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SUMMARY
In low ionic strength buffer (5 m�i Tns . HCI), the binding of [3H] target size for the nitrendipine binding site in buffer was 160-
nitrendipine to dihydropyndine calcium antagonist binding sites 1 70 kDa and was 1 70-1 80 kDa in the presence of sodium. In
of mouse forebrain membranes is increased by both Na� and
Ca2�. Radiation inactivation was used to determine the target
size of [3H]nitrendipine binding sites in 5 m� Tns . HCI buffer, in

the presence of calcium ions, [3H]nitrendipine binding showed
no radiation effects on Kd and yielded a target size of 150-170
kDa. These findings suggest, as in the case of opioid receptors,

the presence and absence of these cations. After irradiation, [3H] the presence of high molecular weight membrane components
nitrendipine binding in buffer with or without Na� was diminished, that modulate cation-induced alterations in radioligand binding
due to a loss of binding sites and also to an increase in Kd. After to dihydropyndine binding sites.
accounting for radiation effects on the dissociation constant, the

Detailed biochemical and pharmacological studies in both Ca2 increased the binding site density of [3H]nitrendipine in

peripheral tissues (skeletal, cardiac, and smooth muscles) and brain membranes (12). In the same tissue, mono- and divalent

the central nervous system have identified the high affinity cations block the inhibition of nitrendipine binding by local

DHP binding site as a regulatory component of the voltage- anesthetics (13). These observations suggest that neuronal

dependent calcium channel (1-3). Estimates of the size and DHP calcium antagonist binding sites are linked to mono- and

composition of DHP calcium antagonist binding sites in a divalent cation-activated effectors (12-15). Using radiation in-

number of tissues have been reported. Digitonin solubilization activation and target size analysis, we have further explored

of the nitrendipine receptor complex from skeletal muscle the interactions of cations with neuronal DHP binding sites in

transverse T-tubules produced three polypeptides of Mr mouse forebrain membranes.

130,000, 50,000, and 33,000 (4); similar extracts of chick cardiac

membranes contained a M. 170,000 peptide under nonreducing Materials and Methods
conditions or M� 140,000, 32,000, and 29,000 peptides under

. . . . . . .

reducing conditions (5). Covalent modification of DHP binding
. . . . . .

sites of canine cardiac membranes (6) and guinea pig deal

smooth muscle (7) labeled proteins with M. 32,000 and 45,000,

. . . .

Preparation of membranes for irradiation. Male mice (18-22
. .

g; Institute of Cancer Research, Veterinary Resources Branch, National

Institutes of Health) were killed by decapitation. The brains were
rapidly removed and placed in ice-cold 0.32 M sucrose. The forebrain

respectively. Radiation inactivation of DHP binding sites in was isolated by making an oblique cut rostra! to the superior colliculus

guinea pig skeletal muscle and brain (8-11) yielded target sizes on the dorsal surface to the mammillary bodies on the ventral surface,

of 136 to 185 kDa. In guinea pig ileal longitudinal smooth and a crude synaptosomal fraction of forebrain P2 was prepared,

muscle, a target size of 278 kDa was obtained for nitrendipine

bindinr� sites (7)
. . . . .

Tnis . HC1 buffer (50 mM) is routinely used to measure radi-
. . . .

ohgand binding to DHP. However, it has been shown that a

lower ionic strength buffer (5 mM) resulted in selective effects

according to the method of Gray and Whittaker (16). The P2 pellet was

lysed in 30 volumes of 5 mM Tris buffer, pH 7.4, using a short burst (5

sec) with a Polytron (Brinkmann Instruments; setting 6). The mem-
.

branes were centrifuged at 25,000 x g for 15 mm, the supernate was
thsc�ded and the membranes were resuspended and centrifuged once
more. Membranes were resuspended with a Polytron in 3 volumes of 5

of mono- and divalent cations on radioligand binding to DHP Tnis-buffered 0.1 M sucrose, and 0.5-ml aliquots were placed in

in rat brain. Thus, Na4� increased the apparent affinity and thin-walled 2-rn! glass vials, which were immediately frozen on solid

1 Present address: BioMega, Inc., 2100 Rue Cunard, Laval, Quebec, Canada

c02, sealed with an oxygen-gas flame, and stored for no longer than 1

week at �70*.

H7S 2G5. Radiation inactivation. Radiation inactivation was performed

ABBREVIATION: DHP, dihydropyridine.
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complex analysis is required. Because

B/F = B�1/(Kd + F)

then, after a radiation dose, D,

(B/F)D BmaxD/(Kdj� + FD)

(1)

(3)

(4)

328 Bolger et a!.

Significantly different from 0 dose, �p < 0.05; 0p < 0.005.
C Significantly different from 5 mM Tris-HCI, p < 0.05.

with 10 MeV electrons at -135’, as described (17). The irradiated

samples were stored at -70� for no longer than 1 week before assay.

[3H]Nitrendipine binding. Following irradiation, frozen mem-
branes were thawed rapidly in a 25’ shaking water bath and were

diluted with 15 volumes of ice-cold 5 mM Tris . HC1. [3H]Nitrendipine
binding was assayed in a total volume of 2 ml, consisting of 0.5 ml of

diluted membranes (0.4-0.6 mg of protein), 1.4 ml of Tris .HC1 (con-
taming NaCl or CaCl2 at the indicated concentrations), and 0.1 ml of

radioligand solution. Nonspecific binding was determined in the pres-

ence of 10 tiM nifedipine. Incubations were carried out in borosilicate

glass tubes under subdued light for 1 hr at 25�. The experiments were

terminated by rapid filtration under vacuum on Whatman GF/B glass

fiber filters, followed by two 5-rn! washes with ice-cold Tnis buffer,
using a Brande! Cell Harvester (Brande! Co., Gaithersburg, MD). The

filters were placed in 8 ml of Ready So!ve-MP (Beckman, Fullerton

CA) and the radioactivity retained by the filters was determined (LS
330 liquid scintillation counter, Beckman Instruments, Fullerton CA).

Specific binding, expressed as the difference between total and nonspe-
cific binding, varied from 80% at 80 �M to 65% at 800 pM [3H]
nitrendipine. Storage of frozen membrane preparations at -20� or at

_7#{216}*for prolonged periods of time (3-5 weeks) resulted in a decrease

in specific [3Hjnitrendipine binding. Therefore, radiation inactivation

was performed 2-3 days after membrane preparation and [3H]nitren-

dipine binding assays were conducted no later than 2-5 days after

radiation inactivation.

[3H]Nitrendipine (specific activity, 78-81 Ci/mmol) was obtained

from New England Nuclear-Dupont (Boston, MA). Nifedipine was

obtained from Pfizer (Groton, CT). Al! other reagents were of the

highest purity and were obtained from standard commercial sources.

Protein was determined according to the Miller modification (18) of

the Lowry assay (19).
Target size calculations. Binding activity was expressed as B/F,

where B represents the amount of specific binding of [3H]nitrendipine,

in fmo!/mg of protein, and F represents the concentration of free

radioligand. In irradiated samples, each value of B/F was normalized

to that observed in nonirradiated controls, (B/F)0 (see Ref. 20). Least

squares linear regression was calculated from ln[(B/F)D/(B/F)o] =

k’D, where D is the dose ofradiation in Mrad (17). The rate of radiation

inactivation, k’, is corrected for its temperature dependence (21) by a
factor S�, which is equal to 2.8 for irradiations performed at -135�.

The simplest form of target analysis assumes an all or none phenom-
enon such that the recognition site qualities of a receptor are either

completely abolished or remain unaffected. Thus, the loss of binding is
due to a reduction in Bmaz (maximum binding site capacity) with no

changes in Kd (macromolecular dissociation constant). If this assump-

tion is valid, the target size can be calculated from:

Molecular mass (in Da) = 6.4 X iO� h’S,

However, if there are radiation-dependent changes in Kd, a more

and

(B/F)D/(B/F)o = [Bma��jBm�] . [(Kd.o, + Fo)/(K,�.D + FD)] (2)

If the loss in Bma,, �5 3 simple exponential function of radiation dose,

independent of the changes in Kd, then Eq. 2 becomes

(B/F)D/(B/F)o = � [(Kdo + Fo)/(Kd� + FD)]

and the radiation inactivation curve will be described by

(Kd� + FD) (B/F)D
!n . =-hD

(Kd.o + F0) (B/F)0

Solution of Eq. 4 requires knowledge of the manner in which Kd

changes with radiation exposure. Two simple models were considered;

one involved a linear relationship (Kd.�� = Kd,o + pD), whereas the other

assumes an exponential relationship (Kd�, = Kd,�e�’i. It was assumed

that the observed changes in Kd are independent of the decrease in

Bmax, and estimates of p or q were determined from the data in Table

1. These values were used to evaluate b’ from Eq. 4 and the target size

was then calculated as indicated above.

Statistics. Differences between groups were analyzed statistically

by Student’s t tests.

Results

[3H]Nitrendipine binding in frozen membrane prepa-

rations. The Kd and Bma,, values obtained for nitrendipine

binding to mouse forebrain in membranes before freezing (data

not shown) were identical to those obtained in membranes

frozen and thawed in 5 mM Tnis . HC1/0.1 M sucrose (Table 1)

and were consistent with previously reported values (3).

Effects of cations on [3H]nitrendipine binding. Because

sodium and calcium ions have differential effects on [3H]ni-

trendipine binding to rat brain (12), we extended these studies.

Aliquots of the same samples used for nitrendipine binding in

5 mM Tnis buffer (described above) were also used for the

binding of this ligand in the presence of 100 mM sodium or 2

mM calcium. The sodium-dependent decrease in Kd (with no

change in Bmax) and the calcium-dependent increase in Bmax

(with no change in Kd) that were previously observed in rat

brain were also present in the mouse forebrain (Table 1, zero

radiation dose).

Radiation inactivation of mouse forebrain mem-

branes. After exposure to different doses of radiation, [3H]

nitrendipine binding was measured both at 80 and 800 pM in 5

mM Tnis buffer. At these two ligand concentrations, the re-

TABLE 1

Scatchard analysis of [3H]nitrendipine binding to mouse forebrain
membranes, either in Tns buffer or in Tns buffer with additions (as
indicated), following radiation inactivation
Mouse forebrain membranes were prepared as described in Materials and Methods
and frozen (-70#{176}).One sample was not irradiated (0 dose) whereas the three
remaining samples were irradiated at the doses shown in the table. Scatchard
analyses were performed over a [3Hjnitrendipine concentration range of 35 to 1500
�M in the presence of Na� or Ca2� as indicated. The K,, and B�, values were
obtained by linear regression analysis (BMDP Software, Los Angeles CA). The data
are presented as the mean ± standard error of four experiments.

. . Increase in B�
RadiationDose K5 B,� due to Ca2�

Mrad �M fmol/mg ofprotein fmol/mg of protein

5 mM Tris.HCI
0 278±22 260±26
3 368±278 197±18
6 379±388 148±19

12 507±18b 88±15
5 mM Tris . HCI plus

100 mM Na�
0 191±30c 276±30
3 250±57 199±6
6 284±34a 163±4

12 345+490 89±28
5 mM Tris . HCI plus 2

mM Ca2�
0 281 ± 12 319 ± 18’ 59
3 306±17 256±22 59
6 298±24 205±18 55

12 308 ± 20 131 ± 13 43
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used by most investigators.

maining radioligand binding decreased as single (but different)

exponential functions of radiation dose (Fig. 1). The simplest

form of radiation target analysis assumes an exponential de-

crease in Bmax after irradiation, with no change in K,,. However,

Scatchard analysis indicated that radiation exposure caused a

decrease in [3H]nitrendipine binding that was attributable to

an increase in the K,, and a decrease in the Bmaz (Fig. 2 and

Table 1). Thus, a more general theoretical analysis (see Mate-

rials and Methods) was used for the data in Fig. 1. The calcu-

lation of target size accounting for the radiation effects on Kd

(Eq. 4) was performed with the linear as well as the exponential

assumptions of the Kd dependence on radiation dose, leading

to target sizes of 160-170 kDa (Table 2). An approximate target

size can also be calculated from the limited values of Bmax

shown in Table 1 (5 mM Tris . HC1), yielding a value of 163

kDa.

Effects of radiation on [3H]nitrendipine binding in the

presence of cations. [3H]Nitrendipine binding measured in

the presence of Na� or Ca2� decreased as a simple exponential

function of radiation dose (Fig. 3). As in the case of the

radiation inactivation of [3H]nitrendipine binding in the ab-

sence of these cations (above), analyses of these data require

knowledge of the radiation effects on Kd and Bmax. In Table 1

it is seen that, in 100 mM Na’� (as in the case of buffer alone),

the Kd for nitrendipine changes with radiation exposure. Under

these conditions, target sizes of 170-180 kDa are obtained with

the more complex model, comparable to the values determined

in Tris buffer. The target size of that portion of [3H]nitrendi-

pine binding attributable to Na� stimulation (i.e., the binding

in the presence of sodium minus the binding in its absence)

was also estimated. Although this determination is subject to

large potential error (because it is based on the loss of a 30%

1.0

0.5

0.2

Li�

0.1

0.02’

DOSE (Mrad)

Fig. 1. Radiation inactivation of [3H]nitrendipine binding sites in mouse
forebrain membranes; dependence on [3H]nitrendipine concentration. #{149},
80 pM; 0, 800 �M [3H]nitrendipine. Data are from a typical experiment,
which is representative of four to eight experiments.

Fig. 2. Scatchard analyses of [3H]nitrendipine binding in nonirradiated
and irradiated membranes. Frozen samples of mouse forebrain mem-
branes were irradiated at 0, 3, 6, or 12 Mrad, as described in Materials
and Methods. Thawed membrane suspensions were incubated with
varying concentr�.. .ns of [3H]nitrendipine (30-1 200 pM). Least squares
linear regression was used to determine the apparent Kd and B� values
for control (#{149}),3 Mrad (0), 6 Mrad 4, and 12 Mrad (A). The mean K,,
and B� values from four such experiments are presented in Table 1 . B

is bound, in fmol/mg of protein, and F is free, in fM.

increase), the loss appears to be a simple exponential (Fig. 4)

and yields an apparent target size of 265 kDa.

In the presence of 2 mM Ca2�, [3H]nitrendipine binding

exhibited no radiation-dependent change in K,, (Fig. 5 and

Table 1). Thus, the simple form of target analysis could be

used, giving sizes of 150-170 kDa (Table 2), all within the range

of target sizes seen in buffer alone.

The difference between [3H]nitrendipine binding in the pres-

ence and absence ofcalcium (Table 1) was taken as the calcium-

stimulated [3H]nitrendipine binding. Only a very limited de-

crease was seen after radiation exposure; ifa simple exponential
loss is assumed, an approximate target size of 80-90 kDa is

obtained.

Effects of cations during radiation exposure. The ef-

fects of addition of either 100 mM Na� or Ca2� to forebrain

membranes before radiation exposure were investigated. Nei-

ther cation significantly affected the radiation inactivation of

nitrendipine binding seen in their absence (Table 2).

Discussion

The regulation of rat brain DHP binding sites by low con-

centrations of mono- and divalent cations reported using 5 mM

Tris . HC1 buffer (12) has been confirmed here for [3H]nitren-

dipine binding to mouse forebrain membranes. Therefore, 5

mM Tris . HC1 was used throughout the present study, in con-

trast to the higher concentration of buffer (50 mM) routinely
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TABLE 2
Target size analysis for [3H]nitrendipine binding to mouse forebrain membranes
Samples were irradiated in 5 ms� Tns. HCI (pH 7.4) containing 0.1 M sucrose. As indicated, some samples also contained 100 m� Na� or 2 m�.i Ca2�. After irradiation,
samples were thawed, diluted in 15 volumes of 5 m�.i Tns . HCI, and centrifuged at 24,000 x g for 15 mm. The final pellet was resuspended in 15 volumes of fresh Tris�
HCI, recentrifuged, and resuspended in 1 5 volumes of Tns . HCI for assay with additions as indicated.

Target Size

3H N #{149}#{149} Additions to Additions to Assayne lffad�ton Buffer Buffer � � � EXpOnent�

�M KDA

80 175±39 162±41
800 165±23 157±24

80 100 m� Na� 181 ± 4 169 ± 4
80 2mMCa2� 167±3

800 2mMCa2� 149±9
80 1 00 mM Na� 203 ± 5 1 92 ± 15
80 1 00 mM Na� 2 m� Ca2� 178 ± 4

800 100 mM Na� 2 mt�i Ca2� 160 ± 4
80 2mMCa2� 146±15 133±14
80 2 mM Ca2� 2 m� Ca2� 161 ± 10

800 2 mM Ca2� 2 m� Ca2� 136 ± 13
a Target sizes (mean ± standard error) from three to nine experiments; analyses included corrections for change in K,, assuming no, linear, or exponential dependence

on radiation dose.

Fig. 3. Radiation inactivation of [3H]nitrendipine binding in mouse fore-
brain membranes; effects of Ca2� and Na�. [3H]Nitrendipine (80 pM)
binding in the absence of cations (#{149})or in the presence of 100 m� Na�
(0) or 2 m� Ca2� (0). The results are from a typical experiment, which
is representative of five to eight experiments.

Unexpectedly, the radiation inactivation of DHP calcium

antagonist binding sites on mouse forebrain membranes in low

ionic strength buffer was dependent on the concentration of

[3H]nitrendipine in the assay. Scatchard analyses revealed that

the dependence was due to a radiation-induced change in the

apparent Kd of [3H}nitrendipine for DHP binding sites. Thus,

the decreases in [3H]nitrendipine binding observed after radia-

tion exposure are due to both a destruction of binding sites and

Fig. 4. Radiation inactivation of Na�-stimuIated [3H]nitrendipine binding
in mouse forebrain membranes. Na�-stimuIated [3H]nitrendipine binding
is defined as specific [3H]nitrendipine binding in the presence of 100 m�
Na� minus the specific binding of [3H]nitrendipine in the absence of Na�.
The unadjusted target size for Na�-stimulated binding is 265 ± 41 kDa.
Each data point represents the average of five independent radiation
experiments.

a decrease in the apparent affinity of the ligand for remaining

sites.

The simplest form of target theory ascribes radiation macti-

vation to the destruction of active units; all surviving structures

are deemed to be unaltered. Therefore, the radiation loss of

binding sites/receptors or enzyme activity is due to a decrease

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 4, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


.00120

.00105

.00090

.00075

�: .00060

.00045

.00030

.00015

in the assay resulted in a simple radiation inactivation of [3H]

nitrendipine binding, with no changes in the apparent K,,. After

accounting for any complexities, the target calculations for [3H]

nitrendipine binding in low ionic strength buffer with or with-

out cations suggest a common unit of 160-170 kDa.

Analysis of the radiation inactivation of the sodium-depend-

ent (or calcium-dependent) component of [3Hjnitrendipine

binding is complicated. Although the Na� effect could be fol-

lowed to very low survival, the measurement depends on the

difference between two large numbers and is thus subject to

considerable error. The Ca2�-dependent component of [‘H]

nitrendipine binding could only be followed over a very limited

range; it was not possible to confirm that the effect followed

an exponential function of dose, much less obtain an accurate

value of the slope. Furthermore, no attempt was made (or could

be justified) to treat the Ca2� effects with the complex analysis

presented in Materials and Methods. Taken together, it is

tentatively estimated that the cation-dependent effects involve

target approximately 100 kDa larger (Nal or smaller (Ca2�)

than the [3H]nitrendipine binding site.

A progressive increase in K,, with radiation dose implies that

some molecular structures are being altered, leading to a lower

apparent affinity of [3H]nitrendipine. The mass of these puta-

tive units must be comparable to or greater than that of the

B receptor, else the effect would not be seen (the loss of a larger
receptor would occur at small radiation doses; thus, the binding

would be lost before the smaller regulating unit was damaged).

The molecular explanation for the radiation-dependent

50 150 200 250 300
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in Bmax (or Vmaj, with no change in Kd (or Km). This hypothesis

has been experimentally confirmed in many cases (22, 23).

Under the present experimental conditions, this analysis leads

to apparent target sizes of 232 ± 15 kDa at 80 pM and 190 ±

13 kDa at 800 pM [3H]nitrendipmne. However, the present

results indicate a more complex system, which cannot be ana-

lyzed properly by this simple model. An alternative radiation

analysis is given, which involves only the assumption that K,,

and Bmaz change independently with radiation. As in the simple

model, Bmax�5 assumed to decrease exponentially with radiation

dose. The nature of the effect of radiation on K,, is not specified

in this new analysis. The experimental data presented in Table

1 could be fit with either a linear or an exponential dependence

of K,, on radiation dose. Each was utilized in analyzing the

nitrendipine binding in irradiated mouse forebrain membranes.

Both analyses led to substantially the same results, target sizes

of 160-170 kDa. These values are in good agreement with the

molecular weight of the DHP receptor complex determined by
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In irradiated samples, [3H]nitrendipine binding in the pres-

ence and absence of Na� is comparable, displaying radiation

effects on both Bmax and K,,. Target size calculations yielded

similar, but slightly different, sizes depending on the assumed

nature of the radiation dependence of K,, . The presence of Ca2’�

changes in K,, �5 highly speculative. However, recent studies by

Ott et al. (25, 26) of the opioid receptors in rat brain and NG

108-15 cells have shown that 100 mM Na� induced a low affinity

state of the receptor and this effect was regulated by an allo-

steric inhibitor “larger than the receptor itself” (26). Although

there are obvious differences between DHP binding sites and

opioid receptors, the similarities (sodium changes the K,,; K,,

also changes with radiation dose; target size for sodium effect

is larger than target size for binding site) are so strong as to

suggest analogous mechanisms. In this respect, our observation

that the presence of calcium removes the radiation dependence

of K,, suggests that the divalent cation may antagonize the

allosteric inhibitor.
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