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The effects of  cort icos terone  on Ca2+-dependent  b inding  of  [125I]calmodulin to purif ied synaptic  
p l a sma  m e m b r a n e s  (SPM) f rom rats brain  were character ized.  The e n h a n c e m e n t  of  
[125I]calmodulin b inding  was a s igmoidal  funct ion  of  s teroid concentrat ion ,  wi th  the m a x i m a l  
increase  ( >  55% above control )  occurr ing  at a steroid concentrat ion  of  1 x 10 -6 M and EC s0 es t imated  
at 1-2 x 10 -7 M. Other  g lucocort ico ids  inc luding  hydrocort i sone ,  d e x a m e t h a s o n e  and t r i a m c i n o l o n e  
produced  s imi lar  effects, whereas  steroids wi thout  g lucocort ico id  act ivi ty  such as l l -deoxycor t i so l ,  
11 -deoxycort i cos terone  and cholesterol  were ineffect ive.The s t ero id - induced  increase  of  b inding  was 
corre lated  with  an increase  of  m e m b r a n e  affinity for [ lzSI]calmodulin as shown by Scatchard  
analysis ,  and a decrease  of  the rate of  d issoc iat ion of  [ 12sI ] c a l m o d u l i n  f ro m the  m e m b r a n e s  as shown 
by kinetic analysis .  Arrhen ius  analysis  indicates  that  [12SI]calmodulin b ind ing  was inf luenced by 
l ipid trans i t ion  o f  the m e m b r a n e s  and that  cort icos terone  resul ted in a shift  of  m e m b r a n e  trans i t ion  
toward  a h igher  t emperature .  Since a variety  of  b iochemica l  processes  associated with  synaptic  
m e m b r a n e s  are dependent  upon  c a l m o d u l i n  for their regulat ion,  we hypothes i ze  that  the effects of  
g lucocort ico ids  in p r o m o t i n g  m e m b r a n e  b inding  of  c a l m o d u l i n  m a y  lead to a cascade of  a l terat ions  
in synapt ic  funct ion.  
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INTRODUCTION 

Steroid hormones are known to act by binding to intra- 
cellular receptors, which function as l igand-dependent 
transcription factors in the regulation ofgene expression 
[reviewed in 1 ]. Less well known is their interaction with 
cell membranes,  although it has become evident even a 
decade ago that a variety of steroid elicited responses can 
be attributed to direct actions of the hormones on plasma 
membranes [reviewed in 2-4]. For  example, glucocorti- 
coids enhance the fl-adrenergic agonist response in 
isolated thymocytes,  and the effect occurs within 
1-2 min after steroid preincubation [5]. More  recently, 
progesterone has been shown to produce an increase of 
intracellular free Ca 2÷ in human sperm within 30 s after 
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polyvinylpyrrolidone; PMSF, phenylmethylsulfonyl flouride; 
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MgATP, magnesium adenosine triphosphate. 

the addition of the steroid [6]. Furthermore,  specific 
binding sites in plasma membranes have been identified 
for glucocorticoids in liver [7-12], anterior pituitary 
gland [13], placenta [14], skeletal muscle [15] and 
lymphoma cells [16]; for estrogens in uterus [17], liver 
[18] and breast tissue [19]; and for progesterone in 
oocytes [20] and ovary [21]. 

In neuronal cells, there has been a resurgence 
of interest in the membrane actions of hormonal 
steroids in recent years [reviewed in 22, 23]. Biochemical 
studies indicate that certain adrenal and gonadal steroids 
or their metabolites modulate GABAA receptors 
[24-30], a receptors [31, 32], nicotinic acetylcholine 
receptors [33] and ~-adrenergic receptors [34] of the 
brain, apparently by binding to membrane sites on or 
near these receptors. In earlier literature, there has been 
ample electrophysiological evidence that neuronal 
membrane potential can be altered by certain steroid 
hormones [reviewed in 2]. More  recent studies have 
provided additional data along this line. For  example, 
cortisol hyperpolarizes the membrane potential of 
celiac ganglion neurons with a latency of < 2 min after 
steroid superfusion of  the ganglion [35]. 17fl-Estradiol, 
but  not 17~-estradiol and testosterone, produced 
hyperpolarization and an increase of K ÷ conductance 
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in medial amygdala neurons within a few minutes after 
the introduction of the hormone [36]. In a behavioral 
study, progesterone induces lordosis in female rats, in 
part through modulation of hypothalamic oxytocin 
receptors; this rapid and specific effect of the steroid is 
independent of de novo protein synthesis [37]. Taken 
together, these recent electrophysiological and behav- 
ioral data further indicate that in neurons, steroid 
hormones can have a rapid onset of action, which is 
accompanied by a high degree of hormone specificity. 

We have previously identified the specific binding 
sites for glucocorticoids and gonadal steroids in highly 
purified synaptic plasma membranes (SPM) from rat 
brain [38, 39]. More recently, the binding sites for 
glucocorticoids have also been identified in neuronal 
membranes from an amphibian brain [40, 41], and the 
binding sites for progesterone have been further 
characterized in another neuronal membrane prep- 
aration from rat brain [42, 43]. These findings provide 
strong evidence that neuronal plasma membranes me- 
diate steroid hormone actions through membrane re- 
ceptors. However,  the transduction of steroid signals 
by the membranes remains to be understood. In this 
study, we have found that in SPM, membrane binding 
of calmodulin is altered by glucocorticoids. Since 
calmodulin is involved in a variety of Ca2+-dependent 
events in plasma membranes [44, 45], we propose that 
the action by glucocorticoids on membrane binding of 
calmodulin is among the mechanisms whereby these 
steroids regulate membrane function. 

E X P E R I M E N T A L  

Animals and materials 

Male Sprague-Dawley rats (150-200g) were sup- 
plied by a commercial breeder (Sasco King Animal 
Labs., Oregon, WI). [125I]Calmodulin was prepared 
by 12s I-iodination of calmodulin (bovine brain; 
Sigma Chemical Co., St Louis, MO), by a precedure 
described previously [46] using Bolton and Hunter  
reagent (2000 Ci/mmol; Amersham Corp., Arlington 
Heights, IL). The  recovered 125I-labeled material 
exhibited a single radioactive protein band corre- 
sponding to calmodulin on SDS-polyacrylamide 
gel electrophoresis. In some experiments, commercially 
available [ 1251 ]calmodulin (87 mCi/mg; N E N  
Research Products, Boston, MA) was used. Both prep- 
arations of [125I]calmodulin yielded similar results. 
Polyvinylpyrrolidone (PVP; average Mw 10,000), 
phenylmethylsulfonyl fluoride (PMSF),  steroids and 
other biochemicals were purchased from Sigma. 

Preparation of SPM 

The  preparation of SPM was performed using a 
procedure described previously [47], with modifi- 
cations by us [38]. The  cerebral cortex was homogen- 
ized in 5vol  of 0 .32M sucrose -10mM Tris-HC1, 
pH 7.4. Nuclei and other cellular debris were pelleted 
by centrifuging at 1000g for 10min. The  synapto- 

somes remaining in the supernatant were pelleted by a 
subsequent centrifugation at 10,000 g for 20 min. The  
synaptosomal pellet was resuspended in the homogen- 
ization buffer and placed on a discontinuous gradient of 
0.85, 1.0, and 1.2 M sucrose. After centrifuging at 
90,000 g for 90 min, the synaptosomes were removed 
from the interface between the 1.0 and 1.2 M sucrose. 
The  mitochondria formed a pellet in the 1.2 M sucrose. 
The  synaptosomal fraction was diluted with 4 vol of 
0.25 M suc rose -10mM Tris-HC1, pH 7.4, and cen- 
trifuged for 20min  at 15,000g. The  synaptosomes 
were lyzed by resuspending the pellet in 1 0 m M  
Tris-HC1, pH 7.4. The  osmotically lyzed synapto- 
somes were layered on a discontinuous sucrose gradient 
(0.85, 1.0 and 1.2 M) and centrifuged at 90,000g for 
90 min. The  synaptosomal cytosol remained on the top 
layer of the gradient and the mitochondria from the 
nerve terminals were pelleted at the bottom. The  band 
containing the SPM fraction at the interface between 
1.0 and 1.2 M sucrose was removed and diluted with 
5 vol of 10 m M Tris-HC1, pH 7.4. After centrifuging at 
15,000 g for 20 min, the pellet containing the SPM was 
resuspended in 50 m M  Tris-HC1, pH 7.4, containing 
2 m M  dithiothreitol and 50 p M  PMSF.  In one exper- 
iment where synaptic vesicles were used, the band on 
top of the 0.85 M sucrose layer was removed and 
diluted with 5 vol of 0.25 sucrose containing 10 m M  
Tris-HC1, pH 7.4. After centrifuging at 20,000 g for 
20 min, the supernatant was centrifuged at 100,000g 
for 30 min to pellet the vesicles. The  purity of the SPM 
and synaptic vesicle fractions was monitored as de- 
scribed previously by us [38], using electron mi- 
croscopy and marker enzymes (5'-nucleotidase for 
plasma membranes, fumarase for mitochondria, gluta- 
mate dicarboxylase for synaptic vesicles, and lactate 
dehydrogenase for cytosol). 

[125 I ]Calmodulin binding 

The  SPM were washed twice with 2 m M  E G T A  (in 
5 0 m M  Tris-HC1, pH 7.4) to deplete endogenously 
bound calmodulin, as described by others in previous 
binding studies [48]. The  EGTA-washed  membranes 
(10-12pg  protein) were equilibrated with cortico- 
sterone (30 min at 37°C) at indicated concentrations in 
190 #1 of binding buffer (50 m M  Tris-HC1, pH 7.4, 
0.1 m M  CaC12, 2 m M  dithiothreitol, 5 0 # M  P M S F  
and 2 mg/ml bovine serum albumin). Since ethanol as 
low as 0.3% v/v (52 mM) was found to inhibit calmod- 
ulin binding, the steroid was dissolved in 1% PVP and 
the final concentration of PVP in the incubation mix- 
ture was 0.05%. In a standard assay, [ 1251 ]calmodulin 
(10,000-15,000 cpm/pmol) in 10 #1 was added to pro- 
duce a final concentration of 50 nM. Th e  binding of the 
labeled ligand to the membranes was allowed to reach 
equilibrium at 37°C (15 min). Th e  membranes were 
separated by filtration on a Whatman GF/B filter and 
washed twice with 3 ml of ice-cold binding buffer. 
Radioactivity bound to the membranes was deter- 
mined. Nonspecific binding was determined in the 
presence of 500-fold unlabeled calmodulin. Radioac- 
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tivity due to nonspecific binding was < 5% of total 
binding. Statistic analysis of data including t- test  and 
linear regression analysis is indicated under  each exper- 
iment. 

RESULTS 

Effects of corticosterone 

T h e  binding of [ 1251 ]calmodulin to SPM was deter- 
mined after the membranes  were equilibrated with 
corticosterone in the concentration range of 
1 x 10-8-2 x 10 -6 M. As shown in Fig. 1, the steroid 
hormone enhanced the binding of the labeled ligand to 
the membranes .  T h e  increase of  binding was a sig- 
moidal function of steroid concentration, with the 
maximal increase ( > 5 5 %  above control) reached 
at 5 x 1 0 - T M  steroid and the ECs0 estimated as 
1-2 × 10 -7 M. I t  is noted that the log dose-response 
curve of the effect of  corticosterone on [ 125 1 ]calmodulin 
binding observed here is in close resemblance to the 
saturation isotherm of the specific steroid binding to 
SPM, which was reported to have a Ka of 1.2 × 10 -7 M 
[38]. 

Since the Ca2÷-calmodulin complex is the active 
form that binds, the possibility was considered that 
corticosterone could exert its effect on binding by 
increasing the availability of Ca z÷ to the membranes .  
This  possibility was examined by determining the 
effect of Ca 2+ on binding in the presence of 1 # M  
steroid. As shown in Fig. 2, the profiles of  
[1251 ]calmodulin binding as a function of Ca 2+ concen- 
trations paralleled each other, whether  the steroid was 
present  or absent. In both cases, half-maximal binding 
was obtained around 5 # M  Ca 2+. Fur thermore ,  the 
increase of binding by the hormone persisted even at 
Ca 2÷ as high as 1 mM.  Thus ,  Ca 2÷ availability was not 
involved in the hormone enhancement  of  binding. 
Another  possibility was considered that the effect of  
corticosterone was on the calmodulin molecule rather 
than on the membrane .  However ,  this possibility was 
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Fig.  1. Ef fects  o f  v a r i o u s  c o n c e n t r a t i o n s  o f  c o r t i c o s t e r o n e  on  
[12SI]calmodulin b i n d i n g  as  to S P M .  B i n d i n g  w a s  p e r f o r m e d  
wi th  50 n M  [~2SI]calmodulin as d e s c r i b e d  in the  text .  Values  
ar e  m e a n  _+ SD f r o m  5-6 d e t e r m i n a t i o n s .  T h e  c o n t r o l  v a l u e  
( in t h e  a b s e n c e  o f  the  s te ro id )  was  71.5 _+ 2.8 p m o l / m g .  Sig-  

n i f icance  o f  d i f f erence  f r o m  contro l :  *P < 0.001. 
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Fig. 2. Ca2+-dependency  of  [ 125I ]ca lmodul in  b i n d i n g  to SPM.  
Contro l :  (O);  a d d i t i o n  of  1 × 10-6M co r t i cos t e rone :  (O) .  
B i n d i n g  w a s  p e r f o r m e d  w i t h  5 0 n M  [12SI]calmodulin as de -  
s c r i b e d  in the  text .  F r e e  Ca  2+ c o n c e n t r a t i o n s  b e l o w  10-4M 
w e r e  c o n t r o l l e d  b y  C a Z + - E G T A  buffers  [71]. All va lues  are  

m e a n s  f r o m  t r i p l i c a t e  d e t e r m i n a t i o n s ,  w i th  SD < 5%. 

excluded by two lines of  evidence. First, to compare 
with SPM, [ 1251 ]calmodulin binding was determined 
in synaptic vesicles, a secretory granule that is known 
also to bind calmodulin [49]. As shown in Table  1, 
corticosterone as high as 5/~M was without an effect on 
binding in the vesicles, indicating that the effect of  the 
steroid found in SPM was not due to an alteration of 
the calmodulin molecule. Second, the steroid at 5 # M  
did not alter the fluorescence spectra of  dansylated 
calmodulin, as determined by a procedure described 
previously [50] (data not shown). 

Effects of various steroids 

T o  determine hormone specificity, the effects of  a 
variety of  steroids on [125i]calmodulin binding were 
compared (Table 2). Hydrocort isone,  dexamethasone, 
and triamcinolone enhanced binding with an increase 
similar to that f rom corticosterone. At the concen- 
tration comparable to that of  the hormonal  steroids 
(1/~M), cholesterol was without an effect on calmod- 

Table 1. Effects of corticosterone on equi- 
librium binding of [125 I ]calmodulin to 

synaptic vesicles 

Corticosterone [ 1251 ]CaM binding 
(M) (pmol/mg) 

Control 32.7 __+ 1.3 
1 x 10 -7 30.2 ___ 0.9 
1 x 10 -6 31.0__+ 1.2 
5 x 10 -6 33.5__+ 1.5 

Binding was determined at 50 nM 
[12SI]calmodulin as described in the text 
except that synaptic vesicles (30--40 #g pro- 
tein) were used. Values are mean __+ SD from 
5 determinations. 
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Table 2. Effects of various steroids on equi- 
librium binding of [~25 I]calmodulin to S P M  

[ 1251 ]CaM binding 
Steroid (pmol/mg) 

Control 72.7 + 3.1 
Corticosterone 109.5 + 3.4* 
Cortisol 104.2 + 3.3* 
Dexamethasone 107.0 + 3.9* 
Triamcinolone 110.4 + 3.3" 
Cholesterol 71.5 + 2.2 
11-Deoxycortisol 70.1 + 1.8 
11-Deoxycorticosterone 73.0 + 2.8 
17/~-Estradiol 82.6 + 3.5 
Progesterone 81.4 ___ 4.2 
Testosterone 79.7 + 3.3 

All steroids were 1 x 10 -6 M. Binding was deter- 
mined at 50 nM[  t25I ]calmodulin as described 
in the text. Values are mean + SD from 5 deter- 
minations. *P > 0.001 from control. 

u l in  b i n d i n g  to SPM.  11-Deoxycort isol  (cortexolone) 

and  11-deoxycort icosterone (cortexone),  two nong luco -  
cort icoid steroids which do not  have specific b i n d i n g  

with S P M  [38], were also ineffective on  b ind ing .  
Progesterone,  17fl-estradiol and  tes tosterone at 1 / t M  
produced  only  a small  and  insignif icant  effect on b i n d -  

ing, and  these small  increases were not  magnif ied by 
higher  steroid concent ra t ions  (data no t  shown).  

Kinetic analysis 

T h e  t ime course of [ 1251 ]ca lmodul in  b i n d i n g  to S P M  

was compared  in the absence and  presence of 1 # M  

cort icosterone (Fig. 3). In  bo th  cases, a near  plateau 
level of b o u n d  [ lzs I ] ca lmodul in  was reached at 37°C 

wi th in  5 min ,  and  maximal  b i n d i n g  was reached wi th in  
10 min .  These  data demons t ra te  that  the effect of the 
steroid was on equ i l i b r ium b i n d i n g  of the l igand rather  
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Fig. 3. T i m e  cou r se  of  [*25I]calmodul in  b i nd i ng  to SPM.  
C o n t r o l :  ( 0 ) ;  add i t i on  o f  1 × 10-6M cor t i cos t e rone :  (O)-  
B i n d i n g  was  p e r f o r m e d  wi th  5 0 n M  [x25I]calmodul in  as de-  
s c r i b e d  in the  text.  All va lues  a re  m e a n s  f r o m  t r ip l i ca t e  

d e t e r m i n a t i o n s ,  w i th  SD < 5%. 
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Fig. 4. Time course of [12SI]calmodulin dissociation from 
SPM. Control: (0);  addition of 1 × 10-6M corticosterone: 
(Q). The membrane was first loaded with [ 12s I] calmodulin by 
preincubation with 200nM [tzSI]calmodulin at 37°C for 
10min. After the prelabeling, the [12SI]calmodulin- 
membrane complexes were chased by addition of 100-fold 
of unlabeled calmodulin (20gM). At zero-time, the 
[ 12s I ]calmodulin bound with the membrane was 
176 pmol/mg for the control and 231 pmol/mg in the presence 
of corticosterone. Both zero-time values were taken as 100% 
to facilitate kinetic comparison. The amount of 
[~SI]calmodulin remaining with the membrane was deter- 
mined at 37°C at indicated times. The data were analyzed in 
linear plots of In ([Ct/Co] × 100)vs time. For control data: 
from l inear regression analysis,  the correlation coefficient is 
0.985 (first line) and 0.983 (second line). The rate constant, k, 
calculated from the slope of the linear plot, is 
8.9 x 10 -2 min -1 for the first line and 2.3 x 10 -2 min -1 for the 
second line. In the presence of l g M  corticosterone: the 
correlation coefficient is 0.998 (first line) and 0.951 (second 
line). The slope of both lines is significantly different from 
that of the corresponding control (P < 0.001). The rate con- 
stant, k, calculated from the slope of the linear plot, is 
3.9 × 10-2 min -~ for the first line and 9.2 x 10-3 rain -~ for the 

second line. 

than  accelerat ing the t ime requ i red  to reach equi -  

l ibr ium.  
T o  de te rmine  the effect of  the steroid on the calmod-  

u l i n - m e m b r a n e  complex,  [ ,251 ]ca lmodul in  dissociat ion 

f rom S P M  was kinetical ly analyzed. After  loading 
the m e m b r a n e s  with [125I]calmodulin,  100-fold un -  

labeled ca lmodul in  was added as the chaser to stop 
fur ther  label ing of the membranes .  T h e  rate of 

[125I]calmodulin dissociat ion from prelabeled m e m -  
branes  was then  followed by d e t e r m i n i n g  the a m o u n t  
of [ 1251 ] c a l m o d u l i n - m e m b r a n e  complexes r ema in ing  at 

various times. T h e  data were analyzed by a first order  

react ion (In [CJCo] = t × k, where Co and  C~ are the 
concent ra t ions  of [ 1251 ] c a l m o d u l i n - m e m b r a n e  com- 

plexes at to and  tl and  k is the first order  rate constant)  
and  plot ted  accordingly.  As shown in Fig. 4, the best  
f i t t ing l inear func t ion  consisted of two lines, ind ica t ing  
two dissociat ing componen t s  with different rates. 
U n d e r  the control  condi t ion ,  the fast dissociat ion com- 
ponen t  was est imated to have a dissociat ion rate con-  
stant  (k) of 8.9 × 1 0 - 2 m i n  -1 and a hal f - t ime (t]/2) of 
7 . 8 m i n ,  and  the slow c ompone n t  gave a k of 
2.3 × 10 -2 m i n  1, and a tl/2 of 29.5 min .  Cor t icos terone 
decreased the rate of dissociat ion of the 
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[~25I]calmodulin-membrane complexes for both the 
fast and slow component.  At 1/~M corticosterone, 
the fast component  gave a k of 3.9 x 10 -2 m i n - '  and a 
t]/2 of 17.7 min, and the slow component  gave a k of 
9.2 x 10-3rain -~ and a tl/2 of 75.4min.  These kinetic 
date indicate that the steroid stabilizes the calmodulin- 
membrane complex from dissociation. Moreover,  the 
fact that both the fast dissociating and the slow disso- 
ciating component  were affected suggests that the alter- 
ation of membrane binding sites by the steroid is 
extensive rather than limited to particular sites. 

T o  determine the affinity of the membrane binding 
of calmodulin in the presence of corticosterone, the 
equilibrium binding of [ ~251 ]calmodulin was measured 
in ligand concentration range of 25 to 500 nM. Th e  
binding was saturable, reaching a maximum at 500 nM 
calmodulin both in the absence and presence of the 
steroid. These  data are shown as Scatchard plots in 
Fig. 5. Within the ligand concentration range used, the 
identity of multiple binding populations with dis- 
tinguishable affinities was not apparent, since a single 
linear function was seen in the Schatchard alalysis. In 
this single-affinity model, the control line gave an 
apparent Ka of 131 nM and a Bm~ of 283 pmol/mg 
protein. When the steroid was present (1 #M),  the 
apparent K a was shifted to 73 nM, whereas the Bma x was 
not significantly changed (280 pmol/mg). These results 
indicate that the effect of the steroid in increasing 
[~25I]calmodulin binding was due to an increased 
affinity of the membranes for the ligand. 

Arrhenius analysis 

A recent study [51] has demonstrated the presence of 
a biphasic linear function in Arrhenius analysis of the 
temperature-dependency of [ 1251 ]calmodulin binding 
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Fig. 5. Scatchard analysis  of [12SI]calmodulin binding.  B: 
[12SI]calmodulin bound  in pmo l /mg ;  F: free [125I]calmodulin 
concentration in nM. Control: ( 0 ) ;  addit ion of  1 x 10-6M 
corticosterone: (O)- Binding was per formed in 
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lation coefficient is 0.997 (first l ine) and 0.957 (second line), 
with the intercept of  the two lines corresponding to 297.1 K or 
24.2°C. In the presence of 1/~M corticosterone, the correlation 
coefficient is 0.987 (first line) and 0.981 (second line), with the 
intercept of  the two lines corresponding to 301.2 K or 28.1°C. 
The slope of  the first line is significantly different from that 
in the control (P < 0.001). The slope of  the second line is not 
significantly different from the control line; therefore, no 

addit ional  line is shown. 

to SPM, indicating that membrane binding of calmod- 
ulin is dependent upon lipid phase transition of the 
membranes. To  determine the effect of corticosterone 
on calmodulin binding in relation to the membrane 
transition, binding was determined in the temperature 
range of 4-40°C, and the data were analyzed in Arrhe- 
nius plots. As shown in Fig. 6, the presence of a 
biphasic linear function was evident in the tempera- 
ture-dependency of [ 1251 ]calmodulin binding to SPM. 
Under  the control condition, the Td, as indicated by the 
abrupt change in the slope of the linear function, was 
estimated as 24.2°C. In SPM preincubated with 1 p M  
corticosterone, a shift in the slope of the first line was 
apparent, with a consequent shift of the Ta to 28.1°C. 
Th e  effect of the steroid in shifting membrane tran- 
sition is consistent with the notion that the increase of 
calmodulin binding is related to steroid-induced alter- 
ation of the lipid environment surrounding the mem- 
brane binding sites• 

DISCUSSION 

Methodologically, two features of our study should 
be emphasized: the use of highly purified plasma 
membranes from synaptic terminals, and the pretreat- 
ment of the membranes with E G T A  to deplete en- 
dogenously bound calmodulin. In earlier studies on 
calmodulin binding to brain membranes [48, 52, 53], 
crude particulate preparations were used and such 
preparations consisted of heterogeneous subcellular 
components from neuronal as well as glial cells• In a 
more recent study [54] that reported Scatchard charac- 
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teristics of calmodulin binding to purified SPM, the 
membranes were not washed with E G T A  to fully 
expose calmodulin binding sites. Therefore,  the bind- 
ing characteristics reported in the previous studies 
cannot be compared with those found in the present 
study. 

It should be mentioned that in the SPM, total 
endogenous content of calmodulin, as estimated by 
radiommunoassays in our laboratory, is 3 .2#g /mg 
membrane protein, of which 2.5 pg is EGTA-dissocia-  
ble [51]. The  other 0.7 #g, which is resistant to dis- 
sociation by Ca 2÷ chelators and requires a detergent for 
its extraction, represents Ca2+-independent calmodulin 
binding with the membranes,  perhaps involving a 
neurospecific protein [55]. In ongoing experiments in 
our laboratory, we have found that calmodulin tightly 
associated with SPM in the Ca2+-independent manner 
is not affected by glucocorticoids [56]. Thus ,  the effect 
of corticosterone described in the present study is 
related to Ca 2 ÷-dependent binding of calmodulin. 

The  main objective of our study is to characterize the 
effect of corticosterone in promoting calmodulin bind- 
ing to the synaptic membranes. The  steroid does not 
interfere with Ca 2+ availability to the membranes or the 
formation of the Ca2+-calmodulin complex, as shown 
by the lack of  a Ca 2÷ effect in the steroid enhancement 
of binding. Kinetic data on the dissociation of bound 
[ 1251 ]calmodulin from the membranes reveal that when 
the membranes are saturated with the steroid (at 
1 p M), the dissociation rate constant for both the fast 
and slow dissociating component  is markedly de- 
creased. Thus ,  the steroid increases calmodulin bind- 
ing by stabilizing the calmodulin-membrane complex 
from dissociation. The  concentrations of corticosterone 
required to increase calmodulin binding (>  10 -8 M) are 
parallel to those in specific binding of the steroid to 
SPM reported in our earlier study [38]. The  ECs0 
found here, 1-2 x 10 -7 M, is almost identical to the Kd 

of corticosterone binding to SPM (1.2 x 10 -T M). We 
have previously proposed [38] that the lower affinity of 
the membrane binding of glucocorticoids, as compared 
to the affinity of intracellular receptor binding (with a 
K d on the order of 10 -9 M), allows rapid association 
and dissociation of the steroid, thus providing a rapid 
mechanism for eliciting and terminating a membrane 
response. In this regard, it is interesting to note that the 
hyperpolarizing effect of cortisol on celiac ganglion 
neurons was produced only when the steroid concen- 
trations approached 1 x 10-TM [35]. 

From Scatchard analysis of the Ca2+-dependent 
[ 1251 ]calmodulin binding, there are at least two points 
to be made. First, the best fitting plot from the 
Scatchard analysis appears to be a single straight line. 
However,  this apparent single-affinity model most 
likely underestimates the complexity of calmodulin 
binding sites in the membranes and must be inter- 
preted with caution. In synaptic membranes, in ad- 
dition to several enzymes that are known to bind 
calmodulin for their activation, other calmodulin-bind- 
ing proteins such as calcineurin and troponin I are 

known [57]. Thus ,  hetrogeneous groups of  calmodulin 
binding sites are present in the membranes. In a 
Scatchard analysis, if the binding population consists of 
heterogeneous sites with closely related affinity for the 
ligand, the statistically derived single line may very well 
represent only the average affinity of the total binding 
population. Nonetheless, the estimated K~, which is on 
the order of 10 _7 M, suggests that most binding sites on 
the synaptic membranes do not bind calmodulin with 
a high affinity and thus can associate or dissociate 
calmodulin readily. Second, despite the presence of 
heterogeneous binding sites, the fact that a shift of the 
K d by corticosterone is visible in the Scatchard analysis 
indicates that extensive changes can occur in the bind- 
ing affinity of the membranes, at least under  the in vitro 

experimental condition where the membranes are satu- 
rated with the steroid. This  increase in the membrane 
affinity for calmodulin by the steroid is also reflected in 
the kinetic data showing decreased rates of the dis- 
sociation of bound [3H]calmodulin from the mem- 
branes in the presence of the steroid. 

Th e  data from Arrhenius analysis provide infor- 
mation about the nature of the glucocorticoid action in 
modulating membrane binding of calmodulin. It is well 
known that for membrane-bound enzymes, the tran- 
sition temperature, Td, of the enzyme obtained from 
Arrhenius analysis is correlated with lipid phase tran- 
sition of plasma membranes [58-61]. Moreover,  sub- 
stances that alter fluidization of the lipid domains 
surrounding the enzyme, such as ethanol, produce a 
shift of Td of the enzyme [62-64]. Membrane lipid 
fluidity is known also to influence receptor binding and 
transport processes, including serotonin binding to 
brain synaptic membranes [65] and glucose transport 
across erythrocyte and fibroblast membranes [66]. 
Using a similar approach, we have demonstrated the 
presence of a biphasic linear function in Arrhenius 
analysis of [125I]calmodulin binding to SPM, and a 
shift of the T d from 24.2 to 28.1°C following the 
saturation of the synaptic membranes with cortico- 
sterone. Th e  shift of the T d to a higher value is 
consistent with the notion that the steroid increases 
membrane binding of calmodulin by reducing lipid 
fluidity of the membranes. From the hormone specifi- 
city of the glucocorticoid action, it appears that gluco- 
corticoid binding sites on the membranes are involved 
in the action. Steroids that do not have glucocorticoid 
activity and that do not bind to specific glucocorticoid 
sites on the membranes are ineffective in altering 
calmodulin binding. Thus ,  cholesterol, a steroid known 
to reduce membrane fluidity at high concentrations, is 
without an effect on calmodulin binding at concen- 
trations comparable to those of glucoc0rticoids. It is 
interesting to note that corticosterone is more efficient 
than cholesterol by at least three orders in stabilizing 
dipalmitoylphosphatidylcholine bilayers in an artificial 
membrane model [67]. Therefore,  it is tempting to 
speculate that the specific binding site for glucocorti- 
coids, possibly a phospholipoprotein [38], determines 
hormone specificity and the site of hormone action on 
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t h e  m e m b r a n e ,  w h e r e a s  a p r i m a r y  a c t i o n  o f  g l u c o c o r t i -  

co id s  is o n  t h e  c o n f o r m a t i o n  o f  l i p id  b i l aye r s .  

I n  a r e c e n t  s t u d y  [41] ,  t h e  spec i f ic  b i n d i n g  o f  c o r t i c o -  

s t e r o n e  in  n e u r o n a l  m e m b r a n e s  f r o m  an  a m p h i b i a n  

b r a i n  is e n h a n c e d  b y  M g  2+ a n d  i n h i b i t e d  by  g u a n y l  

n u c l e o t i d e s ,  s u g g e s t i n g  t h a t  t h e  s t e ro id  b i n d i n g  si te  is 

c o u p l e d  to  a g u a n y l  n u c l e o t i d e - b i n d i n g  p r o t e i n .  H o w -  

eve r ,  spec i f i c  g l u c o c o r t i c o i d  b i n d i n g  to  S P M  f r o m  rat  

b r a i n  is n o t  a f fec ted  b y  M g  2+ o r  g u a n y l  n u c l e o t i d e s  

( u n p u b l i s h e d  f r o m  o u r  l a b o r a t o r y ) .  T h e  p r e s e n t  f ind -  

ings  i n d i c a t e  t h a t  g l u c o c o r t i c o i d  b i n d i n g  to m a m m a l i a n  

S P M  resu l t s  in  an  a l t e r a t i o n  o f  m e m b r a n e  b i n d i n g  o f  

c a l m o d u l i n .  S i n c e  a v a r i e t y  o f  b i o c h e m i c a l  e v e n t s  in 

p l a s m a  m e m b r a n e s  a re  d e p e n d e n t  u p o n  c a l m o d u l i n  fo r  

t h e i r  a c t i v a t i o n ,  an  i nc r ea se  o f  m e m b r a n e  b i n d i n g  o f  

c a l m o d u l i n  c o u l d  l ead  to  a ca scade  o f  a l t e r a t i ons  in 

m e m b r a n e  p roce s se s .  I n  a r e c e n t  s t u d y ,  we  h a v e  f o u n d  

tha t  d e p o l a r i z a t i o n - i n d u c e d  s y n a p t o s o m a l  C a  2÷ in f lux  

is e n h a n c e d  b y  g l u c o c o r t i c o i d s  [68]. T h e r e  is c o n s i d e r -  

ab l e  e v i d e n c e  t h a t  v o l t a g e - s e n s i t i v e  C a  2+ c h a n n e l s  a re  

a c t i v a t e d  b y  c a l m o d u l i n - d e p e n d e n t  p h o s p h o r y l a t i o n  

[69]. A c c o r d i n g l y ,  we  h a v e  f o u n d  tha t  a l t h o u g h  the  

basa l  l eve l  o f  [ 3 H ] d i h y d r o p y r i d i n e  b i n d i n g  to t he  

s y n a p t i c  m e m b r a n e s  is n o t  a f f ec t ed  by  g l u c o c o r t i c o i d s ,  

t h e  s t e ro id s  e n h a n c e  t h e  a c t i v a t i o n  o f  t h e  r a d i o l i g a n d  

b i n d i n g  by  a m e c h a n i s m  i n v o l v i n g  C a 2 ÷ - c a l m o d u l i n  

a n d  M g A T P  [70]. W e  a re  p r e s e n t l y  t e s t i n g  the  h y p o t h -  

esis  t h a t  t h e  s t e r o i d s  i nc r ea se  s y n a p t o s o m a l  Ca  2+ in f lux  

b y  e n h a n c i n g  c a l m o d u l i n - d e p e n d e n t  a c t i v a t i o n  o f  

v o l t a g e - s e n s i t i v e  C a  2÷ c h a n n e l s .  T h i s  h y p o t h e s i s  is 

p a r t  o f  o u r  ove ra l l  p r o p o s a l  t ha t  p r o m o t i o n  o f  c a l m o d -  

u l i n  b i n d i n g  is a m e c h a n i s m  w h e r e b y  g l u c o c o r t i c o i d s  

m o d u l a t e  m e m b r a n e  p roce s se s .  
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