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Adrenal hypersensitivity in STZ diabetic mice

Abstract

Previous studies have demonstrated that type 1 diabetes is characterized by hypercorticism
and lack of periodicity in adrenal hormone secretion. In the present study,wetested the
hypothesis that hypercorticism is initiated by an enhanced release of ACTH leading
subsequently to adrenocortical growth and increased output of adrenocortical hormones.
To test this hypothesis,we used the streptozotocin (STZ)-induced diabetes mouse model
and measured hypothalamic-pituitaryadrenal axis activity at different time points. The
results showed that the expected rise in blood glucose levels induced by STZ treatment
preceded the surge in corticosterone secretion, which took place 1 d after diabetes
onset. Surprisingly, circulating ACTH levels were not increased and even below control
levels until 1 d after diabetes onset and remained low until d 11 during hypercorticism.
In response to ACTH (but not vasopressin), cultures of adrenal gland cells from 11-d
diabetic mice secreted higher amounts of corticosterone than control cells. Real-time
quantitative PCR revealed increased expression of melanocortin 2 and melanocortin 5
receptors in the adrenal glands at 2 and 11 d of STZ-induced diabetes. AVP mRNA
expression in the paraventricular nucleus of the hypothalamus was increased, whereas
hippocampal MR mRNA was decreased in 11-d diabetic animals. GR and CRH mRNAs
remained unchanged in hippocampus and paraventricular nucleus of diabetic mice at
all time points studied. These results suggest that sensitization of the adrenal glands to
ACTH rather than an increase in circulating ACTH level is the primary event leading to
hypercorticism in the STZ-induced diabetes mouse model.
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YPE 1 DIABETES (T1D) is a common metabolic disorder characterized by profound

dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis and disturbances in
central nervous system functions (1-7). Among the alterations in the central nervous
system functions, we previously reported enhanced expression of markers for astrogliosis
and oxidative stress in the hippocampus of uncontrolled streptozotocin (STZ)-induced
diabetic mice (8, 9). The hippocampus plays a crucial role in processes underlying
learning and memory (10, 11) and has a transsynaptic neural input to CRH neurons in
the paraventricular nucleus of the hypothalamus (PVN) (12). This hippocampal output to
the PVN is known to inhibit HPA axis activity under basal and stressful conditions (13).
Thus, it is conceivable that alterations in hippocampal markers could reflect disturbance
in hippocampal output, which in turn could contribute to HPA axis dysregulation, leading
to hypercorticism in the diabetic animals (14).

Previous reports indeed have shown alterations at various levels of the HPA axis
such as increased hippocampal mineralocorticoid receptor (MR) and hypothalamic CRH
mRNA and circulating ACTH levels (15). These alterations are believed to underlie
corticosterone (B) hypersecretion in diabetes (16). At the time of full-blown diabetes,
increase in central drive to the HPA axis at and/or above the level of the PVN has been
reported (15, 16). This increased HPA axis drive would operate in the face of decreased
B negative feedback sensitivity when diabetes is developed at d 8 after STZ treatment.
However, the initial trigger of the sustained activation of the HPA axis is not known.

The current study was designed to assess some of the initial changes in the HPA
axis at the onset of diabetes (author’s operational definition of the first measured
hyperglycemia after STZ injection) that eventually lead to chronic B hypersecretion in
T1D. Based on previous studies, the hypothesis was tested that hypercorticism would
start with enhanced release of ACTH leading subsequently to adrenocortical growth and
stimulation of its adrenal melanocortin receptors 2 and 5 (MC2 and MC5). To test this
hypothesis, we measured various key components of HPA axis activity at different time
points after administration of STZ into ¢c57BL/6 mice. These include plasma ACTH and
B levels as well as CRH and vasopressin (AVP) mRNAs expression in the PVN. MR
and glucocorticoid receptor (GR) expression were measured in the hippocampus and
PVN. Moreover, the expression of AVP 1a receptor (V1aR), MC2 receptor (MC2R), and
MC5R were measured in the adrenals, whereas their ability to secrete B was tested with
ACTH and AVP stimulation using adrenal cell culture.

We find that the initial hypersecretion of B at the onset of diabetes occurs as a result
of adrenal gland hypersensitization to ACTH rather than being triggered by elevated
ACTH levels.

Materials and Methods

Animals
Twelve-week-old c57BL/6 male mice (Janvier, Le Genest Saint Isle, France) were group
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housed (two or three mice per cage, randomly mixing vehicle- or STZ-injected animals)
under constant humidity (55 = 5%) and temperature (23 + 2 °C) conditions, with 12-h
light, 12-h dark cycle (lights on at 0800 h) at the animal facility of the LACDR, Leiden.
Food and water was provided ad libitum. The animal experiments were performed in
accordance with the European Communities Council Directive 86/609/EEC and with
approval from the animal care committee of the Faculty of Medicine, Leiden University
(UDEC No. 04096).

Treatment

Mice received a single ip dose of 170 mg/kg STZ (Sigma Chemical Co., St. Louis,
MO) at 0900 h in 0.5 M sodium citrate buffer (pH 4.5) or vehicle; 48 h after injection,
diabetes was assessed by glucose levels in blood in the nonfasting condition (Accu-Chek
Compact; Roche Diagnostics, Mannheim, Germany). Plasma glucose level measurements
and killing of mice were performed between 1000 and 1200 h for all the experiments,
except for the time course studies of Fig. 2. Animals with glucose levels higher than 11
mM were classified as overtly diabetic.

Experiments

Two and 11 d after diabetes onset (acute and chronic diabetes, respectively), animals
were decapitated; brain and adrenal glands were quickly removed, frozen in isopentane,
and stored at -80 °C until processing for later use in in situ hybridization and real-time
quantitative PCR (RT-qPCR) procedures, respectively. For adrenal cell cultures, adrenal
glands were immediately processed for direct use, and trunk blood was collected for RIA
measurements.

In situ hybridization

Determination of mRNA levels of MR, GR, AVP, and CRH were measured on coronal
brain cryosections (14 pm) containing hippocampus (distance from bregma, 1.7 to 2.06
mm) and PVN (distance from bregma, 0.7 to 1.06 mm) (17). Two or three sections from
each mouse were mounted on slides coated with poly-I-lysine (Sigma) and stored at -80
°C. The sections were fixed for 30 min in freshly made 4% paraformaldehyde (Sigma) in
PBS (pH 7.4), rinsed twice in PBS, acetylated in triethanolamine (0.1 M, pH 8.0) with
0.25% acetic anhydride for 10 min, rinsed for 10 min in 2 standard saline citrate (SSC:
150 mM sodium chloride, 15 mM sodium citrate), dehydrated in an ethanol series, air
dried, and stored at room temperature until the in situ hybridization. The cRNA probes
for GR and MR (mouse, exon 2 coding region) (18, 19), CRH (rat, full-length coding
region) (20), and AVP (rat, exon C coding region) (21) were used. The antisense cRNA
probes were transcribed from a linearized plasmid. /n sifu hybridization was performed
using labeled ribonucleotide probes (labeling reaction: 10% 10 transcription buffer, 20%
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nucleotide mix (33.3% 10 nM ATP plus 33.3% 10 nM CTP plus 33.3% 10 nM GTP),
12% 100 mM UTP, 4% ribonuclease (RNase) inhibitor, 5% riboprobe, 19% ddH20, 25%
[35S]UTP, 5% polymerase), reaching 80-90% transcription efficiency. A 100-ul aliquot
of hybridization mix [50% formamide, 20% dextran sulfate, 1.2 mM EDTA (pH 8.0),
25 mM sodium phosphate (pH 7.0), 350 mM sodium chloride, 100 mM dithiothreitol
and 1% Denhardt’s, 2% RNA-DNA mix (50% t-RNA plus 50% herring sperm DNA),
0.2% nathiosulfate and 0.2% sodium dodecyl sulfate] containing 2x10° dpm from
each riboprobe was added to each slide. Coverslips were put on the slides, which were
hybridized overnight in a moist chamber at 55 °C. The next morning, coverslips were
removed and the sections washed in graded salt solutions at optimized temperature [10
min 2% SSC at 55 °C, 15 min RNase A solution (0.2% RNase A plus 10% 5 m NaCl plus
1% 1 M Tris-HCI plus 88.8% dH20) at 37 °C, two times for 10 min each 2% SSC at 65
°C, 15 min 2% SSC/formamide at 65 °C, 10 min 1% SSC at 65 °C, and 10 min 0.1% SSC
at 65 °C]. After the washing steps, sections were dehydrated in a series of ethanol baths
and air dried. The signal was quantified from film Kodak Biomax MR film (Eastman
Kodak Co., Rochester, NY) and developed. Autoradiographs were digitized, and relative
expression of MR, GR, CRH, and AVP mRNA was determined by computer-assisted
optical densitometry (analysis 3.1; Soft Imaging System GmbH). The mean of four to six
measurements of each riboprobe was calculated for each animal.

RIA

Trunk blood was collected individually in fasting (1700 and 2000 h) and nonfasting
(0900 and 1300 h) conditions in labeled potassium-EDTA-coated tubes (1.6 mg EDTA/
ml blood; Sarstedt AG & Co., Numbrecht, Germany). Blood samples were kept on ice
and later centrifuged for 15 min at 3000 rpm at 4 °C. Plasma was transferred to clean
tubes and stored frozen at -20 °C until the determination of ACTH and B by the MP
Biomedical RIA kit (ICN Biomedicals Inc., Costa Mesa, CA). Insulin concentrations
were measured with a RIA kit following the manufacturer’s instructions (Linco Research,
St. Charles, MO).

RT-qPCR

Total RNA was extracted from the adrenals using TRIzol RNA isolation reagent
(Invitrogen) according to the manufacturer’s recommendations. After isolation, total
RNA was purified using the QIAGEN RNEasy Mini Kit RNA Cleanup (QIAGEN
Inc., Valencia, CA) according to the manufacturer’s instructions. RNA quality was
assessed with the Nanodrop (Isogen Life Science, Maarsen, The Netherlands). Before
cDNA synthesis, all RNA samples were treated with deoxyribonuclease I (Invitrogen
Life Technologies), according to the manufacturer’s protocol. Synthesis of cDNA
was performed in a total volume of 20 pl, using SuperScript Il reverse transcriptase
(Invitrogen Life Technologies). Each experimental sample of RNA (10 ng/ul) was
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placed into the cDNA-synthesis reaction. Standard curves were generated by performing
cDNA-synthesis reactions on 100, 50, 25, 12.5, 6.25, 3.125, 1.562, and 0.78 ng/ul
input RNA. As a control for genomic contamination, RT samples were used. Primers
for ACTH receptors, MC2R (forward 5’-AAATGATTCTGCTGCTTCCAA-3’
and reverse 5 -TGGTGTTTGCCGTTGACTTA-3’), MC5R  (forward 5°-
TGGAACCCGTGAAGAATCAT-3’ and reverse 5°’- TCCTAAAATGCCATCCTCTGA-
3”),and VlaR (forward 5’-GCCTACATCCTCTGCTGGAC-3’ and reverse 5’-
AGCTGTTCAAGGAAGCCAGT-3") were designed using the Ensemble database,
Primer3, and the NCBI database BLAST, all accessible on the internet. The amount
of the target genes was determined relative to the housekeeping gene 18S (forward 5°-
GTAACCCGTTGAACCCCATT-3’and reverse 5’-CCATCCAATCGGTAGTAGCG-37)
(22). Specificity of the primer sets was assessed with a cDNA sample (12.5 ng/ul) and a
negative, RT", sample using the LightCycler and Light-Cycler FastStart DNA MasterPLUS
SYBR Green I kit (Roche Diagnostics GmbH, Mannheim, Germany). Dissociation
curves were examined for each primer pair and controlled for specificity of the reaction
and genomic contamination by checking the RT and no-template control samples. Then,
for each primer pair, the standard curve (50, 25, 12.5, 6.25, 3.125, 1.562, and 0.78 ng/
pl) was plotted, and the PCR efficiency was estimated. All used primer pairs displayed
reaction efficiencies between 80 and 100%. Target gene cycle threshold values ranged
from 18-32, whereas RT~ and no-template control samples showed no products after
40 cycles. PCR amplification of the cDNA was performed in a 20-pl reaction, using
the LightCycler and LightCycler FastStart DNA MasterPLUS SYBR Green I kit. A PCR
MasterMix was made consisting of 7 pl PCR-graded water, 4 ul reaction mix, 4 ul PCR
primers, and 5 ul cDNA. The Light-Cycler protocol started with a preincubation, heating
for 10 min at 95 °C, followed by 45 cycles of 10 sec at 95 °C, 10 sec at 60 °C, and 10 sec
at 72 °C for elongation. After the amplification, the program continued with a melting
curve consisting of 15 sec at 65 °C after which the temperature was held at 4 °C.

Adrenocortical cell culturing

Immediately after decapitation, the adrenals were removed, their fat was cleaned, their
individual weight was determined, and they were stored in 0.9% NaCl. Cell suspension
was made by cutting the tissue into small pieces and placing in 2 mg crude collagenase
(Sigma-Aldrich Inc., Steinheim, Germany) and 0.4% BSA in 1 ml DMEM buffer (25
mm HEPES, 4500 mg/liter glucose; BioWhittaker, Cambrex BioScience, Verviers,
Belgium). The cell suspension was disrupted continuously by pipetting every 15 min
during the 2-h incubation at 37 °C (atmosphere of 95% O: and 5% CO). The cell samples
were then centrifuged twice at 100 xg (4 °C) for 10 min, and the cells were resuspended
in 1.12 mg CaClz in 1ml DMEM solution (CaCl: solution) and 0.4% BSA in DMEM.
For testing the cell viability, cell suspensions were concentrated in the CaClz solution
and mixed with an equal volume of trypan blue (1 mg/ml in 0.9% NaCl), and cells
containing liquid droplets and therefore excluding the dye (adrenocortical cells) were
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counted under the microscope. The volumes of the cell suspensions were adjusted to
10,000 adrenocortical cells/ml with 5% BSA in DMEM and distributed into Eppendorf
tubes, each consisting of 0.9 ml cell suspension, to be incubated for 60 min at 37 °C (at
the described atmosphere).

The ACTH and AVP challenges were performed with 3.4x10° M ACTHi-4 (Synacthen;
Novartis Pharma BV, Arnhem, The Netherlands), 10 M AVP ([Arg8]i-s; Organon, Oss,
The Netherlands) or 5% BSA in DMEM (nonchallenged is negative control of the
experiment). After cell suspension incubation, 0.1 ml of each concentration was added,
and the samples were incubated for 2 h at 37 °C followed by centrifugation at 2500xg
for 10 min (4 °C). The supernatant was collected and stored at -20 °C until later use for
B determination by RIA.

Data analysis and statistics

All data are expressed as mean+SEM. Statistical analysis was performed using GraphPad
Software (version 4). For pathophysiological measurements, six to seven mice per group
were used and unpaired t test was applied. For in sifu hybridization, five to eight mice
per group were used, the values were assessed by OD of the signal on autoradiographic
film, and the statistical analysis was by nonparametric two tailed Mann-Whitney U test
or two-way ANOVA plus Bonferroni post test. For RT-qPCR, five mice per group and
two-way ANOVA plus Bonferroni post test was used. For adrenal cell cultures, six to
seven mice per group were employed, and two-way ANOVA plus Bonferroni post test
was applied. Statistical differences were considered significant when P < 0.05.

Results
Pathophysiology

The pathophysiology of the diabetic mice resembled the characteristic clinical features
of the disease. Table 1 shows at d 2 and 11 after diabetes onset, increased glucose levels
(11 mM) and adrenal/body weight ratio, whereas body weight and thymus/body weight
ratio were decreased. Absolute adrenal weights were similar at early time points after
injection (4 h diabetic 1.77+0.06, control 1.93+0.04; 8 h diabetic 1.97+0.06, control 2.06
+0.12; 24 h diabetic 1.87+0.08, control 1.68+0.06; 48 h diabetic 2.07+0.09, control 2.00
+0.15 mg), and in 2-d diabetic mice and controls (diabetic 1.75+0.10, controls 1.52+0.07,
mg). At 11 d after diabetes onset, adrenal weights were significantly higher (diabetic
2.83 +0.12, control 1.74+0.16 mg, P < 0.001). Absolute thymus weight did not differ at
the early time points after injection (4 h diabetic 23.18+1.43, control 22.20+1.51; 8 h
diabetic 21.77+2.0, control 20.62+2.70; 24 h diabetic 17.95+1.7, control 21.50+1.30; 48
h diabetic 17.16+1.37, control 23.72+0.93 mg), however, it was significantly decreased
in diabetic compared with control mice at d 2 (diabetic 6.39+0.6, control 24.83+1.97, P
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<0.0001) and d 11 (diabetic 10.13+1.29, control 29.32+4.21 mg, P < 0.01) after diabetes
onset. In addition, diabetic mice exhibited increased food and water intake from diabetes
onset (data not shown).

Plasma glucose, insulin, B, and ACTH

In diabetic mice, basal B levels increased significantly 1 d after diabetes onset, when
circulating glucose levels rose above 11 mM (Fig. 1A) and were maintained at a high
level until animals were killed. Control animals showed low basal B levels (10 ng/ml)
(Fig. 1B). Because diabetic mice have lost circadian rhythmicity in HPA axis activity, this
accounts for variations in the basal B levels from different sets of animals observed at 48
h after STZ injection in Fig. 1, A and B. Although B levels were elevated, basal plasma
ACTH in the same animals was significantly decreased after diabetes onset compared
with controls (acute diabetic 69.97+12.64, control 159.3+£27.54; chronic diabetic 70.94+
8.03, control 158.4+20.31 ng/ml) (Fig. 1C). Surprisingly, the rise in B was not preceded
by an increase in ACTH level in diabetic mice. A time course curve of ACTH at 4, 8§,
24, 48,59, 72, or 83 h after STZ injection (0900 h) showed no increase in ACTH at any
time point compared with controls (Fig. 2A). At 4 h after injection, STZ-injected mice
exhibited increased B concentration compared with vehicle-injected animals (Fig. 2B).
However, in STZ-injected mice, B was comparable to control levels at 8, 24, 48, and 59 h
after injection and commenced to increase from 72 h, i.e. at 1 d after diabetes onset (Fig.
2B). To evaluate the metabolic implications after STZ injection, insulin concentrations
were also measured in the same animals. Figure 2B shows the time course of insulin levels
and reveals that circulating insulin levels significantly increase 8 h after STZ injection.
This increase is followed by significant decrease from 48 h onwards (Fig. 2C).

TABLE 1. Pathophysiological measures of diabetic mice at 2 or 11 d after diabetes onset

Glycemia (mM) & Body weight (g)  Adrenal/body  Thymus/body

weight ratio weight ratio
2 d after diabetes onset
Controls 9.29+0.53 3.334+0.71 99.54+4.43 1022+91.84
Diabetic 25.90+1.19¢ 1.0£0.522 158.9+£15.910 351.5435.33¢
11 d after diabetes onset
Controls 9.643%0.52 2.857+0.51 66.95+6.17 1129+£163.20
Diabetic 25.40+£2.07° -3.833+1.01¢ 160.40+10.94° 580.50+£90.65

Glycemia, difference (5 in grams) in body weight at the time of vehicle or STZ injections and at time of
euthanasia, and adrenal/body weight and thymus/body weight ratios were assessed. Values are expressed as
mean = SEM; n = 6-7. Adrenal and thymus/body weight ratios are expressed as absolute weight x 1000 (g)/
body weight (g). 2P < 0.05 vs. control. PP < 0.01 vs. control. P < 0.0001 vs. control.
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Glycemia and B basal levels in diabetic mice.
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ACTH and AVP challenges in chronic diabetes

11
Days of diabetes

Adrenocortical cells (10,000 cells per animal) were incubated with 3.4x10°M ACTH -4,
10°M AVPis, or 5% BSA in DMEM buffer as a negative control (nonchallenged). The
ACTH concentration used for the challenge, which triggers B secretion in these cultures,
was established by a dose-response curve to 1.7x10", 3.4x10"!, and 3.4x10°M ACTH:-
24. In agreement with a previous report by Oitzl er al. (23), only the 3.4x10°M dose
triggers B release from control cell cultures, whereas the others do not have any effect.
Figure 3A describes the response of the adrenal cells to 3.4x10°M ACTHi-4. Cultures
of adrenal cells from diabetic mice secreted extremely high levels of B compared with
cultures from control animals. Parallel cultures from the same mice challenged with 10°
°M AVPi-s showed different results. AVPi-s triggered B secretion in adrenal cell culture
from control but not from diabetic animals (Fig. 3B).

RT-qPCR ACTH receptor and V1aR mRNA

The cDNA levels of the targeted genes were normalized with 18S ¢cDNA expression.
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Adrenal ACTH receptor MC2 mRNA expression was significantly increased in acute
and chronic STZ-diabetic mice (P <0.05) (Fig. 4A), and MC5R mRNA was significantly
increased in chronic diabetes (P 0.01) (Fig. 4B). V1aR expression was not changed in
diabetes (data not shown).

HPA axis disturbances

The in situ hybridization revealed no differences in hippocampal MR and GR mRNA
expression between control and diabetic mice 2 d after the onset of the disease (Table
2). Chronic diabetic mice showed decreased MR mRNA in the hippocampus, which
was significantly different only in the granular cells of the dentate gyrus (Table 2). The
variation in mRNA expression between controls at 2 and 11 d (Table 2) represent the
outcome of different experiments performed at different times in which the films were not
adjusted against a standard. For that reason, the OD is expressed as arbitrary units from
diabetic mice compared with control for each day. It is also noteworthy that significant
MR mRNA up-regulation was found in the CA1 area of the hippocampus only on the
day of diabetes onset (controls 20.43+3.73, diabetics 34.80+3.11 OD, arbitrary units; P
<0.05;n=Y5).

In the PVN, the levels of AVP mRNA were significantly elevated in acute and chronic
diabetic mice compared with controls (Table 2); CRH and GR mRNA expression did
not differ between STZ-diabetic and vehicle-treated mice in acute and chronic diabetes
(Table 2).

Discussion

The present study shows that the rise in blood glucose levels induced by STZ treatment
precedes the surge in B secretion in the STZ-induced diabetes mouse model. This
increase in circulating B levels seems to be triggered by a rapidly enhanced sensitivity of
the adrenals to ACTH. Hence, the sustained hypercorticism in the face of a dramatically
enhanced adrenal sensitivity to ACTH seems already established very early in the onset
of diabetes. Therefore, the current data reject the hypothesis that hypercorticism would
start with enhanced release of ACTH. This claim is further supported by the fact that
there were actually no ACTH increases measured at any time points studied immediately
after STZ injection and neither during the first day after diabetes onset nor at later time
points when diabetes is fully established (i.e. after 11 d of diabetes). At all time points,
ACTH concentrations remained below control levels.

The enhanced adrenal sensitivity to ACTH becomes apparent already from the
increased adrenal weight and is demonstrated in vitro in cultures derived from adrenal
cells taken from diabetic mice. Cultures of the adrenal gland cells from diabetic mice
challenged with ACTH result in B hypersecretion. We then hypothesized that besides
adrenocortical growth, stimulation of adrenal MC2R and MC5R might be a possible
mechanism by which low concentrations of ACTH could maintain B hypersecretion.
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FIG. 2. Time course of plasma ACTH, B, and insulin concentrations. A, ACTH levels; B, B levels; C, insulin
levels after 4 (1300 h), 8 (1700 h), 24 (0900 h), 48 (0900 h), 59 (2000 h), 72 (0900 h), and 83 (2000 h)
hours after STZ or vehicle injection. Values expressed mean £ SEM; n = 4—6. a, P < 0.05 vs. control; b, P
< 0.05 vs. diabetic at 48 h; ¢, P < 0.05 vs. 4, 48, and 72 h and 4 and 13 d; d, P < 0.05 vs. 83 h; e, P < 0.05
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of diabetes, respectively. Diabetes onset is according to author’s operational definition of the first measured
hyperglycemia after streptozotocin injection.
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Indeed, we found that ACTH receptors in the adrenals were up-regulated at 2 and 11 d of
diabetes. The finding supports the hypothesis that a rapidly enhanced adrenal sensitivity
to ACTH facilitates adaptation to the metabolic state induced by STZ in this diabetic
model.

Other mechanisms inducing a rapid change in adrenal sensitivity could also be
implicated. These mechanisms include splanchnic nerve input because splanchnic nerve
stimulation was found to enhance the secretion of glucocorticoids in response to ACTH
(24 —28). Sympathetic innervation and thus catecholamines from the medulla may also
participate as an ACTH-independent input to adrenocortical function (29 —31). Adrenals
also show a gated sensitivity to ACTH that is maintained in the absence of external
signals but depends on the presence of a functional adrenal clockwork, which exerts
its control on corticosteroid production and explains the circadian changes in adrenal
sensitivity. In view of these findings, it has been suggested that light may directly entrain
the adrenal clock via an autonomic input, thereby influencing circadian and possibly
ultradian rhythms in B secretion (32, 33).

Other factors may be involved as well: 1) AVP exerts a direct stimulatory action on
adrenocortical cells mediated through activation of typical V1aR. Our data demonstrate,
however, that AVP does not mediate the hypercorticism in diabetes, because neither the
B secretion from adrenocortical cultures nor adrenal V1aR expression was modulated
compared with controls. 2) CRH/ACTH intraadrenal system can regulate adrenal
steroidogenesis (29); a direct effect of CRH on adrenocortical steroidogenesis seems
unlikely, because CRH had no effect on either isolated, dispersed adrenocortical cells
(34) or on adrenocortical autotransplants deprived of chromaffin tissue.

An altered hippocampal input to the HPA axis was previously described in the STZ
animal model of T1D (15, 35-38). However, discrepancies and similarities have been
found in different models of T1D. Discrepancies are related to the HPA axis regulation.
Chan et al. (15) reported a profound activation of the HPA axis in the rat model of STZ-
induced diabetes, which was characterized by a marked increase in ACTH and B levels at
8 d after STZ injection. They found that the expression of AVP and CRH mRNAs in the
hypothalamus and MR mRNA in the hippocampus was enhanced.Therefore, the authors
suggested an increase in the central drive to the HPA axis that overrides the inhibitory
influence of negative B feedback. Central to this reasoning was the up-regulation of MR
in hippocampus, which is thought to modulate the inhibitory tone on HPA axis activity
(39, 40).

In the present study, we found significant MR mRNA up-regulation in the CA1 area
of the hippocampus only on the day of diabetes onset. However, at 11 d of diabetes, MR
mRNA was significantly down-regulated in the hippocampus, which suggests that the
inhibitory regulation on the HPA axis might be disrupted. This disruption could impair
the shut-off response contributing to the observed chronic hypercorticism and could
imply a time-dependent adaptation to the new metabolic condition. The nuclear MR in
hippocampal neurons has a very high affinity to B and aldosterone, suggesting that this
receptor is always extensively occupied. The MR signal is changed by altered receptor
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FIG. 3. Corticosterone secretion from adrenal cell cultures (10,000 cells/ml) after 60 min incubation with
3.4x10° M of ACTH 24 (A) or 10°M of AVP1-s (B) from 11-d diabetic mice. Black bars represent cultured cells
from control animals and white bars from chronic diabetic ones.Values are expressed mean = SEM; n=6-7.
Nonchallenged indicates cultures from control and diabetic mice in which no ACTH or AVP were added.

activity rather than ligand concentration. Hence, changes in nerve input have a profound
influence on MR capacity (41). There is also a recently discovered membrane variant of
the MR in the hippocampus, which may contribute to HPA axis regulation (42). Despite
all these facts, we cannot offer an explanation why our results differ from those obtained
by Chan et al. (15, 16).

Additional studies by Chan et al. (16) showed that adrenal sensitivity is not increased
in uncontrolled STZ-diabetic animals as described before (37). They did not find a
significant rise in B levels compared with controls after a low-dose ACTH stimulation
test. Our data resemble, however, a study by Dallman ef al. (43) showing that in
response to food deprivation, elevated B levels occurred independent of an ACTH surge,
suggesting an acute rise in adrenal sensitivity as the most proximal event. Another aspect
of the study that remains unresolved is the question of how the thymus rapidly involutes
in the face of moderately increased B levels in the STZ-treated animals.

Similarities in different models of the disease are also described in the literature: 1)
decreased body weight gain and plasma insulin levels and increased food intake, water
intake, plasma glucose, and B concentrations were reported in STZ-diabetic mice (8, 9
44) and rats (1, 7, 45), spontaneous T1D models such as the nonobese diabetic (NOD)
mice (8, 46) and biobreeding rats (47, 48) and humans (49); 2) hippocampal alterations
involving astrogliosis and decreased cell proliferation in STZ and NOD mice (8, 9, 44,
46) and STZ rats (50, 51); and 3) cognitive impairments in STZ-mice (Revsin, Y., N. V.
Rekers, M. C. Louwe, F. E. Saravia, A. F. De Nicola, E. R. de Kloet, and M. S. Oitzl ,
submitted for publication), STZ rats (52), biobreeding rats (47), and humans (49). These
similarities suggest no species differences and allow a generalization of the data we
found in the STZ-diabetic mouse model.

The discrepancies between the present study and that of Chan et al. (15) could be
explained by differences in the animal model used. First, although STZ-diabetic rats
can survive up to 8 months (53), STZ-diabetic mice die a few months after onset of
the disease (54, 55). Therefore, disparities in the severity of diabetes and routes of
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STZ administration and dosages (due to species variation in response to the drug) can
contribute to the observed differences. In this regard, whereas a single STZ injection
of 65 mg/kg body weight ip induces diabetes in rats, it does not induce the disease
in mice, showing that mice are more resistant to the action of STZ on the destruction
of the pancreatic B-cells. In our hands, we found that 170 mg/kg body weight ip is
the minimum dose that induces diabetes in the c57BL/6 mice with the same diabetic
parameters described in the literature indicative of T1D (blood glucose, insulin levels,
and weight gain) (56, 57). Second, in the studies by Chan ef al. (15, 16), animals treated
with STZ were given 10% sucrose in drinking water for the first 24 h after the STZ
injection to prevent hypoglycemia. It is noteworthy that this STZ model of T1D features
moderate diabetes with hyperglycemia and moderately reduced fasting insulin levels. In
our model, no sucrose was administered and hypoglycemia was observed 24 h after the
STZ injection. Then from 48 h after STZ injection, the animals become hyperglycemic
(Fig. 1A) with low insulin levels at fasting (1700 and 2000 h) and nonfasting (0900 and
1300 h) (Fig. 2C).

Besides the temporal changes in glucose and insulin levels close to STZ injection, B
concentration increases 4 h after STZ injection and later on from 72 h, which corresponds
to 24 h after the onset of hyperglycemia (Figs. 1 A and 2B). It is known that this drug has
toxic effects in the first hours after its administration (58); hence, the B hypersecretion
4 h after STZ administration might be due to the STZ cytotoxicity per se. The increased
B concentration, before 3-cell destruction (insulin increased at 8 h after STZ injection),
followed by its decrease to control levels supports our assumption. Therefore, the later
B hypersecretion 3 d after STZ injection might be the result of the rise in blood glucose
levels (or its consequences). However, one cannot discard the possibility that the transient
hypoglycemia 24 h after STZ injection may also be relevant for the later hypercorticism.
Future studies in our model on sucrose administration after STZ injection (15, 16) or
insulin replacement (59) will help to fully understand the observed differences between
these two STZ models.

In the present study, we showed HPA axis modulation in STZ-diabetic mice at 2
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FIG. 4. ACTH (MC2 and MC5) receptor mRNA expression in the adrenal glands. Adrenal MC2R and MC5R
mRNAs were measured with RT-gPCR, in control (black bars) and diabetic (white bars) animals at 2 and 11
d after STZ or vehicle injection. Columns represent mean = SEM; n = 5.
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and 11 d after diabetes onset. Moreover, we provided evidence that the up-regulation of
adrenocortical ACTH receptors is an underlying mechanism responsible for the chronic
hypercorticism in T1D. A better understanding of these mechanisms may open up new
avenues for therapeutically useful strategies to normalize neuronal disturbances and
improve cognitive disabilities of diabetic patients. Furthermore, the profound disturbance
in the HPA axis regulation provides evidence for a role of B in diabetic neuropathology.
Whether T1D leads to a more fragile state of the brain in which B excess may enhance
the potential for damage and attenuate protective mechanisms, thus facilitating cognitive
dysfunction and impair the ability to respond to stress, remains to be demonstrated.

In summary, in our mouse STZ model of T1D, the HPA axis readily reached
a new setpoint characterized by high circulating B, low ACTH levels, and enhanced
adrenocortical sensitivity. Surprisingly, ACTH levels were never elevated, also not at
the onset of diabetes when hyperglycemia and later hypercorticism have developed.
The up-regulation of ACTH receptors in the adrenal glands of STZ-induced diabetic
mice might explain, at least in part, how hypercorticism is triggered and maintained.
Moreover, the enhanced AVP mRNA in the PVN (also reported in the spontaneous T1D
model, the NOD mouse) (60) and decreased MR mRNA in the dentate gyrus also may be
considered manifestations of a profound disturbance in HPA axis regulation.
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