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Abstract

Many millions of people throughout the world are at risk of developing iodine de®ciency-associated
disorders. The underlying effects of iodine de®ciency on neuroendocrine function are poorly de®ned.
We have studied stress-induced and diurnal variation in corticosterone secretion in female rats
rendered chronically hypothyroid by feeding them an iodine-free diet for 6 months. Corticosterone
secretory responses in iodine de®cient animals were compared to those seen in animals rendered
hypothyroid with propylthiouracil and untreated controls. By using a well-validated, automated blood
sampling system to collect small samples of blood over the complete daily cycle in unrestrained
animals, we have demonstrated for the ®rst time that the normal diurnal rhythm of corticosterone
secretion is lost in chronic iodine de®ciency and that the corticosterone secretory response to the
psychological stress of 10 min exposure to white noise is attenuated. Despite restoration of
circulating triiodothyronine and thyrotropin releasing hormone- and thyroid stimulating hormone
b-transcript prevalence in the hypothalamus and pituitary, respectively, 1 month after restoration of
normal iodine-containing diet both the diurnal variation in corticosterone levels and the corticosterone
secretory response to the noise stress remained reduced in amplitude compared to control animals.
Thus, chronic hypothyroidism induced by iodine de®ciency signi®cantly attenuates hypothalamo-
pituitary-adrenal axis activity, an effect that persists after functional recovery of the thyroid axis.

Iodine is an essential trace element which is critical for the
formation of thyroid hormone and hence, for normal growth
and development. Hypothyroidism resulting from an inade-
quate supply of iodine during foetal life can give rise to
profound developmental defects of the central nervous
system, whereas the major effect of early postnatal hypothyr-
oidism is stunting of growth. The speci®c effects on
neuroendocrine function following untreated, long-term
hypothyroidism induced by chronic dietary iodine de®ciency
remain to be fully elucidated.

As well as producing the expected upregulation of
thyrotropin releasing hormone (TRH) and thyroid stimulat-
ing hormone (TSH) levels and downregulation of serum
triiodothyronine (T3) and thyroxine (T4), rat models of acute
hypothyroidism such as surgical thyroidectomy or pro-
pylthiouracil (PTU) treatment are known to affect the
hypothalamo-pituitary-adrenal (HPA) axis (1±6). Such
changes will have effects on metabolism, immune function

and the homeostatic response to stressful stimuli. There is
general agreement that in the absence of thyroid hormone, the
basal plasma corticosterone concentration remains either
unchanged or is reduced, and that the stress- or corticotropin
releasing hormone (CRH)-induced increase in plasma corti-
costerone observed in euthyroid animals is attenuated or
abolished. In addition, it has been shown that the amplitude of
the normal diurnal rise in circulating plasma corticosterone is
gradually reduced over a 5-week period following thyroidect-
omy in female rats (1), and is restored within 2 weeks by the
re-introduction of either T3 or T4.

All previous studies of chronic hypothyroidism in rats have
been based on work using either surgical thyroidectomy or
treatment with PTU. In the present study, we have
investigated the effects of a more physiologically relevant
model of long-term iodine de®ciency on the diurnal pattern of
plasma corticosterone levels, the corticosterone secretory
response to a 10 min white noise stress and rapid glucocorti-
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coid feedback. This has been compared to the effects of long-
term PTU ingestion.

Materials and methods

Animals and diets

Female Wistar rats, aged 3 weeks at the start of feeding each experimental diet
were used. Animals were allowed continuous free access to normal drinking
water and were housed in groups of up to four on a 14 : 10 h light : dark cycle
(lights on at 05.00 h). All rats were weighed at intervals of 4 weeks throughout
the experimental period. Two groups of rats (n=16) were allowed free access
to either normal powdered diet (Rat Standard Diet no. 1, Bantin & Kingman
Ltd, Hull, Humberside, UK), or a commercially prepared, powdered, low-
iodine containing diet (LID diet number TD 95007; Harlan, Bicester, UK) for
a period of 6 months. This period of treatment was chosen following a
previous study in our laboratory during which marked physiological effects
were produced in iodine-deprived rats particularly in relation to fertility (7).
The maximum level of iodine in the normal diet was 3.04 mg/kg compared with
0.05 mg/kg in the low iodine diet. A third group of rats were fed the low-iodine
containing diet for 6 months and were then returned to a normal powdered
diet for 4 weeks before the study of hormone levels. For comparative purposes,
two additional groups of rats were allowed free access for 6 months to a
powdered diet containing either 0.5% (wt/wt) PTU (Sigma, Poole, Dorset,
UK) or a powdered diet containing 0.5% PTU and 40 mg/kg T3 (Link
Pharmaceuticals, Horsham, UK). All animal procedures were carried out in
accordance with UK Home Of®ce animal welfare regulations.

Jugular vein cannulation

Cannulation was carried out as described previously (8). Animals were
anaesthetized using a combination of Hypnorm (0.32 mg/kg fentanyl citrate
and 10 mg/kg ¯uanisone, i.m., Janssen Pharmaceuticals, Oxford, UK) and
diazepam (2.6 mg/kg i.p., Phoenix Pharmaceuticals, Gloucester, UK). The
right jugular vein was exposed and a silastic-tipped polythene cannula (Dow
Corning, Midland, MI, USA; o.d., 0.96 mm; i.d., 0.58 mm; Portex, Hythe,
UK) ®lled with 10 U/ml heparinized isotonic saline was inserted into the vessel
until it lay close to the entrance of the right atrium. The free end of the cannula
was exteriorized through a scalp incision and then tunnelled through a
protective spring that was anchored to the parietal bones using two stainless
steel screws and self-curing dental acrylic. After recovery, animals were moved
to individual housing cages, and the end of the spring was attached to a
mechanical swivel that rotated through a vertical plane, giving the animals
maximum freedom of movement. The cannulae were ¯ushed daily with
heparinized saline solution. The perioperative mortality during the surgical
and recovery phases of these experiments was slightly higher in PTU-treated
rats than in rats in other dietary groups.

Experimental paradigm

Four days after surgery, the cannulae were connected to an automated
sampling system via air-tight swivels, as previously described (9). The animals
were connected to the system at 18.00 h and sampling initiated at 06.00 h the
next morning. Samples (30 ml) were collected every hour for a period of 24 h to
determine the basal pro®les of corticosterone release. At 06.00 h the following
day, the sampling system automatically switched to collection of blood
samples at 10 min intervals. After a further 2-h period, a white noise generator
was activated and the animals were exposed to 114 dB (12,000±60 000 Hz) for
10 min in order to test for responses to acute psychological stress. Sampling
continued at 10 min intervals for a further 3 h after which the animals were left
undisturbed without further sampling. All blood samples were collected at a
1 : 4 dilution in heparinized saline i.e. a total sample volume of 150 ml. The
plasma fraction was separated by centrifugation and used for the measurement
of corticosterone concentration.

To examine possible variation in the glucocorticoid feedback on both basal
plasma corticosterone levels and the response to white noise stress, on day 7
after surgery animals were sampled again between 06.00 h and 11.00 h, and
were given intravenous injections of 2 mg methylprednisolone (Pharmacia &
Upjohn Ltd, Milton Keynes, UK) via the indwelling cannula 40 min prior to a
period of noise stress. This high dose of methylprednisolone was chosen to be
well in excess of that required for maximum feedback so that differences in
body weight on glucocorticoid clearance would have no effect on the results.

Up to 4 days following the exposure to the noise stress, rats were killed by

decapitation, between 14.00 h and 15.00 h. The brains and pituitary glands
were collected, frozen on dry ice and stored at x80uC for in situ hybridization
studies. Trunk blood was collected into heparinized tubes for separation of
plasma fraction and measurement of T3 and corticosterone binding protein
(CBG) concentrations.

Recording of behavioural responses

The behaviour of animals was recorded onto videotape using a system
comprising of individual video cameras (WV-BP 100, Panasonic, Osaka,
Japan), a sequential camera selection system (Gem Mono Multiplexer,
Norbain Security Ltd, USA) and a high performance VCR unit (HS5424,
Mitsubishi Electric Company, Osaka, Japan). Observations were monitored
from a separate room. Total active time and the number of rearings made by
each animal were retrospectively scored for 10 min prior to the application of
noise stress, 10 min during noise stress and for 10 min immediately following
stress. Results were expressed as meantSE.

Hormone and CBG assays

Total plasma corticosterone concentrations were measured directly in plasma
by RIA using a citrate buffer at pH 3.0 to denature the binding globulin (4 ml
diluted plasma fraction in 100 ml buffer), antiserum kindly supplied by Prof. G.
Makara (Institute of Experimental Medicine, Budapest, Hungary) and [125I]-
corticosterone (ICN Biomedicals, Irvine, CA, USA) with a speci®c activity of
2±3 mCi/mg (8). The assay had a limit of detection of 5t1 ng/ml, and intra-
and interassay coef®cients of variation were measured at 12.4% and 16.0%,
respectively.

To con®rm the comparative degree of hypothyroidism induced by the two
experimental models, plasma T3 concentrations were measured using a
commercially available kit (Amerlex-M T3 RIA kit, Ortho-Clinical Diag-
nostics, Amersham International plc, Amersham, Bucks, UK) according to the
manufacturer's instructions. The sensitivity of the assay was 0.098 ng/ml.
Serum T4 levels were not measured in this study but have previously been
shown in our laboratory to be reduced to approximately 10% of control values
after 4±6 months of dietary iodine deprivation (7).

As increased levels of free plasma corticosterone may effectively occur in the
presence of a normal total corticosterone concentration when combined with
reduced plasma CBG concentration, plasma CBG levels were determined by
single point assays as previously described (8). Protein content was measured
using the Bradford method and the ®nal values were expressed as picomoles of
[3H]corticosterone bound per mg protein.

In situ hybridization histochemistry

In situ hybridization histochemistry was performed on 12 mm-thick coronal
brain sections cut through the paraventricular nucleus (PVN), the hippocam-
pus at Bregma x5.3 mm (10) and axial pituitary sections cut at x18C and
thaw mounted onto gelatin-coated slides as previously described (11, 12).
Brie¯y, for oligodeoxynucleotide probes, sections were warmed to room
temperature and allowed to dry for 10 min before ®xing in 4% formaldehyde in
PBS for 10 min. Sections were washed in phosphate-buffered saline and then
incubated in 0.25% (v/v) acetic anhydride and 1.4% (v/v) triethanolamine in
0.9% saline for 10 min at room temperature. Sections were transferred through
70% (1 min), 80% (1 min), 95% (2 min) and 100% (1 min) ethanol, 100%
chloroform (5 min), 100% (1 min) and 95%(1 min) ethanol before being air
dried. For brain sections, hybridization was carried out using 35S-dATP 3k end-
labelled synthetic 48mer oligonucleotide probes complementary to either TRH
(2r105 counts/slide), CRH (2r105 counts/slide), or vasopressin (AVP)
(25 000 counts/slide) mRNA. For pituitary sections, hybridization was carried
out using similarly labelled probes complementary to either TSHb (2r105

counts/slide) or pro-opiomelanocortin (POMC) (105 counts/slide). All mRNA
oligonucleotide probe sequences are as described previously (4, 13). After
hybridization, sections were washed for 1 h in four changes of 1rSSC and for
a further hour in two changes of 1rSSC at room temperature.

Studies of the expression of mineralocorticoid receptors (MR) and
glucocorticoid receptors (GR) were undertaken in order to determine whether
variations in receptor gene expression could account for any variation in either
the circadian rhythm of HPA activity, feedback responses to glucocorticoids or
the variable stress response. Full-length sense and antisense rat MR and GR
transcripts incorporating 35S-UTP were generated from the vectors prMREH-
GEM-4 and prGR-GEM-3Z, respectively (kindly provided by Prof. J. Seckl,
Molecular Medicine Centre, University of Edinburgh, UK) using an Sp6/T7
transcription kit according to the manufacturers instructions (Boehringer
Mannheim, Lewes, East Sussex, UK). Tissue sections were ®xed in 4%
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paraformaldehyde, prehybridized as above and hybridized overnight at 50uC
in 45 ml of hybridization buffer containing 50% formamide, 4rSSC,
1rDenhardt's solution (0.02% Ficoll, 0.02% polyvinylpyrrolidone, and
0.02% BSA), 10% dextran sulphate (molecular weight 500 000) and 106

counts of probe/slide. Before adding riboprobe to the hybridization buffer, it
was mixed with 2 ml of nucleic acid solution/slide (500 mg/ml sheared, single
stranded salmon testis DNA and 250 mg/ml yeast transfer RNA), heated to
65uC for 5 min and quenched on ice. Following hybridization, coverslips were
gently lifted off in 2rSSC at room temperature and the slides washed for
15 min in two changes of 2rSSC/50% formamide at 50uC. Sections were then
rinsed brie¯y in 2rSSC at 37uC and incubated in 2rSSC containing 20 mg/ml
RNAase A for 30 min at 37uC. Sections were again rinsed in 2rSSC, then
washed in 3r15 min changes of 2rSSC/50% formamide at 50uC, followed by
two room temperature washes in 2rSSC for 5 min each.

Slides were brie¯y dipped in water then air-dried. Dry hybridized sections
were opposed to autoradiography ®lm (Hyper®lm MP, Amersham Interna-
tional plc) for up to 14 days, and the resulting images were analysed
densitometrically using a Macintosh IIci computer equipped with an image
capture board (Scion, Walkersville, MD, USA) running the program Image by
Wayne Rasband, NIMH (Bethesda, MD, USA). For AVP mRNA expression
in the PVN, only the medial half of the nucleus was included in the area
analysed in order to exclude the signal from the lateral magnocellular regions.
Results were expressed either as the mean deviation from controls (%tSE) or
as arbitrary units representing integrated optical densities (meanstSE).

Statistical analysis

GraphPad InstatTM (GraphPad Software, San Diego, CA, USA) was used to
perform statistical calculations. Differences between multiple groups were
evaluated using one-way ANOVA followed by Tukey-Kramer multiple
comparison post tests. P<0.05 was considered statistically signi®cant.

Results

Effect of diet on body weight

In both experimental models, hypothyroid rats failed to grow
at the same rate as normal controls (Fig. 1). Within 4 weeks of

changing to a low iodine diet, animals weighed signi®cantly
less than those receiving a normal diet, and by the age of
27 weeks remained 10% smaller (low iodine 231t4.5 g vs
controls 257t5.5 g; meanstSE; n=16; P<0.01). Weights of
iodine-deprived rats restored to a normal control diet for the
following four-week period are not shown. In contrast to this
mild, early growth retardation, rats rendered hypothyroid by
administration of dietary PTU failed to grow at all past the
age of 7 weeks and weighed only 72t5.5 g at 27 weeks, an
effect which was partially ameliorated by concurrent treat-
ment with T3.

T3, CBG and transcriptional effects of hypothyroidism

As expected, chronic iodine deprivation resulted in a four-fold
increase in PVN TRH transcripts (389t101% of control;
n=6; P<0.01; Fig. 2A) and a ®ve-fold increase in anterior
pituitary TSHb transcripts (526t46% of control; n=6;
P<0.001; Fig. 2B). Within 1 month of restoration of these
animals to a normal dietary iodine intake, both TRH and
TSHb transcript levels were restored to control values. No
signi®cant changes were detected in PVN CRH, parvocellular
AVP or anterior pituitary POMC transcripts in iodine
deprived rats (Fig. 2C±E), although 1 month after restoration
of a normal dietary intake CRH transcript levels were
signi®cantly higher than controls (180t20% of control;
n=6; P<0.01; Fig. 2C).

PTU-induced hypothyroidism also resulted in increases in
PVN TRH and anterior pituitary TSHb transcripts similar to
the low iodine group, but concurrent T3 replacement (at
40 mg/kg food) alone was not suf®cient to prevent these PTU-
induced changes. In contrast to low-iodine diet, PTU
treatment for 6 months resulted in a very marked reduction
in CRH transcripts in the PVN to 12t2.7% of the control
value (n=4; P<0.01; Fig. 2C), together with a downward
trend in parvocellular AVP and anterior pituitary POMC
transcripts (Fig. 2D,E) similar to that previously demonstrated
after just 2 weeks treatment (4). Concurrent T3 replacement
prevented the reduction in CRH transcript levels.

Serum T3 levels were slightly but not signi®cantly reduced
following chronic iodine deprivation compared to normal
controls and signi®cantly reduced in animals treated with
PTU (n=4; P<0.001; Fig. 3A), thus con®rming the less
profound nature of the hypothyroidism induced by long-term
iodine de®ciency. However, we were unable to investigate the
precise relationship of any phase shifts in T3 vs corticosterone
diurnal rhythms over a complete 24-h period due to the small
sample size obtainable from the frequent sampling system
employed. Return of iodine-deprived rats to a normal dietary
intake for 1 month also restored serum T3 levels whereas
concurrent treatment with PTU and T3 maintained T3 levels
below that found in normal control animals.

Plasma CBG concentrations were unaffected by chronic
iodine deprivation but were signi®cantly reduced following
treatment with PTU (n=4; P<0.001; Fig. 3B). Concurrent T3

replacement only partially restored the CBG concentration
towards that found in normal control animals.
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FIG. 1. The effects of hypothyroidism on body weight. Experimental diets
were started at age 3 weeks. MeanstSE are shown; n=16. Statistical
marks (**P<0.01; ***P<0.001 compared to controls) are shown for 7
and 27 weeks only.
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Diurnal variation in plasma corticosterone

The mean plasma corticosterone concentration in rats fed
normal powdered diet showed a characteristic, diurnal rhythm

with the highest levels occurring between 18.00 h and 22.00 h
and a peak value of 159t14 ng/ml at 18.00 h (Fig. 4). Mean
corticosterone concentrations varied signi®cantly between the
nadir and acrophase showing a 2.5-fold difference in levels
(Table 1). The diurnal variation in circulating corticosterone
was abolished and the mean nadir levels of corticosterone
reduced by both iodine deprivation (Fig. 4A) and by dietary
PTU treatment for 6 months (Fig. 4B and Table 1). Normal
diurnal corticosterone variation was not re-established by
restoration of a normal iodine containing diet for one month
or by the addition of T3 to PTU-containing diet.

HPA and behavioural response to noise stress

In animals fed a normal diet, a 10-min noise stress beginning
at 08.00 h elicited a rapid increase in corticosterone release,
which peaked 20 min after the onset of noise when the plasma
corticosterone concentration reached 224t29 ng/ml, before
rapidly declining (Fig. 5). During a period of maximum
inhibition between 60 and 90 min after the onset of the stress,
hormone levels fell below baseline before recovering to pre-
stress levels. Chronic iodine deprivation resulted in a
reduction in the plasma corticosterone response to noise
measured 20 min after the onset (124t20 ng/ml; n=6;
P<0.05 compared to controls), which was partially restored
after a return to an iodine-replete diet for 1 month (Fig. 5A).
There was no effect on the timing of the peak, the subsequent
rapid decline to pre-stress levels or the period of inhibition. In
contrast, the plasma corticosterone response to noise stress
was completely abolished in PTU-treated animals with a
partial recovery achieved in animals receiving concurrent
PTU and T3 replacement (Fig. 5B). Furthermore, the PTU
treated animals showed no post-stress decline in levels during
the period of maximal inhibition.

Mean basal plasma corticosterone concentrations for each
animal were calculated from the samples obtained during the
2 h period immediately prior to the application of noise stress,
and subtracted from each of the six samples collected
immediately following the onset of noise. Differences in (a)
the plasma corticosterone concentration 20 min after the
onset of noise and (b) the total corticosterone response made
during the 60-min period immediately following the onset of
noise (`D area under the curve'), are shown in Table 2. Chronic
iodine de®ciency and PTU administration signi®cantly
reduced the plasma corticosterone response to noise stress
(20 min after the onset of noise) compared to control (P<0.05
and <0.01, respectively), and reduced the area under the
corticosterone response curve, which reached signi®cance in
the PTU-treated animals.

All groups of animals showed increases in both total
activity and number of rearings during the period of noise
stress (Fig. 6), although this did not reach statistical
signi®cance in the PTU- or the PTU+T3-treated groups of
rats due to the higher level of spontaneous activity (Fig. 6D,E).
With the exception of iodine-deprived rats restored to a
normal diet, the period of total activity began to decline
during the 10 min following the cessation of noise. There were
no statistically signi®cant differences in the behaviour patterns
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FIG. 2. The effects of a normal powdered diet for 6 months (NORMAL),
a low iodine diet for 6 months (LOW IODINE), a low iodine diet for
6 months followed by restoration of a normal diet for 1 month
(RESTORED), dietary propylthiouracil (PTU) for 6 months (PTU)
and dietary PTU+T3 for 6 months (PTU+T3) on the prevalence of (A)
paraventricular nucleus (PVN) thyrotropin releasing hormone (TRH), (B)
pituitary thyroid stimulating hormone (TSH) b, (C) PVN corticotropin
releasing hormone (CRH), (D) medial PVN vasopressin (AVP) and (E)
pituitary pro-opiomelanocortin (POMC) mRNA transcripts. Mean
percentage deviation from controlstSE; n=4±6. *P<0.05; **P<0.01;
***P<0.001 compared to controls.
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observed between any of the dietary groups in any individual
time period.

Suppression of secretory corticosterone responses by
prednisolone

In view of the possibility that the change of diurnal
rhythmicity or dynamic response to stress may be due to
altered glucocorticoid negative feedback, the effect of
exogenous prednisolone was tested on basal and stress-
induced corticosterone secretion. An intravenous bolus of
prednisolone 40 min prior to the application of noise stress
blocked the increase in plasma corticosterone concentration
seen in the absence of prednisolone in all rats (Fig. 7). In the
normally fed rats, the mean baseline plasma corticosterone
concentration also decreased from 46t6.9 ng/ml prior to the
administration of prednisolone to 5.5t2.2 ng/ml for the
period between 1 and 3 h after the onset of noise stress (n=5;
P<0.001; Fig. 7). Similar signi®cant reductions in mean
plasma corticosterone concentrations following the period of
noise stress also occurred in all dietary groups of animals
although mean plasma corticosterone levels measured in
PTU-treated rats following the period of noise stress remained

signi®cantly higher than those measured in normally fed
animals (Fig. 7C).

Effect of hypothyroidism on MR and GR mRNA expression

The relative expression of GR and MR mRNA transcripts
showed the expected pattern of distribution within the PVN and
sub®elds of the hippocampus. Whilst MR mRNA expression
was found through all regions of the hippocampus, it was not
detected in the PVN, and GR mRNA was low in the CA3
sub®eld but detected in all other hippocampal areas and in the
PVN. No signi®cantvariation in thispatternwas detected inany
of the treatment groups (Fig. 8). The anterior pituitary
expressed both GR and MR mRNA transcripts and whilst
the treatments did not affect MR expression, GR mRNA was
signi®cantly increased in PTU-treated animals (Fig. 8A), an
effect partially reversed by concurrent treatment with T3.

Discussion

This study has demonstrated for the ®rst time that chronic
iodine de®ciency is associated with loss of the normal diurnal
rhythm of corticosterone secretion and an attenuated
corticosterone response to acute psychological stress. This
contrasts with the results of a study reported 25 years ago in
which no changes in the diurnal rhythm of corticosterone were
detected in iodine-de®cient Sprague-Dawley rats (14). The
reasons for this difference are unknown but may relate to their
method of sample collection in ether-anaesthetized animals.
Thyroidectomy has been shown to result in a progressive loss
of diurnal rhythm of corticosterone which can be restored by
either T3 or T4 (1, 15), and the current study has shown that
both iodine deprivation and PTU have a similar effect.
However, while the loss of rhythm in PTU-treated animals
may be explained by loss of CRH synthesis, this does not
appear to underlie the effect in iodine-deprived animals,
whose abnormalities in HPA function occur in the presence of
normal or only marginally reduced levels of PVN CRH and
AVP transcripts, anterior pituitary POMC transcripts,
hippocampal and pituitary GR and MR transcripts and
serum CBG concentrations. Because this study has not
attempted to address potential changes in the levels of
functional hypothalamic, hippocampal and pituitary peptides,
it remains possible that the presence or absence of measurable
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FIG. 3. The effects of a normal powdered diet for 6 months (NORMAL),
a low iodine diet for 6 months (LOW IODINE), a low iodine diet for
6 months followed by restoration of a normal diet for one month
(RESTORED), dietary propylthiouracil (PTU) for 6 months (PTU) and
dietary PTU+T3 for 6 months (PTU+T3) on the plasma concentration
of (A) T3 and (B) corticosterone binding protein (CBG) protein.
(MeanstSE; n=4±6). *P<0.05; ***P<0.001 compared to controls.

TABLE 1. The Effects of Iodine Deprivation and
Propylthiouracil (PTU) on Mean Nadir and Acrophase
Plasma Corticosterone.

Group (ni5)

Circulating corticosterone (ng/ml)

Nadir Acrophase

Normal diet 57t15 145t17
Low iodine diet 29t6 44t13***
Iodine restored 41t11 51t17***
PTU 33t7 28t18***
PTU+T3 39t13 33t18***

MeanstSEM are shown. ***P<0.01 compared with controls.
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changes in transcript levels for these peptides does not
correlate with actual changes in protein concentration.
Restoration of normal iodine-containing diet (without further
iodine supplementation), returned hypothalamic TRH and
pituitary TSHb transcript prevalence to control levels, but was
insuf®cient to restore the diurnal pattern of corticosterone
secretion or to fully restore the HPA response to stress.

This study has also demonstrated important differences
between experimental models of hypothyroidism induced by
chronic iodine de®ciency and hypothyroidism induced by
PTU, a type 1 5k-iodothyronine deiodinase inhibitor. In
general, the effects of PTU administration are more profound
than those of iodine deprivation in terms of growth
retardation, serum T3 and CBG concentration, CRH
transcript downregulation and corticosterone secretory
response to acute noise stress. The amount of chow consumed
by the rats was not measured and it is therefore possible that
part of the effects observed are due to low calorie intake as
opposed to hypothyroidism alone. However, the body weights

of animals receiving concurrent T3 replacement in the PTU-
containing diet were signi®cantly higher than those receiving
PTU alone, an effect that is unlikely to be due to variances in
palatability of the diets. Animals receiving the low iodine diet
grew at the same rate as control rats after the age of 7 weeks
which suggests that the effects of diet on bodyweight were
manifest during a restricted time period only. Furthermore,
low calorie intake would result in central downregulation of
TRH (and TSH) transcription (16), rather than upregulation
of TRH transcript prevalence as was seen here. Both chronic
iodine de®ciency and PTU treatment have a similar effect on
the early evening rise in corticosterone secretion characteristic
of normal diurnal variation, together with a small reduction in
the mean basal corticosterone levels seen throughout the rest
of the 24 h cycle.

In contrast to animals fed PTU alone, concurrent T3

treatment decreased the degree of growth retardation,
prevented downregulation of CRH transcripts and limited
the reduction in corticosterone secretory response to acute
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FIG. 4. Twenty-four hour pro®les of plasma corticosterone concentrations in female Wistar rats fed (A) a low iodine diet for 6 months (LOW IODINE) or
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noise stress seen in animals fed PTU alone. With the exception
of the hypothalamic CRH transcript prevalence, however,
none of the parameters was returned completely to normal.
This also suggests that there is a dissociation between the
effects of PTU with or without T3 on CRH transcript
prevalence and basal and stress-induced HPA activity. These
®ndings corroborate the observation made by others that
maintenance of normal serum T3 concentration by itself is
not suf®cient to maintain tissue euthyroidism at least at the
pituitary level (17±19) and indicate that the maintenance of
euthyroidism in PTU-treated rats requires T4 replacement
with or without T3, as has been found to be the case following
surgical thyroidectomy and thiouracil administration (5, 20).
It remains possible, nevertheless, that PTU (a drug derived
from immunomodulatory thiourea antihypertensives that
were incidentally found to be goitrogens) has other actions
unrelated to the induction of hypothyroidism (21).

The loss of the normal diurnal variation in corticosterone
secretion observed in both of the models of long-term
hypothyroidism used in this study and the gradual loss seen
®ve weeks following surgical thyroidectomy in the study by
Murakami et al. (1), suggests that thyroid hormones have an
important role to play in the pathway responsible for the
instigation of the early evening rise in corticosterone levels.
CRH has also been implicated as one of a number of factors
involved in the neuroendocrine control of this pathway (22).
Muglia et al. (23) have shown that in adult CRH knockout
mice, the diurnal variation in plasma corticosterone is absent
in males and severely attenuated in females, but is restored to
normal by constant infusion of CRH in both sexes even with
the underlying presence of a dysregulated rhythm in serum
ACTH production in these mice. Bagdy et al. (24) have also
demonstrated that CRH immunoneutralization abolished the
evening rise in corticosterone in male Sprague-Dawley rats.
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While a de®cit in CRH may explain the loss of a diurnal
rhythm in the PTU-treated rats, there appears to be no such
de®cit in iodine-de®cient animals to explain the loss of
rhythmicity, although more subtle changes to CRH synthesis
and release may have occurred.

Interactions between the generation of the hypothyroid
state and disturbances in the HPA axis of rats have been
extensively reported (1±7, 25, 26). The almost complete loss of
detectable CRH transcripts found after only 14 days of PTU
treatment (4) was mirrored in the current study following six
months of PTU treatment, although one further study
reported no such decrease in hypothalamic CRH detected
by Northern analysis following 7 weeks of PTU treatment
(26). The loss of CRH transcripts observed in PTU-treated
animals in this study occurred in the presence of signi®cantly
reduced plasma CBG levels which may lead to increased free
corticosterone concentration and a marked negative feedback
on CRH gene transcription. Although CRH transcripts have
also been shown to be reduced at both 28 and 50 days after
surgical thyroidectomy (3), they were not found to be

signi®cantly reduced following 6 months of iodine deprivation
in either this study or that reported by Kondo et al. (7),
perhaps re¯ecting a less severe degree of hypothyroidism in
these animals (compared to those treated with PTU)
associated with normal circulating levels of CBG. PTU
treatment completely abolished and chronic iodine de®ciency
signi®cantly attenuated the amplitude of corticosterone
secretory response to an acute noise stress compared to
controls. These data provide further evidence of the less severe
nature of the effects of hypothyroidism induced by iodine-
deprivation compared to that induced by PTU treatment.
Others have found that the corticosterone secretory response
to a 3-h restraint stress is also signi®cantly reduced after
4 weeks of thiouracil treatment (despite increased plasma
concentrations of ACTH) and that T4 treatment partly
restored the response (5).

The presence of a CRH release-inhibiting factor termed
preproTRH178±199 and encoded within the TRH precursor
sequence has also been identi®ed, thus providing further
evidence of the linkage between the HPA and hypothalamo-
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TABLE 2. The Effects of Iodine Deprivation and Propylthiouracil (PTU) on Corticosterone Secretory Response to a White Noise
Stress.

Group (ni5)

Circulating corticosterone (increase over pre-noise baseline)

Level 20 min after the onset
of the white noise stress
(ng/ml)

D area under the
curve for the 60 min
from the end of the
noise stress (arbitary units)

Normal diet 191t36 445t88
Low iodine diet 84t20* 215t77
Iodine restored 120t22 422t108
PTU 4t2* x12t11*
PTU+T3 140t53 286t190

MeanstSEM are shown. ***P<0.05 and ***P<0.01 compared with controls.
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pituitary-thyroid axes (25±28). The upregulation of TRH
which occurs during hypothyroidism may therefore also result
in an upregulation of preproTRH178±199 which has been
demonstrated to result in the inhibition of pituitary ACTH
synthesis and secretion both in vitro and in vivo (25±28).
Administration of preproTRH178±199 to normal rats imme-
diately prior to restraint stress signi®cantly attenuated both
the stress-induced rise in plasma ACTH seen in untreated
controls, and the duration of the subsequent elevated plasma
corticosterone concentration, but had no effect on the
magnitude of the early secretory corticosterone response to
stress (25). In the present study, the maximum amplitude of
the corticosterone response to noise was still reduced 1 month
after restoration of a normal diet to iodine-deprived rats
despite a return to euthyroidism in terms of hypothalamic
TRH and pituitary TSHb transcripts, which suggests that
increased CRH release-inhibiting peptide derived from

increased TRH transcription is not solely responsible for
the extended abnormalities in HPA axis function seen in the
current study. In view of the chronicity and relatively early
onset of iodine de®ciency in the present study, the complete
return of HPA axis responses given a longer period of
recovery from iodine deprivation cannot be assumed.

The behavioural response to noise in terms of the total
activity time and exploratory behaviour measured as the total
number of rearings made by the rats did not signi®cantly
differ between the different groups of animals studied.
Although it remains possible that a degree of auditory
impairment was responsible for the lack of HPA response to a
noise stress (29±32), rats from all the dietary groups displayed
an increase in activity during the period of noise with a
reduction beginning immediately after cessation of noise, thus
indicating that PTU-treated animals do respond to noise
despite the concurrent lack of an HPA response.
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The changes in CRH gene transcription, the change in
diurnal corticosterone secretion and the attenuation of stress-
induced HPA activity in PTU-treated animals may be
explained by an increase in the ef®cacy of glucocorticoid
negative feedback. Changes in negative feedback may either
involve an increase in the effective free corticosterone
concentration due to the very marked reduction in CBG
levels or to a change in receptor-effector coupling of GR or
MR in targets for negative feedback. Prior administration of
methylprednisolone reduced the corticosterone secretory
response to noise stress in control animals and further
reduced the already attenuated corticosterone secretory
response seen in iodine de®cient rats. Mean plasma corticos-
terone levels measured in PTU-treated rats following the
period of noise stress remained signi®cantly higher than those
measured in either normally fed animals or those receiving a

low iodine diet. These data indicate that the feedback
mechanisms operating on the HPA axis are still functional
in chronically iodine de®cient rats. However, PTU treatment
reduced the ef®cacy of this rapid negative feedback on basal
HPA activity. The mechanism underlying this effect is unclear
as hippocampal and hypothalamic GR and MR expression
was unaffected while pituitary GR mRNA in fact increased.
This region-speci®c change in GR expression may have been
the result of increased free corticosterone due to the very
marked reduction in plasma CBG levels. Chronic (6 days)
corticosterone treatment of intact female rats has been shown
to have no effect on total hippocampal GR mRNA, but to
increase anterior pituitary GR mRNA (33). Thus while
chronic iodine de®ciency appears to have no effect on
glucocorticoid inhibition of HPA activity, PTU appears to
disrupt negative feedback by a mechanism independent of any
change in GR and MR gene transcription. This further
emphasizes the marked difference in characteristics of these
two models of hypothyroidism.

In conclusion, female rat HPA axis function in terms of
corticosterone diurnal variation and the corticosterone
secretory response to stress are downregulated by chronic
iodine deprivation from weaning. Full recovery of the HPA
axis lags behind recovery of the thyroid axis. The effects of
PTU-induced hypothyroidism are more marked than those
induced by iodine deprivation and result in virtually no
detectable hypothalamic CRH transcripts, complete loss of
the diurnal variation in plasma corticosterone pattern,
abolition of the secretory corticosterone response to noise
stress and an abnormal feedback to exogenously administered
prednisolone. These ®ndings indicate that chronic iodine
de®ciency can result in dysregulation of HPA axis secretory
function that may persist in the presence of apparently normal
thyroid axis function, and also suggest that long-term clinical
use of PTU either alone or as part of high dose block and
replace regimens designed to clamp thyroid function within
the normal range may have unexpected and unwanted effects
on the HPA axis and stress responses.
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