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SUMMARY 

This study was designed to clarify an in uitro system which could be used to study the time course, 
kinetics, and specificity of [3H]-dexamethasone (DM) binding in hippocampal cytosol. Maximal bind- 
ing, as measured by chromatography through Sephadex LH-20 mini-columns, was attained by 6 h 
and maintained to 24 h when the incubation medium contained 20mM Tris, 20% glycerol, 50mM 
KCI, 20mM monothioglycerol, pH 7.8. Cytosol from adrenalectomized pigs exhibited a 50”/, greater 
capacity to specifically bind DM than that from unadrenalectomized pigs. Non-specificall; bound 
DM averaged 18 + 5% of total r3H1-DM bound. The calculated K, was 1.07 x lo-“‘M and the 
maximum number Gf binding sites-was 3.0 x lo- l4 moles/mg protein. Thirty-three hours were required 
for the dissociation of half of the specifically bound C3H]-DM. Instability of the complex increased’ 
as incubation temperature was raised. Binding activity was diminished by competition with glucocorti- 
coid or anti-glucocorticoid hormones and by incubation with proteolytic enzymes. It was demonstrated 
that DM binding in porcine serum is limited and that possible contamination of this system with 
CBG had negligible effects. Thus a glucocorticoid receptor exists in porcine hippocampal cytosol and 
can be characterized by its high affinity and specificity as different from CBG. 

INTRODUCTION 

The hippocampus has been referred to as a “window 
through which glucocorticoids modulate the activity 

of the central nervous system” [l]. Studies of gluco- 
corticoid binding in various brain regions of duck [2], 

rat [3], pig [4] and monkey [S] have demonstrated 
that the hippocampus is the primary glucocorticoid- 
concentrating region of the brain. The effects of gluco- 
corticoids on neurological function have been found 
to be manifested in a number of ways. The work of 
Endroczi[6] which demonstrated a correlation of 
specific glucocorticoid binding to subcellular com- 

ponents of hippocampal cells with the modulation of 
a behavioral parameter, along with similar studies by 
Nyakas and Endroczi[7] and Bohus and deKloet[S] 
provide compelling evidence for the hippocampus as 
a mediator of glucocorticoid effects upon the brain. 
Cortisol has been demonstrated to increase and pro- 
long electrically-induced hippocampal seizure ac- 

tivity [9, 10). This effect appears to be specific to the 
hippocampus [ll]. Furthermore, several studies have 
implicated the hippocampus in the negative feedback 
inhibition of hydrocortisone on CRF-ACTH release, 
but the nature of that involvement remains obs- 
cure [12-141. These data and others in the current 
literature support the concept of a relationship 
between glucocorticoid action upon the hippocampus 
and the functions of the hippocampus within the cen- 
tral nervous system. 

* To whom correspondence should be addressed. 

Since the hippocampus has been shown to be one 
of the major brain regions possessing a mechanism 

for glucocorticoid retention [4, 15, 161, these experi- 

ments were purposed to investigate dexamethasone 
binding to receptors in hippocampal cell cytosol by 
examining certain features of that binding reaction 

in vitro. 

EXPERIMENTAL PROCEDURE 

Animals ana’ tissues. Young pigs of mixed breeds, 

weighing 1520 kg, were obtained from Wilson Hog 
Research Farms. Adrenalectomies were performed 

according to the method of Lustgarten et aI.[17]. 
After recovery from surgery, the pigs were maintained 
on 0.9% saline and standard laboratory chow ad libi- 
turn until used experimentally (3-5 days post-surgery). 
Fresh brain tissues were also obtained from local 
slaughterhouse within minutes of death and the tis- 
sues were immediately placed in ice-cold buffer. 

Chemicals. [1,2-3H]-Hydrocortisone (C3H]-F) 
(specific activity @.A.) = 40mCi/mmol), and [6,7-3H]- 
dexamethasone (C3H]-DM) (S.A. = 38 mCi/mmol) 
were purchased from New England Nuclear Corp. 
Non-labeled steroids were purchased from Sigma 
Chemical Co. except for cortexolone (Aldrich). Tryp- 
sin, type IX from hog pancreas, ribonuclease-A, type 
1-A from bovine pancreas, deoxyribonuclease I, from 
bovine pancreas, neuramiriidase, type VI from Clostri- 
dium perfringens, and protease were purchased from 
Sigma Chemical Co. 
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Incuhafion conditions. The dissected hippocampi 
were minced in 2 volumes of ice-cold (20mM 

Tris-HCl, 20”,;, glycerol (V/V), 50mM KCI. 20mM 
monothioglycerol, pH 7.8) buffer, unless specifically 
stated in the text. All procedures were carried out 

between 0” and 35°C unless otherwise specified. The 
minced tissues were homogenized in a glass vessel 
with a Teflon pestle, and centrifuged at lO,OOOg for 

tOmin. The supernatant was decanted and centri- 
fuged at 150,OOOg for 50min to obtain the cytosol. 
Cytosol was diluted so that the final concentration 

of protein in the incubation was between 0.8 and 
I .2 mg/ml. 

The method of Lee et a/.[191 was employed to 
study the effect of various enzymes on the binding 
reaction. Aliquots of cytosol were incubated with 
2 x IO-’ M C3H]-DM for 18 h at 3.5”C with and 
without the different enzyme solutions (l.Omg/ml). 
After 18 h the amount of specifically bound hormone 
was determined. 

Binding studies. The time course of binding was 

studied by incubation of cytosol with labeled DM 
with and without lOO-fold excess of non-labeled DM 

for 30, 60, 120. 240, 360, 720 and 1440min. The time 
course of dissociation of the steroid-receptor complex 
was investigated by the addition of lOO-fold excess 
unlabeled DM to tubes pre-incubated with labeled 
DM for 18 h. In all cases, binding reactions were 

stopped by addition of the sample to Sephadex 
columns. 

Porcine serum was diluted with 20mM Tris. 
50 mM KCI, 10 mM Monothioglycerol. 20% glycerol, 
pH 7.8, so that the final protein concentration was 
1.0 mg/ml. Aliquots of serum and hippocampal cyto- 

sol were incubated with 5 x lo-* M C3H]-DM or 
C3H]-hydrocortisone (F) with and without 5 x 
10m6 M DM or F for 24 h. Free hormone was separ- 
ated from bound by Sephadex gel filtration, 

In other incubations, aliquots of cytosol were incu- 
bated with [‘HI-DM ranging in concentration from 

8 x 10-s M to 5 x lo-” M. Parallel incubations 
were carried out with the addition of 2.5 x 10m6M 
non-labeled DM. Data were analyzed by the method 

of Scatchard[ 181. 

Ana/~~s. In all incubations, two series of tubes 
were prepared. In one series, each tube contained a 

known concentration of C3H]-DM only. In the other 

series, each tube contained the same concentration 
of C3H]-DM as its companion, plus a IOO-fold excess 
of non-labeled DM. The amount of radiolabeled 
steroid bound to cytosol receptors was measured by 
gel filtration through Sephadex LH-20 (Pharmacia) 
columns (0.8 x 8.0cm). The amount of hormone 
specifically bound in cytosol was determined by sub- 
tracting the amount of radioactivity bound in the 
tubes containing C3H]-DM plus excess DM from the 
amount of hormone bound in tubes containing only 

C3H]-DM. 

Competition experiments were performed by incu- Protein concentrations were determined in each 

bating aliquots of cytosol with 2 x IO-* M C3H]-DM case by the method of Lowry rr 0/.[20], with correc- 

with and without 2 x lo-” M non-labeled steroid: tions for interfering sulfhydryl reagents and potassium 

dexamethasone. dexamethasone sodium phosphate. ions according to the method of Vallejo and 

hydrocortisone, cortexolone. prednisolone, cortico- Lagunas[21]. Samples were counted for 10min in 

sterone. testosterone, estradiol, or progesterone. 1Oml of scintillation fluid containing 4.53 gm 2.5- 

Fig. 1. Time course of specific [‘HI-DM binding in hippocampal cytosol in various buffers. Hippo- 
campi were homogenized in 2OmM Tris. 20”; glycerol, pH 7.8 (TG), A; 2OmM Tris. 20”; glycerol. 
50mM KCI, IOmM monothioglycerol, pH 7.8 (TGT,,K), 0; or 2OmM Tris, 20:; glycerol, 50mM 
KCI, 20 mM monothioglycerol, pH 7.8 (TGT,,K), W. Tubes containing hippocampus cytosol were 
incubated with 2 x 10-s M C3H]-DM + 2 x 10m6 M DM at 35’C. Binding was determined by 
chromatography on Sephadex LH-20 mini-columns. Non-specific binding was 18 + S”,, of total binding. 

Each point is the mean + S.D. of 5 separate experiments. 
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diphenyl-oxazole (PPO), 0.057 gm, 1,4-bis-(5-pheny- 

loxazoyl-2-)-benzene (POPOP) and lOOmI Biosolve. 
BBS-3 (Beckman) in 11. of toluene. Counting effi- 

ciency was 49-51%. Quenching was monitored by the 
external standard-channels ratio method. 

The variation between sample means was analyzed 
by an analysis of variance F test [22]. Multiple com- 
parisons were performed using the Student-Newman- 
Keuls test [23]. Linear regression analysis was used 

for determination of the slope of linear plots. Signifi- 
cance was tested at the 0.05 level. For figures and 
tables the means and standard deviations (S.D.) are 

recorded. 

RESULTS 

When cytosol was prepared in 20mM Tris, 20% 
glycerol, pH 7.8 (TG) buffer, the greatest amount of 
specifically bound hormone was measured at 2 h of 
incubation at 3.5”C. After 2 h, specific binding activity 
decreased so that less than 25% of maximal binding 

was present after 24 h (Fig. 1). The addition of 50mM 

KC1 and 10mM monothioglycerol to the homogeni- 
zation buffer (TGTlOK) resulted in a 33% increase 
in the maximum amount of labeled hormone specifi- 

cally bound. The amount specifically bound began 
to plateau between 6 and 12 h of incubation time. 

The reports of Granberg and Ballard[24] and of 
Schrader (personal communication) suggested that in- 
creasing the monothioglycerol concentration to 
20mM would result in an increased stability of rat 
brain glucocorticoid receptors. Figure 1 also depicts 
the results from time course experiments in which 
20mM Tris, 20% glycerol, 50 mM KCI, 20mM 

monothioglycerol, pH 7.8 (TGTaaK) buffer was 
employed. The maximal amount of specific binding 

in these experiments was 5 times greater than that 

when TGTr,K buffer was used. A plateau of maximal 
binding was reached by about 6 h of incubation at 
3.5”C and was maintained out to 24 h of incubation. 
Therefore, TGTaaK buffer was utilized in the 
remainder of experiments and an incubation time of 
18 h was chosen to insure that equilibrium conditions 
for the binding reaction were being approached. 

Kinetics of binding 

Hippocampal cytosol was incubated with various 

concentrations of [3H]dexamethasone (c3H]-DM) at 
3.5”C for 18 h. As Fig. 2 illustrates, the binding reac- 
tion reached a plateau of maximal binding, indicating 

saturation of specific binding sites, at about 
2 x lo-’ M [‘HI-DM. The % of total C3H]-DM 
measured as non-specifically bound averaged 
18 k 5%. The amount of specifically bound hormone 
in cytosol isolated from adrenalectomized pigs (ADX) 

was 50% greater than that from unadrenalectomized 
pigs. When the binding data from the ADX pigs were 
plotted according to the method of Scatchard[l8], 
Fig. 3 was generated. The Kh calculated by this 
method was 1.07 x lo-” M and n, the maximum 
number of binding sites, was 3.0 x lo-l4 mol/mg 
protein. 

Figure 4 depicts the reversibility of the binding 

reaction. Sixty-five y0 of the specifically bound 
[‘HI-DM was dissociated after 48 h at 3.5%. The 
half-time of dissociation was 33 h, as calculated by 
linear regression analysis. It therefore required 33 h 

Fig. 2. Concentration-dependence of specific [‘HI-DM binding in hippocampal, cytosol. Hippocampi 
isolated from intact pigs, A, and adrenalectomized pigs, 0, were homogenized in TGT,,K and 
incubated for 18 h at 3.s”C with concentrations of C3H]-DM from 0.05 x 10-s M to 6 x IO-* M + 

2.5 x 10e6 M DM. Each point represents the mean of 4 separate experiments. 
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Fig. 3. Scatchard plot of specific binding of C3H]-DM in 
hippocampal cytosol isolated from adrenalectomized pigs. 

for half of the specifically bound t3H]-DM to dis- 
sociate from cytosol binding sites, under the condi- 
tions employed. 

When hippocampal cytosol was incubated for 18 h 
at 3S’C with 2 x lo-‘M C3H]-DM plus or minus 
2 x 10mh M DM and then incubated an additional 
2 h at 3.5. 22 or 37-C, the data in Fig. 5 resulted. 
Bound hormone complexes remained stable at 35’C. 
but rapidly dissociated at 22 or 37 C. Sixty (‘,) of 

specifically bound hormone was dissociated after 2 h 
at 22°C whereas all specifically bound hormone was 
dissociated after 1 h of incubation at 37’C. 

Spec$city of hitzding 

Table 1 summarizes the results of experiments 

wherein 2 x 10e8 M c3H]-DM was incubated with 

hippocampal cytosol in the presence or absence of 
2 x IO-” M non-labeled steroids. Non-radioactive 
DM was the best competitor, followed by two 
steroids with anti-glucocorticoid activity, progester- 

one and cortexolone. with estradioL17jj and testo- 
sterone the least effective inhibitors. These data also 

indicate that the receptor binds to steroids with 
glucocorticoid or anti-glucocorticoid activity but not 
to the sex steroids, testosterone or estradiol- I7p. Data 

from competition experiments utilizing unlabeled DM 
compared to those utilizing unlabeled dexamethasone 
sodium phosphate demonstrate that steroid solubility 
was not a significant variable. 

A preliminary determination of the types of bio- 
chemical moieties which must be present in the recep- 

tor molecule to exhibit glucocorticoid binding activity 
was investigated by incubating cytosol in the presence 
of different enzymes (Table 2). The action of proteoly- 
tic enzymes, protease and trypsin, resulted in the great- 
est loss of bound hormone after an 18 h incubation 
at 3.5’C. Deoxyribonuclease and neuraminidase had 
no significant effects on binding activity. RNase treat- 
ment caused a slight reduction that was statistically 
significant. These results indicate that the receptor is 

largely protein and may have ribonuc~eotide moieties. 

as welt. 
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A comparison was made between binding of 

C3H]-DM and [3H)-hydrocortisone (F) to hippocam- 
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Fig. 4. Demonstration of reversibility of C3H]-DM binding. Hippocampal cytosol was incubated as 
described in Experimental Procedure. After 18 h. 2 x 10e6 M DM was added to the tubes containing 
cytosol plus 2 x 10-s M E3H]-DM. Specific binding was determined at 2, 4, 12, 24 and 48 h from 

the time of addition of DM. a. undissociated specific binding; l , binding after dissociation. 
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Fig. 5. Temperature-dependence of specific C3H]-DM binding. Hippocampal cytosol was incubated 
as described in the text for 18 h at 3.5”C and for an additional 2 h at 39, a, 22”, A, and 37”, l . 
Data are expressed as per cent of control. Each point represents the mean f. S.D. of 6 determinations. 

pal cytosol receptors and hog serum glucocorticoid 
binders (Table 3). Eighty times more E3H]-DM was 
specifically bound in cytosol than in serum, whereas 
280 times more [‘HI-F was specifically bound in 
serum than in cytosol. Dexamethasone is an effective 
competitor of [‘HI-F binding to cytosol proteins, but 
non-radioactive F is the better competitor for binding 
to serum binders. Since the extent of [‘HI-DM inter- 
action with serum binding sites is extremely small, 
competition of the unlabeled steroids with C3H]-DM 
for serum binding sites was not demonstrable. These 
results clearly indicate that there are significant differ- 
ences in the ability of natural and synthetic giucocor- 
ticoids to bind porcine serum receptors compared to 
hip~campal cytosol. Therefore, the degree of error 
introduced into the cytosol binding experiments by 
the presence of CBG was very small and negligible. 

DISCUSSION 

Preparation of hippocampal cytosol in a buffer 
containing 20% glycerol, 20 mM monothioglyceroi 

Tabie 1. Specificity of [3H]-dexamethasone binding for 
hippocampal cytosol 

Per cent reduction of 
Competitor binding ( rf: S.D.) 

~xamethasone lOOk 
Dexamethasone sodium loo&-S 

phosphate 
Progesterone 72 + 4 
Cortexolone .68 f 6 
Cortisol 39 * 7 
Corticosterone 35 + 7 
Estradiol-17-beta Sk6 
Testosterone 2&3 

Cytosol from pooled slaughterhouse hippocampi was in- 
cubated with 2 x lo-* M C3H]-DM with and without 
2 x 10e6 M nonlabelled steroid for 8 h at 3S”C. The data 
are expressed as per cent reduction in C3H]-DM binding 
relative to dexamethasone (n = 5). 

and 50mM KC1 permitted an environment in which 
the greatest magnitude of binding could be measured 
and in which peak binding activity could be main- 
tained out to 24 h of incubation at 3S”C. Other inves- 
tigators have previously discovered the advantages of 
such buffers. Granberg and Ballard[24] reported that 
the presence of monothioglycerol in the homogeniza- 
tion medium prevented oxidation of the receptor site 
sul~yd~~ groups and resulted in increased receptor 
stability. Krieger et af.[25] demonstrated that maxi- 
mal stability of free receptors required 50mM KC1 
in the homogenization buffer, since binding activity 
was rapidly lost at higher or lower ionic strengths. 
Goral and Wittlifl261 reported a two-fold increase in 
specific glucocotticoid binding by adding monothio- 
glycerol to the homogen~ation medium. Increased 
stability of the glucocorticoid receptor has also been 
reported by Schmid et aI.[27] after the addition of 
50 mM KC1 and sulfhydryl reagents. It is not possible 
on the basis of data presented to define the mechan- 
ism whereby binding activity is increased and main- 
tained in this buffer system. Enhanced association, 
decreased dissociation, stabilization of receptor or 

Table 2. Effects of Enzymes on [“HI-dexamethasone 
binding 

Amount bound 
(pg [3H]~exameth~one per 

Enzyme mg cytosol protein) 

None 57.96 + 2.05 
Protease 8.94 f 2.62 
Trypsin 26.49 f 6.12 
RNase 42.89 + 3.61 
Neuraminidase 51.23 + 3.28 
DNase 59.97 * 10.34 

Cytosol isolated from intact pig hippocampi was incu- 
bated with 2 x 10-s M [‘HI-DM with and without 
2 x 10e6 M nonlabelled DM for 18 h at 3.W. Enzyme. 
treatment involved incubating in the presence of 1 mg per 
ml of different enzymes (n = 6). Values are means + S.D. 
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Table 3. Comparison of [‘HI-dexamethasone (DM) and [3H]-hydrocortisone (F) binding in serum and 
in cytosol. Amount bound (pg C3H]-steroid per mg cytosol protein) 

CJH]-DM C3H]-DM t DM C3H]-DM + F C3H]-F [jH]-F + DM [‘HI-F + F 

Cytosol 17.65 6.29 9.68 1.67 0.61 0.78 
kO.78 +0.32 kO.65 kO.16 + 0.05 + 0.05 

Serum 0.69 0.55 0.56 257 233 8.27 
* 0.08 + 0.03 + 0.02 5 14.4 * 30.0 + 1.34 

Hippocampal cytosol and serum were isolated from slaughterhouse animals and incubated with 
2 x IO-’ M C3H]-DM or [3H]-F in the presence or absence of 2 x 10mh M DM or F. Incubations were 
carried out at 3.5“C for 24 h (n = 5). Values are means + SD. 

steroid--receptor complexes, and inhibition of degra- 
dation could each be involved. It is important for 
this study that an in oifro system was used which 

yielded maximum binding activity and a time course 
of binding activity from which could be determined 
approximation of binding equilibrium for subsequent 
kinetic studies. 

Scatchard analysis revealed a class of high affinity 
sites for DM. Our calculated value for K, at 3S”C 

of 1.07 x lo-“M is within the general range of 
values reported by others for DM binding to rat hip- 
pocampal cytosol [16, 283 and bovine pituitary cyto- 
sol [29]. The slightly smaller value obtained from the 
present studies may be related to the presence of 

monothioglycerol in the medium. Granberg and Bal- 
lard[24] also reported a value for KD that was smaller 
when dithiothreitol was present than in its absence. 

That the receptor does not readily dissociate from 
its bound ligand is also demonstrated by the slow 
reversibility of binding. Thirty-three h were required 
to dissociate 50% of the bound hormone. This time 
course is similar to that reported by Schaumberg[30] 
and Pratt, er a/.[311 for other glucocorticoid systems. 

It should be pointed out that although these data 
were obtained in an ambient temperature (3°C) at 
which the steroid binder is stable, the kinetic and 

specificity data may not be the same at 37°C. 
Although synthetic glucocorticoids are 10-lOO-fold 

more active than naturally occurring adrenal steroid 

hormones at equimolar concentrations, it is generally 
accepted that both types bind to the same cytoplas- 
mic receptor prior to the initiation of an organ 
specific process. However, it is difficult to reconcile 
these and other data on stereospecificity with a simple 
competitive inhibition model. Agarwal[32] reported 
that synthetic steroid-receptor complexes migrated 
differently than complexes possessing natural corti- 
coids in a column chromatographic system. He con- 
cluded that natural and synthetic steroid hormones 
bind to physico-chemically distinct receptor proteins. 
DeKloet and McEwen[l6] also observed more than 
one population of specific glucocorticoid binding sites 
with overlapping specificity and different localization. 
Dexamethasone and corticosterone had different pat- 
terns of cytoplasmic binding in various brain regions. 
Cytoplasmic binding of dexamethasone in the hippo- 
campus was slightly greater than corticosterone, but 
the latter bound to hippocampal cell nuclei to a 

greater extent than dexamethasone. Furthermore, 
dexamethasone was not as good a competitor for 

[3H]-corticosterone as corticosterone. The authors 
alluded to the fact that different corticoids have differ- 
ential effects on behavior not commensurate with 

their glucocorticoid activities. For example, cortico- 
sterone has been shown to decrease passive avoidance 
behavior after implantation in the hippocampus, 
whereas a synthetic corticoid did not have the same 

effect. The conclusion of deKloet and McEwen[16] 
was that binding of corticoids in the hippocampus 
may involve a stereospecificity more related to behav- 
ioral effects than to glucocorticoid activity. Further- 
more, the presence of more than one population of 
corticoid binding sites in the hippocampus cannot be 

excluded. 
Since the brain tissues used in this study were not 

perfused in siru, the question arises as to the extent 
of contamination of the system by plasma dexametha- 
sone-binding proteins. We have shown, however, that 
the binding of this steroid to blood-borne receptors 
is only 1.2”” of that in the hippocampus cytosol. Since 
the binding of hydrocortisone to plasma receptors is 
significantly greater than that of DM, the finding that 
C3H]-DM binding to cytosol receptors was 10 times 
greater than that of C3H]-F further indicates the 
absence of a significant amount of blood contami- 

nation of cytosol preparations. 
These studies have successfully utilized an in vitro 

system to elucidate some of the characteristics of 
specific binding of DM to receptors in hippocampus 
cytosol of the pig. It is important to understand these 
characteristics because the level of adrenocortical ac- 
tivity registered in the hippocampus. via a receptor 
mechanism, may be found to play an important role 
in the modulation of hippocampal function. 
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