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Chapter 6

6.1 Abstract

Maternal deprivation during the stress-hypo-responsive period (SHRP) has short- and long-term
consequences for the hypothalamic-pituitary-adrenal (HPA) axis in mice and rats. Recovery
or persistence of the neuroendocrine effects on the days following the trauma is the focus of
this study. Mouse pups were deprived from their mother on postnatal day (pnd) 3 for 24 hours,
resulting in elevated basal and stress-induced corticosterone and reduced CRH mRNA expression
in the paraventricular nucleus (PVN) of the hypothalamus. Reunion with the mother on pnd 4
suppressed basal and stress-induced corticosterone below levels of non-deprived control pups
for at least three days. ACTH was lower on pnd 5, CRH mRNA expression in the PVN was
suppressed for two days, but exceeded control levels at pnd 7 to follow the slow decline of CRH
mRNA in controls until pnd 12. GR mRNA expression in the hippocampal CA1 area showed a
developmental arrest with a delayed increase over the following days. Hippocampal MR mRNA
expression was not affected. From pnd 9 onwards, maternally deprived and control mice showed
a similar response pattern of HPA axis markers emerging from the SHRP. HPA axis markers
responded with an unexpected dynamic pattern to restore homeostasis. Since the immediate
effects of maternal deprivation are partially age-dependent, we conclude that the stage of brain
development will determine the susceptibility and the regeneration capacity of the various brain

systems to environmental disturbances.

6.2 Introduction

One of the main characteristics of the developing neuroendocrine stress system in rats and mice
is the so-called stress hypo-responsive period (SHRP). Lasting from about postnatal day (pnd) 1
to 12 in mice [6, 20] and pnd 4 to 14 in rats [12, 18, 19, 36], this period is mainly characterised by
low levels of corticosterone and a reduced corticosterone secretion in response to mild stressors.
Separating mother and pups for 24 hours (maternal deprivation) during this period results in an
activation of the hypothalamic-pituitary-adrenal (HPA) axis, expressed by elevated corticosterone
immediately after deprivation, together with an increased responsiveness of the HPA axis to mild
stress [6, 12, 17, 23, 29].

Maternal deprivation serves as an animal model to study the consequences of traumatic
early life events, which are considered risk factors for the development of mood disorders in
humans [5, 15]. Studies in rats have shown that maternal deprivation, as well as the application
of corticosteroids initiate a number of long-term changes in neuroendocrine and behavioural
systems [2, 9, 16, 27, 35]. Complex relationships with the age and duration of deprivation, as
well as on gender and strain have been reported [27 - 29, 35, 36]. There is a lack of data on stress
system (re)activity on the days subsequent to maternal deprivation that might help to understand
the long-term effects. Levine and colleagues demonstrated that once stress responsivity has been

induced by maternal deprivation, reunion with a lactating female results in suppression of a rat
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pup’s corticosterone response to novelty [17, 26], indicating the normalisation of the hormonal
response to the stress hypo-responsive state. Furthermore, the short, but daily separations of
mother and pups (+15 minutes from birth until weaning, i.e. handling) increased maternal
care and accelerated the maturation of an adult-like circadian corticosterone rhythm [1]. To
better understand the long-term effects of maternal deprivation it is essential to know how the
maternal deprivation-induced HPA axis’ (re)activity progresses on the days after the deprivation,
i.e. upon reunion with the mother. Will the immediate effects of maternal deprivation prevail,
be compensated or alleviated and what will be the dynamics of these responses? Will maternal
deprivation influence the duration of the SHRP?

We hypothesised that a single 24 hours maternal deprivation will alter the subsequent
developmental pattern of HPA axis (re)activity markers. Moreover, we expected that maternal
deprivation would not only disrupt, but also change the duration of the SHRP. In previous
experiments, we had deprived mice in the late phase of the SHRP (pnd 8 to 9) [23, 24]. Maternal
deprivation at an earlier stage of the SHRP will allow us to follow the development of the HPA
system during the SHRP more accurately within a longer time frame. Thus, we maternally
deprived CD1 mouse pups from pnd 3 to 4 and reunited them with their mother. We measured
the several markers of HPA axis (re)activity (plasma ACTH and corticosterone, hippocampal
MR and GR mRNA expression, expression of GR and CRH in the PVN) on the subsequent days

(pnd 4-13) in two separate experiments.

6.3 Materials and Methods

6.3.1 Animals

Offspring of CD1 mice (obtained from Charles River, The Netherlands) was used in this study.
After a habituation period of two weeks, three females were mated with one male in type 3
polycarbonate cages (820 cm?) containing sawdust bedding and tissue to provide nest-building
material; food (SRM-A, Hope Farms, The Netherlands) and water (containing 6% HCI) ad
libitum; lights on from 7:00 to 19:00 hours in a temperature (21 + 1°C) and humidity (55 + 5%)
controlled room. Pregnant females were individually transferred to clean type 3 polycarbonate
cages during the last week of gestation. These females were controlled for litters daily between
9:00 and 9:30 hours. If litters were found, the day of birth was defined as postnatal day 0 (= pnd
0) for that litter. On the day after parturition, pnd 1, litters were culled to eight healthy pups (four
males and four females).

All animal experiments were approved by the Local Committee for Animal Health, Ethics
and Research of Leiden University and carried out in accordance with European Communities
Council Directive 86/609/EEC. The protocols were approved by the Animal Care Committee of
the Faculty of Medicine, Leiden University (Leiden, The Netherlands).
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6.3.2 Experimental design

We studied the development of central and peripheral changes of HPA axis markers following
a 24 hours maternal deprivation at pnd 3: (Experiment I) to asses whether changes induced
by maternal deprivation remained after reunion with the mother and (Experiment II) to asses
whether maternal deprivation influenced the duration of the SHRP.

Mothers nursing litters selected for maternal deprivation were removed from their litters
and placed in clean type 3 polycarbonate cages. The home cage containing the pups was placed in
an adjacent room on a heating pad (30-33°C) to control for pup body temperature under similar
climate conditions as mentioned above. Food and water were not available for the pups during
this period. Except for litters tested at pnd 4, mothers were reunited with their pups after 24
hours and left undisturbed until testing. Control litters were left undisturbed.

Testing took place between 9:00 and 12:00 hours. On test days, four pups per nest (two
males and two females) were sacrificed immediately providing a basal sample. The remaining
pups were individually placed in a clean novel cage on a heating pad to induce novelty stress and
sacrificed 30 minutes later. Every treatment group consisted of two litters (1=8). Animals were
sacrificed by decapitation and trunk blood was collected individually in labeled 1.5 ml EDTA-
coated microcentrifuge tubes. All blood samples were kept on ice and later centrifuged for 15
minutes at 13000 rpm at 4°C. Plasma was transferred to clean, labeled 1.5 ml Eppendorf tubes.
All plasma samples were stored frozen at -20°C until determination of corticosterone and ACTH
concentrations. Whole heads (without skin and jaws) were removed, snap frozen in isopentane

on dry ice and stored at -80°C for in situ hybridisation.

6.3.3 Hormone analysis

Plasma corticosterone and ACTH levels were measured using a commercially available radio
immunoassay (RIA) kit containing '*lodine labelled corticosterone or ACTH, respectively (ICN
Biomedicals Inc., CA, USA). Corticosterone concentrations were determined in duplicate from
an extended standard curve (0, 12.5, 25, 50, 100, 250, 500, 1000 ng corticosterone/ml). Vials
for either RIA were counted for 2 minutes in a gamma-scintillation counter (Packard Minaxi

Gamma counter, Series 5000).

6.3.4 In situ hybridisation
Deprived and control animals from the basal condition only were used for in situ hybridisation.
Frozen brains were sectioned at -20°C in a cryostat microtome at 16 um in the coronal plane
through the level of the hypothalamic paraventricular nucleus (PVN) and dorsal hippocampus.
Sections were thaw-mounted on 0.01% poly-L-lysine coated slides, air dried and kept at -80°C.
In situ hybridisations using **Sulphur labelled ribonucleotide probes for corticotrophin
releasing hormone (CRH), glucocorticoid receptor (GR) and mineralocorticoid receptor (MR)
were, with some adaptations, performed as described previously [14]. Briefly, sections were fixed

in 4% paraformaldehyde/0.5% glutaraldehyde and acetylated in 0.25% acetic anhydride in 0.1 M
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triethanolamine/HCI. Subsequently, brain sections were dehydrated in increasing concentrations
of alcohol. The probes contained the full length coding regions of CRH (rat), GR and MR (mouse).
The antisense probes were transcribed from a linearised plasmid. Tissue sections were saturated
with 100 pl hybridisation buffer containing 20 mM Tris-HCI (pH 7.4), 50% formamide, 300 mM
NaCl, 1 mM EDTA (pH 8.0), 1x Deinhardt's, 250 pg/ml yeast transfer RNA, 250 pl/ml total RNA,
10 mg/ml fish sperm DNA, 10% dextran sulfate, 100 mM dithiothreitol, 0.1% SDS, 0.1% sodium
thiosulfate and supplemented with approximately 1.5 x 10° cpm *Sulphur labelled riboprobe.
Brain sections were cover slipped and incubated overnight at 55°C. The next day, sections were
rinsed in 2x SSC, treated with RNase A (20 mg/l) and washed in increasingly stringent SSC
solutions at room temperature. Finally, sections were washed in 0.1x SSC for 30 minutes at 65°C
and dehydrated through increasing concentrations of alcohol. Slides were opposed to Kodak
Biomax MR film (Eastman Kodak Co., Rochester, NY) and developed.

Autoradiographs were digitised and relative levels of mRNA expression were determined by
computer-assisted optical densitometry (analySIS 3.1, Soft Imaging System GmbH). The average

density of 4 measurements was taken for each animal.

6.3.5 Statistical analysis

Data were analysed by analysis of variance (ANOVA) with TREATMENT (control or deprivation),
AGE (for experiment I: pnds 4, 5, 6 or 7; for experiment II: pnds 4, 7, 8, 9, 10, 11, 12 and 13) and
TIME (exposure to novel environment for 0 or 30 minutes) as fixed factors. Thelevel of significance
was set at P<0.05. When appropriate this was followed by Tukey’s post hoc comparisons. After
determination that there were no differences between sexes, data were collapsed across this

variable. All data are presented as mean + S.E.M.

6.4 Results

6.4.1 Experiment I To asses whether changes induced by maternal deprivation will remain after
reunion with the mother, pups were tested for their HPA axis (re)activity at pnds 4, 5, 6 and 7.

6.4.1.1 Corticosterone (Figure 6.1)

Maternal deprivation affected corticosterone secretion dependent on the age of testing (interaction
treatment x age: F(3,159)43.48, P<0.001). At pnd 4 immediately after maternal deprivation we
observed elevated basal corticosterone concentrations (P<0.05), though 30 minutes of exposure
to a novel environment did not further increase the circulating corticosterone level. At pnd 5 basal
corticosterone concentrations were lower than those observed for control animals (P<0.05) and
pups showed no corticosterone response to novelty. Moreover, deprived animals did not recover
from this suppression of (re)activity during the following two days (pnds 6 and 7). Control animals
had low basal corticosterone levels and even showed a slight, but statistically significant increase

in response to novelty. However, the maternal deprivation induced corticosterone increase at pnd
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Figure 6.1

Basal and stress-induced plasma corticosterone levels in control and deprived mouse pups at four postnatal days
after maternal deprivation. Data represent mean + S.E.M., * P<0.05 significant from control animals at the same
day and treatment group, * P<0.05 significant from basal animals within the same treatment group.

4 exceeded the novelty-induced increase in the control group.

6.4.1.2 ACTH

Maternal deprivation influenced ACTH release (treatment: F(1,144)8.59, P<0.01). Post hoc analyses
revealed that at pnd 5 basal ACTH concentrations of the deprived group were below control
values (ACTH in pg/ml; control 28.74 +1.07; deprived 22.52 +1.00). Basal ACTH concentrations
at pnds 4, 6 and 7 and stress-induced ACTH concentrations at pnds 4, 5, 6 and 7 were not affected

by maternal deprivation. Control animals did not show ACTH responses to novelty.

6.4.1.3 CRH mRNA expression in PVN (Figure 6.2)

Maternal deprivation significantly affected CRH mRNA expression in the PVN (treatment:
F(1,73)29.23, P<0.001), dependent on the age of testing (interaction treatment x age: F(3,73)25.62,
P<0.001). Post hoc analysis revealed that after maternal deprivation CRH expression was reduced
by more than 50% at pnds 4 and 5, restored to control expression again at pnd 6 and exceeded
controls at pnd 7. Throughout these four days, CRH mRNA expression in control animals

remained unchanged.

6.4.1.4 GR mRNA expression in PVN and hippocampus (Figure 6.3)
GRmRNA expressioninthe PVN (A) was affected by maternal deprivation (treatment: F(1,73)8.61,
P<0.01) and dependent on the age of testing (interaction treatment x age: F(3,73)6.45, P<0.01).
GR mRNA expression was lower in deprived animals on pnd 4; from pnd 5 onwards, GR mRNA
expression recovered to the same levels as observed in control animals. Expression in control
animals remained constant.

At this age GR mRNA expression can only be measured in the CAl subfield of the
hippocampus. In the CA3 and the dentate gyrus subfields GR mRNA expression is below the
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Figure 6.2

Basal expression levels of CRH mRNA in the paraventricular nucleus of the hypothalamus (PVN) for control and
deprived mouse pups at four postnatal days after maternal deprivation. Data represent mean + S.E.M., * P<0.05
significant from control animals at the same day.
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Figure 6.3

Basal expression levels of GR mRNA in the paraventricular nucleus of the hypothalamus (PVN) (A) and the CA1
area of the hippocampus (B) for control and deprived mouse pups at four postnatal days after maternal deprivation.
Data represent mean + S.E.M., * P<0.05 significant from control animals at the same day.
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Table 6.1: Basal expression levels of MR mRNA in the CAl, CA2, CA3-4 and dentate gyrus (DG) area of the
hippocampus for control and deprived mouse pups at postnatal days (pnd) 4 to 7 after maternal deprivation.

Age (pnd) 4 5 6 7
Control animals:
CAl 31.0 £1.9 28.6 £1.2 29.44 £1.3 30.0 £1.6
CA2 88.2 £2.9 89.4 +1.3 88.1 £2.4 88.7 £3.8
CA3-4 55.4 £2.2 54.0 £0.4 53.3 £2.8 48.7 £2.0
DG 57.6 £2.0 58.6 +0.3 61.6 +3.2 67.7 +2.7
Deprived animals:
CAl 29.5 £1.1 31.6 £0.5 33.4 £2.1 33.2 1.4
CA2 83.8 £2.6 86.7 £2.2 87.8 £2.5 86.5 4.1
CA3-4 54.2 £1.7 53.6 £2.4 56.7 £2.2 55.1 £2.2
DG 56.7 £1.8 59.3 +4.1 70.1 +4.5 73.5 £1.9

Data are arbitrary units of mRNA expression and represent mean + S.E.M. Bold indicates a significant increase in
expression with age (P<0.05).

detection limit. ANOVA revealed that maternal deprivation significantly affected GR expression
development in the CAl area (treatment: F(1,79)8.17, P<0.001). Control and deprived groups
showed a gradual increase in GR mRNA expression with age (age: F(3,32)13.97, P<0.001) (B).
Post hoc analysis revealed that deprived animals had comparable expression levels immediate
after maternal deprivation at pnd 4. On pnd 5, expression was significantly lower in deprived
animals (P=0.03). This difference in expression gradually decreased during the next two days
(pnd 6: P=0.09; pnd 7: P=0.18).

6.4.1.5 MR mRNA expression in hippocampus (Table 6.1)

MR mRNA expression was measured in the CAl, CA2 and CA3-4 areas and the dentate gyrus
of the hippocampus. In both control and deprived animals the expression in the CA1, CA2 and
CA3-4 area of the hippocampus remained constant throughout these four days of testing and
maternal deprivation did not affect the expression of MR mRNA in these areas. MR mRNA
expression in the dentate gyrus gradually, but significantly increased with age in both control
(F(3,32)3.52, P<0.05) and deprived animals (F(3,32)6.96, P<0.01).

6.4.2 Experiment II: To asses whether maternal deprivation influences the duration of the SHRP,
pups were tested for their peripheral HPA axis (re)activity at pnds 4,7, 8,9, 10, 11, 12 and 13. Pups
were also tested for those central HPA axis markers that still showed a treatment effect four days
after reunion (experiment I: CRH mRNA in the PVN, GR mRNA in the hippocampus).

6.4.2.1 Corticosterone (Figure 6.4)

As expected maternal deprivation affected corticosterone secretion, but this was dependent on the
age of testing (interaction treatment x age: F(7,198)4.69, P<0.001). At pnd 4 maternal deprivation
resulted in elevated basal corticosterone concentrations (P<0.05) and 30 minutes of novelty
further increased the circulating corticosterone levels (P<0.05). At pnd 7 basal corticosterone

concentrations were comparable to those observed for control animals. At that time there was
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Figure 6.4

Basal and stress-induced plasma corticosterone levels in both control and deprived mouse pups at postnatal days
4 and 7 to 13 after maternal deprivation at pnd 3. Data represent mean + S.E.M., * P<0.05 significant from control
animals at the same day and treatment group, # P<0.05 significant from basal animals within the same treatment

group.

no corticosterone response to novelty in either control or deprived animals. The emergence
of the HPA axis from the SHRP was only affected by age (F(7,198)69.88, P<0.001) and time
(F(1,198)129.79, P<0.001) and an interaction between these two factors (age x time: F(7,198)26.16,
P<0.001). Maternal deprivation had no effect. From pnd 9 onwards 30 minutes of isolated novelty
exposure significantly increased circulating corticosterone levels (P<0.05) in both control and
deprived animals. Furthermore, basal and novelty-induced corticosterone levels were comparable

between the two treatment groups and gradually increased with age.
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Figure 6.5

Basal and stress-induced plasma ACTH levels in both control and deprived mouse pups at postnatal days 4 and 7 to
13 after maternal deprivation at postnatal day 3. Data represent mean + S.E.M., * P<0.05 significant from control
animals at the same day and treatment group, # P<0.05 significant from basal animals within the same treatment

group.
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6.4.2.2 ACTH (Figure 6.5)

Similar as observed for corticosterone, ACTH release was not influenced by treatment, but only
by age (F(7,198)17.41, P<0.001), time (F(1,198)36.71, P<0.001) and an interaction between these
two factors (interaction age x time: F(7,198)6.98, P<0.001). Post hoc analyses revealed that basal
ACTH levels were increased immediately after maternal deprivation at pnd 4 (P<0.05). Thirty
minutes novelty did not further increase these levels. At pnds 7 and 8 basal and stress-induced
ACTH was comparable between control and deprived animals. At pnd 9 a novel environment
significantly increased ACTH in control animals only (P<0.05). For deprived animals basal levels
were significantly lower compared to controls at pnd 10 (P<0.05) and novelty was able to induce
a response (P<0.05). From pnd 11 onwards 30 minutes of isolated novelty significantly increased
circulating ACTH concentrations (P<0.05) in both control and deprived animals. Furthermore,

novelty-induced ACTH concentrations gradually increased with age in either treatment group.

6.4.2.3 CRH mRNA expression in PVN (Figure 6.6)

Maternal deprivation affected CRH mRNA expression in the PVN, dependent on the age of testing
(interaction treatment x age: F(7,102)10.42, P<0.001). At pnd 4 CRH expression was significantly
reduced by more than 50% (P<0.01), whereas it was increased by about 25% at pnds 7 and 8
(P<0.05). From pnd 9 onwards, CRH mRNA expression of control animals started to decline. At
this same age CRH mRNA expression of deprived animals declined, but at a faster rate, reaching
control values at pnd 11. From pnds 11 to 13 expression levels remained comparable between all

animals tested.

6.4.2.4 GR mRNA expression in hippocampus
Due to technical problems the in situ hybridisations could not be performed successfully and,

unfortunately, therefore all sectioned brain material was lost.
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Figure 6.6

Basal expression levels of CRH mRNA in the paraventricular nucleus of the hypothalamus (PVN) for control and
deprived mouse pups at postnatal days 4 and 7 to 13 after maternal deprivation at postnatal day 3. Data represent
mean * S.E.M., * P<0.05 significant from control animals at the same day.
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6.5 Discussion

A single 24 hours maternal deprivation at pnd 3 has direct consequences for and changes the
developmental pattern of the activity and reactivity of the glucocorticoid-related stress system.
The duration of the stress hypo-responsive period (SHRP) remained comparable to control mice.
Deprivation from and reunion with the mother were accompanied by characteristic changes
of HPA axis markers with different recovery patterns over time. The direct effects of maternal
deprivation are partly in accordance with findings of other maternal deprivation studies in rats
and mice, but differ in some aspects. Novel are the data of the developmental patterns of distinct

HPA axis activity markers after reunion with the mother.

6.5.1 Direct effects of maternal deprivation

The elevation of basal corticosterone and the increased corticosterone response to novelty directly
after deprivation are in line with other maternal deprivation studies in rats and mice [6, 13,
17, 23, 25, 29]. Also the lower expression of CRH and GR mRNA in the PVN corresponds to
other data [8, 23, 24, 33]. In a simplistic picture of HPA axis regulation, increased corticosterone
should be accompanied by increased ACTH. However, the two hormones need not coincide in
time. That basal and stress-induced ACTH were apparently not affected by maternal deprivation
at pnd 3 is in contradiction to the results of maternal deprivation on pnd 8 [23]. This might
be an age-dependent effect, however, other explanations seem reasonable as well. First, in the
pnd 8 study [23], the peak response of ACTH was at 10 minutes and had returned to baseline
at 30 minutes. Thus, we might have missed the peak by measuring ACTH at the 30 minutes
time point. Secondly, we previously also suggested a decreased expression or processing of the
ACTH precursor pro-opiomelanocortin (POMC) [22, 23]. While maternal deprivation did not
affect ACTH concentrations whereas corticosterone was increased, an enhancement of adrenal
sensitivity appears to be the most likely explanation [13, 17, 23, 25, 26]. The reduced expression of
CRH and GR mRNA is either a consequence of high corticosterone exposure [7, 18], but may also
be a compensatory response to control and reduce further corticosterone secretion.

Compared to GR mRNA, that during the SHRP was only detectable in the CA1 area of the
hippocampus in the mouse, MR mRNA expression was much stronger and clearly expressed
in all hippocampal areas and throughout the SHRP [20]. However, neither GR nor MR mRNA
expressions in the hippocampus were changed after 24 hours of maternal deprivation, while both
were lower in the pnd 8 study [23, 24]. On pnd 3, expression of GRmRNA in the CA1 was 50%
lower than on pnd 8 [20] and may be not sensitive to further downregulation. Similarly, MR
mRNA expression was not affected in any of the hippocampal subregions, whereas maternal
deprivation induced a specific downregulation of MR mRNA expression in the CA2 area at
pnd 8 [23, 24]. Interestingly, Vazquez et al. [34] reported a similar age-related effect in rats: the
downregulation of hippocampal MR mRNA occurred in rats deprived late, but not early during
the SHRP.
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Some of the direct effects appear to be consistent across species and age. However, from
long-term effects of maternal deprivation we know the complex relation to the age of the pups at
deprivation [29, 30, Chapter 5]. Here, we showed that also direct effects of maternal deprivation
are age-dependent. The state of maturation of the brain and the HPA axis specifically might

underlie this differential responsiveness and contribute to the altered phenotype in adulthood.

6.5.2 HPA axis development after reunion

After reunion with their mother the deprived pups no longer responded to a novelty challenge.
Maternalbehaviour regulates the responsiveness of the pup’s HPA axis. Thishasbeen demonstrated
first in maternally deprived rat pups, where ACTH-induced corticosterone elevations persisted
for at least 2 hours following reunion, but had returned to baseline after 6 hours [17, 26]. Already
after 24 hours of reunion, basal corticosterone was below those of control animals and the novelty-
induced corticosterone secretion was even more suppressed than in control animals (experiment
I: pnds 5, 6 and 7), while basal and stress-induced ACTH were reduced at pnd 5 and remained
comparable to control mice from pnd 6 onwards. These findings point towards a sustained lower
adrenal sensitivity. Since adrenal sensitivity is controlled by a sympathetic influence via the
splanchic nerve, alterations in this system could explain the lower adrenal sensitivity to ACTH
(3,4, 11].

The developmental pattern of central components of the HPA axis on the consecutive days
following maternal deprivation showed an unexpected variable pattern. CRH mRNA expression
in the PVN was decreased immediately after deprivation and remained at less than 50% of the
original expression for at least 24 hours following reunion of mother and pups. At pnd 6, 48
hours after reunion of the pups with their mother, CRH mRNA was upregulated to the level of
controls. Surprisingly, at pnd 7 CRH mRNA expression superseded control levels and remained
higher than controls until pnd 11. Then it caught up with the normal developmental pattern: a
gradual reduction of CRH mRNA expression that started in control mice at pnd 8. Because CRH
stimulates ACTH release from the pituitary [9, 18, 32], this temporarily increased expression
in deprived animals might have enhanced the basal drive of the HPA axis to eventually restore
plasma corticosterone concentrations. However, also low circulating corticosterone could be
permissive in this respect, reducing negative feedback via the GR in the PVN and hence allowing
CRH mRNA expression levels to increase [7, 18].

Maternal deprivation at pnd 3 resulted in a reduced GR mRNA expression in the PVN
at pnd 4 that was returned to control values 24 hours following reunion (pnd 5). CRH mRNA
expression only recovered after two days, suggesting that alternative or additional mechanisms are
of influence, such as indirect regulation via hippocampal MR and GR [7, 10]. Expression of these
two receptors was reduced by high corticosterone concentrations in adult rats [2, 9] and following
maternal deprivation [23, 24, 28]. GR mRNA expression in CA1 gradually increased with age.

We did not find changes directly after maternal deprivation, but the developmental increase of
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GR mRNA was arrested on day 5. Although, GR mRNA expression gradually increased again, it
remained behind the levels measured in control animals until at least pnd 7. In early adolescence
(pnd 28) GR mRNA expression in the hippocampus of deprived mice was still below control
animals [Chapter 5]. Unfortunately, we were not able to measure GR mRNA for pnds 8 to 13 to
determine if GR mRNA in deprived mice would catch up with control mice or had an oscillating

pattern over time.

6.5.3 Emerging from the SHRP

Maternal deprivation did not affect the duration of the SHRP that is defined by pituitary and
adrenal responsiveness to stress. Both deprived and control animals started to emerge from the
SHRP from pnd 9 onwards. We showed for the first time that this is a gradual process and that
HPA axis responsiveness is not induced abruptly. Furthermore, CRH mRNA in the PVN was
high during the SHRP and about 50% lower thereafter. Here we demonstrate, that the decrease
in CRH mRNA expression is also a gradual process in contrast to the impression of our previous
study [20]. Each component of the HPA axis follows its own developmental pattern. The question
remains, which genetic program(s) and changes in the brain around pnd 9 cause the (gradual)

activation of the HPA axis resulting in increased ACTH and corticosterone responses to stress.

6.5.4 Apparent discrepancies

In experiment I, ACTH concentrations immediately after maternal deprivation at pnd 4 were
similar to those observed for control animals, which is also seen in rats [31, 34]. Surprisingly, at
pnd 5 and 24 hours after reunion with the mother basal ACTH was lower than in control animals.
Experiment II revealed that ACTH was elevated directly after deprivation at pnd 4, similar to the
results of pnd 8 deprived mice [23]. One reason for these contradictory findings is a possible
rebound effect. Schmidt et al. [21] demonstrated that during 24 hours of maternal deprivation
at pnd 8 ACTH concentrations increased significantly between 8 and 12 hours, but thereafter
decreased again to approximately control levels. With 8 hours of maternal deprivation at pnd 3
we observed that ACTH was increased [Chapter 2]. Concomitantly, the variation in ACTH levels
found at pnd 4 can be explained by measuring at a break-even point towards decreasing levels at
pnd 5. Whether the observed lower ACTH concentrations on pnd 5 are caused by depletion of
readily available ACTH or due to active maternal behaviour suppressing ACTH release from the
pituitary remains to be investigated. These data underline again that maternal deprivation has a

strong impact on development with an up to now unknown time frame.

6.5.5 Conclusions

The immediate effects of maternal deprivation on pnd 3 partly resemble those observed for
maternal deprivation at pnd 8. Differences are the absence of changes in hippocampal MR and
GR mRNA expression. GR mRNA shows a delayed maturation pattern rather than an immediate
reduction of expression. Most of the robust effects on central HPA axis parameters gradually

re-adjust during the following days, returning to control levels each at its own pace. Since the
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immediate effects of maternal deprivation are partially age-dependent, we conclude that the

stage of brain development will determine the susceptibility and the regeneration capacity of the

various brain systems to environmental disturbances. Whether this is a specific characteristic of

mouse genetics and which part of the maternal behaviour contributes to the recovery processes

remains to be elucidated.
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