in the 
absence of modulator and the maximum possible effect (MAX) 
corresponding to complete reversion, represented by the ED50 
value of toxin in the parental CCW-CEM line (Fig. 3): 

EDSOT = MIN - ( M N  - MAX) M b / ( E D 5 0 ~ b  -I- [MIb) 
( 2 4  

ED50, = EDSOV~R - (EDSOV~R 

- ED50,) Mb/(ED50M + [MIb) (2b) 

ED5& represents the ED50 value of daunomycin observed in 
the presence of a given concentration of modulator, E D 5 h c ~  
and E D 5 4 ,  are the ED50 values of daunomycin for the 
resistant CCW-CEM vcr 100 control and the sensitive CCW- 
CEM wild-type control (to generate more precise results these 
values are used individually for each experiment), [MI is the 
concentration of modulator, ED5OM is the ED50 value of the 
modulator and b represents the Hill coefficient of the dose- 
response curve of the modulator. ED50 values of the mod- 
ulators are listed in Table 1 (column-named single fit). 

According to De Lean et a1 (1978), efficient data analysis 
should involve simultaneous description of all dose-response 
curves, rather than fitting them individually. A simultaneous 
analysis of daunomycin toxicity curve families was, therefore, 
performed according to equation 1 using a previously descri- 
bed algorithm for non-linear least squares fit (Schaper et a1 

b 
h 

Concn (fl) Concn (fl) 
FIG. 2. Toxicity of daunomycin to CCRF-CEM vcr 100 cells in the presence of various concentrations of la: (m) wild type CCRF-CEM control, 
(0) 0.31 w, (A) 063 pM, (v) 1.25 pM, (e) 2.5 p ~ ,  (+) 5.0 pM, (x)  10.0 p ~ ,  and (*) CCRF-CEM vcr 100 control: a. single fit of each dose- 
response curve, b. simultaneous fit of all dose-response curves. 
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FIG. 3. Modulatory activity of compound l g  obtained using dauno- 
mycin cytotoxicity assay. The dose-response curve was calculated 
using the singleefit procedure (ED50= 1.85 PM). 

FIG. 4. Dose-response curves of all modulators tested. Potency for all 
modulators was normalized to values 0-1 using the minmax function. 

1995). This analysis leads to eight ED50, values for dauno- 
mycin and only one Hill coefficient, a, for each cytotoxicity 
experiment with one modulator tested at eight concentrations 
(Fig. 2b). Using this procedure for estimation of ED50, values, 
modulator ED50M values were subsequently derived from 
these EDSOT values by use of equation 2. The ED50, values 
are also presented in Table 1 (column-simultaneous toxin fit). 

According to Schaper et a1 (1995) it is possible to analyse 
the dose-response curves of different drugs simultaneously 
under the assumption that all derivatives have the same 
mechanism of action within a given test model and, therefore, 
also have the same Hill coefficient. As previously demon- 
strated, this is so for the homologous series of propafenone- 
type MDR-modulators presented in this investigation (Chiba et 
a1 1996). Further evidence is presented in Fig. 4, which shows 
that most of the dose-response curves of modulators obtained 
by plotting values (estimated by the simultaneous toxin 
fit procedure) are almost parallel. Curves showing different 

Hill coefficients, b, were derived from incomplete data. Thus, 
dose-response curves observed for all modulators were 
simultaneously analysed according to equation 2. This 
approach, which consists of two steps (step 1: simultaneous fit 
of all toxin dose-response curves (equation 1) leading to a set 
of ED54. values; step 2: simultaneous and independent fit of 
all modulator dose-response curves (equation 2) using ED54. 
values of step 1) leads to a further set of ED5OM values of 
modulators (Table 1, column-double fit) and only one Hill 
coefficient, b, for all modulator dose-response curves. 

By estimating eight ED50, values from 48 experimentally 
determined data points followed by estimation of one ED50, 
value the simultaneous toxin-fit approach results in an enor- 
mous concentration of information content within the available 
data. We therefore combined the two independent simulta- 
neous-fit procedures (double-fit approach) by use of equation 
3. This new approach enables determination of ED50, values 
of modulators directly from the original daunomycin toxicity 

Table 1. The pharmacological activity of [ED50 (pM)] compounds la-k and 2a-e. 

Compound Single fit Simultaneous Double fit Combined Efflux 
toxin fit simultaneous fit 

l a  
l b  
lc* 
Id 
le* 
lP 

l h  
li* 

1g 

U 
lk 
2a 
2b* 
2c 
2d* 
2e 

0.33 f 0.08 
0.22f0.21 
0.11 f 1.85 
0.81 f0.31 
1.46 f 0.69 
0.51 f0.17 
1.85 f 0.08 
0.18 f0.03 
0.74 f 4.09 
0.18 f 0.03 
0.98 f 0.26 
2.60 f 3.80 
1.85 f0 .13 
0.42 f 0.05 
2.68 f 2.62 
0.82 f 0.49 

0.33 f 0.08 
0.21 f0.21 
0.20 f 2.41 
0.74 f 0.28 
1.43 f0.73 
0.47 f 1.85 
1.85 f 0.05 
0.34 f 0.03 
0.78 f 4.09 
0.18 f0.03 
0.89 f 0.26 
2.96 f 3.83 
1.67 f0.13 
0.41 f 0.05 
2.66 f 2.62 
0.86 f 0.49 

0.37 f 0.14 
0.29 f 0.22 
0.93 f 0.91 
0.69 f 0.30 
0.85 f 0.97 
0.23 f 0.54 
1.87 f 0.27 
0.29 f 0.13 
1.21 f0.76 
0.08 f 0.05 
0.39f 1.18 
2.35 f 1.85 
1.80f 1.10 
0.40 f 0.13 
2.76 f 1.24 
1.26f 1.01 

0.34 f 0.08 
0.37 f 0.08 
0.81 f0.24 ~ ~~~~ ~ 

0.29 f 0.07 
0.52f0.16 
0.2 1 f 0.06 
1.43 f 0.38 
0.18 f 0.03 
0239 f 0.25 
0.03 f 0.01 
0.19 f 0.05 
4.19f 1.61 
1.59 f 0.52 
0.21 f 0.05 
2.02 f 0.58 
0.87 f 0.24 

3.55 
1.36 
7.12 
0.61 
2.55 
I .65 

13.56 
0.16 
8.61 
0.06 
0.4 1 

69.60 
13.61 
0.46 
4.96 
2.90 

Values are ED50 values ( f 95% confidence interval) of all modulators obtained in the MTT assay by various fit 
procedures. *ED50 values obtained using only three different modulator concentrations. ED50 values obtained using 
Rh-123 efflux represent the mean of at least two independently performed experiments. Standard deviations were 
usually below 15%. 



308 GERHARD ECKER ET AL 

data sets 

The abbreviations used are the same as before. ED50M values 
of modulators calculated by this approach are listed in Table 1 
(column-combined simultaneous fit). The combined fit algo- 
rithm (equation 3) used for the simultaneous calculation of 
several E D 5 h  values is a slight modification of the algorithm 
described recently (Schaper et al 1995). The previous number 
of two independent variables is increased by 1 (i.e. [MI). The 
Hill coefficient, a, was obtained from simultaneous analysis of 
all toxin dose-response curves using equation 1. 

Analysis of incomplete data sets 
For compounds with low activity or poor solubility, or both, it 
is sometimes not possible to obtain complete dose-response 
curves. In this circumstance the simultaneous analysis of dose- 
response curve families of a homologous series of drugs 
enables calculation of statistically significant ED50 values of 
these substances (Schaper et a1 1995). To check the accuracy 
of this approach, we included a series of cytotoxicity assays 
performed using only three different concentrations of modifier 
(indicated with an asterisk in Table 1). 

Rhodamine-123 efflux studies 
The rhodamine-123 assay is a well documented direct and 
extremely reproducible functional assay for measuring P-gly- 
coprotein-dependent efflux (Drach et a1 1992). ED50 values of 
modulators obtained by this method were, therefore, used as 
reference values. We measured the ability of several propafe- 
none analogues to inhibit P-glycoprotein-mediated rhodamine- 
123 efflux in resistant CCRF-CEM vcr 100 cells. 

Rhodamine efflux studies were performed by analogy with 
previously published methods (Chiba et a1 1996). Cells were 
pelleted, the supernatant was removed by suction and the cells 
were resuspended at a density of 1 x lo6 mL-' in RPMI1640 
medium containing rhodamine-123 (Sigma) at a final con- 
centration of 0.2 pg &-'. Cell suspensions were incubated at 
37°C for 15 min. Tubes were chilled on ice and pelleted at 
500 g in an Eppendorf 5403 centrifuge (Eppendorf, Germany). 
Supernatant was removed and the cell pellet was resuspended 
in medium which was pre-warmed to 37°C and contained 
either no modulator or chemosensitizer at various concentra- 
tions ranging from 16 nM to 500 pM, depending on the solu- 
bility and expected potency of the modifier. Eight 
concentrations (serial dilution 1 : 2.5) were tested for each 
modulator. After 30, 60, 90 and 120 s samples of the incuba- 
tion mixture were transferred to tubes containing an equal 
volume of ice-cold stop solution (RPMI1640 medium con- 
taining verapamil at a final concentration of 10 pg mL-'). 
Zero time points were obtained by immediately pipetting 
rhodamine- 123 pre-loaded cells into ice-cold stop solution. 
Non-P-glycoprotein-expressing parental CCRF-CEM cells 
were used as controls for simple plasma-membrane diffusion, 
whereby initial rhodamine- 123 fluorescence levels were 
adjusted to be equal to initial levels observed in resistant cells. 
Samples drawn at the respective time-points were kept in an 
ice-water bath and measured within 1 h on a Becton Dickinson 
Facscalibur flow cytometer (Becton Dickinson, Vienna, Aus- 

tria). Viable cells were gated on the basis of forward and side 
scatter. Five thousand gated events were accumulated for the 
determination of mean fluorescence values. The time-depen- 
dent decrease in mean fluorescence values was linear for at 
least 2 min and was expressed as the percentage of the values 
of the corresponding zero time points, to enable comparison of 
independent experiments. 

The time-dependent linear decrease in mean fluorescence in 
the presence of various concentrations of modifier was esti- 
mated and the initial efflux rates were calculated by linear 
regression analysis. Correction for simple diffusion was 
achieved by subtracting the efflux rates observed in the par- 
ental, non-P-glycoprotein-expressing line. ED50 values of all 
modifiers were determined from dose-response curves of 
initial efflux rates against modifier concentration and are given 
in Table 1. Data points from at least two independently per- 
formed experiments were fitted according to equation 4, where 
y is the initial rate of efflux determined as a function of 
modifier concentration, c, yi is the initial efflux rate in absence 
of modulator and ME is the modulatory efficacy: 

y = y, - ME . c/(ED50 + C) (4) 

Fit procedures 
The fit of dose-response equations to single curves was per- 
formed using the software package Microcal Origin, installed 
on an IBM-compatible computer (468 DX2). The simultaneous 
analysis of dose-response curves was performed on a personal 
computer using an in-house software package (K.-J. Schaper, 
Borstel, Germany). 

Results and Discussion 

To prove the accuracy of our new method, we estimated the 
MDR-modulating activity of a series of propafenone analogues 
using an MTT-based cytotoxicity assay. The rhodamine- 123 
efflux assay, which is a highly reproducible functional assay 
for measuring P-glycoprotein-dependent efflux, was used as a 
reference method. As previously demonstrated, the CCRF- 
CEM vcr cell lines exhibit the MDR phenotype owing to 
overexpression of P-glycoprotein. No other reasons for resis- 
tance could be detected. Thus, cytotoxicity data obtained with 
CCRF-CEM vcr cells should show a stringent correlation with 
rhodamine- 123 efflux data. 

A gradual improvement in the correlation between MTT- 
assay and the efflux experiments can be observed by stepwise 
inclusion of data points in the simultaneous fitting procedure: 
(a) fit of dose-response curves of toxins at individual modifier 
concentrations (single fit); (b) simultaneous fit of eight dose- 
response curves for toxin at eight different concentrations of 
one modulator (simultaneous toxin fit); (c) simultaneous fit of 
all toxin curves and simultaneous (but independent) fit of all 
modulator dose-response curves (double fit); and (d) combined 
simultaneous fit of original cytotoxicity data points for all 
modulators (combined simultaneous fit). ED~OM values 
obtained by fit procedures a-d and analogous values obtained 
in rhodamine-123 efflux studies were compared by linear 
regression analysis of the corresponding log (1/ED50) values. 
In this analysis the compounds with incomplete dose-response 
curves were also included. The best correlation was obtained 
by using the combined simultaneous fit analysis for data pro- 
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FIG. 5. Correlation of modulatory potencies (expressed as log 
(1/ED50) values; ED50 in PM) obtained in daunomycin cytotoxicity 
assays (MlT assay; values obtained using combined simultaneous-fit 
procedure) and rhodamine-123 efflux studies (r = 0.93). 

cessing (r = 0.93, n = 16; Fig. 5). Regression analysis of the 
efflux data with the ED50M values obtained by the double-fit, 
simultaneous-toxin-fit or single-fit procedure resulted only in r 
values of 0.84, 0.63 and 0.58, respectively. Thus, using a 
combined simultaneous analysis of dose-response curve 
families of homologous drugs for analysis of cytotoxicity 
assays leads to highly significant ED50 values for modulators, 
which should enable the derivation of more informative and 
significant equations for quantitative structure-activity rela- 
tionships. 

The analysis of incomplete data sets by use of the combined 
simultaneous fit-curve algorithm shows that this is also a 
versatile method for analysing the activity of only slightly 
active or poorly soluble compounds (compounds marked with 
an asterisk in Table 1). 

Conclusions 
The combined simultaneous analysis of dose-response curve 
families of homologous drug series is a powerful method for 
the estimation of the pharmacological activity of MDR-mod- 
ulators using cytotoxicity assays. This method enables the 
calculation of statistically highly significant Hill coefficients 
and ED50 values. ED50 values can, furthermore, be estimated 
for compounds which are poorly soluble or only slightly 
active, or both, with incomplete data sets. Each additional data 
set contributes to a statistically more precise estimation of 
variables (i.e. Hill coefficients) that are equal for all mod- 
ulators. This information is lost when using individual fit 
procedures. By using a combined simultaneous-fit procedure, 
this information is conserved and can be used to facilitate the 
derivation of more informative and significant equations for 
quantitative structure-activity relationships. 
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Age-related Changes in [3H]Nimodipine and [3H]Rolipram 
Binding in the Rat Brain 
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Abstract 
Ageing is associated with changes in neurotransmission which might be correlated with abnormal calcium 
metabolism. Because there is evidence that nimodipine can enhance the learning abilities of ageing animals and 
rolipram can enhance the excitability of neurons, providing a functional basis for cognition-enhancing activity, 
age-related alterations in the binding of voltage-dependent L-type calcium channels and calciudcalmodulin- 
independent cyclic adenosine monophosphate-selective phosphodiesterase (cyclic-AMP PDE) were studied in 
3-week- and 6-, 12-, 18- and 24-month-old Fisher 344 rats by use of receptor autoradiography. 

[3H]Nimodipine and [3H]rolipram were used to label the voltaFe-dependent L-type calcium channels and 
calciudcalmodulin-independent cyclic-AMP PDE, respectively. [ HINimodipine binding showed no obvious 
change in all brain areas of 12- and 18-month-old rats, as compared with 6-month-old animals. In 24-month-old 
rats, however, [3H]nimodipine binding increased significantly in the striatum and hippocampal CA3 sector. In 
contrast, [3H]rolipram binding showed no significant change in most brain areas during ageing, except for a 
transient change only in the hippocampal CA1 sector of 12-month-old animals. [3H]Nimodipine and 
[3H]rolipram binding showed a significant increase in some brain areas of 3-week-old rats compared with 
6-month-old animals. 

The results indicate that in rats voltage-dependent L-type calcium channels are more susceptible to ageing 
processes than calciudcalmodulin-independent cyclic-AMP PDE. Our data also demonstrate that voltage- 
dependent L-type calcium channels and calciudcalmodulin-independent cyclic-AMP PDE might play roles in 
developmental processes. These findings might help further elucidation of the relationship between age-related 
neurological deficits and behavioural pharmacology including cognitive function. 

Nimodipine is a potent voltage-dependent L-type calcium 
channel antagonist which has a high affinity for the central 
nervous system and passes the blood-brain barrier rapidly 
(Scnabine et a1 1989). Several lines of evidence have 
demonstrated that nimodipine can enhance the learning abil- 
ities of ageing rabbits, rats and monkeys (Deyo et a1 1989; 
Sandin et a1 1990; Straube et a1 1990; Levere & Walker 1991). 
This drug has also been reported to be effective for the treat- 
ment of age-related disorders such as senile dementia (Tol- 
lefson 1990). There has, furthermore, been growing interest in 
the application of nimodipine as a protective agent against 
ischaemic brain damage (Uematsu et a1 1991; Roda et a1 1995). 
From these observations it is conceivable that nimodipine 
might have a role in the treatment of age-related neurological 
deficits and cognitive dysfunction. Little is, however, known 
about changes of [3H]nimodipine binding in the ageing pro- 
cess. 

Rolipram, known to be an antidepressant, inhibits a calciud 
calmodulin-independent cyclic adenosine monophosphate- 
selective phosphodiesterase (cyclic-AMP PDE) isozyme 
(Kariya & Dage 1988), leading to an increase in brain cyclic- 
AMP levels (Schneider 1984). Regional distributions for 
[3H]rolipram binding sites have been quantified and visualized 
in the brain by receptor autoradiography (Kaulen et a1 1989). A 
recent study suggests that the PDE inhibitor denbufylline can 
enhance the excitability of neurons, providing a functional 
basis for cognition-enhancing activity (Nicholson et a1 1991). 

Correspondence: T. Araki, Department of Neurology, Tohoku Uni- 
versity School of Medicine, 1-1 Seiryo-machi, Aoba-ku, Sendai 980, 
Japan. 

The calciudcalmodulin-independent cyclic-AMP PDE might 
therefore, play a role in modulation of brain function, although 
the role of the cyclic-AMP PDE in ageing process is not fully 
understood. 

In this study we have, therefore, used receptor auto- 
radiography to investigate age-related changes in voltage- 
dependent L-type calcium channels and calciudcalmodulin- 
independent cyclic-AMP PDE in aged rat brain. 

Materials and Methods 

Subjects 
Male Fisher 344 rats, 3 weeks and 6, 12, 18 and 24 months old, 
were used. The animals were lightly anaesthetized with ether 
and then killed by decapitation. The brains were removed 
immediately, frozen in powdered dry ice, and stored at - 80°C 
until assay. Sagittal sections 12pm thick were cut on a cryostat 
and thaw-mounted on to gelatin-coated cover slides. Adjacent 
sections stained with cresyl violet were examined with a light- 
microscope. Each group contained five to seven rats. 

Receptor autoradiograpt y 
['H]Nimodipine bindin)'. Autoradiographic localization of 
voltage-dependent L-type calcium channels was detected 
using [3H]nimodipine by the methods of Bellemann et a1 
(1983) with minor modifications. Brain sections were pre- 
incubated for 30 min at room temperature in 50 mM Tris-HC1 
buffer (pH 7.4) containing 150mM NaCl and 1 mM CaC12. The 
sections were then incubated with 1.5 nM [3H]nimodipine 
(specific activity, 152Ci mmol-' (NEN)) in the same buffer 
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for 60min at room temperature. After incubation, the sections 
were washed twice for 10min at 4°C in fresh buffer. Non- 
specific binding was determined by use of 1 5 p ~  nimodipine 
(Sigma) under the same experimental conditions. 

[3H]Rolipram binding. Autoradiographic distribution of cal- 
ciudcalmodulin-independent cyclic-AMP PDE inhibitor 
binding sites was detected using [3H]rolipram according to 
the method of Kaulen et al (1989) with minor modifications 
(Araki et a1 1992). Brain sections were incubated for 60 min at 
0°C with 5 nM [3H]rolipram (specific activity 60 Ci mmol- I ;  

Amersham) in 1 5 0 m ~  phosphate buffer (pH 7.4) containing 
2 m ~  MgC12 and 100pM dithiothreitol. After incubation the 
sections were washed twice with fresh buffer for 30s at 0°C 
and briefly rinsed in ice-cold distilled water. Non-specific 
binding was determined using 1 p~ rolipram (Meiji Seika 
Co. Ltd, Yokohama, Japan) under the same experimental 
conditions. 

Data analysis 
The sections were quickly dried under a cold air stream and 
were exposed to Hype~film-~H (Amersham) for 4-6 weeks in 
X-ray cassettes with a set of [3H]microscales (Amersham). The 
optical density of the brain areas was measured with a com- 
puter-controlled image analyser, as described previously 
(Araki et a1 1995). Binding assays were performed in duplicate 
under subdued lighting. Values were expressed as means & s.d. 
Statistical significance was determined by analysis of variance 
then Dunnett's multiple comparison test. 

Results 

Regional age-related alterations of [3H]nimodipine and 
[3H]rolipram binding are summarized in Tables 1 and 2. 
Representative autoradiograms of this binding are shown in 
Fig. 1. 

Receptor autoradiography 
['H]Nimodipine binding. The localization of [3H]nimodipine 
binding was relatively heterogeneous throughout the brain. In 
adult (6-month-old) rats the highest [3H]nimodipine binding 
was evident in the hippocampus, followed by the neocortex, 
thalamus, cerebellum and striatum. Other regions showed 
relatively low [3H]nimodipine binding. In immature (3-week- 

old) rats a significant increase in [3H]nimodipine binding was 
observed in the striatum and hippocampal CA3 sector and 
thalamus, compared with those regions in the adult animals. 
Other regions showed no significant change in [3H]nimodipine 
binding. [3H]nimodipine binding, on the other hand, was not 
significantly different in the brains of 12- and 18-month-old 
rats. In 24-month-old rats, however, a significant increase in 
[3H]nimodipine binding was found in the striatum and hippo- 
campal CA3 sector. Other regions showed no significant 
alteration in [3H]nimodipine binding. 

[3H]Rolipram binding. In adult rats [3H]rolipram binding was 
strikingly heterogeneous and was greatest in the hippocampus, 
neocortex, striatum and thalamus. Other regions had a low 
grain density of [3H]rolipram binding. In immature rats the 
grain density of [3H]rolipram binding was quite similar to that 
of the adult animals, although a significant increase in [3H]roli- 
pram binding was observed in the thalamus, substantia nigra 
and cerebellum of the immature rats, compared with those 
regions in the adult animals. Other regions showed no obvious 
change in [3H]roEpram binding. No significant change in 
[3H]rolipram binding was, on the other hand, seen in most 
brain areas in 12-, 18- and 24-month-old rats. A transient 
increase in [3H]rolipram binding was observed only in the 
hippocampal CAI sector of 12-month-old rats. 

Discussion 

Ageing is associated with striking changes in neurotransmis- 
sion which might underlie age-dependent deficits in cognitive 
function and psychomotor performance (Bartus et a1 1982; 
Joseph et a1 1983). These deficits might, at least in part, be 
correlated with abnormal calcium metabolism. For example, 
calcium-dependent acetylcholine release is reduced in the 
brain of aged mice (Gibson & Peterson 1981) and perturba- 
tions in normal calcium metabolism have been correlated with 
learning and memory deficits in aged rabbits (Deyo et a1 1989). 
Several studies have, furthermore, reported that brain ageing is 
accompanied by a reduction in calcium uptake (Gibson & 
Peterson 1987; Martinez et a1 1987). Thus age-related changes 
in calcium metabolism might affect neuronal functions such as 
neurotransmitter release and neurotransmission. 

In this study, no significant increase in [3H]nimodipine 
binding was observed in any brain areas of 12- and 18-month- 

Table 1. Age-associated changes in [3H]nimodipine-binding in the rat brain. 

3 weeks 6 months 12 months 18 months 24 months 

Frontal cortex 
Parietal cortex 
Striatum 
Hippocampus 

CAI sector 
CA3 sector 
Dentate gyrus 

Thalamus 
Substantia nigra 
Cerebellum 

3 5 5 6  2 5 f l l  
3 2 f 6  3 0 f  15 
41 f 8 *  21 f 10 

32 f 
60 f 
67 f 

6 31 f 10 
10* 4 0 f 9  
10 75 f 10 

6 6 f  13* 3 0 5  10 
3 2 f  18 1 4 5  12 
37514  2 4 f 5  

2 4 f 6  
31 f 7  
2 5 5 5  

3 5 f 1 0  
4 7 f 6  
8 5 f l l  
3 9 f 6  
1 7 f 1 2  
21 f 7  

25 f 10 3 7 f 6  
2 8 f 1 7  3 5 f 7  
2 4 f 1 0  43 f 9* 

24k14  4 2 f  10 
4 2 f  14 63 f 7* 
72 f 17 8 8 f 9  
33 f 14 4 6 f 1 0  
1 4 f  14 2 7 f 1 0  
2 3 f 9  2 2 f  10 

Optical density was converted to fmol (mg tissue)-' by use of ['H]rnicroscales. Values are expressed as 
means f s.d. * P i  0.01 compared with 6-month-old group (Dunnett's multiple range test; n = 5-7). 
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Table 2. Age-associated changes in [3H]rolipram-binding in the rat brain. 

~~ 

3 weeks 6 months 12 months 18 months 24 months 

Frontal cortex 
Parietal cortex 
Striatum 
Hippocampus 

CA1 sector 
CA3 sector 
Dentate g y m  

Thalamus 
Substantia nigra 
Cerebellum 

1 1 2 f 2 0  102 f 19 1 1 9 f 1 6  
lOOf 17 85 f 14 106 f 20 
7 3 f 1 3  7 4 f 8 1  8 2 f  12 

104 f 22 1 2 7 f  15 1 5 6 f  19* 
123 f 23 123 f 12 145 f 32 
95 f 14 8 9 f 1 8  95 f 18 

138 f 22t 87 f 12 95 f 16 
64f 16t 4 3 f 9  4 5 f 8  
58 f 12t 45 f 7  3 6 f 4  

91 f 15 91 f 15 
97 f 17 9 0 f  14 
6 9 f 1 3  7 7 f 1 2  

148 f 19 142 f 20 
1 2 9 f 2 0  123 f 16 
8 5 f 5  8 6 f  15 
82 f 13 8 7 5 1 8  
41 f 5  44f8 
3 9 f 3  3 7 f 5  

Optical density was converted to fmol (mg tissue)-’ by use of [3H]microscales. Values are expressed as 
means f s.d. *P < 0.05, tP -= 0.01 compared with 6-month-old group (Dunnett’s multiple range test; n = 5-7). 

A 

P U 

FIG. 1. Autoradiographic distribution of [3H]nimodipine (A) and [3H]rolipram (B) binding in the rat brain. Left: adult (6 months old) rat brain, 
right: aged (24 months old) rat brain. A significant increase in [3H]nimodipine binding was noted in the striatum and hippocampal CA3 sector in 
aged rats, compared with those in adult animals (A). In contrast, no significant change in [3H]rolipram binding was observed in any brain areas of 
aged rats (B). 

old rats, as compared with those from adult animals. A sig- 
nificant increase in [3H]nimodipine binding was, however, 
found in the striatum and hippocampal CA3 sector of 24- 
month-old rats. A previous study suggested that an age- 
dependent increase in [3H]verapamil (a voltage-dependent 
calcium-channel blocker) binding was seen in the rat cortical 
membrane (Battaini et a1 1985). Govoni et a1 (1985) reported, 
furthermore, that the number of [3H]nitrendipine (a voltage- 
dependent calcium channel blocker) binding sites was slightly 
increased in the cortical membranes of 24-month-old rats. In 
agreement with our findings Navaratnam & Khatter (1991) 
have, interestingly, also observed an age-related increase in 
[3H]nitrendipine binding in the sarcolemmal membrane. From 
these observations, the present study seems to suggest that 
calcium channels are gradually affected in ageing processes 
and this might lead to neurological deficits. 

Several neurotransmitters are well known to stimulate the 
formation of cyclic-AMP by activation of adenylate cyclase 
(Phillis 1977). Cyclic-AMP plays a key role in expression or 
activation of ion channels and acetylcholine receptors (Arta- 
lejo et a1 1990; Ifune & Steinbach 1990). The cyclic-AMP 
cascade, including adenylate cyclase, is involved in learning, 
short-term memory and synaptic plasticity (Buxbaum & Dudai 
1989; Zhong et a1 1992) and is, therefore, implicated in ageing 
processes and cognitive function. Cellular cyclic nucleotide 
phosphodiesterases are also known to play a role in the 
metabolism of cyclic-AMP by determining the response 
intensity and duration of neurons to various neurotransmitters 
acting via adenylate cyclase (Kaulen et a1 1989). 

Rolipram is an antidepressant with calciudcalmodulin- 
independent specific cyclic-AMP type-IV PDE inhibitory 
properties, leading to increased brain cyclic- AMP levels; the 
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binding sites have a unique distribution showing only limited 
overlap with general cyclic-AMP and phosphatidylinositol- 
related markers (Kariya & Dage 1988; Kaulen et a1 1989). 
These observations, therefore, imply a function for the cal- 
ciudcalmodulin-independent cyclic-AMP PDE in cognitive 
function and ageing processes. The present study, however, 
showed no significant changes in [3H]rolipram binding in most 
brain areas during ageing. These findings suggest the possi- 
bility that calciudcalmodulin-independent cyclic-AMP PDE 
might not play a key role in ageing processes. It is, however, 
now generally accepted that there are four type-IV cyclic-AMP 
PDE isoform families, denoted IVA, IVB, IV, and IVD (Lob- 
ban et a1 1994; McPhee et a1 1995), although the precise 
functional role of these enzymes is not fully understood. It is, 
therefore, necessary to investigate the regional pattern of each 
subtype of type-IV cyclic-AMP PDE for further understanding 
of age-related changes in the brain, using receptor autoradio- 
graphic and biochemical techniques. 

In this study, a significant increase in [3H]nimodipine 
binding was observed in the striatum, hippocampal CA3 sector 
and thalamus of 3-week-old rats as compared with those of 6- 
month-old rats. On the other hand, [3H]rolipram binding also 
increased significantly in the thalamus, substantia nigra and 
cerebellum of 3-week-old animals. Several recent studies have 
demonstrated that the density of calcium channels changes 
during development. In isolated rat hippocampal cells the peak 
calcium current increases from postnatal day 12 to postnatal 
day 28 (Thompson & Wong 1991). In isolated rat cortical 
neurons, furthermore, the mean whole-cell calcium current 
increases with age up to approximately 3 weeks postnatal and 
then levels off, with a decline in adult animals (Lorenzon & 
Foehring 1995). Thus the present study also seems to suggest 
that voltage-dependent L-type calcium channels change in the 
brain during development. Akaike et a1 (1993) recently 
reported that rolipram can contribute to the neuronal devel- 
opment of PC 12 cells by increasing intracellular cyclic-AMP, 
which has an important role in the development of voltage- 
dependent calcium channels. They suggest, furthermore, that 
rolipram can behave like a neurotrophic factor in cultured 
PC12 cells. This finding is of interest in relation to develop- 
mental relationships between the voltage-dependent calcium 
channels and calciudcalmodulin-independent cyclic-AMP 
PDE. In this study, however, we have no ready precise 
explanation of a significant increase in [3H]rolipram binding in 
the thalamus, substantia nigra and cerebellum of 3-week-old 
rats. Further studies are, therefore, needed to investigate the 
detailed mechanism of our findings, although the study sug- 
gests that calciudcalmodulin-independent cyclic-AMP PDE 
and voltage-dependent L-type calcium channels might play 
roles in developmental processes. 

In conclusion, this study provides evidence that voltage- 
dependent L-type calcium channels are more susceptible to 
ageing processes than calciumkalmodulin-independent ade- 
nosine monophosphate-selective phosphodiesterase in rat 
brains. Furthermore, our results suggest that voltage-dependent 
L-type calcium channels and calciudcalmodulin-independent 
adenosine monophosphate-selective phosphodiesterase might 
play roles in developmental processes. These findings might 
help further elucidation of the relationship between age-related 
neurological deficits and behavioural pharmacology including 
cognitive function. 
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Anticholinergic Activity in Mice and Receptor-binding 
Properties in Rats of a Series of Synthetic Tropane Derivatives 
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Abstract 
A tropane ester, three tropane ethers, atropine and mecamylamine were compared in mice for their anti- 
muscarinic and anti-nicotinic activity against arecoline-induced tremor and nicotine-induced convulsions, 
respectively. Their receptor-binding characteristics were studied in neuronal membranes prepared from rat 
cerebral cortex. 

The results showed that the tropane ester, 2aR-tropanyl benzylate, was more potent than atropine in its anti- 
muscarinic activity, but the anti-muscarinic activity of the tropane ethers, 2a-(2’,2’-diphenyl-2’-hydroxy- 
ethoxy)tropane (a-DFT) and its two isomers (1R,2aR- and 1S,2aS-) were less potent than that of atropine. In 
contrast with their anti-muscarinic potency, 2aR-tropanyl benzylate and the three tropane ethers were 
equipotent in their anti-nicotinic activities. The order of potencies of these compounds to displace the binding 
of [3H]quinuclidinyl benzylate to brain membranes was similar to that of their anti-muscarinic potencies. The 
binding of [3H]nicotine to nicotinic receptors from brain was not inhibited by these compounds. 

Analyses of structure-activity relationships of these compounds suggested that it is the ester groups that 
determine the anti-muscarinic potencies of 2aR-tropanyl benzylate; their anti-nicotinic activities were 
independent of the structural changes and of the anti-muscarinic activities of these compounds. 

Relationships between the stereochemistry and the biological 
activity of anticholinergic compounds are well known (Hoyer 
1986; Waelbroeck et a1 1989; Noronha-blob & Kachur 1991). 
In the specific case of aminoalcohol esters, the importance of 
stereochemistry is shown by the fact that (-)-3-quinuclidinyl 
benzylate is more potent than the (+) isomer (Meyerhoffer 
1972) and that esters of 3a-tropanol are more potent than their 
38 epimers (Hunt & Robinson 1972). Similar stereochemical 
effects have also been observed in our laboratory with other 
tropane derivatives (Niu et a1 1990; Gao & Liu 1995; Gao et a1 
1995a, b, 1996). 

To understand better the relationships between chemical 
structure and pharmacological activity, a series of tropane 
derivatives was synthesized in our institute (Fig. 1). The pur- 
pose was to determine the effects of the structural and ste- 
reochemical changes on the pharmacological effects of the 
tropane series. 

In this study we found the tropane ethers, 2a-(2’,2’-diphenyl- 
2’-hydroxyethoxy) tropane (GI-DFT) and its two optical isomers 
(1R,2aR-, 1S,2aS-), were significantly less potent in their anti- 
muscarinic activity than the tropane ester 2aR-tropanyl ben- 
zylate, but were equipotent in their anti-nicotinic activity. 

Materials and Methods 

Drugs 
[3H]Quinuclidinyl benzylate (43.3 Ci mmol- I )  and [3H]nico- 
tine (78.4 Ci mmol-I) were purchased from Amersham 
(Bucks, UK). 2aR-tropanyl benzylate, 2a-DFT and its two opti- 
cal isomers were synthesized at our Institute. Hexamethonium, 
mecamylamine, arecoline, nicotine free base and atropine 
were from Sigma (St Louis, MO). 

cology, 27 Taiping Road, Beijing 100850, China. 
Correspondence: Z. G. Gao, Institute of Pharmacology and Toxi- 

Arecoline-induced tremor and nicotine-induced convulsions in 
mice, and the antagonistic effects of the drugs 
Experiments were performed on Shanghai mice, 18-22 g, ten 
in each dose-group. Five doses of each of the drugs to be tested 
were injected intraperitoneally 15 min before arecoline 
(8 mg kg-’, s.c.) to estimate the ED50 values of the antag- 
onistic effect of these compounds. 

The anti-nicotinic effects of the compounds were evaluated 
by a procedure similar to that of Niu et a1 (1990); the tested 
drugs were injected into the caudal vein 10 min before nicotine 
free base (0.8 mg kg-’, i.v.) to estimate the antagonistic 
effects. 

2aR- tropanyl benzylate a-DPT ( lRS,  2a-)  

3 H3 C - L H  

lR, 2aR- lS, 2nS - 

FIG. 1. Structures of 2aR-tropanyl benzylate and a-DF’T ( l R S ,  2a) 
and its two optical isomers ( IR ,  2aR- and IS, 2aS-). The optical purity 
of the two optical isomers was 100%. 
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Membrane preparations 
Membranes for muscarinic receptor binding were prepared by 
procedures similar to those previously described (Niu et a1 
1990). Male or female Wistar rats, 180-220 g, were decapi- 
tated. The cerebral cortex was rapidly removed and homo- 
genized in 10 volumes (w/v) of ice-cold 0.32 M sucrose in a 
glass homogenizer. The whole homogenate was centrifuged at 
1000 g for 10 min at 4°C. The pellet was discarded and 
supernatant was re-centrifuged at 20 000 g for 30 min at 4°C. 
The supernatant was decanted and the pellet (P2) was sus- 
pended in four volumes of sodium potassium phosphate buffer 
(50 mM, pH 7.4, 4°C). P2 was then re-homogenized in a glass 
homogenizer and stored at -20°C. Proteins were determined 
by the method of Lowry et a1 (1951) using bovine serum 
albumin as a standard. Membranes for nicotinic receptor 
binding were prepared by a procedure similar to that of Zhang 
& Nordberg (1993). 

Binding assay 
The binding of various agents to muscarinic receptors was 
determined by their ability to displace [3H]quinuclidinyl ben- 
zylate. Protein (0.1 mg mL-') was incubated with 0.5 nM 
[3H]quinuclidinyl benzylate in the presence of tested drugs. 
Non-specific binding of ['H]quinuclidinyl benzylate was 
determined in the presence of the unlabelled compound 
(1 .O mM). Bound [3H]quinuclidinyl benzylate was separated 
from the unbound ligand by vacuum filtration using Hong- 
guang 49 glass filters (Shanghai, China). The filters were 
washed three times with ice-cold buffer solution (9 mL). 
Determinations of binding were performed in duplicate. The 
filters were then placed in vials containing scintillation liquid 
(3 mL) containing 2,5-diphenyloxazol (PPO; 0.3%) and 1,4- 
bis-5-phenyloxazoyl-2-benzene (POPOP; 0.03%) and main- 
tained for over 10 h at room temperature. The radioactivity 
was assayed by use of an LKB 1215 Rack Beta I1 liquid 
scintillation counter at a counting efficiency of 36%. To assay 
the binding of the compounds to nicotinic receptors, protein 
(0.2 mg) was incubated with [3H]nicotine (5 nM) in Tris-HC1 
buffer (pH 8.0; 1 mL) at 4°C for 60 min in the presence of the 
tested drugs. Non-specific binding of ['Hlnicotine was deter- 
mined in the presence of 10 rml unlabelled nicotine. The 
samples were then filtered through Hongguang 49 glass filters 
pre-soaked with 03% polyethylenimine solution for 5 h. The 
remaining procedures were similar to those of the binding 
assay for muscarinic receptors. 

Data analysis 
ED50 values of these compounds against arecoline-induced 
tremor and nicotine-induced convulsion were calculated by the 
probability-logarithm method (Bliss 1938). Values of equili- 
brium dissociation constant (Ki) were calculated by the method 
of Cheng & Prusoff (1973). 

Results 

Functional studies 
As shown in Fig. 2, arecoline-induced tremor in mice can be 
antagonized by the tropane derivatives. The order of their 
antagonizing potencies was 2aR-tropanyl benzylate > 
atropine > a-DPT and its isomers. In contrast, the nicotinic 
receptor antagonist mecamylamine at 2.0 mg kg-' did not 
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FIG. 2. Dose-response curves for 2a-R-tropanyl benzylate (W), a- 
DPT (A) and its isomers l R ,  2aR- (V) and lS, 2aS- (+), and atropine 
(0) on arecoline-induced tremor. Different doses of antagonists were 
injected intrapentoneally 15 min before arecoline (8 mg kg-I, s.c.). 
Mean f s.d. There were ten mice in each dose-group. 

prevent arecoline-induced tremor. The ED50 values are sum- 
marized in Table 1; there were no significant differences 
among the ED50 values of a-DPT and its two isomers. 2aR- 
tropanyl benzylate was approximately two orders of magnitude 
more potent than the tropane ethers. 

Fig. 3 shows that nicotine-induced convulsions in mice 
could be prevented by 2aR-tropanyl benzylate and by a-DPT 
and its isomers. Mecamylamine also showed potent anti- 
nicotinic effects. In contrast, atropine had very weak anti- 
nicotinic activity (Table 1). There were no significant differ- 
ences in ED50 values of 2aR-tropanyl benzylate, a-DFT and 
its isomers for prevention of nicotine-induced convulsion 
(Table 1). 

Binding projiles of the tropane derivatives to central 
muscarinic receptors 
As shown in Fig. 4, the binding of [3H]quinuclidinyl benzylate 
to rat-brain muscarinic receptors was inhibited by 2aR-tropa- 
nyl benzylate and by a-DPT and its isomers. A classic mus- 
carinic antagonist, atropine, was also potent in displacing 
specific binding of [3H]quinuclidinyl benzylate, but other non- 
muscarinic agents, such as hexamethonium, mecamylamine 
and nicotine, even at concentrations as high as 10 mM, dis- 
placed less than 15% of the specific binding of [3H]quinucli- 
dinyl benzylate (data not shown). The results showed that 
muscarinic receptors had similar affinities to a-DPT and its two 
isomers. a-DPT and its two isomers were about three orders of 
magnitude less potent than 2aR-tropanyl benzylate. The Ki 
values are summarized in Table 1. The order of potencies of 
the tested drugs to displace ['H]quinuclidinyl benzylate was 
2aR-tropanyl benzylate > atropine > tropane ethers. 

Effects of tropane derivatives on [3H]nicotine binding 
To determine the binding specificity of these compounds, 
experiments were performed with ['Hlnicotine. The tropane 
derivatives and the classical nicotinic receptor antagonist, 
mecamylamine, at concentrations (10 PM) which produced 
more than 80% inhibition of [3H]quinuclidinyl benzylate 
binding, had no effect on [3H]nicotine binding to brain mem- 
branes. 
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Table 1. Effects of tropane derivatives on central muscarinic and nicotinic receptors. 
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2a-R-Tropan yl Atropine a-DPT lR, 2&- lS, 2aS- Mecamylamine 
benzylate 

Equilibrium dissociation 
constant (Ki; n ~ )  0.027 f 0.006 2.1 f 0.43 31 .3f4 .9  34.9 f 6.4 36.2 f 2.7 > 10 OOO 

Concn reducing effect of 
of arecoline by 50% 
(ED50; mg kg-I) 0.01 3 f 0.003 0.26 f 0.04 1.9 f 0.27 1.9 f 0 . 3 8  1.8 f 0.35 Inactive 

Concn reducing effect of 
nicotine by 50% 
(ED50; mg kg-’) 2.3 f 0.74 > 20 2.3 f 0.53 2.5 f 0.62 3.0 f 0.52 0.1 f 0.02 

The binding of the various agents to muscarinic receptors was determined by their ability to displace [3H]quinuclidinyl benzylate. Protein 
(0.1 mg mL-1) was incubated with [3H]quinuclidinyl benzylate (0.5 nM) in Na,K phosphate buffer (50 mM; 1 mL) in the presence of the tested 
drugs. ED50 values were calculated from the LIGAND program and Ki values of the compounds from the Cheng-Prusoff equation (Cheng & 
Prusoff 1973). Results are expressedlas means f s.e.m., n = 4 for each compound. Five doses of the tested drugs were injected intraperitoneally 
15 min before arecoline (8 mg kg- , s.c.) to estimate the ED50 values of the anti-muscarinic effect of these compounds. Each dose-group 
comprised 10 Shanghai mice, 18-22 g. For evaluation of the anti-nicotinic effects of the compounds, the tested drugs were injected into the caudal 
vein 10 min before nicotine (0.8 mg kg-’ i.v.). 
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FIG. 3. Dose-response curves for 2a-R-tropanyl benzylate (m), a- 
DPT (.) and its isomers lR, 2aR- (A) and lS, 2aS- (V), and 
mecamylamine (+) on nicotine-induced convulsion in mice. Different 
doses of dru s were injected intravenously 10 min before nicotine 
(0.8 mg kg-f i.v.). Meanfs .d .  There were ten mice in each dose- 
group. 

Discussion 

A striking pharmacological difference between 2aR-tropanyl 
benzylate and the tropane ethers was observed in this study. It 
was demonstrated that the ester group (-0-C=O) is impor- 
tant to the anti-muscarinic activity of 2aR-tropanyl benzylate. 
Replacing the ester group by an ether group (-O-CH2-), 
reduced the affinity of 2aR-tropanyl benzylate for muscarinic 
receptors by about three log units. In contrast, the structural 
change did not affect the anti-nicotinic activity of the com- 
pound. Binding assays showed that central muscarinic recep- 
tors had no stereoselectivity towards a-DPT and its two 
enantiomers and the results of functional experiments con- 
firmed this. This result is different from those obtained for 2a- 
(2’,2’-disubstituted-2’-hydroxyethoxy) tropane (2a-DHET; Gao 
et a1 1995a, b), 2-substituted tropane esters (Atkinson et a1 
1977), 3-substituted quinuclidinyl ethers (Niu et a1 1990) and 
their optical isomers. Muscarinic receptors had affinities dif- 
ferent from those of previously reported compounds and their 
optical isomers. As the ED50 values of a-DPT and its two 
isomers in antagonizing nicotine-induced convulsions in mice 

FIG. 4. Competitive binding curves of 2a-tropanyl benzylate (m), 
atropine (O), a-DFT (A) and its isomers lR, 2aR- (V) and lS, 2aS- 
(+) at rat brain muscarinic receptors. Membrane (0.1 mg) of rat 
cerebral cortex was incubated for 30 min with 0.5 nM [’H]quinuclidi- 
nyl benzylate at 35°C in sodium/potassium phosphate buffer (pH 7.4; 
50 mM; 1 mL) in the presence of different antagonists. Mean f s.d. 
(n = 4). 

were not different significantly, it is possible that nicotinic 
receptors also had no stereoselectivity for the compounds. 

It is known that the convulsions produced by nicotine are 
mediated through nicotinic receptors in brain (Beleslin & 
Krstic 1986; Martin et a1 1989; Abood et a1 1993; Gao et a1 
1995b). This study showed that the affinity of the compounds 
for nicotinic receptors does not correlate with the findings from 
functional studies. The difference in the anti-nicotinic activity 
and the ability to displace the specific binding of [3H]nicotine 
suggests that these compounds do not act on the recognition 
site of central nicotinic receptors. As previously reported, other 
tropane alkaloids and the classical nicotinic receptor antago- 
nists have also been shown to bind with nicotinic receptors 
with very low affinities, although they showed potent anti- 
nicotinic activity in-vivo (Martin et a1 1989; Banerjee et a1 
1990; Schmeller et a1 1995). Nicotinic receptors are divided 
into four subtypes: muscle, ganglionic, neuronal CNS and a7 
neuronal. Molecular biology studies have elucidated that there 
are at least ten nicotinic receptor genes in brain: a l ,  a2, a3, a4, 
a5, a6, a7 and 82, 83, 84, 85 (Sargent 1993). Of these, a2, a3 
and a4 can combine with 82 or 84 subunits to form at least six 
functional a-bugarotoxin-insensitive nicotinic receptors. Each 
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of these receptor subtypes has its unique pharmacological 
properties. The sensitivity of nicotinic receptors to nicotinic 
receptor antagonists is dependent on the nature of sub-unit 
composition. As the preparation of the whole cerebral cortex 
was used in this study, it is not possible to determine which 
subtypes or subunits were acted upon by the tested drugs. 

The mechanisms by which mecamylamine exerts its anti- 
nicotinic effects have generally been attributed to non-com- 
petitive antagonism at nicotinic receptors in the brain (Martin 
et a1 1989). In general, as first reported by Romano & Gold- 
stein (1980), the nicotinic receptor antagonists were rather 
weak in displacing [3H]nicotine from its binding site. It has 
been suggested that the low potency of classical nicotinic 
receptor antagonists such as mecamylamine and hexametho- 
nium in displacing [3H]nicotine binding might be because of 
the conversion of the binding site into an ‘agonist-selective’ 
state (Romano & Goldstein 1980). This is, however, unlikely 
because antagonists such as dihydro-j-erythroidine and neo- 
surugotoxin show relatively high potency in binding studies 
(Wonnacott 1990). 

It has been suggested that the reason for the low affinity 
shown by some antagonists might be related to their binding at 
an allosteric site on the receptor ionophore complex, possibly 
at a site within the channel rather than at the binding site for 
nicotine (Wonnacott 1990; Loiacono et a1 1993). It is possible 
that the tropane derivatives also act on the allosteric site of 
nicotinic receptors. 

In summary, this study has demonstrated that 2crR-tropanyl 
benzylate and cr-DPT and its optical isomers had both anti- 
muscarinic and anti-nicotinic activities. The ester group is 
important for the anti-muscarinic activity of 2crR-tropanyl 
benzylate. The anti-nicotinic activities of these compounds are 
independent of the structural changes and their anti-muscarinic 
activities. The tropane derivative exerts its effects on central 
nicotinic receptors in a manner similar to that of the classical 
nicotinic receptor antagonist mecamylamine. 
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