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Summary—Several years ago Levine, Denenberg, Ader, and others described the effects of
postnatal “handling” on the development of behavioral and endocrine responses to stress. As
adults, handled rats exhibited attenuated fearfulness in novel environments and a less
pronounced increase in the secretion of the adrenal glucocorticoids in response to a variety
of stressors. These findings clearly demonstrated that the development of rudimentary,
adaptive responses to stress could be modified by environmental events. We have followed
these earlier studies, convinced that this paradigm provides a marvellous opportunity to
examine how subtle variations in the early environment alter the development of specific
neurochemical systems, leading to stable individual differences in biological responses to
stimuli that threaten homeostasis. In this work we have shown how early handling influences
the development of certain brain regions that regulate glucocorticoid negative-feedback
inhibition over hypothalamic—pituitary—adrenal (HPA) activity. Specifically, handling in-
creases glucocorticoid (type II corticosteroid) receptor density in the hippocampus and frontal
cortex, enhancing the sensitivity of these structures to the negative-feedback effects of elevated
circulating glucocorticoids, and increasing the efficacy of neural inhibition over ACTH
secretion. These effects are reflected in the differential secretory pattern of ACTH and
corticosterone in handled and nonhandled animals under conditions of stress.

In more recent years, using a hippocampal cell culture system, we have provided evidence
for the importance of serotonin-induced changes in cCAMP levels in mediating the effect of
postnatal handling on hippocampal glucocorticoid receptor density. The results of these
studies are consistent with the idea that environmental events in early life can permanently
alter glucocorticoid receptor gene expression in the hippocampus, providing evidence for a
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neural mechanism for the development of individual differences in HPA function.

THE ADRENOCORTICAL RESPONSE
TO STRESS

The hypothalamic-pituitary—adrenal (HPA)
axis, as described by Selye [1}, is highly respon-
sive to stress, and the release of the adrenal
glucocorticoids under conditions which threaten
homeostasis represents one of the central adap-
tive mechanisms among mammals. The se-
cretion of corticotropin-releasing hormone
(CRH) and co-secretagogues such as vaso-
pressin (AVP) and oxytocin into the portal
system of the anterior pituitary during stress
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causes an increase in the release of adreno-
corticotropin (ACTH) into circulation [e.g.
2-9]. The elevated ACTH levels stimulate an
increase in the release of adrenal glucocorti-
coids. The highly catabolic glucocorticoids pro-
duce lypolysis, increasing the level of free fatty
acids, glycogenolysis, increasing blood glucose
levels, and protein catabolism, which increases
amino acid availability as substrates for gluco-
neogenesis, further increasing blood glucose
levels [10, 11]. Together, these actions assist
the organism under stressful conditions, in
part at least, by increasing the availability of
energy substrates. The glucocorticoids also sup-
press immunological responses[11], protecting
against the occurrence of inflammation at a time
when mobility may be important to the animal.
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However, continued exposure to elevated glu-
cocorticoid levels can present a serious risk for
the organism. In addition to a general suppres-
sion of anabolic processes, prolonged glucocor-
ticoid exposure can lead to muscle atrophy,
decreased sensitivity to insulin and a risk of
steroid-induced diabetes, hypertension, hyper-
lipidemia, hypercholesterolemia, arterial dis-
ease, amenorrhea, and impotency, and the
impairment of growth and tissue repair, as well
as immunosuppression {10, 11]. Thus, once the
stressor is terminated, it is very clearly in the
animal’s best interest to “turn off”” the HPA
stress response and the efficacy of this process is
determined by the ability of the glucocorticoids
to inhibit subsequent ACTH release (i.e. gluco-
corticoid negative-feedback).

Circulating glucocorticoids feedback onto the
pituitary and specific brain regions to inhibit the
ACTH from the anterior pituitary [12-17]. In
addition to the more obvious target sites, such
as the pituitary and the medial-basal hypothala-
mus, there is now considerable evidence for the
importance of extrahypothalamic regions in the
inhibition of HPA activity [12]. Most notable
among these regions is the hippocampus [18].
Hippocampal lesions or ablations are associated
with elevated corticosterone levels under both
basal, stress, and post-stress conditions [e.g.
19-23]. Moreover, hippocampectomized ani-
mals show reduced suppression of ACTH
following exogenous glucocorticoid adminis-
tration[19] and increased CRH and AVP
mRNA levels in the paraventricular n. of the
hypothalamus [24]. These findings, together
with the fact that the hippocampus is rich in
corticosteroid receptors [25], suggest that this
structure is involved in the inhibitory influence
of glucocorticoids over adrenocortical activity.

Evidence from a number of models suggests
that a decrease in hippocampal corticosteroid
receptor density is associated with a hypersecre-
tion of corticosterone both under basal con-
ditions and following the termination of stress
(i.e. less effective negative-feedback). There are
decreased levels of hippocampal corticosteroid
receptors binding in the aged rat[26-32], lac-
tating rats[33), and immature rats[34-38]
and these animals also hypersecrete cortico-
sterone [39-41]. Perhaps the most impressive
evidence comes from studies with the AVP-
deficient, Brattleboro rat[22]. These animals
show a deficit in corticosteroid receptors in the
hippocampus and pituitary and hypersecrete
corticosterone following stress. The hippocam-
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pal receptor deficit is reversed with AVP :reat-
ment and, so long as the treatment is continued,
receptor levels remain elevated and the animals
exhibit normal corticosterone secretion follow-
ing stress [22].

The uptake of corticosterone in rat brain is
associated with at least two distinct types of
corticosteroid receptors [e.g. 42-52]. The miner-
alocorticoid (or type I) receptor binds in vitro
to both corticosterone and the mineralocorti-
coids, aldosterone and RU 26752, with high
affinity, and binds the synthetic glucocorticoid,
RU 28362, with very low affinity. The glucocor-
ticoid (or type II) receptor is far more diffusely
distributed throughout the brain, and binds
corticosterone, dexamethasone, and RU 28362
with high affinity, and RU 26752 and aldoster-
one with lower affinity. Although both
receptors bind corticosterone with high affinity,
the K, of the mineralocorticoid receptor
for corticosterone (~0.5 nM) is lower than that
of the glucocorticoid receptor (~2.0-5.0 nM;
e.g. [46]).

A physiological consequence of this difference
in affinity for corticosterone is the fact that these
receptors then show different rates of occupancy
under basal corticosterone levels. About 80—
90% of the mineralocorticoid sites are occupied
under basal corticosterone levels [46, 48, 49],
rendering the hippocampal mineralocorticoid
receptor relatively insensitive to dynamic vari-
ations in corticosterone levels. In contrast, the
glucocorticoid receptor is highly responsive to
dynamic changes in corticosterone titers, such
as those occurring during stress [46, 48, 49, 54].
Under conditions of basal circulating -cortico-
sterone only about 10-15% of the glucocorti-
coid receptors are occupied. Stress results in a
dramatic increase in the hormone-receptor sig-
nal, such that immediately following a 20 min
period of immobilization about 75% of gluco-
corticoid receptors are occupied. Corticosterone
injections (15 mg/kg) that mimic the steroid
levels seen during stress also result in about 75%
occupancy of glucocorticoid receptors. These
findings, together with the known negative-feed-
back efficacy of the synthetic corticoids such as
dexamethasone, once thought to selectively bind
to the glucocorticoid receptor, suggested that it
was this site and not the mineralocorticoid-like
receptor, that underlies the negative feedback
actions of glucocorticoids under post-stress con-
ditions.

However, Dallman and her colleagues have
recently provided evidence for the involvement



Glucocorticoid receptor development

of both mineralocorticoid and glucocorticoid
receptors in the regulation of ACTH levels in
rats. In these studies hippocampal implants of
both the glucocorticoid receptor antagonist,
RU 38486, and the mineralocorticoid receptor
antagonist, RU 26752, resulted in elevated levels
of plasma ACTH [S5]. Moreover, Ratka et
al. [56] have found that systemic injections of
either antagonist resulted in elevated post-stress
corticosterone levels in intact rats. These find-
ings suggest that glucocorticoid negative-feed-
back may involve both mineralocorticoid and
glucocorticoid receptor sites.

THE EFFECT OF HANDLING ON THE
ADRENOCORTICAL RESPONSE TO STRESS

The handling procedure usually involved re-
moving rat pups from their cage, placing the
animals together in small containers, and
15-20 min later, returning the animals to their
cage and their mothers. The manipulation was
performed daily for the first 21 days of life. In
response to a wide variety of stressors handled
(H) rats secrete less corticosterone and show a
faster return to basal corticosterone levels
following the termination of stress than do
nonhandled (NH) animals [26, 57-63]. These
differences are apparent as late as 24-26 months
of age[26, 28], indicating that the handling
effect persists over the entire life of the animal.
The differences in HPA function are not due to
changes in adrenal sensitivity to ACTH [64] or
in pituitary sensitivity to CRH [63]. Moreover,
there are no differences between H and NH
animals in the metabolic clearance rate for
corticosterone [63, 64]. Rather, the difference
lies in the fact that the NH animals show
increased secretion of corticosterone both
during and following stress.

Young adult H and NH animals do not differ
in levels of corticosteroid-binding globulin
(CBG), the principle plasma binder for cor-
ticosterone [27, 62] or in free corticosterone
levels [27]). This finding is of considerable im-
portance since brain uptake of corticosterone
appears to approximate the nonCBG bound
(free + albumin-bound) portion of the ster-
oid [65]. Thus, differences in total corticosterone
are likely predictive of differences in brain up-
take of the steroid. One further point of import-
ance concerns the specificity of this difference.
Young adult H and NH animals do not differ in
basal corticosterone levels at any time point
over the diurnal cycle [27, 63]. Thus, the differ-
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ence between the two groups of animals is
specific to conditions of stress and is not seen
under normal, resting conditions. This finding
also indicates that differences in HPA activity
observed during stress cannot be accounted for
by differences in pre-stress, basal glucocorticoid
levels.

H and NH animals also differ in plasma
ACTH and ACTH secretagogue responses to
stress. Levels of CRF-like bioactivity [66] and
plasma ACTH [63] are higher both during and
following stress in NH animals. These findings
suggest that the mechanism(s) for differences
between H and NH animals is located above the
level of the pituitary and that the post-stress
difference, at least, may be related to differential
sensitivity of CNS negative-feedback processes.

THE EFFECT OF HANDLING ON HPA
NEGATIVE-FEEDBACK PROCESSES

On the basis of the relative hypersecretion of
ACTH and corticosterone by NH animals, we
wondered whether H and NH animals might
differ in negative-feedback sensitivity to circu-
lating glucocorticoids. We [63] tested this idea
using a classical negative-feedback paradigm
based on the finding that high levels of circulat-
ing glucocorticoids feedback onto the brain
and/or pituitary to inhibit subsequent HPA
activity [12-14, 17]. Such delayed, negative-
feedback persists for hours following exposure
to elevated glucocorticoid levels [14]. In these
experiments, H and NH animals were injected
with one of five doses of either corticosterone or
dexamethasone 3 h prior to a 20-min immobiliz-
ation stress. Both glucocorticoids were more
effective in suppressing stress-induced HPA re-
sponses in the H animals (i.e. the ID,, for both
corticosterone and dexamethasone was 5-10
times lower in the H animals). These data
suggest that indeed the H animals are more
sensitive to the negative-feedback effects of
circulating glucocorticoids on HPA activity.

Since this delayed form of negative-feedback
is likely mediated by the binding of cortico-
sterone to soluble intracellular receptors, we
have measured both mineralocorticoid and glu-
cocorticoid receptor sites in selected brain re-
gions and pituitary of young adult H and NH
animals [26-28, 38, 63, 67—69]. The results of
these studies have demonstrated that there are
significant and regionally-specific differences in
glucocorticoid receptor binding capacity as a
function of handling. H animals show increased
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glucocorticoid receptor binding capacity in the
hippocampus, but not in the septum, amygdala,
hypothalamus, or pituitary. The difference in
the receptor binding data is clearly related to the
number of receptor sites, and not to the affinity
of the receptor for [*H]radioligand, RU 28362.
Moreover, the difference occurs in glucocorti-
coid receptors, but not the mineralocorticoid
receptor sites (measured using either radio-
labeled aldosterone or corticosterone + 50-fold
excess of cold RU 28362).

In a recent experiment we [63] have demon-
strated that this difference in hippocampal glu-
cocorticoid receptor density is related to the
more efficient suppression of post-stress HPA
activity in the H animals. Chronic adminis-
tration of corticosterone results in a 30-45%
down-regulation of hippocampal glucocorticoid
receptor binding sites [36, 70, 71]. The effect is
highly specific to the hippocampus, such that
receptor binding capacity in the hypothalamus
and pituitary are unaffected. In this experiment
we treated H animals for 5 days with cortico-
sterone, and allowed two days for steroid
clearance. Hippocampal glucocorticoid receptor
density was down-regulated in the H + corti-
costerone animals to levels that were indistin-
guishable from those of NH animals, and sig-
nificantly less than that of the H + vehicle
animals. There were no differences in glucocor-
ticoid receptor density in the hypothalamus or
pituitary. When the animals in these groups
were exposed to a 20-min immobilization
stress, we found that the H + corticosterone
animals, like the NH animals, hypersecreted
corticosterone 60 and 120 min post-stress in
comparison to the H + vehicle, control animals.
These data suggest that the difference in nega-
tive-feedback efficiency between H and NH is
related to the differences in hippocampal gluco-
corticoid receptor density. Thus, the chronic
corticosterone treatment reversed both the
handling-induced increase in hippocampal glu-
cocorticoid receptor binding capacity and the
difference in post-stress HPA activity. It ap-
pears, then, that the increase in glucocorticoid
receptor sites in the hippocampus is a critical
feature for the handling effect on HPA function.
The increase in receptor density appears to
increase the sensitivity of the hippocampus
to circulating glucocorticoids, enhancing the
efficacy of negative-feedback inhibition over
HPA activity, and serving to reduce post-stress
secretion of ACTH and corticosterone in H
animals.

The effect of post-natal handling on HPA
negative-feedback likely involves glucocorticoid
receptor differences in at least one other region.
Handling also increases glucocorticoid receptor
density in the frontal cortex [68]. We have re-
cently provided evidence for the role of the
frontal cortex in the regulation of stress-induced
HPA activity [72]. Ablations of the medial pre-
frontal cortex produce increased levels of both
ACTH and corticosterone both during and fol-
lowing the termination of stress. Corticosterone
implants directly into this region produce a
40-50% decrease in stress-induced ACTH and
corticosterone levels. Interestingly, these effects
are apparent only with more moderate (neuro-
genic?) stressors, in this case restraint. Neither
ablations of the medial prefrontal cortex nor
corticosterone implants into this region had any
effect on ACTH or corticosterone levels ob-
served using ether stress, a more severe stressor
associated with 2-3 times higher levels of
ACTH. Moreover, these effects were observed
only during or following stress; neither treat-
ment altered basal ACTH or corticosterone
levels at any point over the diurnal cycle. These
findings suggest that the handling effect on HPA
function might well involve altered glucocorti-
coid receptor density in the frontal cortex.

THE EFFECT OF HANDLING ON HPA
ACTIVITY DURING STRESS

We have focused largely on the mechanisms
underlying the differences in post-stress levels of
plasma ACTH and corticosterone. However,
the majority of the earlier studies on handling
were directed at the differences in corticosterone
levels between H and NH rats achieved during
stress. In general, H animals secreted lower
levels of corticosterone during stress. However,
this effect was often dependent upon the gender
of the animals[1, 75]. Likewise, we have con-
sistently found that H and NH female rats
do not differ in corticosterone levels during
stress [28, 62]. Females, like males, differ in post-
stress corticosterone levels and in hippocampal
glucocorticoid receptor binding [28, 62, 68].
These findings suggest that differences in hippo-
campal corticosteroid receptor density are prob-
ably not related to differences in HPA activity
during stress.

The results of an earlier study have implicated
an entirely different receptor system in the effect
of handling on HPA activity during stress.
Handling results in decreased levels of pituitary
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transcortin receptor levels in male, but not
female rats. The transcortin receptor is an intra-
cellular (or at least a soluble receptor) that is
physico—chemically identical to plasma CBG.
Like CBG, transcortin binds with high affinity
to corticosterone and appears to act as a buffer,
reducing the binding of corticosterone to
classical corticosteroid receptors and thus the
nuclear hormone-receptor signal. Sakly and
Koch [74, 75] have found that transcortin levels
in neonatal rats are very low and are associated
with increased nuclear uptake of corticosterone.
This increased corticoid signal appears to
be associated with enhanced glucocorticoid
negative-feedback over pituitary ACTH re-
lease [40, 76] and may, in part, account for the
apparent reduced ability of the neonate to se-
crete ACTH in response to stress (the so-called
stress hyporesponsive period). As the animal
matures, transcortin levels rise, reducing nuclear
uptake of corticosterone and dampening the
negative-feedback effect on ACTH. Thus, with
age the HPA response emerges and its appear-
ance is correlated with the changes in pituitary
transcortin receptor binding (as well as other
features of the system [40, 77)).

The reduced pituitary transcortin levels in the
H male rats might allow for an increase in the
nuclear uptake of corticosterone in the pitu-
itary. Such an effect would be expected to
reduce ACTH secretion during stress compared
to NH rats, and this is indeed the common
finding. It is, of course, interesting that H and
NH female rats differ in neither HPA activity
during stress nor in pituitary transcortin levels.
We are currently examining the hypothesis that
differences in stress-induced levels of ACTH
release might be related to the effect of handling
on pituitary transcortin levels. Regardless of the
merit of this hypothesis, these findings remind
us that the individual variation in HPA function
is likely to involve a number of mechanisms
situated at various levels of the axis [78, 79].

THE MECHANISM OF ACTION OF HANDLING ON
GLUCOCORTICOID RECEPTOR DEVELOPMENT

In our initial studies, animals were handled
for the first 21 days of life. Based on the earlier
work by Levine, we wondered whether some
portion of this 3-week period might represent a
critical period for the handling effect on gluco-
corticoid receptors. In one study [67], animals
were handled daily and sacrificed on either
post-natal day 3, 7, 14, or 21 of life. We found

that, in comparison to same-aged NH animals,
H animals exhibited significantly increased hip-
pocampal glucocorticoid receptor density as
early as day 7 of life and that the magnitude of
the effect did not increase thereafter. We also
found that handling between days 1 and 7 of life
was as effective in increasing hippocampal
glucocorticoid receptor density as handling over
the entire first 3 weeks. Handling over the
second week of life (i.e. between days 8 and 14)
was somewhat less effective, whereas animals
handled between days 15 and 21 did not differ
from NH animals in glucocorticoid receptor
binding. Thus, glucocorticoid receptor binding
capacity appears to be especially sensitive to
environmental regulation during the first week
of life. .

This temporal pattern corresponds to the
normal developmental changes in glucocorti-
coid receptor density occurring over the early
post-natal life [34-38]. Glucocorticoid receptor
density is low on post-natal day 3 (~30% of
adult values) and increases steadily towards
adult values which are achieved by about the
third week of life. It is during this period of
ontogenic variation that environmental events
can influence the development of the receptor
population. In contrast to the glucocorticoid
receptor, mineralocorticoid receptor density
does not vary significantly with age. Hippocam-
pal mineralocorticoid receptor density in early
post-natal life is indistinguishable from that of
adult rats[37,38] and, as mentioned above,
handling has no effect on hippocampal miner-
alocorticoid receptor binding [38]. Thus, it is
tempting to consider the relationship between
the developmental pattern in hippocampal glu-
cocorticoid receptor density and (1) the sensi-
tivity of this receptor system to environmental
stimuli, and (2) the timing of the critical period
for these stimuli on glucocorticoid receptor de-
velopment. However, the developmental pattern
for glucocorticoid receptor binding in regions
not affected by handling, such as the hypothala-
mus, amygdala, and septum [34-36], is identical
to that of the hippocampus and the frontal
cortex [80]. Thus, it is unlikely that the handling
effect on glucocorticoid receptor density in the
hippocampus and the frontal cortex can be
explained simply by the immature status of the
glucocorticoid receptor system during the first
weeks of life.

Handling during the first week of life can
involve a mild and transient drop in the pup’s
body temperature [81]; although this feature of
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the manipulation is not critical for the effect on
HPA activation during stress [77]. This is likely
associated with the relatively immature ther-
moregulatory abilities of young rats over the
first 2 weeks of life. Such changes in body
temperature and/or some other sensory com-
ponent of the handling manipulation activate
the hypothalamic-pituitary-thyroid axis, lead-
ing to increased levels of circulating thyroxine
(T,) and increased intracellular levels of the
biologically more potent T, metabolite, tri-
iodothyronine (T;). Handling results in a mod-
est, but reliable (~30%) increase in plasma
thyroid hormones (Meaney and Aitken, unpub-
lished). Thus, we[69] examined whether the
effects of handling might be mediated by in-
creased exposure to these thyroid hormones.
Neonatal rat pups were exposed to elevated
levels of either T,, T, or the vehicle over the first
week of life. Both T, and T, treatment resulted
in significantly increased glucocorticoid recep-
tor binding capacity in the hippocampus in
animals examined as adults. Like the handling
manipulation, neither T, nor T, treatment
affected hypothalamic or pituitary glucocorti-
coid receptor density. Moreover, administration
of the thyroid hormone synthesis inhibitor,
propylthrouracil (PTU), to H pups for the first
2 weeks of life completely blocked the effects of
handling on hippocampal glucocorticoid recep-
tor binding capacity. These data suggest that
indeed the thyroid hormones might mediate, in
part at least, the effects of neonatal handling on
the development of the hippocampal glucocorti-
coid receptor system.

Systemic injections of neonatal rat pups rep-
resent a fairly crude manipulation and while
these data might implicate the thyroid hor-
mones, there is no indication that the hippo-
campus is the actual critical site of action for
thyroid hormone effect. In order to examine
whether thyroid hormones might act directly on
hippocampal cells we have turned to an in vitro
system, using primary cultures of dissociated
hippocampal cells [82]. The hippocampal cells
are taken from embryonic rat pups (E20) and
beginning on the fifth day after plating the
cultures were exposed to 0, 1, 10, or 100 nM T,.
The cells were cultured in 10% fetal calf serum,
stripped of thyroid hormones. Thus far, the
results of several experiments have failed to
detect any effect of thyroid hormones on gluco-
corticoid receptor density in cultured hippo-
campal cells (Meaney, unpublished). These in
vitro data suggest that (a) the effects of the
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thyroid hormones on the glucocorticoid recep-
tor binding capacity occurs at some site distal
to the hippocampus cells or (b) thyroid hor-
mones interact at the level of the hippocampus
with some other hormonal signal that is obliga-
tory for the expression of the thyroid hormone
effect.

Thyroid hormones have pervasive effects
throughout the developing CNS and one such
effect involves the regulation of central sero-
tonergic neurons [e.g. 83]). Thyroid hormones
increase serotonin (5-HT) turnover in the hippo-
campus of the neonatal rat [84]. Handling also
increases hippocampal 5-HT turnover, and thus
both manipulations increase serotonergic stimu-
lation of hippocampal neurons. There is also
direct evidence for an effect of 5-HT on gluco-
corticoid receptor density in the neonatal rat.

5,7-Dihydroxytryptamine (5,7-DHT) lesions
of the raphe 5-HT neurons dramatically reduce
the ascending serotonergic input into the hippo-
campus. Rat pups administered 5,7-DHT on
day 2 of life showed reduced hippocampal
glucocorticoid receptor density as adults [84).
Similar lesions of ascending catecholaminergic
systems, using 6-hydroxydopamine, had no
effect on the development of glucocorticoid
receptor density in the hippocampus (Meaney,
unpublished). Interestingly, this effect may also
be specific to the neonatal period, since similar
chemical lesions of the ascending 5-HT neurons
in adult animals do not appear to affect hippo-
campal glucocorticoid receptor binding capacity
(M. Lowry, personal communication). Finally,
we found that effects of post-natal handling on
glucocorticoid receptor binding are blocked by
concurrent administration of the 5-HT, receptor
antagonist, ketanserin [84].

Recent studies [85] of S-HT turnover have
provided some insight into why the hippo-
campus and frontal cortex are selectively
affected by handling. We found that when rat
pups were handled for the first seven days of life,
and sacrificed immediately following handling
on day 7, that 5-HT turnover was significantly
increased in the hippocampus and frontal cor-
tex, but not in the hypothalamus or amygdala
(regions where handling has no effect on gluco-
corticoid receptor density). These data suggest
that handling selectively activates certain as-
cending 5-HT pathways and that it is this
feature of the handling effect, together with the
existence of an immature glucocorticoid recep-
tor system, that underlies the sensitivity of this
receptor system in specific brain regions to
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regulation by environmental events during the
first weeks of life.

The next question then, is whether 5-HT
might be mediating the effects of handling at the
level of the hippocampal cells. We have recently
found that 5-HT has a profound effect on
glucocorticoid receptor density in cultured hip-
pocampal cells [86). In hippocampal cells cul-
tured in the presence of 10 nM 5-HT there was
a two-fold increase in glucocorticoid receptor
binding. The effect of 5-HT was dose-related,
with an EDg, of 4.3 nM, and required about 4
days for the maximal effect to occur. Shorter
periods of exposure are virtually without effect,
suggesting that the effect of 5-HT may involve
the increased synthesis of receptors. Moreover,
the effect of 5-HT on glucocorticoid receptor
binding appears to occur uniquely in the neur-
onal cell population. We found that there was
no effect of 5-HT on glucocorticoid receptor
binding in hippocampal glial-enriched cell cul-
tures. This finding is not surprising, since our
initial studies were performed with cultures
comprised largely (~75%) of neuron-like
cells [86].

There are two very intriguing features of this
effect that bear directly on the question of the
hippocampal cell cultures as a model for neural
differentiation [87]. First, the effects of S-HT on
glucocorticoid receptor binding in hippocampal
cell cultures are restricted to the first 3 weeks in
culture. Thus, cultures treated with 10 nM 5-HT
for 7 days at any time during the first 3 weeks
in culture show a significant increase in gluco-
corticoid receptor density; however, the effect is
lost after this point. Cultures treated with 10 nM
5-HT for 7 days during the fourth week follow-
ing plating show no increase in glucocorticoid
receptor binding. Second, the increase in gluco-
corticoid receptor binding capacity following
exposure to 10 nM 5-HT persists as long as 40
days following 5-HT removal from the
medium [87]. Thus, the effect of S-HT on gluco-
corticoid receptor density observed in hippo-
campal culture cells mimics the long term effects
of neonatal handling. It will be of considerable
interest to understand the cellular events under-
lying these features of the 5-HT effect on hippo-
campal development.

The effects of 10 nM 5-HT on glucocorticoid
receptor density in cultured hippocampal cells
was completely blocked by the 5-HT, recep-
tor antagonists, ketanserin and mianserin [86].
Moreover, the 5-HT, agonists 1-(2,5-dimeth-
oxy-4-iodophenyl)-2-amino-propane  (DOI),

m-trifluoromethyl-phenylpiperazine (TFMPP),
and quipazine were also effective in increasing
glucocorticoid receptor binding in hippocampal
culture. Selective agonists or antagonists of the
5-HT,, or 5-HT, receptors had no effect on
glucocorticoid receptor binding. Using ['*1]7-
amino-8-iodo-ketanserin as the radioligand, we
have confirmed the presence of high affinity
5-HT, binding sites in our cultured hippocampal
cells. Titeler et al.[e.g. 88] have provided evi-
dence that the ketanserin-labeled 5-HT, site
may exist in two states: An agonist state (5-
HT,,) with a high, nanomolar affinity for 5-HT
and an antagonist state (5-HT,) with a low,
micromolar affinity for 5-HT. In both states the
receptor shows a high affinity for antagonists,
such as ketanserin. The 5-HT,, site binds with
high affinity to DOI, TFMPP, and quipazine,
and Titeler er al [88] have reported a K, of
~5nM for 5-HT. This K, is a close approxi-
mation of the EDs, (4.3 nM) for the effect of
5-HT on glucocorticoid receptors in cultured
hippocampal cells. Taken together, these find-
ings suggest that this effect of S-HT appears to
be mediated via high-affinity, S-HT, receptor.

We are currently examining the nature of the
secondary messenger systems involved in this
serotonergic effect on glucocorticoid receptor
binding. In doing so, we [89] have found that
low nanomolar concentrations of 5-HT (EDy,
= 7.2nM) increase cAMP levels in cultured
hippocampal cells, with no effect on cGMP
levels. This increase in cAMP is blocked by
ketanserin and mimicked by both quipazine and
DOI. Moreover, treatment with the stable
cAMP analog, 8-bromo-cAMP or with 10 uM
forskolin produce a significant increase in gluco-
corticoid receptor density in cultured hippocam-
pal neurons. The effect of 8-bromo cAMP is
concentration-related, and the maximal effect of
8-bromo-cAMP (~181%) is comparable to that
for 5-HT (~ 195%). Interestingly, as with 5-HT,
the effects of 8-bromo cAMP on glucocorticoid
receptor density were not apparent until at least
4 days of treatment. The similarity in the time
courses is of obvious interest, and the actual
period of time involved suggests that both treat-
ments might exert their effects through an
alteration in receptor synthesis. Indeed, the
effect of 10 nM S-HT on glucocorticoid receptor
density in cultured hippocampal cells is blocked
by either cyclohexamide or actinomyocin D
(O’Donnell and Meaney, unpublished).

Taken together, these findings suggest that
changes in CAMP concentrations may mediate
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the effects of 5-HT on glucocorticoid receptor
synthesis in hippocampal cells. In a recent study
we [89] have found that the cyclic nucleotide-de-
pendent protein kinase inhibitor, H8 [90] com-
pletely blocked the effects of 10 nM S-HT on
glucocorticoid receptor binding in hippocampal
cell cultures. In contrast, the protein kinase C
inhibitor, H7, had no such effect. These data
suggest that activation of protein kinase A
might, at some point, be involved in the sero-
tonergic regulation of hippocampal glucocorti-
coid receptor development.

CONCLUSIONS

Handling during the early post-natal period
leads to increased glucocorticoid receptor bind-
ing in the hippocampus and is associated with
enhanced negative-feedback control over HPA
function. It is likely that this plasticity reflects a
basic process, whereby the early environment is
able to “fine tune” the sensitivity and efficiency
of certain neuroendocrine systems that mediate
the animal’s response to stimuli that threaten
homeostasis. Such plasticity is likely to be of
considerable importance to a species like the rat,
which prospers in a tremendous range of eco-
logical niches. In this sense, it is important to
note that we do not consider H or NH animals
to be superior to one another. They differ as a
function of the variation in early stimulation
afforded the animals. What is of greatest interest
to us, is the possibility that the handling ma-
nipulation provides a paradigm for the study of
the molecular processes through which the de-
velopment of specific neuroendocrine systems is
directed by the environment. This, of course,
was the source of the considerable enthusiasm
for handling studies in the early periods of
developmental psychobiology. With the recent
advances in the molecular biology of CNS
function, developmentalists are now better
poised to examine in detail environment—gene
interactions in the developing mammal.

Acknowledgements—This work was supported by grants
from the Medical Research Council of Canada and les
Fonds de Recherche en Sante du Quebec (FRSQ) to M. J.
Meaney. M. J. Meaney is a University Research Fellow and
J. B. Mitchell is a post-doctoral fellow of the Natural
Sciences and Engineering Research Council of Canada
(NSERC). S. Bhatnagar is a graduate fellow of the FRSQ,
the Canadian Heart Foundation, and the Medical Research
Council of Canada, and L. J. Iny and K. Betito are graduate
fellows of the FRSQ.

REFERENCES

1. Seyle H.: The Physiology and Pathology of Exposure to
Stress. Acta, Montreal (1950).

2.

10.

11

12.

13.

14,

15.

16.

17.

18.

19.

20.

MICHAEL J. MEANEY et al.

Antoni F. A.: Hypothalamic control of ACTH
secretion: advances since the discovery of 41-residue
corticotropin-releasing factor. Endocrine Rev. 7 (1986)
351-370.

. Gibbs D. M.: Vasopressin and oxytocin: hypothalamic

modulators of the stress response. Psychoneuroendo -
crinology 11 (1986) 131-140.

. Plotsky P. M.: Regulation of hypophysiotropic factors

mediating ACTH secretion. Ann. N.Y. Acad. Sci. §12
(1987) 205-217.

. Linton E. A, Tilders F. J. H., Hodgkinson $.

Berkenbosch F., Vermes 1. and Lowry P. J.: Stress-in-
duced secretion of adrenocorticotropin in rats is inhib-
ited by antisera to corticotropin-releasing factor and
vasopressin. Endocrinology 116 (1985) 966-970.

. Nakane T., Aughya T., Kanie N. and Hollander C. S.:

Evidence for the role of endogenous corticotrophin-re-
leasing factor in cold, ether, immobilization, and a
traumatic stress. Proc. Natn. Acad. Sci. U.S.A. 82 (1985)
1247-1251.

. Rivier C. and Vale W. W.: Effects of angiotensin Il on

ACTH release in vivo: role of corticotropin-releasing
factor (CRF). Regul. Peptides 7 (1983) 253-258.

. Rivier C. and Plotsky P. M.: Mediation by cortico-

tropin-releasing factor of adenohypophysial hormone
secretion. 4. Rev. Physiol. 48 (1986) 475-489.

. Rivier C., Brownstein M., Spiess J., Rivier J. and Vale

W. W.: In vivo corticotropin-releasing factor-induced
secretion of adrencorticotropin, B-endorphin, and
corticosterone. Endocrinology 110 (1982) 272-278.
Baxter J. D. and Tyrrell J. B.: The adrenal cortex. In
Endocrinology and Metabolism. (Edited by P. Felig,
J. D. Baxter, A. E. Broadus and L. A. Frohman).
McGraw-Hill, New York (1987) pp. 385-511.

Munck A., Guyre P. M. and Holbrook N. J.: Physio-
logical functions of glucocorticoids in stress and their
relations to pharmacological actions. Endocrine Rev. §
(1984) 25-44.

Dallman M. F., Akana S., Cascio C. S., Darlington
D. N., Jacobson L. and Levin N.: Regulation of ACTH
secretion: variations on a theme of B. Rec. Prog. Horm.
Res. 43 (1987) 113-173.

Jones M. T., Gillham B., Greenstein B. D., Beckford U.
and Holmes M. C.: Feedback actions of adrenal steroid
hormones. In Current Topics in Neuroendocrinology,
Vol. 2. (Edited by D. Ganten and D. Pfaff) Springer,
New York (1982) pp. 45-68.

Keller-Wood M. and Dallman M. F.: Corticosteroid
inhibition of ACTH secretion. Endocrine Rev. 8 (1984)
1-24.

Plotsky P. M. and Vale W. W.: Hemorrhage-induced
secretion of corticotropin-releasing factor-like immuno-
reactivity into the rat hypophysial-portal circulation
and its inhibition by glucocorticoids. Endocrinology 114
(1984) 164-169.

Plotsky P. M., Otto S. and Sapolsky R. M.: Inhibition
of immunoreactive corticotropin-releasing factor into
the hypophysial-portal circulation by delayed glucocor-
ticoid feedback. Endocrinology 119 (1986) 1126-1130.
Van Loon G. R. and De Souza E. B.: Regulation of
stress-induced secretion of POMC-derived peptides.
Ann. N.Y. Acad. Sci. 512 (1987) 300-307.

McEwen B. S.. Glucocorticoids and hippocampus:
receptors in search of a function. In Current Topics in
Neuroendocrinology, Vol. 2 (Edited by D. Ganten and
D. Pfaff) Springer, New York (1982) pp. 1-22.
Feldman S. and Conforti N.: Feedback effects of dexa-
methasone on adrenocortical responses in rats with
fornix lesions. Horm. Res. 7 (1976) 56—60.

Feldman S. and Conforti N.: Participation of the dorsal
hippocampus in the glucocorticoid negative-feedback
effect on adrenocortical activity. Neuroendocrinology 30
(1980) 52-55.



21.

22

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

3s.

36.

37.

38.

Glucocorticoid receptor development

Fischette C. T., Komisurak B. R., Ediner H. M., Feder
H. H. and Siegal A.: Differential fornix ablations and
the circadian rhythmicity of adrenal corticosterone
secretion. Brain Res. 195 (1980) 373-380.

Sapolsky R. M., Krey L. C. and McEwen B. S.
Glucocorticoid-sensitive hippocampal neurons are in-
volved in terminating the adrenocortical stress response.
Proc. Natn. Acad. Sci. U.S.A. 81 (1984) 6174-6177.
Wilson M., Greer M. and Roberts L.: Hippocampal
inhibition of pituitary—adrenocortical function in female
rats. Brain Res. 197 (1980) 344-351.

Herman J. P., Schafter M. K.-H,, Young E. A,
Thompson R., Douglass J., Akil H. and Watson S. J.:
Evidence for hippocampal regulation of neuroendocrine
neurons of the hypothalamo-pituitary-adrenocortical
axis. J. Neurosci. 9 (1989) 3072-3082.

McEwen B. S., De Kloet E. R. and Rostene W. H.:
Adrenal steroid receptors and actions in the nervous
system. Physiol. Rev. 66 (1986) 1121-1150.

Meaney M. J., Aitken D. H., Bhatnagar S., Van Berkel
C. and Sapolsky R. M.: Postnatal handling attenuates
neuroendocrine, anatomical, and cognitive impairments
related to the aged hippocampus. Science 238 (1988)
766-768.

Meaney M. J., Aitken D. H., Sharma S. and Viau V.
Basal ACTH, corticosterone, and corticosterone-bind-
ing globulin levels over the diurnal cycle, and hippocam-
pal type I and type II corticosteroid receptors in young
and old, handled and nonhandled rats. Neuroendocrin-
ology (1991). In press.

Meaney M. J., Aitken D. H. and Sapolsky R. M.:
Environmental regulation of the adrenocortical
stress response in female rats: implications for individ-
ual differences in aging. Neurobiol. Aging (1991). In
press.

Peiffer A., Barden N. and Meaney M. J.: Age-related
changes in glucocorticoid receptor binding and mRNA
levels in the rat brain and pituitary. Neurobiol. Aging
(1991). In press.

Reul J. M. H. M., Tonnaer J. and De Kloedt E. R.:
Neurotrophic ACTH analogue promotes plasticity of
type I corticosteroid receptors in brain of senescent male
rats. Neurobiol. Aging 9 (1988) 253-257.

Ritger H., Veldhuis H. and De Kloet E. R.: Spatial
orientation and hippocampal corticosterone receptor
systems of old rats: effect of ACTH4-9 analogue
ORG2766. Brain Res. 309 (1984) 393-399.

Sapolsky R. M., Krey L. C. and McEwen B. S.
Corticosterone receptors decline in a site-specific man-
ner in the aged rat. Brain Res. 289 (1983) 235-240.
Meaney M. J., Viau V., Aitken D. H. and Bhatnagar S.:
Glucocorticoid receptors in brain and pituitary of the
lactating rat. Physiol. Behav. 43 (1989) 209-212.
Meaney M. J., Sapolsky R. M. and McEwen B. S.: The
development of the glucocorticoid receptor system in
the rat limbic brain: 1. Ontogeny and autoregulation.
Dev. Brain Res. 18 (1985) 159-164.

Meaney M. J.,, Sapolsky R. M. and McEwen B. S.: The
development of the glucocorticoid receptor system in
the rat limbic brain: II. An autoradiographic study. Dev.
Brain Res. 18 (1985) 165~169.

Olpe H. R. and McEwen B. S.: Glucocorticoid binding
to receptor-like proteins in rat brain and pituitary:
ontogenetic and experimentally-induced changes. Brain
Res. 105 (1976) 121-128.

Rosenfield P., Sutanto W., Levine S. and De Kloet
E. R.: Ontogeny of type I and type 1I corticosteroid
receptors in the rat hippocampus. Dev. Brain Res. 42
(1988) 113-118.

Sarricau A., Sharma S. and Meaney M. J.: Postnatal
development and environmental regulation of hippo-
campal glucocorticoid and mineralocorticoid receptors
in the rat. Dev. Brain Res. 43 (1988) 158-162.

39.

41.

42.

43.

45.

46.

47.

48.

49.

50.

5L

52.

53.

54.

55.

56.

273

Goldman L., Winget C., Hollinshead G. and Levine S.:
Postweaning development of negative feedback in the
pituitary-adrenal system of the rat. Neuroendocrinology
12 (1978) 199-211.

. Sapolsky R. M., Meaney M. J. and McEwen B. S.: The

development of the glucocorticoid receptor system in
the rat limbic brain: negative-feedback control. Dev.
Brain Res. 18 (1985) 175-179.

Sapolsky R. M. and Meaney M. J.: The maturation of
the adrenocortical stress response in the rat. Brain Res.
Rev. 11 (1986) 65-76.

Beaumont K. and Fanestil D. D.: Characterization
of rat brain aldosterone receptors reveals high
affinity for corticosterone. Endocrinology 113 (1983)
2043-2051.

Coirini H., Magarinos A. M., DeNicola A. F., Rainbow
T. C. and McEwen B. S.: Further studies of brain
aldosterone binding sites employing new mineralocorti-
coid and glucocorticoid receptor markers in vitro. Brain
Res. 361 (1985) 212-217.

. Emadian S. M., Luttge W. G. and Densmore C. L.:

Chemical differentiation of Type I and Type II receptors
for adrenal steroids in brain cytosol. J. Steroid Biochem.
24 (1986) 953-961.

Funder J. W. and Sheppard K.: Adrenocortical steroids
and the brain. A. Rev. Physiol. 49 (1987) 397-412.
Reul J. M. and De Kloet E. R.: Two receptor systems
for corticosterone in rat brain: microdistribution and
differential occupation. Endocrinology 117 (1985)
2505-2511.

Reul J. M. and De Kloet E. R.: Anatomical resolution
of two types of corticosterone receptor sites in the
rat brain with in vitro autoradiography and computer-
ized image analysis. J. Steroid Biochem. 24 (1986)
269-272.

Reul J. M., van den Bosch F. R. and De Kloet E. R.:
Relative occupation of type-I and type-II corticosteroid
receptors in rat brain following stress and dexametha-
sone treatment: functional implications. J. Endocr. 115
(1987) 459-467.

Reut J. M., van den Bosch F. R. and De Kloet E. R.:
Differential response of type I and type II corticosteroid
receptors to changes in plasma steroid levels and circa-
dian rhythmicity. Neuroendocrinology 45 (1987)
407-412.

Sarricau A., Dussaillant M., Moguilewsky M.,
Coutable D., Philibert D. and Rostene W. H.: Auto-
radiographic localization of glucocorticosteroid binding
sites in rat brain after an in vivo injection of 3H-
RU 28362. Neurosci. Lett. 92 (1988) 14-20.

Sheppard K. E. and Funder J. W.: Equivalent affinity
of aldosterone and corticosterone for type I receptors
in kidney and hippocampus: direct binding studies.
J. Steroid Biochem. 28 (1987) 737-742.

Veldhuis H. D., van Koppen C., van Ittersum M. and
De Kloet E. R.: Specificity of adrenal steroid receptor
system in rat hippocampus. Endocrinology 110 (1982)
2044-2051.

Wrange O. and Yu Z.-Y.: Mineralocorticoid receptor in
rat kidney and hippocampus: characterization and
quantitation by isoelectric focussing. Endocrinology 113
(1983) 243-250.

Meaney M. J,, Viau V., Bhatnagar S. and Aitken D. H.:
Occupancy and translocation of hippocampal glucocor-
ticoid receptors during and following stress. Brain Res.
445 (1988) 198-203.

Bradbury M. and Dallman M. F.: Effects of type 1 and
type 2 glucocorticoid receptor antagonists on ACTH
levels in the PM. Soc. Neurosci. Abstr. 19 (1989) 716.
Ratka A., Sutanto W., Bloemers M. and De Kloet
E. R.: On the role of brain mineralocorticoid (type I)
and glucocorticoid (type II) receptors in neuroendocrine
regulation. Neuroendocrinology 50 (1989) 117-123.



274

57.

58.

59.

61.

62.

63.

65.

66.

67.

68.

69.

70.

71.

72.

73.

MICHAEL J. MEANEY et al.

Ader R. and Grota L. J.: Effects of early experience on
adrenocortical reactivity. Physiol. Behav. 4 (1969)
303-305.

Hess J. L., Denenberg V. H., Zarrow M. X. and Pfeifer
W. D.: Modification of the corticosterone response
curve as a function of handling in infancy. Physiol.
Behav. 4 (1969) 109-112.

Levine S.: Infantile experience and resistance to physio-
logical stress. Science 126 (1957) 405-406.

. Levine S.: Plasma-free corticosteroid response to elec-

tric shock in rats stimulated in infancy. Science 135
(1962) 795-796.

Levine S., Haltmeyer G. C., Karas G. G. and
Denenberg V. H.: Physiological and behavioral effects
of infantile stimulation. Physiol. Behav. 2 (1967) 55-63.
Meaney M. J., Aitken D. H., Bodnoff S. R, Iny L. J.
and Sapolsky R. M.: The effects of postnatal handling
on the development of the glucocorticoid receptor sys-
tems and stress recovery in the rat. Prog. Neuropsy-
chopharmac. Biol. Psychiat. 7 (1985) 731-734.
Meaney M. J., Aitken D. H., Sharma S., Viau V. and
Sarrieau A.: Postnatal handling increases hippocampal
glucocorticoid receptors and enhances adrenocortical
negative-feedback efficacy in the rat. Neuroendocrin-
ology 50 (1989) 597-604.

. Grota L. J.: Effects of early experience on the metab-

olism and production of corticosterone in rats. Dev.
Psychobiol. 9 (1975) 211-215.

Partridge W. M., Sakiyama R. and Judd H. L.: Protein-
bound corticosterone in human serum is selectively
transported into rat brain and liver in vivo. J. Clin.
Endocr. Metab. 57 (1983) 160-166.

Zarrow M. X., Campbel P. S. and Denenberg V. H.:
Handling in infancy: increased levels of the hypothala-
mic corticotropin releasing factor (CRF) following ex-
posure to a novel situation. Proc. Soc. Exp. Biol. Med.
356 (1972) 141-143.

Meaney M. J. and Aitken D. H.: The effects of early
postnatal handling on the development of hippocampal
glucocorticoid receptors: temporal parameters. Dev.
Brain Res. 22 (1985) 301-304.

Meaney M. J.,, Aitken D. H., Bodnoff S. R, Iny L. J,,
Tatarewicz J. E. and Sapolisky R.: Early, postnatal
handling alters glucocorticoid receptor concentrations
in selected brain regions. Behav. Neurosci. 99 (1985)
760-765.

Meaney M. J., Aitken D. H. and Sapolsky R. M.:
Thyroid hormones influence the development of hippo-
campal glucocorticoid receptors in the rat: a mechanism
for the effects of postnatal handling on the development
of the adrenocortical stress response. Neuroendocrin-
ology 45 (1987) 278-283.

Sapolsky R. M., Krey L. C. and McEwen B. S.: Stress
down-regulated corticosterone receptors in a site-
specific manner. Endocrinology 114 (1984) 287-292.
Tornello S., Orti E., DeNicola A. F., Rainbow T. C.
and McEwen B. S.. Regulation of glucocorticoid
receptors in brain by corticosterone treatment of
adrenalectomized rats. Neuroendocrinology 35 (1982)
411-417.

Diorio D., Viau V. and Meaney M. J.: The role of the
frontal cortex in the regulation of hypothalamic—
pituitary-adrenal activity. (1991). Submitted.
Weinberg J., Krahn E. A. and Levine S.: Differential
effects of handling on exploration in male and female
rats. Dev. Psychobiol. 11 (1978) 251-259.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

8s.

86.

87.

88.

89.

Sakly M. and Koch B.: Ontogenesis of glucocorticoid
receptors in anterior pituitary gland: transient dis-
sociation among cytoplasmic receptor density, nuclear
uptake, and regulation of corticotropic activity. Endo -
crinology 108 (1981) 591-596.

Sakly M. and Koch B.: Ontogenetical variation in
transcortin modulate glucocorticoid receptor function
and corticotrophic activity in the pituitary gland. Horm.
Metab. Res. 15 (1983) 92-96.

Walker C. D., Sapolsky R. M., Meaney M. J., Vale W.
W. and Rivier C. L.: Increased pituitary sensitivity to
glucocorticoid feedback during the stress nonresponsive
period in the neonatal rat. Endocrinology 119 (1986)
1816-1821.

Levine S.: The pituitary-adrenal system and the devel-
oping brain. Prog. Brain Res. 32 (1970) 79-102.
Sapolsky R. M., Krey L. C. and McEwen B. S.: The
neuroendocrinology of stress and aging: the gluco-
corticoid cascade hypothesis. Endocrine Rev. 7 (1986)
284-301.

Walker C. D, Rivest R. W., Meaney M. J. and Aubert
M. L.. Differential activation of the pituitary--
adrenocortical axis after stress in the rat: use of two
genetically selected lines (Roman low- and high-avoid-
ance rats) as a model. J. Endocr. 123 (1989) 477-48S.
Meaney M. J. and Aitken D. H.: 3HDexamethasone
binding in rat frontal cortex. Brain Res. 328 (1985)
176-180.

Schaeffer T.: Infantile handling and body temperature
change in the rat. 1. Initial investigations of the tempera-
ture change hypothesis. Trans. N.Y. Acad. Sci. 39 (1969)
977-984.

Banker G. A. and Cowan W. M.: Rat hippocampal
neurons in dispersed cell culture. Brain Res. 126 (1977)
397-425.

Savard P., Merand Y., Di Paolo T. and Dupont A.
Thyroid hormone regulation of serotonin metabolism in
developing rat brain. Brain Res. 292 (1984) 99--108.
Mitchell J. B, Iny L. J. and Meaney M. J.: The role of
serotonin in the development and environmental regu-
lation of hippocampal type II corticosteroid receptors.
Dev. Brain Res. 88 (1990) 231--23S.

Meaney M. J.,, Aitken D. H., Sharma S. and Smythe J.:
Handling selectively activates ascending 5-HT systems
in the neonatal rat brain. (1991) Submitted.

Mitchell J. B., Rowe W, Boksa P. and Meaney M. J..
Serotonin regulates type II corticosteroid receptor bind-
ing in hippocampal cell cultures. J. Neurosci. 10 (1990)
1745-1752.

Meaney M. J. and Mitchell J. B.: Serotonergic regu-
lation of type II corticosteroid receptor binding in
cultured hippocampal bells: temporal parameters.
(1991). Submitted.

Titeler M., Lyon R. A., Davis K. H. and Glennon R. A.:
Selectivity of serotoninergic drugs for multiple brain
serotonin receptors. Biochem. Pharmac. 36 (1987)
3265-3271.

Mitchell J. B., Betito K., Rowe W., Boksa P. and
Meaney M. J.: Serotonergic regulation of type II corti-
costeroid receptor binding in cultured = hippocampal
cells: the role of serotonin-induced increases in. cAMP
levels. Neuroscience (1991). In press.

. Hidaka H., Inagaki M., Kawamato S. and Sasaki Y.

Isoquinolinesulfonamides, novel and potent inhibitors
of cyclic nucleotide dependent protein. kinase A and
protein kinase C. Biochem. 23 (1984) 5036-5041.



