
J. Steroid Biochem. Molec. Biol. Vol. 37, No. 3, pp. 405-409, 1990 0960-0760/90 $3.00 + 0.00 
Printed in Great Britain. All rights reserved Copyright © 1990 Pergamon Press plc 

H I P P O C A M P A L  G L U C O C O R T I C O I D  R E C E P T O R  A N D  

B E H A V I O R :  A C O R R E L A T I V E  S T U D Y  I N  R A T S  

A N D  M I C E  

F. R. PATACCHIOLI,* P. CASOLINI, S. PUGLISI-ALLEGRA, l A. G. SADILE 2 and L. ANGELUCCI 

Pharmacology II, Medical Faculty, University of Rome "La Sapienza', Rome, qnstitute of Psychobiology 
and Psychopharmacology, CNR, Rome and 2Department of Human Physiology and Integrated Biological 

Functions "F. Bottazzi", 1st Medical School, University of Naples, Naples, Italy 

Summary--A correlation has been demonstrated between binding capacity for [3H]corti- 
costerone in the hippocampus and the performance in passive and active avoidance in the rat, 
and impaired behavior in adrenalectomized rats by exogenous corticosterone is restored. On 
this basis we have studied the possible correlation between strain-dependent behavioral 
differences and the glucocorticoid binding capacity in the hippocampus in mice and rats. In 
Naples high- (NHE) and low-excitability (NLE) rat strains, genetically selected on the basis 
of divergent locomotor activity upon forced exposure to a spatial novelty situation, no 
differences were found in glucocorticoid maximal binding capacity while both strains had a 
lower capacity than Naples random-breed (NRB) control rats. However, the intra-strain 
correlative analysis of hippocampal glucocorticoid receptors number and behavioral scores 
demonstrated that motor and emotional indexes of arousal to novelty were positively 
correlated in NLE-and negatively in NHE-, while no correlation was present in NRB rats. 
Using two inbred strains of mice, C57BL/6 and Balb/c, extensively investigated for learning 
abilities, the lower active avoidance score of C57BL/6 was associated with a lower binding 
capacity for [3H]corticosterone in the hippocampus. Altogether the above results support the 
involvement of the hippocampal glucocorticoid receptor in the modulation of some adaptive 
behavioral responses, while do not prove that genetic differences in behavior rest on parallel 
differences in binding capacity for glucocorticoid hormone. 

The role of the limbic system and especially of 
the hippocampus in the expression of emotions 
and adaptive behaviors has been studied for 
nearly 40 yr, and a wealth of neurobehavioral 
data is now available. 

Research on the influence of endocrine 
secretions on brain functions has demonstrated 
the activational property of steroid hormones in 
certain kinds of behavior, and established the 
part played by the hypothalamo-pituitary- 
adrenal axis in the adaptive reactions of the 
organism to the environment [1, 2]. 

The role of the hippocampus in the regulation 
of adaptive behavior and in the modulation 
of the hypothalamo-pituitary-adrenal axis 
involves the function of the neuronal receptor 
system for corticosterone, and in vitro bio- 
chemical knowledge of these receptors has 
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been amply gained (reviewed in Ref. [3]). On the 
other hand, the knowledge of the receptor- 
hormone or receptors-hormone interaction at 
the in vivo level has not been yet fully attained. 

In this paper the binding capacity of the 
glucocorticoid receptor system will be given as 
[3H]corticosterone specifically bound in the cy- 
tosol, namely as the whole receptor population 
able to bind corticosterone. Therefore, no 
distinction will be made between the Type I, 
corticosterone-preferring and Type II, gluco- 
corticoid-preferring [4]. In our opinion this ap- 
proach is fully valid, considering that separate 
physiological functions of the two receptors 
have not yet been clearly defined. 

The studies we present today, began almost 
10 yr ago as a result of the following unusual 
observation: binding capacity of the glucocorti- 
coid receptor system in the hippocampus, unlike 
most of the biological parameters in the rat, has 
an exceptionally wide range of distribution in a 
homogeneous population of rats [5]. 

As shown in Fig. 1, in between 150 and 
500fmol, more than 3 times the variation 
occurs. Due to the fact that these values were 
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Fig. 1. Distribution of the glucocorticoid receptor binding 
capacity (fmol/mg protein), measured as [3H]cortieosterone 
(40 nM) maximally bound in the cytosol of a population of 

120 male Wistar rats, 24 h after adrenalectomy. 

obtained from a highly inbred strain of  the 
Wistar rat, one could not consider this variation 
as determined by genetic factors, whereas 
environmental factors appeared a more plaus- 
ible determinant. 

We attempted to elucidate the meaning of this 
phenomenon investigating the basis of  the 
physiological role of  the glucocorticoid receptor 
in the hippocampus [6]. 

As shown in Fig. 2, in an homogeneous 
population of Wistar rats, two sub-groups could 
be selected according to the level of perform- 
ance in a active avoidance task: good, meaning 
15 or more avoidances out of  30 consecutive 
trials (given by only 25% of  the population) or 
poor, meaning less than 10 avoidances (given by 
50% of the population). Within this population, 
the distinction between "poor"  and "good"  
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Fig. 2. [~H]Corticosterone (40nM) maximally bound in 
hippocampal cytosol (means + SE) and Scatchard analysis 
(0.6-40 nM) of binding parameters (Bin, ~ , as fmol/mg p and 
Ka, as riM) in male rats, 15 days after learning conditioned 
active avoidance. Open columns: good > 15 out of 30 trials; 
and solid columns: <10 avoidances out of 30 trials. 

*P < 0.05, Student's t-test. 

learners was closely paralleled by a clear cut 
distinction in binding capacity. One hippo- 
campus of each rat was used in determining 
individual maximal binding capacity and the 
other in studying binding characteristics by 
Scatchard analysis of the saturation curve. 

As shown in the figure, the binding difference 
between good and poor learners is due to a 
difference in the number of binding sites, with 
no change in the affinity. 

So, there was a reason to believe that in the 
individual adult rat the level of the binding 
capacity for corticosterone in the hippocampus 
and the correlated regulation of  attentional 
processes, might be the resultant of postnatal 
experiential events, or of a peculiar condition of 
the mother-offspring pituitary-adrenocortical 
interrelationship, affecting perinatal develop- 
ment and maturation of the hippocampus. It is 
known, indeed, that improper contacts of hor- 
mones with organisms in their early life may 
affect the development and the expression of  
body activities in adulthood. 

Such consequences can be of great import- 
ance in the case of adrenocortical hormones, 
with regard to both behavior and activity of  the 
hypothalamo-pituitary-adrenocortical  axis in 
adulthood. 

On these grounds, it was deemed important 
to ascertain whether improper contact with 
exogenous corticosterone in early life could 
affect the glucocorticoid receptor system in the 
hippocampus and, concomitantly, pituitary- 
adrenal activity and behavior in the adult 
rat [7, 8]. Because in most of the studies con- 
cerning this aspect pharmacological doses of 
glucocorticoids have been used, making doubt- 
ful their physiological relevance, we used an 
approach of physiological relevance: infant rat 
exposure to glucocorticoid was realized by ad- 
ministering 200/~g/ml of  corticosterone, start- 
ing from day 2 post-partum, in the drinking 
water of the lactating mother, resulting in a 
daily intake of  about 25 mg/kg body wt. The 
hormone passes into the mother's milk, in equi- 
librium with the plasma level, and from the milk 
into the pup [7-9]. 

As shown in Fig. 3, the enhancement of the 
plasma level of the hormone in the mother as 
well as in the suckling is in within the physio- 
logical range. This approach avoids any physi- 
cal contact of the experimenter (handling, 
injections, etc.) with the pups, which has 
been proven to produce modification in neuro- 
chemical or behavioral parameters [10]. 
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Fig. 3. Means + SE of  morning plasma corticosterone level 
in lactating rats drinking corticosterone-enriched water 
(200#g/ml) and in their sucklings, n = 8-10. *P <0.05, 

ANOVA. 

Upon reaching adulthood, this type of off- 
spring, "corticosterone-nursed", showed some 
sex-related anomalies. As shown in Fig. 4, at 90 
days of age corticosterone-nursed males had 
a lower basal adrenocortical activity and a 
reduced body weight in comparison to controls. 
In females, no differences in body weight was 
found, while basal adrenocortical activity was 
higher in comparison to controls. Furthermore, 
as shown in Fig. 5, corticosterone-nursed rats, 
both male and female, had in adulthood a 
significantly higher binding capacity for the 
glucocorticoid hormone in the hippocampus, 
due to an increase in the number of binding 
sites. Concomitantly, as shown in Table 1, 
corticosterone-nursed adult offspring, both 
males and females, had a significantly higher 
performance in passive avoidance test. 

Thus, it appeared that improper contact of 
the hormone with the hippocampus, in a critical 
period for the development and maturation of 
this brain area, has an imprinting effect on the 
glucocorticoid receptor. Since the function of 
the hippocampus is fundamental for adaptation, 
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Fig. 4. Mean values + SE of  body weight and plasma 
corticosterone levels in ninety day old rats, control-nursed 
(open columns) and corticosterone-nursed (solid columns). 

n = 20-24. *P < 0.05, ANOVA. 
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Fig. 5. [3H]Corticosterone binding capacity ( B ~ )  in the 
hippocampal cytosol (6 animals per sample) from 90-day- 
old male (open columns) and female corticosterone-nursed 

rats (solid columns). *P < 0.05, ANOVA. 

in its behavioral and hormonal components, 
and relies on the integratory role of the gluco- 
corticoid receptor system any permanent alter- 
ation of this receptor will lead to altered 
adaptive responses. 

Individuality of the adaptive responses in 
adult animal depends not only upon the inter- 
action with the environment in early life, but 
also upon genetic mechanisms. In fact, strain 
dependent differences in avoidance learning 
have been reported by a number of studies [11]. 

The purpose of our study was to investigate 
whether the genotype-dependent behavioral 
differences of C57/BL and Balb/c mice in active 
avoidance learning are related to differences in 
the capacity of hippocampal corticosterone 
receptor system [12]. 

As shown in Fig. 6, C57/BL attained lower 
avoidance scores than Balb/c, thus confirming 
previous results[13]. Moreover, C57/BL mice 
had a lower maximal individual [3H]corti- 
costerone binding in the hippocampus. 

This result suggest that, as in the rat, a 
functional relationship exists between binding 
capacity for [3H]corticosterone and the degree of 
active avoidance learning in the mouse, with a 
statistically significant correlation coefficient 
either within each single group, or in the whole 
population, and that such a relationship might 

Table I. Passive avoidance learning in 90-day-old corticosterone- 
nursed rats 

Males Females 
(58) (70) 

Control nursed 10-83 31-227 
(15) 04) 
280* 250* 

Corticosterone nursed 23-300 196-300 
05) (14) 

Median and interquartile values of step-through latency (s) in the 
24 h retention test. 

*P < 0.05, Mann-Whitney test. In parentheses: number of animals. 
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Fig. 6. Maximal individual [3H]corticosterone binding ca- 
pacity and active avoidance scores in mice of  the Balb/c 
(open columns) and C57/BL (solid columns) strains. Mean 
va lues+  SE. *Significantly different (P <0.001) from the 

other strain, Student 's t-test. 

depend on genetic factors expressing behavioral 
regulation. On the other hand, we have found 
that morning plasma corticosterone levels were 
significantly lower in C57/BL, compared to 
Balb/c (Table 2). 

This might indicate that the genetic determi- 
nant is acting mediately, through differences 
in the activity of the hypotalamo-pituitary- 
adrenal axis, possibly during neonatal life, 
which can permanently affect the binding 
capacity in adulthood. 

Data presented up to this point, have 
shown that binding capacity of glucocorticoid 
hormone in the hippocampus, could be influ- 
enced by environmental factors during perinatal 
life or by genetic factors. 

In order to investigate more in depth the 
relationship between the genetic factor and 
the hippocampal glucocorticoid receptor in the 
expression of adaptive behaviors action, we 
have studied whether the genotype-dependent 
behavior of the NHE and NLE rat strains is 
accompanied with differences in the capacity of 
hippocampal glucocorticoid receptors [14]. 

As shown in Fig. 7, no differences were found 
in binding capacity, while both genetically 
selected strains showed lower binding capacity 
than control rats (NRB). Surprisingly enough, 

Table 2. Morning plasma corticosterone 
level in mice of the Balb/c and C57BL76 

strains 

Corticosterone 
Strain (g g/100 ml) 

Balb/c 6.25 + 0.3 
(n = 10) 
C57BL78 1.09 + 0.7* 
(n = I0) 

Mean values + SE. *Significantly differ- 
ent (P<0.001) from the other 
strain, Student's t-test. 
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Fig. 7. [3H]Corticosterone binding in hippocampal cytosol 
obtained from N H E  (n = 6 )  and NLE (n = 6 )  rats. 
Scatchard plots and in vitro saturation analysis in the inset. 

these results would exclude that the genetic 
differences in the behavior of these two strains 
of rats are parallel to distinct patterns in the 
glucocorticoid binding capacity in the hippo- 
campus. However, a correlative analysis was 
made among individual maximal binding 
capacity for [3H]corticosterone and the behav- 
ioral scores derived from exploration in the 
Lat-maze (Fig. 8). The arousal score was 
positively correlated in NLE and negatively 
in NHE, but not in NRB control rats. The 
positive-non-negative correlations are good 
evidence for an inverted U relationship between 
glucocorticoid receptors in the hippocampus 
and behavioral activation. Since the exploratory 
behavior in a Lat-maze has many individual 
components, it is difficult to evaluate the relative 
weight of each of them. We can only tentatively 
speculate that the differential genotype- 
dependent neurobehavioral correlative profile 
reveals a different meaning of exploration in the 
3 strains. 

While in the first part of this presentation, 
linear correlations between the capacity of bind- 
ing and learned avoidance behavior were evi- 
dent, in the second part we have observed how 
these correlations can also be non-linear in 
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Fig. 8. Scatterplots of the correlation between arousal and 
[~H]corticosterone binding capacity in the hippocampus. 
Abscissae and ordinates are given in units of  standard 

deviation from the mean. *0.05 > P > 0.01 (two-tailed). 
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re la t ion  to a different  type  o f  behav io r ,  n a m e l y  

the i n n a t e  e x p l o r a t o r y  one.  

In  conc lu s ion ,  o u r  s tudies  s t rong ly  ind ica te  
the complex i t y  o f  the  m e c h a n i s m  regu la t ing  the 
g lucocor t i co id  b i n d i n g  capac i ty  in the  h ippo-  
c a m p u s  a n d  emphas ize  the fact  tha t  we are still 
far  f r o m  the u n d e r s t a n d i n g  o f  the  phys io log ica l  
role  o f  this system.  
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