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Abstract

Insulin-induced hypoglycemia (IIH) is a strong stimulator of
pituitary ACI`H secretion. The mechanisms by which IIH ac-
tivates the corticotrophs are still controversial. Indeed, in rats
the variations of corticotropin-releasing factor (CRF) and argi-
nine vasopressin (AVP) secretion in hypophysial portal blood
(HPB) during IIH have been diversely appreciated. This may
be due to the stressful conditions required for portal blood
collection in rats. Westudied the effects of IIH on the secre-
tion of CRFand AVPin HPBand on the release of ACTHand
cortisol in peripheral plasma in conscious, unrestrained, cas-
trated rams. After the injection of a low (0.2 IU/kg) or high
dose (2 IU/kg) of insulin, AC'TH and cortisol levels in periph-
eral plasma increased in a dose-related manner. After injection
of the low dose of insulin, CRFand AVP secretion in HPB
were equally stimulated. After injection of the high dose of
insulin, CRFsecretion was further stimulated, while AVP re-
lease was dramatically increased. These results suggest that
when the hypoglycemia is moderate, CRF is the main factor
triggering ACITI release, and that the increased AVP secre-
tion potentiates the stimulatory effect of CRF. Whenhypogly-
cemia is deeper, AVPsecretion becomes predominant and may
by itself stimulate ACTH release. (J. Clin. Invest. 1990.
85:1716-1721.) hypothalamic hormones * adrenocorticotropin
hormone * cortisol - paraventricular nucleus * stress

Introduction

Insulin-induced hypoglycemia (IIH)' stimulates ACTHrelease
in man and is frequently used as a provocative test for clinical
assessment of disorders of hypothalamic origin (1). However,
the mechanisms of this phenomenon and the factors responsi-
ble for it are not known. The role of catecholamines of periph-
eral origin has been recently debated. In one report it was
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proposed that IIH stimulates ACTHrelease by a mechanism
in which peripheral catecholamines act directly on the anterior
pituitary (2). In another report it was suggested that during IIH
the main factors triggering ACTHrelease were of central
rather than peripheral origin, and that circulating catechol-
amines had no direct action at the pituitary level (3). Indeed,
the participation of the hypothalamus in the stimulation of
ACTH release during hypoglycemia was substantiated by
Plotsky et al. (4), who reported that IIH in rats resulted in no
change in hypophysial portal venous corticotropin-releasing
factor (CRF) levels, but caused significant increases in arginine
vasopressin (AVP) levels. Since they found that immunoneu-
tralization of endogenous CRFcould suppress the increase of
plasma ACTHlevels, they suggested that CRFplays only a
permissive role and that AVP is the mediator of hypoglyce-
mia-induced ACTHsecretion in the rat. However, the collec-
tion of hypophysial portal blood (HPB) in the rat requires
major surgery under deep anesthesia with consequent activa-
tion of pituitary-adrenocortical hormone secretion (5). Fur-
thermore, sample volumes in rats are restricted because of the
size of the animal, and the IIH must be kept constant for at
least 60 min to allow CRFdeterminations in HPB.

Obviously, studies of the effects of IIH on CRFand AVP
release into HPB of unstressed animals would be of much
higher physiological relevance. In the sheep, the sampling of
HPBis possible in unrestrained and conscious animals (6). We
now report the effect of IIH on CRFand AVPrelease in HPB
of conscious, unrestrained, castrated rams.

Methods

Animals, surgery, and collection of blood samples. The experiments
were carried out on seven Romanov rams (- 50 kg body weight). The
sheep were castrated and prepared for portal blood sampling under
general anesthesia, as previously described (6, 7). A twin cannula was
implanted through the transnasal route in front of the long portal
vessels, above the anterior pituitary gland. After 4 d catheters were
inserted into the jugular veins of two animals, placed side by side in
two small pens on the floor. 24 h later one catheter was used for
injection of heparin (25,000 IU at the beginning, followed by 5,000 IU
every 30 min); the other was connected to a peristaltic pump and used
for collection of peripheral blood. At 9:00 a.m. a needle was inserted
into the upper cannula to create a lesion of the hypophysial portal
vessels, and the resulting portal blood was collected through the lower
cannula. Paired samples of portal blood (1-3 ml, depending on the
animals) and jugular blood (2 ml) were collected using a peristaltic
pump every 10 min for 4.5 h. The use of catheters and pump ensured
minimal disturbance of the animals during sampling, and they ap-
peared to experience little or no stress, as evidenced by frequent ru-
menation. Subsequently, a bolus of regular porcine insulin (0.2 IU/kg)
was injected intravenously and collection of portal and jugular samples
continued for the next 4.5 h. Then, a larger dose of insulin (2 IU/kg)
was injected. Portal and jugular blood were collected for an additional
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period of - 4 h. Blood samples were immediately centrifuged at 40C
for 10 min and the resulting plasma was stored at -20'C until assayed.

Assays. All hormone measurements were performed using ra-
dioimmunological techniques. For CRFassay, plasma samples were
extracted with 2 vol of acetone. Mean±SDrecovery after extraction of
synthetic CRFadded to ovine jugular plasma was 91±8% (n = 8).
Therefore, data were not corrected for the recovery. HPBimmunore-
active CRFcoeluted with synthetic ovine CRFon HPLC(data not
shown). The antiserum used was raised and characterized in our labo-
ratory after immunization of rabbits with synthetic ovine CRF(Ba-
chem, Marina del Rey, CA) coupled to BSAwith carbodiimide (6).

Previously described methods were used to measure AVP (8) and
ACTH(9) in acetone and polyethyleneglycol plasma extracts, respec-
tively. The radioimmunoassay of cortisol was performed in ethanol
plasma extracts using tritiated cortisol (Amersham, Buckinghamshire,
UK) as tracer and an antiserum that was raised in our laboratory.

The intraassay coefficients of variation within the measurement
range of each assay were: CRF, 6%; ACTH, 5%; AVP, 5.5%; and
cortisol, 4.7%. The limits of detection of the assays were 5 pg CRF/ml
plasma, 1.5 pg AVP/ml plasma, 5 pg ACTH/ml plasma, and 10 mg
cortisol/dl plasma.

Glycemia was determined using an automatic glucose analyzer
(Beckman Instruments, Inc., Palo Alto, CA) or a reflectance photome-
ter (glucometer; Ames, Paris, France).

Data analysis. The area under the curve for portal CRFand AVP
(picograms/milliliter per hour), peripheral ACTH. (picograms/milli-
liter per hour), and cortisol (nanograms/milliliter per hour) was deter-
mined according to the trapezoidal rule from plasma hormonal con-
centrations obtained during three different periods: the hour preceed-
ing the injection of insulin (P1), and the first (P2) and second hours
(P3) after the decrease of blood glucose levels below 50 mg/dl. The
areas under the curve were calculated for each dose of insulin. All data
are expressed as the mean±SE. Statistical analysis of the data was made
using the unpaired t test.
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Figure 1. Blood glucose levels before and after IV injection of a low
(0.2 IU/kg) and a high (2 IU/kg) dose of insulin. The timing of insu-
lin injection is indicated by the arrows. Values are the mean±SE in
seven animals.

creased significantly, 2.9- and 2.8-fold, respectively. The molar
CRF/AVP ratio remained stable during the first hour after
hypoglycemia. Then a slight but not significant decrease was
observed (Fig. 4).

After administration of the high dose of insulin, the release
of ACTHand cortisol was further stimulated. ACTHsecretion
was increased 6.3-fold and cortisol secretion was increased
2.8-fold as compared with the initial preinsulin levels (Fig. 3).
Under these conditions, the release of CRFinto HPBwas also
significantly stimulated, reaching values 4.8 times higher than

Results
RAMN 566

Plasma glucose levels. When insulin was given at the dose of
0.2 IU/kg, the onset of hypoglycemia (serum glucose < 50
mg/dl) occurred 24 min after insulin injection. The serum
glucose nadir was 41±2 mg/dl (mean±SE) and the duration of
hypoglycemia (length of time during which serum glucose was
< 50 mg/dl) was 56 min. After administration of 2 IU insulin/
kg, the onset of hypoglycemia occurred 15 min after insulin
injection and the serum glucose nadir was 29±2 mg/dl. Hypo-
glycemia lasted for > 4 h and the animals did not return spon-
taneously to euglycemia (Fig. 1).

ACTH, cortisol, CRF, and AVP levels. In some animals,
ACTHand cortisol levels were high during the first 2-h collec-
tion, probably related to the onset of the experimental proce-
dure. However, in all animals these levels were stable during
the first 2 h preceding the injection of the low dose of insulin
(data not shown).

The simultaneous patterns of CRF, AVP, ACTH, and cor-
tisol secretion in two animals during the 4.5 h before and after
the administration of 0.2 IU insulin/kg and - 4 h after the
administration of 2 IU insulin/kg are shown in Fig. 2. After
administration of both the low and high doses of insulin, an
increase in portal CRFand AVP levels was observed. It must
be noted that the AVP increase was much more accentuated
when the high dose of insulin was injected.

As shown on Fig. 3, both ACTHand cortisol secretion
increased twofold after injection of the low dose of insulin.
Concomitantly, CRFand AVP release in portal blood in-
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Figure 2. Simultaneous pattern of CRFand AVPsecretion into HPB
and ACTHand cortisol release into peripheral blood before and after
intravenous injection of a low (0.2 IU/kg) and a high (2 IU/kg) dose
of insulin in two representative animals. The timing of insulin injec-
tion is indicated by the arrows. Note the very large increase in portal
AVP levels after injection of the high dose of insulin.
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Figure 3. ACTHand cortisol concen-

trations in peripheral blood during the
1-h period before the injection of 0.2

IU insulin/kg or 2 IU insulin/kg (PI),
and the first (P2) and second (P3) I-h
periods after blood glucose decreased
below, 50 mg/dl. Values are the

P1 P2 P3 mean±SE in seven animals.

the initial ones. The increased release of AVPwas even more

pronounced, and its secretion rate increased from 2.6 to 134.9
pg/ml per min. As a consequence, the molar CRF/AVP ratio
decreased dramatically from 0.42±0.13 to 0.039±0.02 and
0.052±0.015 during the first and second hours after induction
of hypoglycemia, respectively (Fig. 5). These changes were not
due to the fact that the animals had just experienced another
episode of IIH, since the injection of a single high dose of
insulin, in a separate group of rams, resulted in comparable
variations (data not shown).

Discussion

Our data confirm and extend previous observations indicating
that IIH is a strong stimulator of ACTHrelease (1, 10-12). The
intensity of stimulation of ACTHand cortisol secretion was

related to the degree of hypoglycemia. We found that IIH
stimulated, in a dose-related manner, CRFand AVPrelease in
HPB. This suggests that both an increased CRF and AVP
secretion are directly responsible for the stimulation of ACTH
release during IIH. However, the additional role of peripheral
factors in stimulating ACTHsecretion during IIH cannot be
excluded.

In the rat, the respective role of CRFand AVPduring IIH
is still controversial. Plotsky et al. have shown that passive
immunization against CRFfully reversed the effects of IIH on

plasma ACTH. These authors have also reported that CRF
release in HPBwas unchanged after insulin injection, while
AVPsecretion increased. They suggested that CRFplays only
a permissive role and that AVPrepresents the dynamic media-

tor of the IIH-induced ACTHsecretion (4). However, Guil-
laume et al. have recently shown an increased CRFrelease into
HPB after IIH in the rat (5). The experimental designs of
Plotsky et al. and Guillaume et al. were similar although not
identical. The discrepancy between the two reports may be due
to the variable degrees of stress reached by the animals before
portal blood collection.

In normal volunteers, De Cherney et al. have reported that
the intravenous injection of 1 or 10 lg/kg ovine CRFgiven at
the onset of hypoglycemia does not potentiate the hypoglyce-
mia-induced plasma ACTHresponse. Their data suggest that
the pituitary already receives maximal endogenous CRFstim-
ulation and that CRFsecretion is therefore an integral part of
the physiological response to hypoglycemia (13). The involve-
ment of factors other than CRF(AVP and peripheral and/or
central catecholamines) is not unexpected since in humans the
acute response to hypoglycemia is four- to fivefold greater than
that to CRFalone. Our data suggest that increases in both CRF
and AVPsecretion are responsible for the corticotroph stimu-
lation during IIH. Comparable findings have been recently
reported by Engler et al. (14). The respective role of CRFand
AVP in the ACTHresponse to IIH in the sheep cannot be
deduced from our studies. Indeed, the action of AVPmay not
be related to its intrinsic activity on pituitary ACTHrelease,
but rather to a potentiation of the effects of CRFon ACTH
secretion (for review, see reference 15). This hypothesis is con-

sistent with the blockade by passive immunization against
CRFand the partial reduction (33%) by pretreatment with an

AVP antagonist of the IIH-induced ACTHsecretion in rats
(4). However, after injection of the high dose of insulin, the
increased AVPsecretion maybe sufficient to directly stimulate
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Figure 4. CRFand
AVPconcentrations in
HPBand molar CRF/
AVPratio during the
1-h period before the
injection of 0.2 IU insu-
lin/kg (P1) and the first
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ACTHrelease. Indeed, AVP is more potent in stimulating the
corticotrophs in sheep than in humans and rats. In vivo studies
in sheep have shown that CRFand AVP are equipotent in
releasing ACTHin the circulation (16, 17). In vitro studies
have shown that AVPis even more potent than CRFin stimu-
lating ACTH release (18). ACTHmeasurements during IIH
after passive or active immunization against CRF or AVP
should be helpful in quantifying the participation of each pep-
tide in the corticotroph stimulation.

CRFreleased in the long portal vessels derives from fibers
originating in cell bodies of the parvocellular part of the hypo-
thalamic paraventricular nucleus (PVN) and abutting the por-
tal primary capillary plexus ( 19). The source of portal AVP is
not completely elucidated. The parvocellular neurons of the
PVN may contribute to the AVP recovered in portal blood
since AVP is synthetized in CRFneurons. Our knowledge on
the differential rate of secretion of CRFand AVP from these
neurons is very limited. It has also been suggested that AVP

from the magnocellular neurons of the PVNand the supraop-
tic nucleus can be released at the level of the median eminence
(20). The pathways by which magnocellular neurons may re-

lease AVPinto the hypophysial portal vessels are still undeter-
mined: either direct communication between axons from
magnocellular perikarya and the primary portal capillary
plexus (21), or retrograde blood flow from the posterior pitu-
itary gland to the median eminence (22). This alternative ori-
gin of portal AVPmay account for the molar CRF/AVP ratio
< 1 under basal conditions and after the injection of the first
dose of insulin. Wheninsulin was injected at the higher dose,
the parvocellular neurons of the PVNwere probably further
stimulated, leading to a further increase of CRF and AVP
release. However, under this condition AVPrelease was much
higher than CRFand therefore the CRF/AVP ratio was strik-
ingly lowered. A strong stimulation of the magnocellular
neurons may be induced by the marked hypoglycemia reached
in the animals. Indeed, an increased AVPrelease in the periph-
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eral circulation during IIH has already been described in rats
(23) and humans (24).

Stimuli other than glucopenia are present during IIH and
may participate in the stimulation of AVP release. A slight
increase in plasma sodium is observed during IIH. Baylis and
Robertson have suggested that this factor is large enough to
increase peripheral plasma AVP, but by no more than 2 pg/ml
(23). Its potential effect on portal AVP levels remains un-
known. However, IIH stimulated AVP release in the periph-
eral circulation in one patient with osmoreceptor ablation,
indicating that this effect is mediated mainly by nonosmotic
stimulation. Hemodynamic changes may also account for the
release of AVP. Indeed, a fall in arterial pressure by as little as
5-10% may stimulate AVP secretion. Although direct indices
of blood volume were not measured in our experiment, a rise
in hematocrit during IIH has been well described in man and
seems to result from a combination of catecholamine-induced
hemoconcentration and reduction in plasma volume. How-
ever, the reduction in plasma volume that is associated with
hypoglycemia has been calculated to be - 5%, which is proba-
bly insufficient to act as an independent stimulus to baroregu-
late AVPrelease (24). Therefore, glucopenia itself may be able
to stimulate the secretion of AVP-containing neurons. So far,
it is not known if there is a difference in the effect of hypogly-
cemia on the magnocellular and parvocellular neurons. Our
results are compatible with the hypothesis that magnocellular
neuron activation requires blood glucose levels lower than
those for parvocellular neuron activation.

The afferent pathways responsible for the stimulation of
CRFand AVP secretion have not yet been elucidated. The
response to hypoglycemia may be mediated by hypothalamic
and/or extrahypothalamic glucoreceptors, which affect the fir-
ing of PVNneurons. The hypothalamus, specifically the ven-
tromedial and lateral centers, and the brainstem have been
proposed to contain such glucose-sensitive regions (25). How-
ever, reversal of hypothalamic glucopenia by intracarotid glu-
cose infusion, which would prevent stimulation of hypotha-
lamic glucose receptors by hypoglycemia, reduced but did not
abolish the ACTHresponse to insulin injection (12). Further-
more, lateral hypothalamic deafferentation reduced by only
30% the corticosteroid response to 2-deoxyglucose injection
(26). These observations suggest that the IIH-induced CRF
and AVPrelease into HPBis mediated through extrahypotha-
lamic pathways. Weand others have shown recently that cen-
tral catecholamines, originating from the brainstem nuclei,
have a stimulatory effect on hypothalamic CRFsecretion in
the rat (27, 28). Interestingly, hypothalamic norepinephrine
activity is increased during IIH in rats, and this increase paral-
lels the variation in plasma corticosterone (29). Thus, it can be
proposed that an increase in central catecholaminergic activity
may be responsible for the stimulation of hypothalamic CRF
and AVPsecretion during IIH.
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