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Abstract

Ultradian release of glucocorticoids is thought to be essential for homeostasis and health.
Furthermore, deviation from this pulsatile release pattern is considered to compromise resilience
to stress-related disease, even after hormone levels have normalised. In the present study, we
investigate how constant exposure to different concentrations of corticosterone affects diurnal and
ultradian pulsatility. The rate of recovery in pulsatile hypothalamic-pituitary-adrenal (HPA)
activity after withdrawal of exogenous corticosterone is also examined. Finally, the behavioural
and neuroendocrine responsiveness to an audiogenic stressor is studied. Adrenally intact male rats
were subcutaneously implanted with vehicle, 40% or 100% corticosterone pellets for 7 days. The
continuous release of corticosterone from these implants abolished diurnal and ultradian
corticosterone variation, as measured with high-frequency automated blood sampling. Pellet
removal on post-surgery day 8 allowed rapid recovery of endogenous rhythms in animals
previously exposed to daily average concentrations (40%) but not after exposure to high
concentrations (100%) of corticosterone. Behavioural and neuroendocrine responsiveness to stress
was distinctly different between the treatment groups. Audiogenic stimulation 1 day after pellet
removal resulted in a similar corticosterone response in animals previously exposed to 40%
corticosterone or vehicle. The 40% pellet group, however, showed less and shorter behavioural
activity (i.e. locomotion, risk assessment) to noise stress compared to 100% corticosterone and
vehicle-treated animals. In conclusion, unlike the animals impanted with 100% corticosterone, we
find that basal HPA axis activity in the 40% group, which had mean daily levels of circulating
corticosterone in the physiological range, rapidly reverts to the characteristic pulsatile pattern of
corticosterone secretion. Upon reinstatement of the ultradian rhythm, and despite the fact that
these animals did not differ from controls in their response to noise stress, they did show
substantial changes in their behavioural response to stress.
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The diurnal variation in the secretion of glucocorticoids is principally controlled by the
hypothalamic suprachiasmatic nucleus and is fine-tuned by autonomic nervous system
activity and afferents of the central hypothalamic-pituitary-adrenal (HPA) axis (1, 2). Daily
variations in glucocorticoid hormone concentrations are thought to be fundamental for the
maintenance of physiology and well being, as deviations from the normal release pattern are
considered to enhance vulnerability to stress-related disease (3, 4). These diurnal
fluctuations consist of approximately hourly, ultradian glucocorticoid hormone bursts that
change in amplitude according the time of day (5-7). Superimposed on these rhythms is the
HPA-driven glucocorticoid response to a stressor.

Alterations in glucocorticoid pulsatile patterns can occur and are associated not only with
normal transitions in physiological states, but also stress-related disorders. For example, in
rodents, lactation suppresses pulsatility, whereas, during ageing, the hourly pattern becomes
disorganised (8). In humans, depression is associated with enhanced pulse magnitude
thereby abolishing circadian variation in pulse amplitude, resulting in dramatically changed
patterns of tissue exposure to hormone (3, 9-11). However, the functional contribution of
ultradian glucocorticoid pulses to HPA axis reactivity and stress responsiveness, and the
consequences of changes in pulse characteristics for physiology, are largely unknown.

Diurnal rhythmicity can experimentally be abolished by subcutaneous implantation of
corticosterone releasing pellets that elevate circadian trough concentrations. Consequently,
via negative-feedback mechanisms, this leads to a compensatory lower output of
corticosterone from the adrenal cortex at the time of the circadian peak (12-14). Previously,
we demonstrated that such flattening of the diurnal corticosterone patterns has substantial
effects on glucocorticoid receptor (GR) signalling in the rat hippocampus; although tonic
actions of glucocorticoids are apparent (13, 14), we found that the response in expression of
glucocorticoid marker genes to acute elevations superimposed on the constant hormone
signal is attenuated. Surprisingly, constant exposure to moderate concentrations of
corticosterone in some aspects had greater consequences for GR responsiveness than overt
hypercorticism (15). These data indicate that the tissue responsiveness to glucocorticoids
depends on the pattern of ligand exposure and that a pulsatile pattern is necessary to prevent
receptor desensitisation.

However, a number of issues are still unresolved. It remains to be demonstrated that
ultradian variations are abolished in the pellet model. Also, it is unknown how fast the
negative-feedback action abates after cessation of constant exogenous corticosterone and
when the endogenous pulses re-emerge. Observations in rodents and humans with a history
of changes in corticosteroid exposure suggest that, even after normalisation of hormone
levels, there are residual disturbances in the brain (16, 17). In that respect, although
neuroendocrine stress responsiveness is clearly affected under conditions of flattened
corticosterone (12, 13, 18, 19), very little data are available on the behavioural response to
stress after changes in pulse characteristics.
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To this end, adrenally intact male rats were subcutaneously implanted with vehicle, 40% or
100% corticosterone pellets, respectively. As such, animals were exposed to either high,
pathological concentrations of corticosterone (100% pellet) or, on average, normal daily
concentrations, but in a continuous (40% pellet) rather than pulsatile manner (vehicle pellet).
After 7 days of pellet implantation, corticosterone pulsatile profiles were measured in
individual animals using high-frequency automated blood sampling (6, 20). Pellets were
rapidly removed on day 8 to assess how fast ultradian rhythms recover after cessation of
constant corticosterone exposure (washout). As a functional readout, we measured hormonal
and behavioural responsiveness to white noise stress.

We demonstrate that different concentrations of constant corticosterone exposure in
adrenally intact rats indeed abolish both diurnal and ultradian rhythmicity. We also find that
HPA axis activity flexibly recovers from long-term exposure to 40%, but not 100%
corticosterone, although, in contrast, the behavioural stress responsiveness is affected after
washout in the 40% corticosterone group compared to vehicle.

Materials and methods

Subjects

Surgery

Experiments were conducted on male Sprague—Dawley rats (Harlan, Bicester, UK) weighing
approximately 250 g at the time of surgery. After arrival, animals were group housed (four
animals per cage) under standard environmental conditions and a 14 : 10 h light / dark cycle
(lights on 05.15 h) and were allowed to acclimatise for a week. Food and water were
provided ad /ib throughout the experiment. Animal procedures were approved by the
University of Bristol Ethical Review Group. Animal care was conducted in accordance with
Home Office guidelines, the UK Animals (Scientific Procedures) Act 1986 and the EC
Council Directive of November 1986 (86/609/EEC).

Surgery was performed essentially as described previously (21). Briefly, animals were
anaesthetised with a combination of Hypnorm (0.32 mg/kg fentany!l citrate and 10 mg/kg
fluanisone, i.m.; Janssen Pharmaceuticals, Oxford, UK) and diazepam (2.6 mg/kg i.p.;
Phoenix Pharmaceuticals, Gloucester, UK). The right jugular vein was cannulated by
inserting a polythene cannula (Portex, Hythe, UK) into the vessel. The free end of the
cannula was exteriorised through a scalp incision and tunnelled through a protective spring.
During the same surgery, 100 mg pellets containing either 40% or 100% corticosterone
(40% and 100% corticosterone, respectively; ICN Biomedicals, Irvine, CA, USA) or 100%
cholesterol (vehicle; Sigma-Aldrich, St Louis, MO, USA) were subcutaneously implanted
between the shoulder blades to obtain constant concentrations of corticosterone in blood
(12-14). After surgery, animals were individually housed and kept in the automated blood
sampling room. The cannula was attached to a mechanical swivel that rotated through 360°
in a horizontal plane and 180° through a vertical plane, allowing the rats to maximise
freedom of movement. The cannulae were flushed daily with heparinised saline to maintain
patency.
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Experimental design

One cohort of animals was used which were subjected to different phases of the
experimental design.

Phase 1: basal diurnal and ultradian corticosterone rhythms—The effect of
different concentrations of exogenous corticosterone on basal diurnal and ultradian
corticosterone rhythms was studied. Six days after pellet implantation, the cannula of each
animal was connected to an automated blood sampling (ABS) system, as previously
described in detail (6, 20). On post-surgery day 7, blood samples (37  aliquots) were
automatically collected at 10-min intervals at a dilution of 1 : 5 in heparinised saline. As a
result of practical limitations in the number of samples that can be collected with the ABS in
the same rat, it was not possible to obtain a full corticosterone profile on this experimental
day. Therefore, samples were collected during the trough (07.00 and 10.00 h) and peak
(18.00 and 21.00 h) of hormonal release, the times during which strong differences in
diurnal and ultradian concentrations have been described extensively (6, 20, 21). Plasma was
separated by centrifugation and then stored at —80 °C until processed for corticosterone
measurements as described below. Because of practical reasons related to blood sampling,
we had dropouts in the vehicle group for the endocrine studies (phase 1 and 2). The obtained
corticosterone values in this group, however, are consistent between the experiments and
with previously published data (20, 21). Fortunately, these animals were still available for
the behavioural studies (phase 3).

Phase 2: Effect of pellet removal (washout) on basal diurnal and ultradian
corticosterone rhythms—To investigate whether corticosterone rhythmicity would
recover within 1 day of termination of constant corticosterone administration, on day 8 post-
surgery, the implanted pellets were removed (washout). Between 08.00-09.00 h, the pellets
were removed under brief isoflurane anaesthesia (2-3 min) and animals were reconnected to
the ABS at 09.30 h. ABS started at 10.00 and samples were collected every 20 min (10.00-
13.00 h) or 10 min (13.00-05.00 h). The impact of exogenous corticosterone replacement on
body weight, thymus weight and adrenal gland weight has been reported previously (15).

Phase 3: Stress-induced behavioural and corticosterone responses—Stress-
induced corticosterone release and behavioural responsiveness were studied after cessation
of constant corticosterone concentrations. Animals were then exposed to white noise stress
(99 dB for 10 min) in the morning of day 9 post-surgery (06.00 h). Blood samples were
collected every 20 min using the ABS between 05.00 h and 07.20 h. Concurrently, animal
home cage behaviour was recorded using cameras mounted above the cage of each animal.
Behavioural analysis was performed 10 min before, during and after relative to the onset of
the stressor.

Corticosterone measurements

Blood samples were centrifuged for 15 min at 4000 r.p.m. at 4 °C. Plasma was stored at
—80 °C until processed using a commercially available radio immuno assay (RIA; MP
Biomedicals Inc., Santa Ana, CA, USA). Inter-assay and intra-assay variance was 6.9% and
7.3%, respectively.
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Behavioural analysis

The behaviours analysed with a semiautomatic scoring system (The Observer Mobile 4.1;
Noldus Information Technology, Wageningen, The Netherlands) were: (i) locomotion
(walking, front and back paws change position); (ii) risk assessment (‘seeking’ behaviour
while the body is still or stretched); (iii) face washing (grooming of face using front paws);
(iv) body grooming (grooming using front and back paws, i.e. scratching); and (v) sitting
(e.g. sitting or sleeping). Total activity was calculated by adding the scores of behaviours (i—
iv). In addition, the number of (vi) rearing (raising of the rat and then lowering both front
paws) and (vii) digging events (moving around of cage bedding with front paws) was
counted. The data is presented in either 10-min bins (Table 3) or plotted per minute to study
changes in behavioural patterns over time (Fig. 4).

Statistical analysis

Results

Statistical analyses were performed using spss, version 16.0 (SPSS Inc., Chicago, IL, USA).
Data are expressed as the mean + SEM, except for individual corticosterone profiles. For
phase 1, two-way Anova was used to study the diurnal differences in mean corticosterone
and area under the curve (AUC) concentrations between treatment groups. Because of the
limited number of samples collected for analysis, puLsar analysis may not be reliable on
short time intervals. Therefore, as an indication of ultradian pulsatility, repeated measures
ANOVA Was used to analyse the effect of time on corticosterone concentrations in the 3-h time
frames in morning and evening. For phase 2, the hormone profile for each individual animal
was analysed using the puLsAr algorithm (22) with previously published G-values (21). The
pulse characteristics analysed were: AUC, mean daily corticosterone concentration, number,
height (absolute increase from zero baseline), amplitude (absolute increase from respective
baseline) and frequency of corticosterone pulses. One-way anova and independent Student’s
t-tests were used to test statistical differences in pulse characteristics between
corticosterone- and vehicle-treated rats. For phase 3, repeated measures anova was used to
indicate time and treatment effects in stress-induced corticosterone profiles. Behavioural
data were analysed using one-way ANovA or two-way repeated measures ANova with time and
treatment as factors. Where applicable, post-hoc tests were used as indicated. With respect to
repeated measures ANova, sphericity (e.g. comparable to homogeinity of variance) was tested
with Mauchly’s test. In case the conditions were not met, the rather conservative
Greenhouse—Geisser correction was used to enable a valid F-ratio. P < 0.05 was considered
statistical significant.

Effect of corticosterone pellet implantation on basal diurnal and ultradian corticosterone

rhythms

Figure 1 depicts mean (Fig. 1a) and individual morning and evening plasma corticosterone
profiles (Fig. 18-p) of animals from each treatment group measured on day 7 of pellet
implantation. Mean corticosterone concentrations and AUC are shown in Table 1. In
agreement with previous studies (20, 21), in vehicle-treated animals, we observed very low
to nondetectable concentrations in the morning and distinctively higher fluctuating hormone
concentrations in the evening (Fig. 14, B), indicating significant diurnal differences in mean
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corticosterone concentrations (Table 1; P = 0.03) and AUC (P = 0.04). By contrast,
exogenous corticosterone exposure induced clear effects on corticosterone rhythms: both
40% and 100% corticosterone pellet implantation effectively flattened diurnal corticosterone
rhythmicity at the same times as elevating basal concentrations in afternoon and/or in the
morning (Fig. 1A, c-p). No statistical differences between morning and evening mean
corticosterone concentrations or AUC were found within these groups, whereas mean
corticosterone concentrations in the 100% group were significantly higher compared to
vehicle-treated animals (Table 1; P < 0.05).

As expected, ultradian pulses were only detected in the evening in vehicle-treated animals
(effect of time: P = 0.02), whereas the other treatment groups did not show statistically
significant differences in the morning or evening (Fig. 1A, B). These results show that both
40% and 100% corticosterone pellet implantation successfully abolished diurnal and
ultradian corticosterone rhythms.

Effect of pellet removal (washout) on basal diurnal and ultradian corticosterone rhythms

To determine whether endogenous corticosterone pulsatility recovers within 1 day from
constant exogenous corticosterone administration, on day 8 post-surgery, pellets were
removed early in the morning. Figure 2 shows group averaged and individual plasma
corticosterone profiles over 19 h after removal of pellets and reconnection to the ABS
system. In vehicle-treated animals, typical diurnal and ultradian variation was observed with
increasing mean corticosterone concentrations and ultradian pulses towards the dark phase
(Fig. 2a, B). In 40% corticosterone-treated animals, pellet removal resulted in a rapid fall of
corticosterone to very low concentrations and a recovery of ultradian and diurnal rhythms
(see below). The onset of detectable ultradian pulses was observed at approximately 16.00 h,
suggesting a delay in reoccurance of pulsatility compared to vehicle animals (Fig. 2a—c).
Although, in general, a tendency towards decreased corticosterone concentrations was
observed, in the 100% corticosterone group, no clear effect of rapid reinstatement of
ultradian corticosterone pulsatility was observed (Fig. 2a-p).

To study ultradian pulsatility in more detail, the puLsar algorithm was used to identify pulse
characteristics in individual animals (Table 2). The persistence of very high corticosterone
concentrations in the 100% corticosterone group resulted in very high values for the
different pulse parameters. To prevent these data from skewing the results and to compare
the ultradian pattern of the 40% group to vehicle in more detail, pulse characteristics were
statistically compared between vehicle and the 40% corticosterone group using independent
Student’s t-tests. puLsAr analysis revealed a decrease in mean corticosterone concentrations
(P = 0.04) and pulse height (P = 0.04) in the 40% corticosterone-treated group compared to
vehicle. Furthermore, a trend toward a significant decrease was observed on AUC (P = 0.06)
and pulse amplitude (P = 0.05). No significant difference in the number of pulses and pulse
frequency (P = 0.14) was observed, indicating very similar pulse characteristics of the 40%
corticosterone group compared to vehicle.

J Neuroendocrinol. Author manuscript; available in PMC 2016 August 08.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Sarabdjitsingh et al.

Page 7

Effect of previous constant corticosterone exposure on stress responsiveness

To study functional consequences of previous exposure to constant corticosterone
concentrations, animals were exposed to noise stress (99 dB for 10 min) and blood samples
were collected every 20 min using the ABS system. Figure 3 depicts the stress-induced
increase in corticosterone concentrations in each treatment group. As expected, vehicle
animals demonstrate an increase in corticosterone concentrations, with hormone peak
concentrations of 103 £ 11.9 ng/ml, 20 min after onset of the stress (effect of time: P <
0.001). Interestingly, animals that were previously implanted with 40% corticosterone
pellets did not differ in their stress response compared to vehicle animals and had similar
corticosterone peak concentrations (82.6 + 22.1 ng/ml). Noise stress did not affect plasma
corticosterone concentrations in the 100% corticosterone pellet group. At the time of stress,
basal corticosterone concentrations were increased compared to the other groups (P < 0.01).

Effect of previous constant corticosterone exposure on stress-induced behavioural

responses

Behavioural responsiveness to noise stress was assessed in 10-min intervals before, during
and after the stress. A complete analysis of the data is reported in Table 3. Before exposure
to the stressor, there was no difference between the treatments groups in any of the
behaviours analysed (Fig. 4 and Table 3).

During the stressor, significant effects and interactions of time and treatment were found by
two-way repeated measures and one-way aNova. Noise stress significantly induced changes
in locomotion (Fig. 4a; P < 0.001), sitting (Fig 48; P < 0.001) and risk assessment (Fig 4c; P
< 0.001), respectively, indicating changes in the behavioural pattern over time. Analysis of
the interaction effect showed that, in the 40% animals, the stressor induced significantly less
locomotion (P < 0.001) and risk assessment (P = 0.04) compared to vehicle, indicating less
total activity (P < 0.05); Table 3). Indeed, the duration of those behaviours after the onset of
the stressor was shorter in 40% corticosterone animals compared to vehicle and 100%
corticosterone animals because the percentage of time spent dropped almost to zero 2-3 min
after onset of the stressor (Fig. 4a—c). By contrast, in the 100% group, there was an increase
in risk assessment (P = 0.03), number of digging events (P < 0.01) and a trend of increased
rearing events (P = 0.1). However, in these animals, there was no difference in the total
activity compared to vehicle animals (P > 0.05; Table 3), indicating differences in the make
up of the activity pattern compared to vehicle animals (Fig. 4 and Table 3). Furthermore, for
both corticosterone-treated groups, there was a decrease in the percentage of time spent face
and body grooming during the stressor (Table 3; P < 0.05).

After cessation of the stressor, both 40% and 100% corticosterone animals continued to
show decreased face grooming (Table 3; P < 0.01). No statistical significant differences were
found in any of the other behaviours analysed.

Discussion

In the present study, we demonstrated that constant exposure to exogenous corticosterone by
means of subcutaneous pellet implantation in adrenally intact rats not only abolishes diurnal
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corticosterone rhythmicity, but also diminishes rapid ultradian fluctuations. Termination of
the constant signal resulted in a rapid recovery of ultradian patterns in animals exposed to
daily average concentrations (40% corticosterone), but not in animals exposed to high
concentrations of corticosterone (100% corticosterone). Paradoxically, although the
endocrine response to noise stress in the 40% corticosterone group also was not different
compared to vehicle, these animals showed the most substantial changes in the behavioural
response to stress.

Validation of model system

Plasma corticosterone concentrations were determined during time frames in which marked
differences in diurnal and ultradian corticosterone levels have been well described in normal
intact animals (5, 20, 21). Irrespective of limitations in the number of blood samples
collected, our approach using high-frequency ABS led to the novel observation of
disappearance of ultradian corticosterone pulses after constant glucocorticoid administration
at the same time as maintaining basal concentrations at constant daily average (40%
corticosterone) or pathological concentrations (100% corticosterone). The 40%
corticosterone group is of particular interest given that these animals only differed in the
pattern from vehicle (e.g. constant versus pulsatile) but not in the total amount of
corticosterone exposure (e.g. AUC and mean corticosterone concentrations). Furtermore,
this finding confirms the notion that experimentally-clamped levels of glucocorticoids can
be achieved without adrenalectomy [(13, 14); provided that no stressors are applied]. We
conclude that 40% corticosterone pellet implantation can be used to easily manipulate pulse
characteristics in intact rats while maintaining physiological glucocorticoid concentrations,
whereas 100% corticosterone rather resembles conditions of stress-related disease.

We and others have clamped circadian circulating corticosterone concentrations in this way
previously (12-14). The HPA axis, via a constant negative-feedback signal, disrupts
corticosterone rhythms by adjusting circadian and ultradian trough and peak concentrations,
resulting in steady-state corticosterone concentrations. Indeed, episodic feedback signals are
crucial for maintaining ultradian feedforward—feedback oscillitatory activity between the
pituitary and adrenal gland (23). We have now demonstrated that the current approach is also
suitable for studying this relationship in more detail.

Normalisation of basal HPA axis activity after corticosterone removal

Previous studies have shown that, for some measures of HPA axis reactivity, normalisation
of circadian corticosterone in adrenalectomised animals is sufficient (24, 25). Even though
the present study does not allow us to fully descriminate between ultradian and circadian
corticosterone pulsatile patterns in relation to HPA axis reactivity, our study is the first to
present data on basal ultradian corticosterone patterns in intact animals. puLsar analysis
indicated rapid progressive normalisation of ultradian pulse characteristics within
approximately 6 h of removal of the 40% corticosterone pellet. This is most likely the result
of a delayed feedback mechanism suppressing pulse amplitude at earlier time points (23),
and could also potentially affect adrenocorticotrophic hormone (ACTH). Limitations in the
volume of blood that can be collected via ABS preclude conclusions on basal and stress-
induced ACTH levels. However, this issue has been previously adressed in the literature
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because blunting circadian variation in intact animals by exogenous corticosterone
administration attenuates ACTH release in response to stress (13). Although we have no
information on the stress response, we observed supressed basal ACTH levels in morning
and evening before and during corticosterone washout in a separate cohort of animals (data
not shown).

The rapid decline of plasma hormone concentrations after 40% corticosterone pellet removal
is in line with the normal corticosterone half-life of approximately 10 min (an important
factor in allowing the existence of sharp ultradian peaks) (6). The results of the 100%
corticosterone group are dramatically different. No recovery of corticosterone pulsatility was
observed; moreover, a very slow decline in circulating hormone concentrations after removal
of the pellet was noticed. A practical explanation for the lack of ultradian recovery could be
the formation of a local corticosterone depot in this group of animals because the slow
decline did not follow the half-life time of corticosterone. Even though the pellets were
easily removed at the time of surgery, we noticed a thickening of the skin around the pellet,
possibly indicating the formation of a depot due to the very high local steroid
concentrations. This was not observed in the vehicle and 40% corticosterone groups. In
previous studies, however, we did notice a ‘normal’ decline in corticosterone levels (15).
Therefore, it is very likely that the issue in the present study is merely technical and may be
attributed to the different sampling methods (tail vein sampling versus automated blood
sampling) and/or animal supplier and surroundings (Leiden versus Bristol). The continued
high concentrations prevent conclusions on the recovery of corticosterone pulses after
washout of constant high concentrations of corticosterone. In the context of sustained stress,
or treatment with (synthetic) glucocorticoids, prolonged exposure to high concentrations
may actually occur. It would be interesting to explore further whether ultradian rhythmicity
and behavioural responsiveness is eventually restored in the 100% corticosterone group after
washout. The issue of normalisation after high corticosterone exposure therefore merits
thorough investigation in future studies. However, for now, this group can still be used as a
reference for the effects of the 40% pellet on stress responsiveness.

in behavioural and neuroendocrine response to noise stress

In agreement with previous studies (6, 20, 26), noise stress evoked a transient increase in
corticosterone release in vehicle-treated animals. Alterations in the basal pulse frequency
and amplitude are known to be a major factor influencing reactivity to acute stressors (20,
27, 28). The normalisation of the HPA response to stress in the 40% corticosterone animals
is in line with the return of basal pulsatile corticosterone secretion. Although adrenal weight
takes longer than 24 h to recover (15), a finding in line with the decrease in mean
corticosterone concentrations and pulse height, we conclude that the activity of the axis in
the 40% corticosterone animals appears to be very close to normal at the moment we applied
the noise stress. Thus, the half-life time of the suppression of HPA axis reactivity brought
about by 40% corticosterone pellet implantation (13) is significantly less than 24 h. This is
reminiscent of the acute effects of mineralocorticoid and glucocorticoid receptor (MR and
GR) ligands on the axis, that last in the order of hours (29-32). The absence of a HPA
response to stress in the 100% group may be attributed to any negative-feedback mechanism
because of the high concentrations of circulating steroid at the time of the stressor.
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Interestingly, during the stressor, a strong dissociation between hormonal and behavioural
stress responsiveness was observed. Our data indicate longer-lasting changes induced by
glucocorticoids in the brain even after normalisation of basal HPA axis activity. Others have
also demonstrated behavioural changes in aggression and social deficits in animals
chronically exposed to low levels of glucocorticoids (33). Using the same experimental
paradigm of corticosterone pellet implantation as employed in the present, we recently
showed that GR levels and molecular signalling in the brain remain significantly affected
after removal of the corticosterone pellets (15). However, our results may also pertain to
(m)any neurotransmitter system(s) such as the serotonergic system (34), although only few
data are available. Flattened corticosterone secretion induced by implanted corticosterone
pellets was previously found to decrease 5-HT1 A receptor expression exclusively in the rat
dentate gyrus (14) and somatodendritic 5-HT 5 autoreceptors function in the raphe nucleus
(35). Functionally, however, chronic excess of corticosterone obtained by daily injections of
the steroid, attenuated 5-HTq A receptor-induced membrane hyperpolarisation in
hippocampal CA1 neurones without affecting the 5-HT 5 receptors (36). The persistence of
these effects is not known.

With respect to the behavioural performance of high corticosterone animals, which in our
hands was remarkably similar to vehicle rats, most available data point to substantial
changes in information processing after chronic high corticosterone and stress (19, 37).
Chronic stress modulates limbic regions, such as the hippocampus and amygdala, and
influences learning and memory in both rodents and humans (38, 39), most likely as a result
of changes in the neuroarchitecture and plasticity (19, 37, 40). Chronic stress and high
glucocorticoid concentrations are known to potentiate emotionality and exploratory
behaviour in rodents (38, 41). In the present study, the 40% corticosterone group showed a
modest response to audiogenic stimulation in terms of attenuated behavioural activity (i.e.
increased sitting) and risk assessment (i.e. reduced exploration). By contrast, the 100%
corticosterone group resembles vehicle-treated animals more but showed higher
emotionality to the stressor with increased activity (i.e. increased locomotion, risk
assessment and rearing). The current design allows dissection of these different behavioural
aspects of chronic corticosterone exposure and suggests that disrupted pulsatility (40%) is
more linked to exploratory behaviour and risk assessment. How persistent these effects are
however remains to be determined, although previous studies have suggested long-term
effects of glucocorticoids on behaviour in rodents and humans (16, 17, 33). The duration of
disturbed stress responsiveness likely depends on the duration of aberrant exposure. A
parametric study of development and duration of changed responsiveness is needed before
the validity of our model in relation to long-term changes in humans can be estimated.

Retrospectively, it would certainly have been interesting to study behavioural stress
responsiveness after 7 days of pellet implantion. However, because we aimed to focus on
longer-lasting glucocorticoid effects on the brain and possible restoration of ultradian
corticosterone patterns, we chose to compare the experimental groups to vehicle. Whether
the altered stress reactivity in the 40% group after pellet removal is in fact advantageous or
detrimental is open to interpretation and may depend on the particular circumstances. The
results obtained in the present study, however, suggest that the history of HPA axis
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pulsatility of the individual has consequences for the behavioural response to stress,
emphasising the diversity in the modulatory actions of pulsatile glucocorticoid release.

Persistence of behavioural effects

In the context of differential responses to an acute stressor, either the history of
corticosterone exposure may differ (42, 43) or rapid (non)genomic effects may play a role
(44). Ultradian glucocorticoid pulses are translated into consecutive bursts of GR nuclear
translocation, DNA binding of GR and transcriptional initiation, resulting in ‘gene-pulsing’
of native transcripts (45, 46). In addition to the classic intracellular receptors that mediate
genomic responses, there is strong evidence for nongenomic (behavioural) actions of
glucocorticoids (39, 47, 48), putatively via low affinity membrane-associated MR and GR
(49, 50). In the 40% group, the profile of corticosterone secretion during the stressor did not
differ from control animals, and an explanation involving nongenomic mechanisms therefore
hinges on changed responsiveness of nongenomic effects.

Although the role or significance of glucocorticoid fluctuations is largely unknown, the
evolutionary conservation of pulsatile endocrine systems suggests important biological and
clinical consequences. In stress-related disease, there are persistent effects of changes in
basal pulse characteristics (3, 51, 52). The results obtained in the present study show a
striking parallel with data in humans. Emotional and cognitive effects are still highly
prevalent in patients with long-term cured Cushing’s disease compared to matched controls,
indicating possible irreversible effects of prolonged previous glucocorticoid excess (16, 53).
Washout after corticosterone pellet implantation may therefore constitute a model to study
these clinically relevant processes.

In conclusion, the data obtained in the present study suggest that HPA axis activity is
remarkably sensitive to changes in the pattern of corticosterone exposure and adjusts in a
reversible fashion to alterations in this pattern as long as there is no overt hypercorticism.
However, the data also indicate that normalisation of HPA activity in response to an acute
stressor does not necessarily indicate normal behavioural responses, which may need more
time to adapt. We propose that it is the pulsatile pattern rather than the absolute
concentrations of corticosterone exposure that determines subsequent responsiveness to
stress, and this has obvious implications for understanding the pathogenesis of stress-related
disease.
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Effect of subcutaneous corticosterone (Cort) pellet implantation on diurnal and ultradian
plasma corticosterone rhythms. Data represent (a) group averages (mean + SEM) and
representative individual plasma corticosterone profiles of rats implanted with (8) vehicle (n
=4), (c) 40% (n =7) and (p) 100% corticosterone pellets (n = 7). Blood samples were
collected at 10-min intervals from 07.00-10.00 h and 18.00-21.00 h on day 7 post-surgery.
Significant ultradian fluctuations in corticosterone concentrations were only detected in the
evening in vehicle-treated animals (repeated measures anova), indicating successful
flattening of ultradian pulses in 40% and 100% corticosterone pellet animals. ***Effect of
time with Bonferroni’s post-hoc test: F1 g5 ¢ = 9.1, P = 0.02. Grey bar indicates the dark

phase.
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Efgfect of previous constant corticosterone (Cort) exposure on stress-induced plasma
corticosterone release. Values are represented as mean £ SEM of plasma corticosterone
concentration measured in rats 1 day after removal of vehicle (n = 4), 40% (n = 6) or 100%
corticosterone pellets (n = 5). Blood samples were automatically collected every 20 min.
Rats were exposed to 10 min of noise stress (99 dB; hatched bar) at 06.00 h, which increased
corticosterone levels in vehicle and 40% corticosterone animals [effect of time: F(7,96) =
15.7; P < 0.001]. No difference in stress-induced corticosterone levels was observed between
vehicle and 40% corticosterone animals. Animals previously treated with 100%
corticosterone showed no significant endocrine response to the stressor as basal
concentrations were elevated (*P < 0.01; two-way repeated measures ANova and
Bonferroni’s post-hoc test).
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Beghavioural responses to 10 min of noise stress (99 dB). Behavioural changes to noise stress
are presented in 1-min bins over time in (a) locomotion (F1g 60 = 13.4; P < 0.001) (8) sitting
(F10,60 = 12.3; P < 0.001) and (c) risk assessment (F3.7.22.0 = 17.9; P < 0.001). Analysis of
interaction effect showed that in the 40% animals, the stressor induced significantly less
locomotion (Fyg 120 = 2.8; P < 0.001) and risk assessment (Fpg 120 = 1.7; P = 0.04) compared
to vehicle, indicating less total activity. Data are presented as the mean + SEM duration in
seconds per 1-min bin for vehicle (n = 6), 40% (n = 7) and 100% corticosterone (Cort) pellet
animals (n = 7). *P < 0.05 compared to vehicle as tested by two-way repeated measures
ANovA and Bonferroni’s post-hoc test.
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Table 1

Morning and Evening Area Under the Curve (AUC) and Mean Corticosterone Concentrations in Rats

Implanted with Vehicle, 40% or 100% Corticosterone Pellets.

Timeof day (h) AUC Mean corticosterone (ng/ml)
\ehicle 07.00-10.00 164 + 44 92+34
18.00-21.00 621 + 102* 36.5+13.7*
40% 07.00-10.00 342 £ 77 21.6+5.0
corticosterone  18.00-21.00 323+49 19.1+38
100% 07.00-10.00 3269 £ 570**  180.2 + 41.0**
corticosterone  18.00-21.00 3182 £501**  170.3 + 37.6**

syduosnuelA Joyiny sispun4 DA @doing ¢

syduasnuel Joyiny sispund JINd adoin3 ¢

Values represent mean + SEM of AUC and mean corticosterone concentrations in rats exposed to vehicle (n = 4), 40% (n = 7) and 100%
corticosterone pellet (n = 7) for 7 days measured in the morning (07.00-10.00) and in the evening (18.00-21.00). Two-way ANOVA (Games—
Howell post-hoc test) was used to analyse diurnal differences in AUC (F5 12 = 13.1; P < 0.001) and mean corticosterone concentrations (F5 13 =
11.9; P < 0.001). Vehicle-treated animals showed normal diurnal variation in mean corticosterone concentrations and AUC (*P < 0.05). No diurnal
differences were detected in the 40% and 100% corticosterone pellet groups. Corticosterone concentrations and AUC were significantly higher in
the 100% corticosterone-treated animals compared to morning and evening concentrations of vehicle animals (**P < 0.05).

J Neuroendocrinol. Author manuscript; available in PMC 2016 August 08.



syduosnuelA Joyiny sispun4 DA @doing ¢

syduasnuel Joyiny sispund JINd adoin3 ¢

Sarabdjitsingh et al.

Page 20

Table 2
Mean £ SEM of puLsAr Parameters Measurements of Treated Rats During 13.00-05.00 h of the Sampling
Period.
Vehicle 40% Corticosterone  100% Corticosterone

AUC 3491 +£1124 1747 +£317 13016 + 2858

Mean corticosterone (ng/ml)  47.2+140 224 +4.4* 240.8 £ 65.2

Pulse number 58+0.6 3.7x14 85+14

Pulse amplitude (ng/ml) 74.7+19.2 35.6+11.1 165.5+51.0

Pulse height (ng/ml) 91.3+20.1  49.1+11.3*% 337.0+£78.3

Pulse frequency (pulse/h) 0.59 + 0.06 0.39+0.13 0.92+0.11

Pellets from rats previously treated for 7 days with vehicle (n = 4), 40% (n = 6) or 100% corticosterone pellets (n = 6) were removed in the morning
of post-surgery day 8. PULSAR analysis only demonstrates significantly lower mean corticosterone concentrations and pulse height (*P < 0.05) in
animals treated with 40% corticosterone pellets compared to vehicle as indicated by independent Student’s t-tests. AUC, area under the curve.
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