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Abstract

To further our understanding of the functional role of catechol-
aminergic systems in regulating hypothalamic corticotropin-
releasing hormone (CRH) secretion, we assessed the direct
effects of a multiplicity of catecholamine agonists and antago-
nists on hypothalamic CRH secretion. To accomplish this, we
used an in vitro rat hypothalamic organ culture system in
which CRH secretion from single explants was evaluated by a
specific RIA (IR-rCRH). Norepinephrine (NE) stimulated IR-
rCRH secretion dose dependently, with peak effects in the
nanomolar range. The effect of NE was antagonized by the
mixed a antagonist phentolamine, the a, antagonist prazosin,
and the a2 antagonist yohimbine, but not by the ,B blocker,
L-propanolol. Compatible with these data were the findings
that the a, agonist phenylephrine and the a2 agonist clonidine
both stimulated IR-rCRH secretion in a dose-dependent fash-
ion. On the other hand, whereas the fi agonist, isoproterenol,
caused a weak, non-dose-dependent increase in IR-rCRH se-
cretion, this effect could not be antagonized by L-propanolol.
Despite pretreatment with serotonin and acetylcholine antago-
nists, the effect of NE upon IR-rCRH secretion was undimin-
ished, suggesting that NE-induced CRH secretion is not me-
diated by either neurotransmitter. On the other hand, pre-
treatment with y-aminobutyric acid (GABA) attenuated
NE-induced IR-rCRH secretion. Whereas epinephrine (E)
stimulated IR-rCRH secretion, this occurred only at higher
concentrations, and was antagonized by phentolamine, but not
by L-propanolol. Dopamine (DA) had a weak stimulatory ef-
fect that could be antagonized by the DA, receptor antagonist,
SCH 23390, but not by phentolamine.

We conclude that NE and E stimulate hypothalamic IR-
rCRH secretion via a, and a2 receptors. The effect ofNE upon
IR-rCRH secretion is not apparently mediated by serotonergic
or cholinergic interneurons, but is modulated by the inhibitory
neurotransmitter, GABA. These data support the idea that the
central catecholaminergic systems are excitatory rather than
inhibitory upon CRH secretion when acting directly at the hy-
pothalamic level.

Introduction

Catecholaminergic systems and especially the noredrenergic
system have long been regarded as inhibitors of the hypotha-
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lamic-pituitary-adrenal (HPA)' axis (1-8). However, recent
data obtained from experimental animals and humans indi-
cate that the brainstem noradrenergic (i.e., locus coeruleus
[LC]) system and the HPA axis are both activated during phys-
ical (e.g., surgery, trauma, hemorrhage, and exercise) and
emotional (e.g., depression, panic anxiety attacks, bereave-
ment, examinations, and experimentally induced inescapable
shock stress) (9-25). These data suggest that catecholamines
(CA) stimulate the HPA axis at the pituitary and/or hypotha-
lamic/suprahypothalamic levels. There is general agreement
that norepinephrine (NE) and epinephrine (E) are capable of
stimulating pituitary ACTH in vitro (26) and that the stimula-
tory effect of both CA is additive to the stimulatory effect of
corticotropin-releasing hormone (CRH) (26, 27).

On the other hand, both anatomical and functional studies
indicate that CA also act at the hypothalamic site of the HPA
axis. It has been shown that the parvocellular division of the
paraventricular nucleus (PVN), which contains the majority of
the CRH-positive perikarya in the hypothalamus (28-31), re-
ceives copious catecholaminergic innervations originating
from the brainstem catecholaminergic regions (32-34). Fur-
thermore, direct synaptic interactions between catecholamin-
ergic terminals and CRH neurons have been demonstrated
(35). Inferences from pharmacological studies regarding the
functional nature (inhibitory or stimulatory) of these afferent
noradrenergic fibers to the hypothalamic PVN remain, how-
ever, controversial. Many pharmacological studies have
yielded data supporting a central inhibitory effect of CA on
CRH secretion (36-40). Alternatively, other studies provide
evidence for a stimulatory effect ofCAs on the central compo-
nent of the HPA axis (41-49).

This study was performed to evaluate the effects of a multi-
plicity of catecholamine agonists and antagonists on hypotha-
lamic CRH secretion. To accomplish this, we used an in vitro
hypothalamic organ culture system, in which immunoreactive
rat CRH (IR-rCRH) secretion was measured directly from
single explants. We also attempted to explore the potential
interaction between NE and other neurotransmitters such as
serotonin (5HT), acetylcholine, and gamma-aminobutyric
acid (GABA) on CRH secretion.

1. Abbreviations used in this paper: ANOVA, analysis of variance;
AVP, arginine vasopressin; CA, catecholamines; CR, corticotropin re-
leasing; CRH, corticotropin-releasing hormone; DA, dopamine;
DHPG, 3,4 dihydroxyphenylethyleneglycol; E, epinephrine; 5HT, se-
rotonin; GABA, gamma-aminobutyric acid; HPA, hypothalamic-pitu-
itary-adrenal axis; ICV, intracerebroventricular; IR-rCRH, immuno-
reactive rat corticotropin-releasing hormone; LC, locus coeruleus;
MSH, melanocyte-stimulating hormone; NE, norepinephrine; QT,
oxytocin; PVN, paraventricular nucleus; 6-OHDA, 6-hydroxydopa-
mine; VIP, vasoactive intestinal peptide; VNAB, ventral noradrenergic
ascending bundle.
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Methods

Materials. NE hydrochloride, E, clonidine hydrochloride, phenyleph-
rine hydrochloride, isoproterenol hydrochloride, dopamine (DA),
atropine methylbromide, hexamethonium bromide, and GABA were

purchased from Sigma Chemical Co. (St. Louis, MO). SCH 23390 was

purchased from Research Biomedicals, Inc. (Natick, MA). Phentol-
amine mesylate, prazosin hydrochloride, and ritanserin (R 55,667)
were gifts from Ciba-Geigy Corp. (Summit, NJ), Pfizer Chemicals
(Groton, CT), and Janssen Pharmaceutica (Piscataway, NJ), respec-
tively.

Hypothalamic organ culture. Adult male Sprague-Dawley rats were
decapitated. Using a sterile technique, we rapidly removed the hy-
pothalami with fine-pointed curved scissors. The hypothalamic
boundaries were the optic chiasm, anteriorly, the mammillary bodies,
posteriorly, and the, hypothalamic sulci, laterally. The fragments were

3 mm deep. Immediately after the explantation the hypothalami

(one explant per incubation chamber, 48-multiwell plates, Costar
Corp., MA) were incubated in 0.4 ml medium 199 with modified
Earle's salt (Gibco Laboratories, Grand Island, NY) containing 0.1%
BSA (fraction V, Sigma Chemical Co.) and 20 uM bacitracin (Aldrich
Chemical Co., Milwaukee, WI), in a water-jacketed incubator at 370C,
under 5% C02 atmosphere. The experiments, performed according to
the protocols described below, were carried out after an overnight (18
h) preincubation. Detailed biological and histologic studies on freshly
explanted and overnight preincubated hypothalami have been re-

ported elsewhere.2 In brief, IR-rCRH content ofhypothalami extracted
after an overnight preincubation was not different from the IR-rCRH
content of freshly explanted hypothalami. Histologic integrity of over-

night-preincubated hypothalami was studied by both light and electron
microscopy. AlthoUgh the overnight-preincubated tissues exhibited a

certain degree of swelling and were more fragile than the freshly excised
tissues, the Nissl's staining of all sections was identical. In both sets of
tissues, the PVN was distinguished by deeper staining and closer pack-
ing of cells than the surrounding territory, showing the typical features
that characterize the nucleus. Cell dendrites were similar in both sets of
explants. At higher magnification, comparable intracellular staining
heterogeneity was observed in the PVN neurons from freshly excised
and overnight-preincubated tissues. The stain extended well into the
proximal dendrites. Trypan blue was excluded from the cells of over-

night-preincubated explant sections containing the PVN or median
eminence.

By electron microscopy, PVN cells of freshly explanted hypotha-
lami or overnight-preincubated tissues showed similar morphology. In
both preparations, mitochondrial matrix and membrane and nuclear
substance were preserved. The latter preparation showed some degree
of demyelination, presumably a result denervation. No signs of cell
necrosis were detected.

IR-rCRH secretion in plain medium, from a given hypothalamus
incubated in the same well reached its plateau after 20 min. A 20-min
incubation interval thus was chosen. The experimental design con-

sisted of six serial passages of the hypothalamic explant in different
wells, every 20 min for a total of 120 min. During this time, the
IR-rCRH secretion in control medium remained constant. The hypo-
thalamic explants were transferred from well to well using a 3 X 3 mm
nylon mesh grid (Small Parts, Inc., Miami, FL). After each experiment
(see Experimental Protocols below), we indirectly confirmed tissue
viability by exposing each hypothalamus to a depolarizing concentra-
tion ofKC1 (60 mM) in the sixth well. Explants that failed to respond
to KCI with an increase of IR-rCRH secretion of at least 90% (> 10
intraassay coefficients of variation) above baseline were excluded from

2. Calogero, A. E., R. Bernardini, A. N. Margioris, G. Bagdy, W. T.
Gallucci, P. J. Munson, L. Tamarkin, T. P. Tomai, L. Brady, P. W.
Gold, and G. P. Chrousos. 1988. Effects of serotonergic agonists and
antagonists on corticotropin-releasing hormone secretion by explanted
rat hypothalami. Manuscript submitted for publication.

analysis. Lack of response to KCl was observed in 20% of the hy-
pothalami used.

Experimental protocols. To determine the effects ofNE, clonidine,
phenylephrine, E, isoproterenol, and DA, the hypothalami were incu-
bated in plain medium in the first three wells (basal IR-rCRH concen-
tration) and exposed to graded concentration ofthese substances in the
next two wells (stimulated IR-rCRH concentration). Controls for this
set ofexperiments were obtained exposing the hypothalami to medium
with no test substance. To evaluate the effects of specific antagonists,
the hypothalami were incubated in plain medium in the first two wells
(basal IR-rCRH concentration). In the third, fourth, and fifth wells the
antagonist(s) were present, whereas in the fourth and fifth wells the
stimulant was added (stimulated IR-rCRH concentration). Finally, to
determine the effect of GABA on NE-induced IR-rCRH secretion,
GABA was added during the last hour of preincubation and through-
out the experiment conducted according to protocol 1.

CRH radioimmunoassay. Medium concentration of CRH was
measured directly without prior extraction by RIA, using a specific
anti-rCRH serum (TS-3) obtained from rabbits immunized with syn-
thetic rCRH conjugated to BSA. 251-rCRH, prepared by the chlora-
mine T method (50), was stored at 4VC for up to 8 wk. An appropriate
aliquot was purified through a 0.9 X 58 cm column of Sephadex G-50
fine (Pharmacia Fine Chemicals, Piscataway, NJ), before use.

I 00-Al aliquots ofrCRH standard solutions or media samples were
incubated for 48 h at 4VC with TS-3 antiserum (final dilution 1:21,000
equilibrium association constant = 2.3 X 1010 liter/mol) diluted in
assay buffer. After 48 h, 100 ,l of 25I-rCRH (3,000-3,200 cpm) were
added and left to incubate for 24 h. Separation ofbound labeled rCRH
from free hormone was achieved by incubating each tube for 12-16 h
at 40C with 50 ,il goat anti-rabbit serum, diluted 1:5 with assay buffer
containing 1% BSA. The tubes were centrifuged at 2,000 g for 20 min.
The supernatants were aspirated and the precipitates were counted in a
gamma-counter. Standards were measured in triplicate and samples in
duplicate. Total binding of labeled rCRH by TS-3 antiserum was
33±3% (mean±SE) and nonspecific binding was 1.9±0.1%. Sensitivity
(ED90) of the assay was 2.0±0.1 pg/assay tube (20 pg/mI of media).
Parallelism to the standard curve was obtained with incubation me-
dium containing CRH secreted by the hypothalami in vitro. The in-
traassay and interassay coefficients of variation were 7.9 and 15.6%,
respectively.

TS-3 antiserum showed no significant cross-reactivity with the fol-
lowing peptides: luteinizing hormone-releasing hormone, growth hor-
mone-releasing hormone, thyrotropin-releasing hormone, somato-
statin, substance P, porcine vasoactive intestinal peptide (VIP), neuro-
peptide Y, hACTH(1-39), f3-endorphin, a-melanocyte-stimuiating
hormone (MSH), fl-MSH, dynorphin(l-17), arginine vasopressin
(AVP), and oxytocin (OT).

Analysis ofdata. The results (mean±SE) were calculated as percent
IR-rCRH increase above baseline for each hypothalamus, applying the
following formula. ACRH(%) = (stimulated IR - rCRH secretion/
basal IR - rCRH secretion - 1) X 100. Statistical analysis was per-
formed using one-way analysis of variance (ANOVA) followed by
Duncan's multiple range test (51). Logarithmic transformation of the
data was applied to correct for heteroscedasticity, detected by the
Bartlett test (52).

Results

Basal IR-rCRH secretion in plain medium was 48.3±5.7 pg/
hypothalamus per 0.4 ml per 20 min, whereas mean±SE basal
IR-rCRH secretion of all the experiments performed for this
study was 49.3±5.3 pg/hypothalamus per 0.4 ml per 20 min (n
= 33 experiments, m = 432 measurements). NE stimulated
IR-rCRH release in a dose-dependent fashion (Fig. 1). 10-12 M
NE was the lowest concentration capable ofproducing a signif-
icant IR-rCRH secretion, 49±39% above baseline (P < 0.05 vs.
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Figure 1. IR-rCRH secretion by single explanted hypothalami ex-
posed to graded concentrations of NE. Results (mean±SE) are ex-
pressed as percent increase above baseline. NE induced a dose-de-
pendent increase of IR-rCRH secretion. N = number of hypothalami
tested.

concentration zero; Duncan test). Peak of IR-rCRH response
(349±85% increase above baseline) was obtained with an NE
concentration of 10' M (P < 0.05 vs. all the other concentra-
tions tested; Duncan test). The highest NE concentration
tested (l0-' M) induced only 18±17% IR-rCRH increase
above baseline (P < 0.05 vs. concentration zero; Duncan test).

To explore the adrenergic receptor types involved in the
stimulatory action ofNE upon hypothalamic CRH secretion,
we examined the effect of a variety of pharmacologic antago-
nists on NE- (10-' M) induced IR-rCRH secretion (Fig. 2).
Phentolamine, an a, and a2 receptor antagonist, profoundly
antagonized NE-induced IR-rCRH release at both (10-9 and
l0-I M) concentrations used 60±19 and 14+1 1%, above base-
line, respectively, vs. 349±85%; P < 0.05 for both concentra-
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Figure 2. IR-rCRH secretion by single explanted hypothalami ex-
posed to 10-' M NE (shaded bar) or NE plus different concentra-
tions of noradrenergic antagonists. None of these antagonists had
any effect on basal IR-rCRH secretion. Results (mean±SE) are ex-
pressed as percent increase above baseline. *P < 0.05 vs. NE alone;
Duncan test. N = number of hypothalami tested.
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Figure 3. IR-rCRH secretion by single explanted hypothalami ex-
posed to graded concentrations of phenylephrine (A) or clonidine
(B). Results (mean±SE) are expressed as percent increase above base-
line. Both phenylephrine and clonidine induced a dose-dependent in-
crease of IR-rCRH secretion. N = number of hypothalami tested.

tions; Duncan test). Propanolol, a 1,I and 12 receptor antago-
nist, had no effect on NE-induced IR-rCRH secretion. Prazo-
sin, a specific a, antagonist, was able to antagonize
NE-induced IR-rCRH only at the highest concentration used
(l0-' M; 35±20 vs. 349±85% above baseline; (P < 0.05 vs. NE
alone; Duncan test). Yohimbine, an a2 receptor antagonist, at
concentration of 10-9 M, also significantly inhibited NE-in-
duced IR-rCRH secretion (P < 0.05 vs. NE alone; Duncan
test).

We also assessed the effects of pharmacologic agonists of
adrenergic receptor subtypes (Figs. 3 and 4). Phenylephrine, an
a, adrenergic agonist, stimulated IR-rCRH secretion in a
dose-dependent fashion (Fig. 3 A). The lowest stimulatory
concentration (10-" M) induced an IR-rCRH rise of 55±24%
above baseline (P < 0.05 vs. concentration zero; Duncan test).
Clonidine, an a2 receptor agonist (Fig. 3 B), also stimulated
IR-rCRH secretion in a dose-dependent fashion, with 10-12 M
being the lowest stimulatory concentration (60±21% increase
above baseline; P < 0.05 vs. concentration zero; Duncan test).
The greater potency of clonidine in inducing IR-rCRH secre-
tion compared with the a, agonist phenylephrine, is compati-
ble with the greater antagonism of a2 versus a, antagonists.
Isoproterenol, a 1, and 12 agonist, had a weak, non-dose-de-
pendent stimulatory effect upon IR-rCRH secretion (Fig. 4).
This stimulatory action of isoproterenol could not be antago-
nized by propanolol or phentolamine, suggesting a nonspecific
rather than receptor-mediated mechanism (Fig. 4, inset).

To determine whether other neurotransmitter systems
modulated the a-adrenergic-mediated NE-induced IR-CRH
secretion, we assessed the effects of antagonists to 5HT type 2
(ritanserin), muscarinic (atropine), and nicotinic (hexametho-
nium) receptors. We also assessed the effect of the inhibitory
neurotransmitter GABA upon NE-induced IR-CRH secretion
(Fig. 5). Neither ritanserin nor atropine and hexamethonium,
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all used at 10-7 M (a concentration known to antagonize 5HT-
and acetylcholine-induced IR-rCRH secretion in this system
[see footnote 2, reference 53]), influenced NE-induced IR-
rCRH secretion. Whereas, GABA at IO-` M, but not at a

concentration of I0- M was able to inhibit this parameter (P
< 0.05 vs. NE alone; Duncan test).

We also determined the effects of other catecholamines;
namely, E and DA, on in vitro IR-rCRH secretion. E stimu-
lated IR-rCRH secretion in a dose-dependent fashion (Fig. 6).
10-11 M E was the minimal stimulatory concentration (P
< 0.05 vs. concentration zero; Duncan test). Maximal stimula-
tory effect of E upon IR-rCRH secretion was obtained at con-
centrations of l0-9 and 10-7 M (P < 0.05 vs. 10-" M concen-
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-9 -' -a - Figure 4. IR-rCRH secretion by single explanted_ _ _ -7

rat hypothalami exposed to graded concentrations
of isoproterenol and 10-9 M NE as positive con-

* trol (shaded bar). Results (mean±SE) are ex-

pressed as percent increase above baseline. *P
4, * < 0.05 vs. concentration zero; Duncan test.

*I (Inset) IR-rCRH secretion by single explanted hy-

[. fIII1| pothalami (mean±SE) exposed to 10-9 M isopro-
9 7 terenol or isoproterenol plus increasing concentra-
0 0 tions of propanolol or isoproterenol plus phentol-

-9 -7 amine. N = number of hypothalami tested.

tration; Duncan test). A 10-5 M concentration of epinephrine
was unable to stimulate IR-rCRH secretion (4±3% increase
above baseline vs. 3.4±1.3% increase induced by the control).
E- (10-9 M) induced IR-rCRH secretion was antagonized by
phentolamine (P < 0.05 vs. E alone for both concentrations
used; Duncan test), but not by 10-7 M propanolol, (Fig. 6,
inset).
DA had a weak stimulatory effect on IR-rCRH secretion

(Fig. 7; P < 0.001; ANOVA). The effect of 10-9 M DA could
be antagonized by the compound SCH 23390, a DA, receptor
antagonist, 75±20 vs. 14±12% increase above baseline (P
< 0.05; Duncan test), but not by phentolamine (Fig. 7, inset),
suggesting that the stimulatory effect of DA upon IR-rCRH
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of hypothalami tested.
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secretion was receptor mediated and not due to the conversion
of this neurotransmitter into NE or E.

Discussion

The results of this study suggest that NE stimulates hypotha-
lamic CRH secretion via al and 2 receptor activation. Hence,
the CRH response to a maximal stimulatory concentration of
NE was significantly antagonized by both a, and a2 receptor
antagonists. Moreover, both a1 and a2 agonists caused a signif-
icant increase in CRH secretion that was similar to, but less
pronounced than that caused by NE. Although isoproterenol,
a specific # agonist, stimulated hypothalamic CRH secretion,
its effect did not appear to be receptor mediated, since a spe-
cific f3-adrenergic antagonist could not antagonize it. There-
fore f3-adrenergic receptors apparently are not involved in the
stimulatory effect of NE upon in vitro hypothalamic CRH.
The lack of inhibition of NE-induced CRH secretion by sero-
tonergic (ritanserin) or cholinergic (atropine and hexametho-
nium) antagonists indicates that serotonergic or cholinergic
interneurons do not mediate the stimulatory effect of NE on
hypothalamic CRH secretion, whereas GABA apparently
modulates NE action upon hypothalamic CRH secretion in
the rat. Epinephrine stimulated IR-rCRH secretion less mark-
edly (dose-response curve shifted to the right) than NE,
whereas DA had a weak stimulatory effect upon hypothalamic
CRH secretion. The effect of DA did not appear to be due to
the in vitro conversion ofDA into other CAs, because phentol-
amine at concentrations capable of antagonizing NE-induced
IR-rCRH secretion, did not have any effect on dopamine-in-
duced IR-rCRH secretion. On the other hand, the DA stimula-
tory effect was antagonized by DA1 receptor blockade. The
stimulatory effect ofDA on hypothalamic CRH secretion thus
apparently proceeds via DA1 receptor activation.

Despite the prolonged incubation period used in this study,
several lines of evidence indicate intactness of the hypotha-
lamic explants upon which our data are based. Hence, com-
pared with freshly explanted hypothalami, the explants used in
this design showed similar CRH content, similar capacity to
exclude trypan blue, histologic integrity of PVN cells and
fibers projecting to the median eminence by light microscopy,
and an electron microscopic appearance showing intactness of
subcellular fractions in the context of edema and a small
amount of fiber demyelination (see footnote 2). Note that our

hypothalamic explants represent deafferented central nervous
system tissue. A time-dependent increase in sensitivity to regu-
latory stimuli is expected from such a tissue. This sensitivity
change could enhance the capacity of an in vitro system to
yield information regarding the regulation of a neuromodula-
tor like CRH, although the concentrations required to produce
responses in this system may be lower than those required to
produce the same effect in vivo. However, we can not rule out
the possibility that reversal of responsiveness to regulatory
agents might occur under the conditions used here, although
to our knowledge, this has not been previously reported for
hypothalamic tissue.

Catecholamines have long been regarded as inhibitors of
the HPA axis (1-8). A number of studies in anesthetized dogs
and rats have demonstrated that the intracerebroventricular
(ICV) administration ofNE orNE agonists reduces adrenocor-
tical secretion (2, 6, 7) whereas the systemic or ICV adminis-
tration of NE antagonists activates the HPA axis (3, 4). Fur-
thermore, Rose et al. showed that in anesthetized dogs, electri-
cal stimulation of the ventral noradrenergic ascending bundle
(VNAB), which includes almost all the catecholaminergic
pathways to the PVN, inhibits stress-induced (laparotomy)
ACTH secretion (5). Additional in vivo data supporting an
inhibitory role for NE on HPA axis function is the finding that
the a2 agonist clonidine decreases plasma ACTH and cortisol
secretion in human subjects (8). It is possible, however, that
NE and NE agonists and antagonists, systemically or ICV in-
jected, may act at several potential sites within the brain (i.e.,
LC or PVN) and in the periphery (i.e., pituitary) to influence
HPA axis function (26, 54). In this regard, Weiss et al. have
shown that severely stressed rats, who invariably show a
marked increase of their LC firing rates, respond to the sys-
temic, ICV, and local administration of NE or NE agonists
(e.g., monoamine oxidase inhibitors and tricyclic antidepres-
sants) with a decrease in the LC firing rate (19). Weiss pro-
posed that this effect of NE agonists on LC firing rates was
mediated by an interaction between NE and presynaptic a2
inhibitory receptors in the region of the LC. The latter are the
only adrenergic receptors known to reside in this area (55).
Hence, the ICV NE agonist-induced decrease ofadrenocortical
activity could be mediated by inhibition of LC-mediated stim-
ulation of the PVN (54). Conversely, the systemic or ICV ad-
ministration of NE antagonists could increase adrenocortical
function by enhancing LC activation of hypothalamic CRH
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neurons (56). Another possible factor to be considered in in-
terpreting the findings of these studies is the use of anesthe-
tized animals. It is known that anesthetic agents can change
the magnitude and/or direction of central nervous system re-
sponse to physical, chemical, or electrical stimuli ( 15, 57). All
of these studies also assessed hypothalamic CRH secretion in-
directly, by measuring plasma ACTH and/or glucocorticoid
concentrations as endpoints.

Inhibitory effects of CAs on the HPA axis also have been
suggested on the basis of in vitro studies performed with hypo-
thalamic explants (36-40). However, most of these studies
(36-39) measured corticotropin-releasing (CR) bioactivity
rather than CRH as endpoint and it is now known that several
hypothalamic factors exert CR bioactivity. These include
AVP, OT, 5HT, E, and VIP (58). Only one prior study, con-
ducted by Suda et al., used direct measurements ofimmunore-
active CRH in exploring the direct effects of NE upon the
CRH neuron (40). NE had an inhibitory effect on CRH secre-
tion mediated by il, and to a lesser extent, by al adrenergic
receptor mechanisms. Note the finding of previous studies de-
scribing paucity of t3 adrenergic receptors in the hypothalamus
(59). Four major differences in design should be noted be-
tween the Suda study and ours. First, the study of Suda et al.
did not attempt to ascertain that hypothalami included in the
study sustained no damage during the experimental proce-
dure. Second, it failed to include the kind of comprehensive
data shown here, in which responses to a large series of cate-
cholamine agonists and antagonists provide consistent and
corroborating results. Third, Suda et al. incubated two hy-
pothalami per incubation chamber, introducing the added
complexities of interactions between the two different units,
the possibility of differencial necrosis, etcetera. Suda et al. also
used a much shorter preincubation period than that used in
our study. Hence, the explants used may not have recovered
from the influence of neurotransmitters and hormones se-
creted in great amounts during the stress of decapitation for
explantation. In this regard we have found that glucocorti-
coids, products of the proopiomelanocortin gene (ACTH, fl-
endorphin, a-MSH), and CRH itself are all able to suppress
CRH secretion in vitro (60). We have found that 5HT2 and
acetylcholine (53), which were both excitatory to CRH secre-
tion under conditions identical to those of this study, failed to
release CRH from hypothalami exposed to a short preincuba-
tion period.

In comparison to the above studies and in corroboration of
our data, a number of in vitro and in vivo studies have sug-
gested that NE stimulates CRH secretion (41-49). Using an in
vitro hypothalamic organ culture system and pituitary ACTH
secretion as CRH index, Fehm and collaborators demon-
strated that activation of a adrenergic receptors stimulates hy-
pothalamic CR bioactivity in a dose-dependent fashion. Al-
though their bell-shaped dose-response curve was similar to
ours, it was shifted to the right, with the peak response occur-
ring at - 10-6 M concentration (41).

Several in vivo studies have also shown a stimulatory effect
ofNE on the central component ofthe HPA axis. Krieger and
Krieger showed that implantation of NE directly into the hy-
pothalamus ofthe cat increases 11-OH corticosteroid secretion
in the awake state (42). In the rat, Smythe et al. showed an
increase in the 3,4-dihydroxyphenylethyleneglycol (DHPG)/
NE ratio (indicative of increased NE neuronal activity) after
cold water swim stress, ether stress, and adrenalectomy, and a

positive correlation between the hypothalamic DHPG/NE
ratio and basal pituitary-adrenal function (43). In a similar
vein, Roy et al. have shown that there is a positive correlation
between cerebrospinal fluid concentrations ofCRH and NE in
humans (23). In a different approach, Szafarczyk et al. have
demonstrated that injection of the catecholaminergic toxin
6-hydroxydopamine (6-OHDA) into the rat VNAB pro-
foundly diminished the plasma ACTH response to stressful
stimuli and virtually abolished basal circadian ACTH secre-
tion (45). More recently, this same group has shown that ICV
injected NE and E induced a stress-like ACTH surge in either
intact rats or animals that were previously treated with 6-
OHDA. This CA-induced ACTH stimulation was prevented
by immunoneutralization with anti-CRH serum (46). In ad-
dition, Guillaume et al. have shown that 6-OHDA-induced
destruction of the VNAB reduced the levels of immunoreac-
tive CRH in the rat hypophysial portal blood (47) and Plotsky
has shown that either electrical activation of central endoge-
nous catecholaminergic pathways or ICV injection of NE in-
creased hypophysial portal blood levels ofIR-rCRH via al, but
not via $-adrenergic receptors (48). In corroboration of the
above findings, Damluji et al. clearly showed that central al
adrenergic stimulation resulted in secretion ofACTH in man,
presumably by causing release ofCRH (49).

In conclusion, our hypothalamic organ culture system has
allowed us to study the effects ofmany catecholamine agonists
and antagonists upon hypothalamic CRH secretion. Although
our experimental model used deafferented and relatively long-
term incubated hypothalami, catecholamines and norepineph-
rine in particular, reproducibly stimulated CRH secretion. A
possible in vivo stimulatory NE effect on hypothalamic CRH
secretion may be of interest in light ofrecent data showing that
CRH administration to awake, unrestrained rats markedly in-
creases the LC firing rate (61, 62). These data, taken together,
suggest that hypothalamic CRH neurons and NE neurons in
regions such as the LC may participate in a mutually reinforc-
ing positive feedback loop. These observations may be perti-
nent to stressful situations and psychiatric conditions, like de-
pression and panic disorder, characterized by activation of
both the LC-NE and the CRH systems (63).
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