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Abstract--The specific [3H]spiperone binding by sheep caudate nucleus homogenate is increased by 
divalent cations. The effect of Ca 2~ or Mn 2. (5 mM) is temperature-dependent, and it is optimal at 
about 37 °, but is relatively low below 15 ° and above 50 °. In the absence of added Ca 2. or Mn 2*, the 
maximal specific [3H]spiperone binding is observed at about 25 °, and the cations shift the optimum to 
about 37 °. Under the experimetal conditions used, the KD is about 0.6 nM and is not influenced by Ca 2- 
or Mn 2., or by temperature (25 and 37°). In addition to Ca 2÷ and Mn 2÷, Mg 2÷ and Zn 2÷ also increase 
the specific [3H]spiperone binding, but to a smaller extent. At the concentrations of Ca ~÷, Mn 2-, Mg 2÷ 
and Zn 2÷ which produce a maximal increase in the [3H]spiperone binding, the membranes are nearly 
saturated with the cations which bind about 100 nmoles of Ca 2÷ or Mg2+/mg of protein, 170 nmoles 
Zn2÷/mg of protein and at least 300 nmoles Mn2-/mg of protein. It is suggested that the cations increase 
the [3H]spiperone binding by either exposing more binding sites, by preventing denaturation or by 
increasing the solubility of [3H]spiperone in the membrane phase, or by a combination of these processes. 

Cations influence the high-affinity binding of many 
drugs and neurotransmitters. For example, in opiate 
receptor binding, which has been thoroughly studied 
in many laboratories, the effects of ions were found 
to be varied and specific [1-4]. Sodium provided a 
basis for distinguishing between opiate agonists and 
antagonists, since the effects are elicited by sodium 
and to a certain extent by lithium, but not by potas- 
sium [2], 

The effects of cations upon the binding of 
[3H]spiperone to dopamine receptors were recently 
reported by Usdin et al. [5]. Both monovalent and 
divalent cations, and also several chelating agents, 
were found to increase the number of [3H]spiperone 
binding sites in rat corpus striatum. The potency of 
dopamine in inhibiting [3H]spiperone binding is 
reduced by GTP, and this effect is inhibited by the 
presence of cations [5, 6]. Furthermore, monovalent 
and divalent cations themselves alter the competition 
by dopamine and apomorphine for [3H]spiperone 
binding [5]. 

In this communication, we describe the effect of 
temperature and of divalent cations as a function of 
temperature on [3H]spiperone binding to the mem- 
branes of sheep caudate nucleus. 

MATERIALS AND METHODS 

Preparation of brain homogenate, Sheep brains 
were obtained fresh, and the caudates were removed 
within l h r  after death. High-affinity binding of 

* To whom correspondence should be addressed at: Cen- 
tro de Biologia Celular, Departamento de Zoologia, Univ- 
ersidade de Coimbra, 3049 Coimbra Codex, Portugal. 

[3H]spiperone was determined by the method 
described by Seeman et al. [7]. The tissue, 50 mg wet 
weight/ml, was homogenized in cold buffer contain- 
ing 15 mM Tris-HC1 (pH 7.4), 1.1 mM ascorbic acid, 
and 12.5 ~M pargyline (TAP buffer). A Teflon pestle 
in a glass homogenizer, rotating at 500 rpm, was 
passed up and down 20 times. The crude homogenate 
was first incubated at 37 ° for 30 min, and then was 
stored in 5-ml portions at 20 °. Before use, the 
samples were thawed, resuspended using a glass- 
Teflon homogenizer, and were centrifuged at 
35,000g for 15min at 40 °. The pellet was resus- 
pended in 10 ml of buffer and was rehomogenized 
using a Polytron homogenizer (Brinkmann Instru- 
ment Co.) and a setting of 7 for 20 sec. The protein 
concentration of the homogenate was adjusted to 
4-5 mg/ml, as determined by the biuret method [8]. 

[3H]Spiperone binding assay. The [3H]spiperone 
binding reaction was carried out in a volume of 
0.6ml of a medium containing 0.2ml of 
[3H]spiperone (final concentration of 2.1 nM), 0.2 ml 
of homogenate suspension containing 0.8 mg of pro- 
tein, and 0.2 ml of TAP buffer. The samples were 
incubated for the periods and at the temperatures 
indicated in the figure legends, and the reaction was 
terminated by filtering a 0.5-ml portion through glass 
fiber filters (Whatman GF/B, 24 mm diameter). The 
filters were washed twice with 5 ml of TAP buffer 
at room temperature and were counted in 0.8 ml of 
Triton X-100 scintillation fluid [9]. Specific binding 
of [3H]spiperone was defined as the difference 
between the amount of [3H]spiperone bound in the 
absence and in the presence (non-specific binding) 
of 10-6M (+)-butaclamol.  The amount of 
[3H]spiperone bound was expressed as fmoles of 
[3H]spiperone bound/mg of protein. All results were 
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Fig. 1. Time-dependent binding of [3H]spiperone by sheep brain caudate homogenate at 25 (A) and 
37 ° (B) in the presence and in the absence of either Ca 2+ or Mn 2~. Assay conditions were as described 
in Materials and Methods. The concentration of [3H]spiperone was 2.1 nM and that of protein was 

0.8 mg/ml. The concentration of Ca 2+ or Mn =+ was 5 raM. 

replicated at least 3 times in independently per- 
formed experiments. 

Measurement of cations, The cations bound to the 
homogenate were measured by atomic absorption 
spectroscopy. After  centrifugation of the suspensions 
containing the homogenate which had been equili- 
brated with the cation the pellets were extracted with 
4% TCA and 1% La 3+. The extract, after centrifu- 
gation, was used to make the measurements by 
atomic absorption [10]. 

Reagents. [3H]Spiperone with a sp. act. of 20 
Ci/mmole was obtained from the Radiochemical 
Center (Amersham, U.K.)  and butaclamol was 
kindly donated by Ayert  Research Laboratories 
(Canada). 

RESULTS 

Effects of Ca 2+, Mn 2÷ and temperature on 
[3H]spiperone specific binding 

The effects of Ca =+ and Mn 2+ on the [3H]spiperone 
binding at 25 and 37 ° are depicted in Fig. 1. Either 
Ca 2+ or Mg 2+ increases the specific [3H]spiperone 
binding, and maximal binding is reached after 15 rain 
of incubation at either temperature. Experiments 
carried out at lower temperatures show that about 
30 min of incubation are necessary to reach equilib- 
rium at 15 °, but the period of equilibration is not 
particularly important at 0-5 ° since the [3H]spiperone 
binding remains relatively low even after relatively 
long periods of incubation (results not shown). 
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Fig, 2. Influence of temperature and Ca 2- or Mn 2" on [3H]spiperone binding by sheep caudate 
homogenate. The protein concentration was 0.8 mg/ml and CaCI2 or MnCI2 were 5.0 mM, when present. 
The period of incubation was either 15 min (A) or 30 min (B). In these experiments the homogenate 

was not pre-incubated at 37 °. 
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Fig. 3. Saturation curves for [3H]spiperone binding in the 
absence and in the presence of 5 mM of either CaCI2 or 
MnC12. The equilibration was carried out at 37 ° for 15 min 

for each of the [3H]spiperone concentrations indicated. 
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Fig. 4. Scatchard plots of data represented in Fig. 3. The 
insert is for a similar experiment but carried out at 25 °. 

At  37 °, maximal [3H]spiperone binding decreases 
when the incubation period is extended beyond 
15 rain, and this effect is particularly evident when 
the incubation is performed in the absence of added 
cations (Fig. 1B). At  50 °, the period of equilibration 
is irrelevant because almost instantaneous loss of 
activity is observed.  Therefore ,  when carrying out 
studies in a range of tempera ture  between 0 and 50 °, 
we took into consideration the fact that the 
[3H]spiperone binding observed is a function of the 
period necessary for equil ibrium to take place, and 
that at the higher temperatures  some receptors are 
lost, especially if the period of incubation is long. 

Figure 2 depicts the [3H]spiperone specific binding 
after 15 min and 30 min incubation for a range of 
temperatures  from 0 to 50 °. The curves in the pres- 
ence of Mn 2÷ or Ca 2+ are similar for 15 min and 
30min,  and in both cases the divalent cations 
increase the [3H]spiperone binding over  the control 
value. The maximum binding for the control is about 
80 fmoles/mg protein at 25 °, but declines above this 
temperature ,  especially if the incubation period is 
30 min rather than 15 min (Fig. 2B). The optimal 
binding in the presence of either Ca 2+ or Mg 2÷ 
(5 mM) shifts to about  37 ° at which the value is about 

130 and 190 fmoles/mg protein in the presence of 
Ca 2+ or Mn 2+ respectively (Fig. 2). 

Effect of  Ca 2+ or Mn 2+ on maximum binding and on 
the affinity for [3H]spiperone of  caudate membranes 

We determined the maximal binding capacities 
and the binding affinities from Scatchard plots at 25 
and 37 °. Saturation occurs between 1 and 2 nM (Fig. 
3) and the K~ values calculated from the Scatchard 
plots are about 0.6 nM at both temperatures  in the 
presence and absence of divalent cations (Fig. 4). 
Therefore ,  it appears that neither the divalent cations 
nor the tempera ture ,  or a combinat ion of both,  
influences the affinity of the binding sites for 
[3H]spiperone. However ,  both the temperature  and 
the divalent cations can cause an increase in the 
maximal binding capacity (Fig. 4). 

As indicated in Table 1,5 mM Ca 2÷ at 37 ° increases 
the [3H]spiperone maximal binding capacity (Bmax) 
as calculated from the Scatchard plots, f rom 118 to 
234fmoles/mg protein,  whereas 5 mM Mn 2+ 
increases the maximal binding to a value of 
280 fmoles/mg protein (Fig. 4). Similar results are 
obtained at 25 ° (insert of Fig. 4), except that the 

Table 1. Effect of cations and temperature on the equilibrium dissociation constant 
(KD) and maximal binding capacity (Bin,,) of sheep caudate nucleus for [3H]spiperone 

Temperature KD Bmax 
(°) Cation (5 mM) (nM) (fmoles/mg protein) 

25 Ca 2÷ 0.66 +- 0.03 174 -+ 10 
Mn 2" 0.69 -+ 0.04 248 +- 13 

None 0.59 -+ 0.02 118 +- 8 
37 Ca 2~ 0.59 -+ 0.09 234 -+ 19 

Mn 2~ 0.65 -+ 0.09 280 -+ 22 

Experimental conditions were those specified for Figs. 3 and 4, and the values were 
calculated from the data of those figures, which summarize the data of a representative 
experiment, and from two other independent experiments. 
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Fig. 5(A). Effect of Ca 2+, Mg 2+, Mn 2+ and Zn 2+ on [3H]spiperone specific binding by sheep caudate 
homogenate. Caudate homogenate (0.8 mg/ml of protein), [3H]spiperone (2.08 nM), TAP buffer, and 
various concentrations of divalent cations ranging from 0 to I0 mM, except for ZnCl2 (0-1 mM), were 
incubated in a final volume of 0.6 ml. Incubations were conducted at 37 ° for 15 min, in the presence 
and absence of (+)-butaclamol. (B) Binding of Ca > ,  Mg 2+, Mn 2+ (0-10 mM) and Zn 2- (0-1 mM) by 
sheep brain homogenate. Suspensions (0.4 mg/ml of protein) were incubated for 15 min at 37 ° in a 
medium ( 10 ml) containing TAP buffer and each of the divalent cations. The suspensions were centrifuged 
and the pellets were washed once in 0.3 M sucrose (10 ml). The pellets were extracted in 4% TCA, and 

1% La 3+ was added to the extracts. Cations were determined by atomic absorption spectrometry. 

maximal  b ind ing  capaci t ies  are lower than  those  
ob t a ined  at 37 ° (Table  1). 

Effect o f  the concentration of  Ca 2+, Mg 2+, M n  2+ and 
Z n  2+ on [3H]spiperone binding 

In Fig. 5A we depict  the  re la t ionship  be tween  the  
d iva lent  ca t ion concen t r a t ion  and  the  [3]spiperone 
b inding  at 37 ° . The  b inding is h ighest  in the  p resence  
of M n  2+ at all concen t ra t ions  of d ivalent  cat ions 
s tudied,  and  at concen t r a t ions  abou t  5 m M  maximal  
b inding  activity is obse rved ,  but  h igher  cat ion con- 
cen t ra t ions  are inh ib i to ry  (Fig. 5A).  The  half-max-  
imal effect for M n  2÷ or Ca  :+ occurs at abou t  0.2 m M,  
whereas  slightly h igher  concen t ra t ions  of  Mg 2+ are 
necessary  to p roduce  the  same effect, a l though  in 
some expe r imen t s  we obse rved  no  di f ference 
be tween  Ca 2+ and  Mg 2+. The  cons is tent  resul t  is tha t ,  
in the  p resence  of M n  2÷, the  [3H]spiperone b inding 
is always h igher  than  in the  presence  of e i ther  Ca 2+ 
or Mg 2+. Z n  2+ produces  a much  lower effect than  
the  max imal  effect  p roduced  by Ca 2+, Mg 2+ or Mn z+ 
(Fig. 5A) .  

The  b inding of Ca 2+ and  Mg 2+ approaches  a max- 
imal value  at abou t  100 nmoles  Ca 2+ or Mg2+/mg 
prote in ,  whereas  abou t  300 nmoles  M n 2 j m g  pro te in  
are b o u n d  at 10 m M  free M n  2+ wi thou t  reaching  
sa tu ra t ion  (Fig. 5B).  The  b inding of Z n  2+ is inter-  
med ia te  at abou t  180 nmoles /mg pro te in  at a free 
Zn  2+ concen t r a t i on  of 1.0 raM. 

Effect of  Ca 2+ or M n  2+ on the [3H]spiperone binding 
by lipids isolated from caudate nucleus microsomes 

Mult i l amel la r  l iposomes p r e p a r e d  f rom lipids iso- 
la ted f rom mic rosomes  of cauda te  nucleus of  the  

sheep b ind  [3H]spiperone,  and  this b inding is 
increased by e i the r  Ca 2+ or  M n  2* f rom a value of 
abou t  308 fmoles /mg lipid in the  absence  of ions to 
values of 459 and  427 fmoles /mg lipid in the  presence  
of 5 m M  Ca 2* or M n  2+ respect ively (Table  2). The  

Table 2. Effect of Ca 2- or Mn x- on the [3H]spiperone 
binding by lipids isolated from caudate nucleus microsomes 

of sheep 

[3H]Spiperone binding (fmoles/mg lipid) 

Ions added No ions Ca 2~ Mn 2- 
[3H]Spiperone bound 308 459 427 

Multilamellar liposomes were prepared from lipids iso- 
lated from the microsomal fraction of the caudate nucleus 
[9]. The desired amount of lipid (0.4 rag/test tube), deter- 
mined by a phosphorus assay according to Bartlett [17], 
was taken from the chloroform solution and the solvent 
was evaporated first in a nitrogen stream and then under 
vacuum for 3 hr. Buffer solutions (TAP, pH 7.4) and several 
glass beads were added and vortexed for 3 min at room 
temperature. The same buffer was used in binding assays, 
performed as previously described in Materials and Meth- 
ods, in the absence and in the presence of cations (5 mM 
final concentration), at 37 ° for 15 min. Data are from a 
representative experiment. In each of three experiments 
performed, Ca > and Mn 2. increased the amount of 
[3H]spiperone retained by the lipid, but the absolute values 
varied between 180 and 308 fmoles/mg lipid in the absence 
of ions and between 200 and 459 fmoles/mg lipid in the 
presence of ions, Ca > being the most effective cation in 
each of the experiments. The microsomes correspond to 
the supernatant of the P2 fraction of Hfijos [18] collected 
at 39,000g for 15 min. 
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relevance of these results is presented in the 
Discussion. 

DISCUSSION 

The results show that Ca 2+, Mg ~+, Mn 2+, and to 
some extent Zn 2+, increase the specific binding of 
[3H]spiperone by sheep caudate homogenate. 

The number of [3H]spiperone receptor sites is 
decreased when the homogenate is incubated at 37 ° 
for periods over 25 min. Thus, in the control experi- 
ments (in the absence of ions), a higher binding is 
observed at 25 ° than at 37 ° (Fig. 2B). However, Ca 2+ 
or Mn 2+ increases the specific [3H]spiperone binding 
at temperatures between about 15 and 50 °, although 
their effect is greatest at 37 ° (Fig. 2). Since the effect 
of the ions is highest at temperatures at which sub- 
stantial loss of binding already occurs in the absence 
of cations, the ions may be preventing denaturation 
of the receptors rather than exposing more receptors 
at the higher temperatures studied. However, in the 
absence of ions, an increase in temperature between 
0 and 25 ° also causes an increase in [3H]spiperone 
binding. This may reflect either a direct effect of 
temperature on the number of active binding sites 
available (for example making more receptors acces- 
sible), or it may be that the time required for equi- 
librium is so long that no equilibrium was attained 
in the time utilized. This latter possibility is difficult 
to test because long equilibration periods tend to 
cause loss of specific [3H]spiperone binding. Regard- 
less of whether cations are present or not in the 
equilibration medium, denaturation of the receptors 
becomes predominant at the higher temperatures 
tested, and an increase in available receptors with 
increasing temperature would no longer be observed. 

Qualitatively similar results have been reported 
by Usdin et al. [5] for the effects of monovalent and 
divalent cations. Usdin et al. [5] reported that the 
cations do not affect the affinity of the receptors for 
[3H]spiperone and that the effect is on the maximal 
binding capacity. Furthermore, they also observed 
that there is a time-dependent loss of [3H]spiperone 
specific binding during incubation at 37 ° which could 
be partially reversed by Mn 2+ or Na +. 

Various types of receptors are influenced by 
cations [2-5, 11-16], but the mechanism of the effect 
is not clear. Cations seem to mediate the action of 
GTP on the potency of dopamine in inhibiting 
[3H]spiperone binding [5, 6, 11], but this is indepen- 
dent of the effect reported here, since GTP or 
dopamine were not added. The observation that ions 
by themselves increase the potency of dopamine in 
reducing [3H]spiperone binding, Mn 2+ being the most 
potent cation [5, 10], suggests a great importance for 
ions in determining the neuroleptic effect of drugs. 
On the other hand, the potency of the antagonist 
chloropromazine is not affected by cations [5]. The 
effect of cations on [3H]spiperone specific binding 
under the conditions of our experiments probably 
reflects a stabilization of the receptors, which tend 
to be degraded as the temperature is increased, but 
this does not explain the increase in [3H]spiperone 
binding at the lower temperatures under conditions 
where no loss of binding is observed, even in the 
absence of cations. 

We considered another plausible explanation for 
the effect of cations on the [3H]spiperone binding. 
Thus, if the cations increase the partition coefficient 
of [3H]spiperone, one might expect that specific bind- 
ing sites buried in the lipid bilayer might be in equi- 
librium with a higher [3H]spiperone concentration 
in the presence but not in the absence of cations. 
This presumes that at least some of the [3H]spiperone 
binding sites (receptors?) are highly hydrophobic 
structures, and that the bound [3H]spiperone would 
be in equilibrium with the [3H]spiperone in the lipid 
phase rather than in the aqueous medium. This raises 
some question regarding the validity of using the 
aqueous concentration of [3H]spiperone as the free 
[3H]spiperone in determining the KD values. The 
results reported in Table 2 show that lipids extracted 
from the microsomal fraction of the caudate nucleus 
of sheep brain reveal a [3H]spiperone binding of lipid 
in the absence of cations. The value increases to 459 
and 427 fmoles/mg in the presence of 5 mM Ca 2+ or 
Mn 2÷, respectively. This [3H]spiperone binding to 
the lipid fraction is not stereospecific (data not 
shown). 

Nevertheless, the KD values calculated in the pres- 
ence and in the absence of cations are not signifi- 
cantly different, whereas the Bmax increases. If the 
cations increased the concentration of free 
[3H]spiperone in equilibrium with the binding sites 
in the hydrophobic environment of the membrane, 
this should yield lower apparent K~ values. Increase 
in temperature also does not alter the Ko value, 
although it seems to increase the [3H]spiperone bind- 
ing within a limited range of temperature. Leysen 
and Gommeren [14] reported similar results regard- 
ing the effect of temperature (25 and 37 °) on the Ko 
value, and also observed an increase in specific 
[3H]spiperone binding with temperature up to about 
25 ° at 0.1 nM, but not at 1 mM free [3H]spiperone. 
However these results depend on many par- 
ameters, such as buffer type and tissue concen- 
tration [13]. 

The cations, Ca 2+, Mg 2+, Mn 2+ and Zn 2+, which 
increase the specific [3H]spiperone binding, are 
bound to the membranes (Fig. 5), and maximal 
binding is approached at about the concentrations 
which cause maximal increase in [3H]spiperone bind- 
ing, except for Mn 2. whose binding is not saturated 
even at 10 mM free Mn 2+. These divalent cations 
also increase the non-specific binding (not shown) 
of [3H]spiperone probably due to an increase in the 
partition coefficient of [3H]spiperone (Table 2). 

In addition to increasing the non-specific 
[3H]spiperone binding, a higher concentration of spi- 
perone in the membrane phase could increase the 
effective concentration in equilibrium with the recep- 
tors, as suggested earlier. It is also expected that 
spiperone, which is lipophilic, should concentrate in 
monolayers around the membrane miceles to give 
a higher concentration in this region than in the 
medium. This would constitute a driving force for 
interactions with the membrane components [14]. 
It is expected that this surface phenomenon would 
be influenced by the composition of the medium, 
which may explain, in part, the effect of the cations 
on [3H]spiperone binding. However, it is not possible 
to specify the mechanism of action. 
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