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ABSTRACT

ABSTRACT

Since their first use in 1972 by Liggins and Howie, prenatal exposure to synthetic
glucocorticoids (GC), such as dexamethasone (DEX), is commonplace in antenatal medicine

to impede the preterm birth associated morbid symptoms (e.g. respiratory distress

syndrome). GCare natural ligands of the glucocorticoid receptor (GR), a member of the

nuclear receptor family, that upon binding dimmerizes, translocates to the nucleus and

modulates transcription of gene expressing a glucocorticoid response element in their

promoter. In 1995, the American National Institute of Health endorsed the use of prenatal
synthetic GC. This decision was reviewed in 2001, based on the frequent use of repeated
treatment in clinics, with emphasis on the dire need of additional assessment of potentially
harmful long-term effects of such treatment. Similarly to prenatal GC exposure, prenatal
stress results in GRactivation, through the increase of endogenous GC (corticosterone in

rats and Cortisol in primates). In his foetal origin theory, Barker associated prenatal insults

(such as malnutrition) with increased risk of adulthood physiological diseases (such as

cardiovascular diseases and type II diabetes). In addition, prenatal insults were associated

with increased risk of psychiatric diseases, in particular schizophrenia and depression. The

different prenatal insults reported to be associated with adult physiological or psychiatric
diseases share all in common a period of chronic exposure to stress, thereby to GCand the

consequent GRactivation. Prenatal stress was itself associated in experimental studies with

several symptoms of these diseases. Prenatal stress was also associated with retardation of

neuromotor development in rat pups and impairment in motor functioning in infant

monkeys. The current hypothesis for the mediating mechanism of these long-term effects is

foetal programming of the GR, which is the setting up of its adulthood expression level

based on the availability of its ligand during prenatal development.
Based on these clinical and experimental associations between prenatal GRactivation

and adulthood increased risk of diseases, we designed the present study, which aimed at

assessing paradigms that tax the biobehavioural processes relevant to schizophrenia,
depression and motor dexterity in Wistar rats and marmoset monkeys. The use of two

animal species increased the translational value of this study. In Chapters 1 and 2, we

exposed pregnant rat during the last third of pregnancy to 0.1 mgkg"1 d"1 DEXadministered

orally, and their offspring were the subjects of the study. At birth we performed cross-

fostering of the whole litter, based on the reported potential alteration of maternal behaviour

in dam exposed to DEXduring gestation. In Chapter 1, these offspring were tested during
adulthood in prepulse inhibition and latent inhibition, two animal models of schizophrenia.
Wedid not observe any effect of prenatal treatment on adult offspring performance in these

tests. In Chapter 2, these offspring were tested in three animal models of depression:
progressive ratio schedule of reinforcement, forced swim test and unconditioned stimulus

pre-exposition in the active avoidance procedure. Additionally, adult performance in the

Morris water maze and basal and challenged hypothalamo-pituitary-adrenal gland (HPA) axis

endocrine activity was measured. There were no effects of prenatal treatment in adult

offspring performance in the three tests constituting animal models of depression. Offspring
reared by a DEXdam, irrespective of their prenatal condition, showed impairment in both

reference and working memory in the water maze. The basal HPAaxis circadian activity was

disrupted as expressed by ACTHin male rats exposed prenatally to DEX. When challenged
by a restraint stress, male offspring exposed to prenatal DEXshowed enhanced ACTHand

corticosterone response. In Chapters 3 and 4, subjects were offspring of pregnant
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marmosets were exposed to 5 mg kg"1 d"1 DEXduring cither the early (EDEX, gestational
day 42-48) or late (LDEX, GD90-96) phase of pregnancy. In Chapter 3, these offspring
were monitored for physical, endocrine and home cage social development. EDEXoffspring
showed a transient increase of body weight at month 3, which co-occurred with an increase

in eating solid food, mobile state, exhibiting solitary play and tail hair pilo-erection. In

Chapter 4, these infants were tested in an adaptation of the skilled reaching task originally
developed for rodents. Both EDEXand LDEX infants showed deficits in motor dexterity,
with EDEXhaving delayed improvement of performance with experience, whereas LDEX

failed to show improvement with experience.
The absence of a direct link between prenatal DEXand several animal models for both

schizophrenia and depression is encouraging. Nevertheless, the programming of HPA

endocrine activity following prenatal DEX, the existence of indirect effect of this treatment

mediated by altered maternal behaviours and the impairment observed in motor dexterity

suggest that this prenatal treatment is not without consequences in adulthood.
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RESUME

Depuis leur première utilisation en 1972 par Liggins et Howie, le traitement prénatal à

l'aide de glucocorticoïdes (GC) synthétiques, tel que la dexamethasone (DEX), est

communément appliqué dans la médecine anténatale afin de prévenir les symptômes
morbides associés à la naissance prématurée (ex : le syndrome de détresse respiratoire du

nouveau-né). Les GCsont des ligands naturels des récepteurs aux glucocorticoïdes (GR), un

membre de la famille des récepteurs nucléaires qui, lors de l'association avec leur ligand,
dimèrise, migre dans le noyau et y module la transcription des gènes exprimant dans leur

promoteur l'élément de réponse aux glucocorticoïdes. En 1995, le "American National

Institute of Health" approuva le traitement prénatal avec les GC. Cette décision fut révisée

en 2001, au vue de la fréquente utilisation de traitement répété en clinique, en insistant sur le

besoin de recherches supplémentaires concernant les potentiels effets indésirables à long
terme d'un tel traitement. Similairement à l'exposition prénatale aux GC, le stress prénatal
aboutit à l'activation des GR à travers l'augmentation des GC endogènes (corticostéronc
chez le rat et Cortisol chez les primates). Dans sa théorie de l'origine fœtale, Barker associe

les dommages prénataux (dus par exemple à la malnutrition) avec une augmentation des

risques de développement de maladies physiologiques à l'âge adulte (par exemple les

maladies cardiovasculaires et le diabètes de type II). De surcroît, les dommages prénataux
ont été associés avec une augmentation des risques de développement de maladies

psychiatriques, en particulier la schizophrénie et la dépression. Les différents types de

dommages prénataux associé avec ces augmentations de risque de développement de

maladies physiologiques ou psychiatriques à l'âge adulte partagent tous en commun une

période d'exposition à un stress chronique, résultant en une augmentation des GC

endogènes et par conséquence en une activation des GR. L'exposition au stress prénatal a

aussi été associé avec une retardation du développement moteur dans les nouveau-nés rats et

avec un handicap des fonctions motrices infantiles chez le singe. L'hypothèse actuelle

concernant la médiation de ces effets à long terme est la programmation fœtale des GRqui
est l'établissement de leurs niveaux d'expression adulte basé sur la présence de leurs ligands
durant le développement prénatal.

En se basant sur l'associations dans la recherche clinique de l'activation prénatale des GR

avec l'augmentation des risques à l'âge adulte de développement des maladies, nous avons

imaginé cette étude qui vise à mesurer des modèles se basant sur des processus bio¬

comportementaux relevant de la schizophrénie, la dépression et la dextérité motrice dans le

rat Wistar et le ouistiti à toupet blanc. L'utilisation des 2 espèces animales augmente la valeur

de transfert de cette étude. Dans les Chapitres 1 et 2, nous avons traité oralement des rattes

enceintes avec 0.1 mg kg"1 d"1 DEXdurant le troisième trimestre de la grossesse et utilisé

leurs enfants comme sujets expérimentaux de l'étude. Suite aux démonstrations d'effets du

traitement à la DEXdurant la grossesse sur le comportement maternel, nous avons appliqué
une procédure d'adoption croisée de toute la litière à la naissance. Dans le Chapitre 1, cette

progéniture fut testée à l'âge adulte dans les tests de "prepulse inhibition" et de "latent

inhibition", deux modèles animaux de la schizophrénie. A l'âge adulte, nous n'avons pas
observé d'effets sur la performance dans ces tests dus au traitement prénatal des sujets. Dans

le Chapitre 2, ces rats furent testés dans trois modèles animaux de dépression : "progressive
ratio schedule of reinforcement", "forced swim test" et "unconditioned stimulus pre-

exposition in the active avoidance procedure". De plus, nous avons mesuré la performance à

l'âge adulte de ces rats dans le labyrinthe aquatique de Morris et leurs activités endocrines
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basales et suite à un stress de l'axe hypothalamus-hypophyse-glande surrénale (HPA). Le

traitement prénatal n'a pas d'effet sur la performance adulte des rats dans les trois tests

utilisés commemodèles animaux de la dépression. Les rats élevés par des mères traitées à la

DEX durant la grossesse, indépendamment du traitement prénatal, montrèrent un déficit

dans la mémoire de travail et la mémoire spatiale testées dans le labyrinthe aquatique.
L'activité circadienne basale de l'ACTII de l'axe HPA fut dérégulée chez les rats mâles

exposés prénatallement à la DEX. Suite à un stress de contrainte physique, les rats mâles

exposés prénatallement à la DEXeurent une augmentation de la réponse de l'ACTH et de la

corticostérone. Dans les Chapitres 3 et 4, les sujets furent les enfants de femelles ouistitis à

toupet blanc enceintes exposées à 5 mg kg* d' durant soit une phase précoce (EDEX, jours
de gestations 42-48) soit durant une phase tardive (LDEX, JG 90-96) de la grossesse. Dans le

Chapitre 3, le développement physique, endocrinien et de l'activité sociale dans leurs cages

de ces enfants furent observés. Les enfants EDEXont montré une augmentation du poids
au troisième mois qui survint parallèlement à une augmentation de la prise de nourriture

solide, d'une posture mobile, d'une activité ludique solitaire et d'une pilo-érection des poils
de la queue. Dans le Chapitre 4, ces enfants furent testés dans l'adaptation au ouistiti du test

d'habilité "skilled reaching task", développé originellement pour les rongeurs. Les enfants

EDEXet LDEXfirent preuve de déficits de dextérité motrice, les enfants EDEXont eu un

délai dans l'amélioration de leur performance suite à l'entrainement, tandis que les enfants

LDEXne montrèrent aucune augmentation de leur performance avec l'entrainement.

L'absence de liens directs entre le traitement prénatal à la DEX et plusieurs modèles

animaux de la schizophrénie et de la dépression est encourageant. Néanmoins, la

programmation de l'activité endocrinienne de l'axe HPA suite au traitement prénatal à la

DEX, l'existence d'effets indirects transmis par l'altération du comportement maternel et les

deficits de performances motrices suggère que ce traitement prénatal n'est pas sans

conséquences chez l'adulte.
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GENERALINTRODUCTION

1. Introductory remarks

Since their first use in 1972 by Liggins and Howie (1), synthetic glucocorticoids (GC) are

commonly used in prenatal medicine to prophylactically impede the preterm delivery
associated morbid symptoms (e.g. respiratory distress syndrome and intraventricular

haemorrhage). This treatment has been associated with increased survival rate of infants and

has received support from the American National Institute of Health (NIH) (2). The efficacy
of this treatment has been observed for birth occurring within 7 days post treatment (3);
consequently, it is commonpractice in clinics to use rescue treatment when delivery does not

occur within the 7 days following the first treatment. This repeated exposure to synthetic GC

has been questioned in regard of its clinical validity and of the increased risk of long-term
neurobehavioural effects it could yield on the offspring. In 2001, the NIH updated the 1995

consensus focusing on the use of repeated course. One of the conclusions of the 2001

update was that: "Animal studies should evaluate the pathophysiologic and metabolic

mechanisms of potential benefits and risks, including the effects of repeat corticosteroids on

central nervous system myelination and brain development" (4). While the short-term effects

of prenatal synthetic GCexposure have been thoroughly studied, there are only few reports
of long-term studies. Those existing long-term studies have focused on physical growth and

endocrine systems, in particular the HPA. Clearly there is a need for follow-up behavioural

studies.

The GCacts through activation of nuclear receptors that regulate transcription of target

genes, the glucocorticoid receptors (GR). GRmediate stress response and are expressed
ubiquitously in the brain, with high expression reported in specific areas, such as

hippocampus and hypothalamus. This regulation of transcription is a relatively fast process
that cannot mediate the long-term effects occurring months, or even years, after the

treatment. The mediating mechanism for these long-term effects has been proposed to be

prenatal programming of GR. Foetal or prenatal programming is the set up of an adult

phenotype based on early developmental signals, in the case of GR, it is the setup of

adulthood GR expression level based on the availability of GR ligand during foetal

development. Many systems have been shown to undergo prenatal programming, e.g. HPA

axis. The alteration of these systems in adulthood might affect dependent behaviours such as

anxiety and learning. Interest in foetal programming was renewed by the "Barker"

developmental theory (5), which hypothesizes that some adulthood diseases partly originate
from foetal development. This theory has been extended to psychiatric diseases, including
schizophrenia (6) and depression (7) for which prenatal stress has been suggested as a main

factor. Thus, the aforementioned prenatal GCtreatment requires further study of potential
long-term harmful effects, especially in regards to the neurodevelopmental hypothesis of

psychiatric diseases.

The species used in studies assessing the effects of prenatal GCranged from rodents

(e.g. mice) to primates (e.g. baboons). These species evolved separately and, although they
might share many similarities (e.g. placentation, social life, warm blood), they can also

present fundamental differences (e.g. night vs day active, complexity of the brain cortex). In

regard to the differences in neuronal development between species, the recently published
model by Finlay and Darlington (8, 9), in which the authors propose that there is a highly
conserved neurodevelopmental sequence across mammals, suggests that these differences

are not as important as initially thought. In addition to these purely natural differences, the

readers need to keep in mind practical differences. Rats are relatively small and easy to
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handle, whereas primates are bigger and less habituated to both man presence and handling.
Therefore in this study, we decided to use both rats and marmoset monkeys. Marmosets are

small-bodied primates, that share several advantages of rodents, but conserve specificity of

primates (e.g. precocial, complex social environment). We assessed the effects of prenatal
GCon physical, endocrine and behavioural development in these 2 species. The use of both

species enable a higher translational value of the potential findings of the study, and provide
the first behavioural assessment of long-term effect of prenatal GC exposure in a non-

human primate.

2. Stress, corticosteroids, receptors and development

2.1 The hypothalamo-pituitary-adrenal gland axis

The main role of the HPAaxis is to maintain the organism homeostasis. Tt is composed
of the paraventricular nucleus of the hypothalamus (PVN) and the anterior pituitary gland,
both in the diencephale; and of the adrenal, which is a small pyramidal gland attached on top
of the kidneys (see fig. 1). The hypothalamus is the HPAaxis integration centre, receiving
inputs from higher brain areas and systemic physiological and hormonal feedback. Under

stimulation, neurosecretory cells of the PVN synthesize and release the 41-amino-acid

peptide corticotropin-rclcasing hormone (CRH, also known as corticotrophin-rcleasing
factor and corticoliberin) and its cosccrctagoge vasporessin in the anterior pituitary capillary
blood circulation, called the portal blood vessels. CRHinduces in pituitary target cells release

of adrenocorticotropic hormone (ACTH), which is derived from a large precursor molecule

pro-opiomelanocortin (POMC) that is cleaved by the action of specific peptidase enzymes.

Whilst POMCcan give rise to numerous hormones, including opioid peptides and

melanocyte stimulating hormone, the main product of POMCcleavage in the corticotropes
is ACTH. After secretion, ACTH reaches and stimulates the adrenal gland, which is

anatomically divided in two: the adrenal medulla at the centre surrounded by the three layer
adrenal cortex. The adrenal medulla is stimulated by activation of the sympathetic branch of

the autonomic nervous system (ANS) and is the principal source of catecholamines

(epinephrine and norepinephrine) of the body. The adrenal cortex is divided into three

layers, the outermost is the %ona glomerulosa, the middle one the \ona fasciculate and the

innermost the %ona reticularis. The %pnaglomerulosa is stimulated by ACTII and angiotensin II,
and releases the mineralocorticoid aldosterone, which is the main regulator of salt and water

balance in the organism. The %onafasdmlate is stimulated by ACTHspecifically and releases

GC (Cortisol in primates, including humans, and corticosterone in rats), which have

numerous effects mostly involved in the response to a stressor (see below). The %ona

reticularis releases sex steroids. The steroidal hormones secreted by the adrenal medulla are

derivatives of cholesterol. Upon secretion these lipophilic steroid hormones bind to

transport proteins, thereby leading to a relatively low plasmatic concentration and high
buffering capacity.

In the basal state, both ACTHand GCfollow a circadian rhythmic secretion with zenith

just before onset of the active phase of the day (light phase in most primates, dark phase in

rats) and nadir just after onset of the inactive phase of the day (dark phase in most primates,
light phase in rats). The release of these hormones has been shown to be pulsatile (10). This

basal activity has been shown to result in only partial occupancy of GR(11), and is critical

for rythmicity of numerous system (12).

10
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The HPAaxis activity is increased in response to stress, whether it is a real or perceived.
Stress has been defined by Cannon as a situation of threat to an organism, to which it will

react with a physiological response ensuring survival through either confrontation or

avoidance of a threat, the so-called fight-or-flight response (13). This definition of a stressful

event has been further refined by Selyc (14) who proposed that a stressor is any event

disrupting the stability of the physiological status of the individual, called "homeostasis, and

the stress response is the sum of coordinated ncuro-endocrine and behavioral responses

aiming at reestablishment of equilibrium. More recendy, McEwen (15) introduced the term

of "' allostasis"', which refers to the physiological reactions leading to maintenance of

homeostasis, in the stress literature and defined stress accordingly as follows: "... events that

are threatening to an individual and which elicit physiological and behavioural response as

part of allostasis in addition to that imposed by normal life cycle". Thus homeostasis defines

the stable state and allostasis defines the needed reactions to achieve this stable state.

The stress response is characterized by an initial short-term response, activation of the

sympathetic branch of the ANS, and by a delayed long-term response, increase of HPAaxis

activity. ANS activation results in increased stimulation of the adrenal medulla, which

releases catecholamines (adrenaline and noradrenaline). Catecholamines affect many

physiological processes aiming at a general increase in arousal and mobilization of energy

stores (catabolic response), including, but not limited to, increased blood pressure, heart rate

and blood glucose concentration (16). Following termination of the stressor, the

parasympathetic branch of the ANS starts a compensatory anabolic response, aimed at

refuelling the partially depleted energy stores. The slower activation of HPA axis induces

secretion of CRHfrom the PVNof the hypothalamus, which triggers pituitary secretion of

ACTH. ACTHacts on the %mafasciculate of the adrenal medulla by increasing release of GC

in the circulation. Similarly to the catecholamines, GC have catabolic effects on the

organism, resulting in increased mobilization of energy stores and increased blood pressure

through increased effects of catecholamines. GCalso have suppressive effects on peripheral

physiological functions, such as digestion, immune system and general growth. These

suppressive effects are aimed at reducing all energy expenses not directly useful for the

response to the stressor. In the case of the HPAaxis, the return to basal activity is mediated

through negative feedback activity of GC at both anterior pituitary and PVN of the

hypothalamus.

2.2 Mediating mechanisms

GCactions are principally mediated by 2 receptors, mineralocorticoid receptors (MR),

having a high affinity for endogenous GCand aldosterone, and GR, having lower specific

affinity for endogenous GC. These receptors are Ugand-activated intracytoplasmatic
transcription factor, members of the superfamily of the steroid receptors. GRand MRshare

many structural and functional similarities and will be referred hereafter to as adrenal steroid

receptors (AR). ARare composed of 3 domains (GR reviewed in (17), MRreviewed in (18)):
the N-terminal domain, responsible for transcriptional activity, the DNA-binding domain,

binding to target DNA sequence and the C-terminal domain or ligand binding domain

(LBD), responsible for binding of specific ligand. In unbound state, AR are localized in the

cytoplasm, and the LBD of the receptors is bound to heat shock protein (hsp). Although the

precise cascade of reaction following binding of the ligand is not fully understood, the

current knowledge in the field suggests that upon binding, the protein undergoes
conformational changes, involving release of the bound hsp (19), cytoplasmic
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phosphorylation of the N-terminaJ domain (20) and exposure of nuclear localization sites.

Another consequence of ligand binding is the formation of homodimer. Once in the

nucleus, the DNA-binding domain recognizes specific semi-palindromic DNA promoter

segments (5' AGAACAnnnTGTTCT3'), called glucocorticoid response elements (GRE)
thai enables direct and indirect interactions with the transcription initiation complex and

thereby the upregulation of target gene expression (rev in (21), see fig 2). An additional

mechanism mediated through ligand-bound receptors is repression of transcription of

certain genes, which can be achieved through diverse mechanisms: binding to a negative
GRK (22), hctcrodimcrization with other nuclear receptors (23) and cross-talk with other

nuclear receptors through protein-protein interactions (24, 25).

STRESSRESPONSE-SYSTEM

Fig.l Schematic representation of the IIPA axis. In response to a stressor, the hypothalamus secretes CRHin

tin; portal blood circulation. CR11 stimulates the anterior pituitary gland which releases ACT! 1 in the blood

circulation. ACT11 stimulates the adrenal cortex inducing release of Cortisol. Cortisol elicits mobilisation oi

energy stores (catabolie response) and negative feedback effect on both pituitary and hypothalamus.

In addition to these well stueiied transcriptional effects of GC, recent publications have

reported the following non-genomic effects (26): J) physiochemical interaction with cellular

membrane, II) membranc-bound GR-mediated non-genomic effects and III) cytosoltc GR-

mediated non-genomic effects. The physiochemical interactions arc currently thought to

result from intercalation of GC in the cellular membrane, thereby modifying the cation

transport through the plasma membrane (27). This type of action takes place within seconds

and is non-specific and non-genctic. The membrane-bound GReffects arc mediated through
a membrane bound receptor specific to GC, which has been recently identified in humans

monocytes (28). The role of these receptors has not yet been elucidated, but Song et al. (26)
suggested that they could be mediating an apoptosis inducing negative feedback regulation in

monocytes, thereby playing a role in the immuno-supprcssive effect of GC. Finally, the

cytosolic GRnon-genetic effects were hypothesised to be mediated by rapid effect of ligand
binding to the GR before nuclear translocation and involving multi-protein complex
interactions (29). Clearly these other actions of GCneed further study to be fully understood

and to clarify their physiological role.
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1 Seconds- Levels of
Milliseconds (?) Hours-days minutes!?) regulation

Fig. 2 Mechanism of GR regulation of transcription (30), Upon binding to the (ÎC, the OR undergo
dimcrization and binds to the GRE, where it regulates the transcription. Interactions with several co-rc^tilators
are recjuired tor transcription regulation action of GR. Other putative mechanisms arc illustrated, such as the

effect of GCon cation transport, and the protein-protein interactions.

2.3 Prenatal programming
Not only does prenatal GRactivation lead to the aforementioned sborl-tetm effects on

transcription, it has also been shown to results in altered adulthood phenotypes, such as

activity of the UPA axis. These long-tcvm effects arc mediated by prenatal or foetal

programming that is the setting up of a specific adulthood phenotype based on foetal

environment. GRhave been demonstrated to undergo prenatal programming (31, 32), in

fact, GR adult expression levels arc dependent of its ligand availability during early
development. Prenatal GRactivation, through cither prenatal stress or prenatal synthetic GC

exposure, has been associated in several species (e.g. rats and sheep) with reduced adulthood

GR mRNAand protein levels and altered basal and stimulated IIPA activity (33, 34).
Interestingly, this altered level of GR, especially in the case of amygdala, hippocampus and

hypothalamus, has been suggested to be the principle mediator of altered HPAaxis in those

offspring exposed to prenatal stress or prenatal GC. Additionally, recent findings by
Theogaraj and colleagues (35) showed that the pituitary and its associated ACTl I secretion

are affected by prenatal GC exposure. This suggests a complex multi-level effect of the

treatment rather than simply alteration of adulthood expression levels of GR.

The functional interest of prenatal programming is adaptation of the offspring to

postnatal environment. Living in a hostile environment requires increased vigilance; the

stressfulncss of the environment is transmitted to the foetus through maternal HPA

activation, thereby resulting in programming to a more adapted offspring. Although this

system has clear advantages in terms of anticipation of environmental loads, it can also yield
maladapted development, if the signals from the environment are bad predictors. This is
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particularly relevant for non-environmental mediated GRactivation during pregnancy, e.g.

prenatal GCprescription, which simulates increased 11PA activity and thereby induces foetal

programming of this system.
The mediation of prenatal programming is not yet understood. A theoretical hypothesis

was proposed by Kapoor et al. in a recent review (36), GRactivity induced thyroid hormone

increase results in higher ascending serotoninergic activity, which has been shown to up

regulate GRmRNAin vitro. Another possibility would be mediation through epigenctic
mechanisms, similarly to those reported for mediation of long-term effect of alteration in

maternal care (37). All these mechanisms are still at a speculative level, and would require

extensive studies to understand the specific mechanisms involved in prenatal GR

programming.

2.4 Role ofmincralocorticoid and glucocorticoid receptors activation

Despite the evident similarity between these two receptors and their specific ligands at

the structural and mechanistic level, they present tissue-specific responses and mediate

specific physiological effect. In the periphery, MRactivation regulates salt, water and acid-

base balance, through effects on secretory epithclia (16), and GR activation regulates the

catabolic response to stressors, and its effect on carbohydrate metabolism, cardiovascular-

physiology and immune system (16). In the brain, MRactivation regulates salt appetite and

osmotic regulation (38). Both MRand GRmediate the central regulation of stress response

(rev in de Kloet (12)). MRhas been associated with maintenance of the homeostasis, and

basal activity of the 11PA axis, whereas GRhas been associated with stress response and its

associated negative feedback, elegantly stated as follow by de Kloet "... MRprevents the

disturbance of homeostasis, whereas GR promotes its recovery." (39). Involving this

regulation of the IIPA axis, MR and GR activities have been shown to affect several

behaviours, including, but not limited to, exploratory behaviour (40) and learning and

memory (41, 42).
The specificity of these hormones needs other mediator than the receptors themselves,

as they both share a similar affinity for GCand the same DNAresponse element. Several

candidates have been proposed to mediate this specificity, either at pre- or at post-receptor
level. The main candidate for prc-rcccptor regulation of specificity is 11 beta hydroxysteroid
dehydrogenase, which has two isoforms, type 1 (IISD1) is a two-way converting enzyme,

which either inactivate GCor activate the inactivated derivatives of CjC, thus depending of

its environment it can either enhance or reduce the active GCconcentration; type 2 (IISD2),
a one-way enzyme that converts active GC to inactive 11-keto derivatives. IISD1 is the

predominant isoform in the brain, where it has mostly a GC-producing (reductase) activity,
which suggests that under low systemic GClevel, this enzyme could mediate compensatory
mechanism to maintain MRoccupancy. MRand IISD2

havebeenco-localisedinseveralperipherytissues(43)andfewbrainregions(44)therebygrantingaldosteronespecificMRactivation,asthecellsexpressingIISD2arcdepletedofactiveGC.Atpost-receptorlevel,therearenumerouscandidatesforspecificityofthese2receptors,whichareallnonreceptorproteins,eitherinteractingwiththereceptororpromotingspecifictrans-activationorrepression.2.5BehaviouraloutcomesofHPAaxismanipulationInterestingstudiesbydeKloetlab(revin(39)),usingspecificMRorGRantagonists,showedthatMRplayaroleinbehaviouralreactivityduringnovelsituations,whereasGRare
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involved in consolidation of learned information. In these studies, inhibition of MRactivity,
irrelevant to the time of treatment, had no impact on performance in the water maze, a

commonly used rodent task, where the subject has to find an invisible platform based on

spatial cues (45). However there was an alteration of search pattern in the free swim trial,

suggesting an altered response to the new environment parameters (absence of the

platform). Inhibition of GRbefore or immediately after the first session of a classical water

ma/c task impaired the retention of the task 24h later (45). On the eontraiy, applieation of

this treatment before probe trial resulted in normal performance during retention task.

Furthermore, GR activation has been associated with improved performance in memory

retrieval test (42). However, the nature of the effect of GRactivation on learning has been

shown to be dependent on the context, as exposure to a task-unrelated stressor (predator
exposure), which increased GR activity, resulted in impaired performance in retrieval test

(46). These findings support the hypothesis that GRplay a key role in memory consolidation

rather than information retrieval, but also underscore the importance of context in these

processes. These findings were furthermore supported by in vitro studies of MRand GR

activity and its impact on the major cellular mediator of learning, long term potentiation
(LTP). LTP has been shown to respond to GCin an inverted F-shape curve (47, 48); with

high or low level of corticosteroid impairing LTP and medium levels, which resulted in

activation of MRand some of the GR, allowing optimal expression of LTP.

HPA activity, and the consequent MR and GR activity, is not solely involved in

mnemonic processes. For example, increased basal HPA activity and reduced negative
feedback arc symptomatic of psychiatric diseases, such as depression (49). Supporting the

idea that FIPA axis activity alterations could impact development of psychiatric diseases,

exposure to rodent to chronic mild stress, thereby resulting in increased basal FIPA activity,
results in several symptoms associated with depression (50). Although the origins of

psychiatric disorders, including depression, are complex and multifactorial, the alteration of

11PA axis is one symptom that could also be involved in development of these diseases. In

fact, stress has been often suggested as a risk factor for development of psychiatric diseases

(6, 7).

2.6Localisation of MRand GR

In the rat brain, which is the only animal model offering precise ontogeny studies of MR,

GR, and the 2 isoforms of USD (51), the expression of MRwas reported from embryonic
day (F) 15.5, of ( JR from F. 12.5, of 1JSD1 from F 15.5 and of IISD2 from HI 1.5. The exact

pattern of these expressions is outside the scope of this introduction, but it is noteworthy
that from h 15.5 all four proteins arc detected at mRNAlevels, and from H 17.5 all four

were detecicd in hippocampus and hypothalamus. In the rat adult brain, MR and GR

expression are distinct,
MRishighlyexpressedinhippocampus,corticallayerU,dorsalseptumandseveralnucleioftheamygdala,whereasGRisabundantlyexpressedthroughoutthebrain,andtohigherlevelsinhippocampus,cortex,centralandcorticalamygdalaandthalamicandhypothalamicnuclei(52).Inthemarmoset,onlystudiesofhippocampalexpressionoftheseproteinswereperformed,whichreportedhighcaudalhippocampalexpressionofMRmRNAandhighexpressionofGRthroughoutthehippocampus.Itisnoteworthythattheseexpressionsvariedacrosspostnatallife(53).AmajordifferencebetweenthesetwospeciesisthepostnatalontogenyofMRandGRexpression,whereasintherat,thepostnatalexpressionvaryimportantly(52);itisofamorestablenatureinthemarmosetmonkey,hypothetical!}'duetotheprecociousstateofthenewborn.15
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3. Dexamethasone

3.1 Dcxamethasone: What?

Dexamethasone (DEX) is a specific agonist for GR, with undetectable MRactivity, its

CîR activity was measured to be about 25 times higher than the endogenous GCacdvity (16).
DEX follows the classical 4 loops steroid structure, with 21 carbon atoms, and differs from

Cortisol only by the fluor atom on the ninth carbon atom.

3.2 Dexamethasone: When?

Birth is considered premature when it occurs earlier than the 37'1' gestational week, with

the average gestational length being 40 weeks. In the USA, about 12 percent of babies are

born prematurely each year (54). Infants born prematurely have an increased risk of death in

the first year of life; prematurity itself being the leading cause of newborn death (55).
Although there arc several known risk factors for premature birth, including, but not limited

to, substance abuse, multiple pregnancies (twin, triplets) and stress, the origin of nearly half

of the cases is not known. In cases of pregnancy at-risk for preterm birth, syntethic GCarc

commonly prescribed to prophylactically impede some of the morbid symptoms associated

with preterm birth (e.g. intraventricular haemorrhage, respiratory distress syndrome). This

treatment was first reported by Liggins and I lowie in the seventies. Based on findings
originating from animal experiment with ewe (56), they setup the first clinical trial for

prenatal exposure to synthetic GCas prophylactic treatment (1). In 1995, the NIII issued a

consensus supporting this use of prenatal synthetic GC(2), following the classical regimen,

which is 4 times 6mg i.m. 12h apart. This treatment has been reported to be effective during
7 days. Due to rhe inherent difficulties to diagnose preterm labor, there arc cases where birth

did not occur within these 7 days; in these eases, it is very common to apply a rescue dose,
and it has been reported that the common procedure, in several countries, is to do repeated
treatment until birth occurs (57). Clearly the exposure of pregnant mother and foetus to a

single dose is not equivalent to multiple repeated doses. In 2001, the NIH issued an update
of the consensus of 1995 (4), where they stated that the use of repeated dose should be

avoided outside of clinical trials and that further animal experiments should be performed to

assess potential harmful long-term effect of this treatment in terms of physiology,
endocrinology and behaviour. In addition to the common use of synthetic CC

aforementioned, they arc also prescribed in other cases (e.g. treatment of congenital adrenal

hyperplasia) but these cases are minute when compared to rhe incredibly high number of

treated pregnancy for risk of preterm birth.

3.3 Does dexamethasone affect the foetus?

There are several protective mechanisms that prevent exogenous compound from

reaching the foetus or specific organs. First is the mother herself, who acts as a barrier.

Second is the placenta, which is an internal protective barrier and finally, specific for rhe

brain, is the blood brain barrier. While the placental barrier is a very good protection against

endogenous GC, mostly because it expresses HSD2, it does not effectively protect the foetus

from synthetic GCthat are not substrates of USDs. Several studies have demonstrated that

synthetic GCarc not blocked by placental barrier (58). As synthetic GCare not bound by-
transport protein, such as the CBG, the plasma concentration can be neither buffered by
mother nor foetus. There are reports of multi-drug resistance

P-glycoproteintransporterin16
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the blood brain barrier that actively extrude synthetic compounds, such as DhX (59), but

developmental studies have shown that this protein starts only to be expressed during the

third trimester in man (60), and only postnatalfy in rats (61). This suggests that although the

protein is already present in human fetuses during the third trimester, it might not have yet
its full expression pattern, thereby not completely protecting the brain from the treatment,

whereas this is only hypothetical in human, this was demonstrated in rats.

4. Review of the literature:

Most studies on the effects of prenatal synthetic GC exposure used rats, beside this

majority there were also studies using mice, guinea-pigs, sheep and non-human primates. In

addition of these animal studies, several clinical trials were run. Despite this important
literature, there are only few studies that assessed the long-term effects of this treatment, in

fact, most ot them focused on the immediate effect of prenatal synthetic GCexposure on

physical growth and/or endocrine activity, but rarely assessed behaviour in adulthood. To

provide tile reader with a comprehensive overview of the literature, I will provide a summary

of the literature for each aforementioned species in the following topics: foetal treatment

(onset, duration and dose of treatment), maternal and foetal physiology (maternal and foetal

HPA axis activity and body weight measurements), physical growth, endocrine alterations

(focusing on the HPAaxis), brain neuroanatomy, behavioural assessments. In addition to the

covered topics, there is important literature on the programming effect of prenatal
environment, especially GR activation, on glucose metabolism in adulthood (rev in (62)).

Despite the interest of this field of research, we did not include these reports in the

following review, as they deviate from the topic of this thesis.

4.1 Rats

Foetal treatment

In rats, most investigators targeted the same time windows with their prenatal synthetic
GC exposure, starting treatment at gestational day 15 (GD) and continuing until delivery
(around GD21; e.g. (63)). There are some studies where the treatment period was reduced

so as to target only 1 to several days during the last week of pregnancy (e.g. (64, 65)).
Treatment administration was almost systematically subcutaneous injections, hew studies

used per os treatment (e.g. (63)). Dosage was almost systematically 0.1 mg kg d"
. Higher

dosages resulted in a high percentage of still births and malformations (unpublished pilot
study).

A very interesting design was first used by Brahbam et al. (63), involving cross-fostering
of vehicle and treated litters. Although this procedure clearly induces an increase in

complexity of the experimental design, the possibility to separate treatment effects due to

foetal exposure from those due to maternal behaviour alterations, which were reported by
the same group, is of prime interest for understanding the effects of prenatal synthetic GC

exposure.

Maternal and foetal physiology
exposure to synthetic GC during pregnancy has been associated with a reduction of

plasma corticostcronc, supposedly due to increased GRactivity and consequent negative
feedback on the 1IPA axis (65, 66). There is a dose-dependent effect on maternal weight gain
(67) observed in most studies (65, 66). Water consumption, which was measured in the

studies using per os administration of the synthetic GC, was not affected by the treatment

(63).
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Foetal physiology is very difficult to assess in rodents, as ihey are giving birth to a whole

litter, measuring one infant would result in an impossibility to use a whole litter, and due to

the reduced variance in analysing several individual from the same litter such experimental
design should be avoided. Furthermore, the size of the foetus is also a limiting factor, as

blood sampling or similar procedure would require sacrificing the fetus. Therefore there

were no studies reporting foetal physiological measurements.

Physical growth
There is a reduction of birth weight following prenatal synthetic GCexposure, which can

be considered a hallmark of the treatment. To our knowledge, 1 His weight reduction was

reported in all reviewed studies assessing it. The persistence of this effect until adulthood is

subject to controversy, as most authors reported reduced body weight in adulthood (34, 63-

66, 68, 69), but others reported catch-up growth (70-73). This difference could originate
from the relatively short duration of treatment used in the three studies reporting catch-up
growth (3 or 4 days) compared to the usual 7 days of exposure used in most cases.

Endocrine alterations

Across all studies assessing UPA activity in rats, there is a general agreement in terms of

increased HPA activity when challenged, but not in basal state (63, 64, 73-76). This increased

11 PA reactivity has been classically attributed to reduced negative feedback through reduced

brain GR expression (34). An interesting complement to this hypothesis stems from the

findings of altered pituitary sensibility to GC following prenatal exposure to GC (35),

suggesting a complex phenotype not simply related to modification of hypothalamic
feedback, but to a multifactorial effect of the treatment.

Brain neuroanatomy
Several studies assessed specific brain neurotransmitter system following prenatal GC

exposure, including dopamine (73), serotonin (67, 73) and cholinergic activities (71, 77).
These studies reported alterations in these systems but unfortunately most of them focused

only on neuroanatomical analyses thereby missing the very interesting possibility of

ncuroanatomy-behaviour correlation. Nevertheless, there is clearly altered activity of several

neurotransmitters following prenatal GC exposure, suggesting that these alterations could

mediate the behavioural effects observed.

Behavioural assessment

Several authors assessed behavioural outcomes of prenatal GC exposure, focusing on

locomotor and anxiety basal activity, as well as learning and memory. There is a general
tendency to report decreased locomotor activity and increased anxiety(34, 64), but there arc

also reports of no effect and increased locomotor activity (69, 73) as well as reduced anxiety
(69). In assessment of learning, the literature is more consistent, with a general impairment
being reported (63, 68, 71). Finally 2 studies reported assessment of depressive-like
symptoms in a paradigm similar to learned helplessness, the porsolt forced swim test, that

were not affected (34, 64).

4.2 Mice

Foetal treatment

In all studies except one (78), the literature about prenatal GCexposure in mice followed

the experimental design used in Rayburn laboratory in University of Oklahoma (79-83),
therefore consistently using the following foetal exposure: 0.1 mg kg"1 one time per day from

GD 13-16 or two times a day from GD_14-15 (gestation length of "l 9-21 d). Eishi et al. (78)
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used a daily injection of 2.5 or 5 ug from GD8until delivery, which represents a high dose

compared to most of the rodent literature.

Maternal and foetal physiology
There was a reduction of maternal weight gain during treatment in the study assessing it

(82, 83). There were no reports of assessment of maternal or foetal HPA axis endocrine

activity.
Physical growth
The reduced foetal growth was recovered in all studies using the "Rayburn" experimental

design. This was not the case in the study performed by Rishi and colleagues (78).
Endocrine alterations and Brain neuroanatomy
There are no reports of endocrine system aclivily or of brain neuroanatomy following

prenatal synthetic CjC" exposure in mice.

Behavioural assessment

The mice treated following "Rayburn" design underwent behavioural testing for

exploration using the radial maze, anxiety using elevated plus maze and learning and memory

using Morris watcrmazc. They did not report any effect of treatment in all these behavioural

tests.

4.3 Guinea-pig
Foetal treatment

The treatment windows as well as dosage are almost constant in the guinea-pig literature

(84-88), where authors tried to have the most similar treatment to clinics, using therefore

either a single 2 day exposure (CD 40-41) or repeated treatment every 10 days (at GD40-41,

50-51 and 60-61 out of a 68 days pregnancy) with a 1 mg kg"1 dosage, resulting in similar GR

activity (due to reduced affinity of synthetic GCfor guinea-pig GR).
Maternal and foetal physiology
There was no effect of the commonly applied treatment on foetal growth, as measured

by foetus body weight (85). There was a clear suppression of both maternal and foetal I IPA

activity during treatment, measured by reduced Cortisol titres after treatment (85, 86).
Physical growth
There were no reported effect of prenatal synthetic GC exposure on birth weight or

subsequent adult weight in guinea-pig (85, 87, 88).
Endocrine alterations

The I IPA axis was thoroughly studied in the guinea-pigs, and the effect (if prenatal GC

exposure was reported lo vary according to the sex of the offspring. In females, there were

hormonal-cycle dependent effects, with increased basal and stimulated Cortisol levels in

follicular and early luteal phases, but this effect was reversed in the late luteal phase (84). In

male, there are contradictory findings, with report of decreased basal and stimulated Cortisol

titres (84, 85) as well as increased basal titres (88). Noteworthy here that the latest study used

a single two days exposure to synthetic GC, a mild treatment compared to the 2 other

studies.

Brain neuroanatomy
The hippocampal and PVN MR and GR mRNAas well as protein expression were

assessed in treated offspring. There was a clear difference of the effects of treatment

between gender, with females showing increased hippocampal MRand decreased PVN GR

expression (84, 85, 88), and male showing increased hippocampal MRand GRexpression.
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Behavioural assessment

To our knowledge, no studies assessed behaviour in guinea-pigs following prenatal GC

exposure.

4.4 Sheep
Foetal treatment

Since the use of repeated weekly exposure by Newnham laboratory (89), designed to

yield maximal similarity with clinical treatment regimen, this experimental design has become

standard. It uses a dose of 0.5 mg kg"' injected weekly at CD 104, 111, 118 and 124 or a

single injection at GD 104 (total gestational length ISO d). Although this regimen was the

most common, some work performed by Nathaniels^ and colleagues used continuous

administration of 1.8 \ig kg
'

h
'

synthetic GCduring 2 days through catheter.

Maternal and foetal physiology
The maternal HPA activity was strongly reduced following treatment with prenatal GC

(90), There was a general report of reduced body weight in foetuses exposed to prenatal GC,

independently of the number of course, single and 4 repeated exposure yielded similar foetal

weight reduction (91). The use of sheep enabled even dissociation of the direct effect of

prenatal GC] exposure of the mother and of the foetus, with the aforementioned reduction

being observed only when treatment was administered to the mother and not when

specifically administered to the foetus (92). Exposure to prenatal GC resulted in a

diminution of placenta IISD2 expression at mid-gestation (93).
Physical growth
In sheep, all long-term studies reported catch-up of the foetal reduced weight by latest 6

months of age (94). Extended follow-up study performed by Sloboda and Newnham (95)
reported -an absence of difference in terms of body weight up to 3 years of age.

Kndocrine alterations

The effect of prenatal GCexposure on ovine endocrine activity was thoroughly studied

in the follow-up study of Newnham laboratory (33, 95, 96). They assessed basal and

challenged ACTII and Cortisol titres in the sheep exposed to prenatal GCin post-treatment

gestation, at 6 months of life and at 1, 2 and 3 years of life. There was an increase of basal

and challenged Cortisol titres at 1 year of age, which was reversed by 3 year of age (96). When

synthetic GCwere administered earlier in pregnancy (97), there was an absence of effect on

the I IP A axis activity at an age ot 5 years.
Brain neuroanatomy
The only study assessing GRand MRconcentrated on hippocampus and hypothalamus

and did not report changes following early (GD 27) prenatal GCexposure (98). In addition

studies by Dunlop and colleagues (89, 99) reported a delayed myclination in the CNS of

sheep exposed to prenatal GC

Behavioural assessment

To our knowledge, no studies assessed behaviour in sheep following prenatal GC

exposure.

4.5 Non-human primates
Foetal treatment

Primate experiments assessing effects of prenatal synthetic GCexposure used different

species, namely rhesus monkey, baboon and marmoset monkeys. Despite this difference in

experimental species, treatment onset was systematically performed within the last trimester
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of pregnancy, except in the study of Tauber et al. (100) and Castracanc (101), which included

earlier treatment groups. There were no general rules for the treatment duration or dose,
which varied respectively from 2 to 42 days and from 0.1 to 15 nig kg"1 (reviewed in Coc am)

Lubach (102)). The administration of treatment was almost systematically subcutaneous or

intramuscular dally injections, except Tauber et al., who used per os treatment (100).
Maternal and foetal physiology
In all studies assessing it, synthetic GCexposure yielded an important suppression of

gravid females endogenous IIPA activity (100, 101, 103-107). Noteworthy here, the study by
Castracanc et al. (101), which reported an unaltered negative feedback response to synthetic
GCobserved throughout pregnancy. Furthermore, treatment with synthetic GCresulted in a

general hypoactlvity of the foetal adrenal response to ACTli (106). There was a clear

reduction of foetal weight gain in treated pregnancies (108-110), but an absence of birlh

weight reduction in all studies except two, which used 13-day (109) or 37-day (104) GC

treatment.

Physical growth
There were no physical development alterations al 18 and 20 months of age in the rhesus

monkey (111).
Endocrine alterations

There was an increase in both basal and stimulated levels of Cortisol in rhesus monkey

exposed prenatally to GC(111).
Brain neuroanatomy

Uno and colleagues focused on potential brain damage yielded by prenatal exposure to

GC(105, 111). In fact, they reported a degeneration of hippocampus at term, which was still

visible in 9 month old treated offspring. This effect on hippocampal formation was not

observed by Sumi et al. in pig-tail macaque (112). Furthermore Tauber et al. (100), reported
an impairment in neonatal proliferation of hippocampal neurons.

Behavioural assessment

To our knowledge, no studies assessed behaviour in non-human primates following
prenatal GCexposure.

4.6 Clinical trials

Foetal treatment

The regimen of synthetic GCexposure in clinics is as described above, i.e. each course

represents either 4 times 6 mg of DEX or 2 times 12 mg BfiTA intramuscular injections,
and treatment was repeated every week until birth (113).

Maternal and foetal physiology
In the latest randomi'/ed trial assessing specifically the z^czx of repeated synthetic GC

exposure by Crowther et al. (114), they reported a reduction of birth weight and head

circumference, when using a Z-score transformation. For birth weight, this confirmed the

trend observed in ihc 2003 meta-analysis (113). Furthermore, there seems to be a direct

relationship between the number of GCexposure and the reduction of birth weight (115).

Physical growth
The reductions of Z-score birth weight and head circumference were compensated by

time of hospital discharge (114). Similarly in others study reporting reduced birth weight, this

was not visible latter in development (115).
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Endocrine alterations

There was a moderate adrenal suppression in a small proportion of studied population

following repeated prenatal GCexposure (116). These findings clearly need further support

as the number of infants tested were limited to 14.

Brain neuroanatomy
To our knowledge, there were no assessments of brain neuroanatomy in clinical trials.

Behavioural assessment

Few studies assessed long-term effects of prenatal GC exposure in humans, mainly
because the use of this medication only dates from the seventies. In non-randomi/cd trials,

French and colleagues (117) reported an increase in aggressive-destructive behaviour,

hyperactivity and distractibility in infants exposed to 3 or more prenatal GC course.

Cognition and motor development, assessed through maternal questionnaires, were not

affected by prenatal CCexposure (118).

4.7 Synthesis
There is important literature covering the short-term effects of prenatal synthetic GC

exposure in animal models, but there are dramatically fewer longitudinal studies of the long-
term effect of this treatment in adult offspring. There is a clear need of the latter especially in

view of the important effects reported in these few existing longitudinal studies.

The foetal treatment used in all these studies varied from sub-clinical exposure, in dose

and duration, to over-exposure. It is very difficult to select the onset, duration and dose of

the treatment, as it is possible that there arc differences in response to GCbetween species

(e.g. gutnea-ptgs are about four times less cortico-sensitive than mice (119)). Furthermore,

organ or system specific developmental stages might be different at same relative gestational
age between precocial (primates, sheep and guinea-pigs) and altricial (rats and mice) species,

thus suggesting that treatment should be adapted. This can be exemplified by comparing the

neonatal corticosensitivity of rats and marmoset monkeys, whereas the rats undergo a stress

hyporesponsive period postanally, the marmosets have been reported to have basal

hypcrcorticolcmia in early life (120). Some studies tried to answer these criticisms by

developing models based on clinical uses of the GC, for example in guinea-pigs, where the

treatment applied was repeated 2 days exposure. These direct adaptations of the clinical

situation, although very laudable, have difficultly mimicking the clinical situation, as they
should target corresponding developmental age and achieve similar bioavailability of the GC.

In addition to these experimental design problems, species specific problems exist, such as

the hypcrcortisolcmism occurring in marmoset monkeys, suggesting that increased doses

should be used in this primate to achieve a clinically relevant treatment. Despite these

pitfalls, there was a general rule observed m the reviewed studies, prenatal treatment onset

was almost systematically during last trimester of pregnancy. Interestingly some authors

administered the treatment through drinking water rather than injection. This different route

of administration was chosen bytheauthorsbasedontheknownstressresponseoccurringtoinjectionsinlaboratoryanimals,whichcanbeaconfoundingfactorwhenassessingtheeffectofadrugactingthroughareceptormediatingthestressresponse.AcriticismofthisadministrationroutecouldbethepotentialchangeinbioavailabilityoftheGC,whichhasbeenshown,inhuman,tobereducedbyabout25%whenoraladministrationwascomparedtointramuscularinjections(121).AHinall,itseemsthattheoraladministrationispreferableasthestressinducedbyinjectionmightinteractinanadditivemannertotheGCtreatment.22



GENERALINTRODUCTION

The prenatal exposure to GC has been consistently reported to result in decrease ot

maternal and toclal 11PA axis activity, supposedly through negative feedback at

hypothalamic and pituitary levels. The reduction of foetal growth, although it was not

systematically reported, here I am referring especially to the clinical trials, seems to be a

relative indicator of the effectiveness of the treatment. In fact, those animal studies that did

not report this foetal growth inhibition usually were using low doses, or duration of

treatment, suggesting that there is a dose-response effect on birth weight. The follow up

studies performed in sheep and rodents give indications that the persistence of the effect on

body weight could also be dose-dependent. Possibly the treatment with GCinduces foetal

growth retardation through the inhibitory action of GCon DNAsynthesis in dividing cells

(122, 123). Moreover, when this retardation is too important, the recover}' by time of birth

might not be possible; in extreme treatment there could be a non recoverable phenotype.
GR, which are central to the 1IPA axis control and activity, undergo foetal programming

(32, 124). Thus, prenatal exposure to GC is expected results in abnormal IIPA axis

development, and this was quite consistently reported, with increased 11PA response to

stressor being the most common outcome of these studies. Interestingly here is the follow-

up study performed by Sloboda and colleagues in sheep (33, 96, 125), where they showed

that the hyper reactivity of the HPA axis was transient and visible only in young offspring,
whereas this effect disappeared and even reversed in older sheep. This study clearly
underlines the importance of long-term follow-up studies as it suggests that prenatal insults

have effects that arc age-dependent. In addition there is important literature assessing both

sex in terms of IIPA activity, and it seems that not only do they differ in basal state, but also

there is an interaction of effects of prenatal GC exposure (84). This difference could

originate from the known sex differences in the development of the MRand GR in guinea-
pigs (86), but also from interactions between these nuclear receptors and other sex steroid

hormones receptors, as nuclear factors have been recognized to also form heterodimers.

The neuroanatomy of the offspring exposed prcnatally to CChas been scarcely studied,

with most study originating from rats. Clearly here there is a lack (if knowledge that requires
further experiment. In addition, most of these studies focused on the PVN and the

hippocampus. Nevertheless, in the few studies assessing specific neurotransmitter systems,
there were important alterations, suggesting that the prenatal GCprogramming is not limited

to HPAaxis actors, but probably affect many other systems.
There are scarce behavioural studies. If they are relatively well represented in the rat, they

are inexistent in other rodents, and superior mammals, such as primates. As the rat clearly is

an important animal model, which can yield critical and highly valuable information, it is also

quite evolutionary distant from man. Furthermore the existing behavioural studies limited

themselves to assessment of basal locomotor activity and anxiety and learning and memory.

These studies yielded very interesting results, but it is surprising that, despite the

neurodevelopmental hypothesis of psychiatric disorders, especially schizophrenia and

depression, there arc no studies assessing specifically model of these diseases in laboratory
animals. 5.ThesishypothesisInthisstudy,wewantedtoprovideextensivebehaviouralandendocrineassessmentofthelong-termeffectofprenatalGCexposure.Thiswasbasedonthedireneedofincreasingknowledgeonthelong-termeffectofacommonlyappliedprenataltreatmentinperinatalmedicine.Inaddition,theneurodevelopmentaltheory,especiallyinthecaseofpsychiatric23
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diseases, suggests that prenatal GCexposure might be related to increased risk to develop
psychiatric disorder. In fact, there are clear association between prenatal stress and

development of schizophrenia or depression -like symptoms in animal models (reviewed in

(7, 126)). As mentioned before, despite its inherent advantages (e.g. easiness to breed and

manipulate, well developed paradigms), the rat also present handicaps for this type of

research (e.g. precocial, simple brain architecture). Therefore in this thesis, we decided to

perform parallel studies using both rats and marmoset monkeys.
This thesis is composed of four Chapters as follow:

Chapter 1 describes the long-term effect of prenatal DEXexposure in Wistar rats on

pregnancy outcome, physical growth and on performance of offspring in two animal models

of schizophrenia.
Chapter 2 describes the long-term effects of prenatal DHX exposure in Wistar rats on

behavioural performance in three animal models of depression and in a spatial cognitive task

as well as HPAaxis endocrine activity in basal and challenged state.

Chapter 3 describes the effect of prenatal DEXtreatment on pregnancy and on physical,
endocrine and social development in ihc marmoset monkey, from birth until weaning.

Chapter 4 describes the effect of prenatal DEX exposure on marmoset monkey in a

skilled reaching task, adapted from rat, as well as motor activity in the home cage.
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CHAPTERI

1. Abstract

Prenatal stress is an important risk factor in schizophrenia, and the actiological factors

mediating this relationship are central to the neurodevelopmcntal hypothesis of

schizophrenia. The glucocorticoid receptor (GR) agonist dexamethasone (DRX) is

commonly prescribed for prenatal conditions, and results in GRactivation, which is part of

the stress response. To investigate animal evidence for whether prenatal DLX leads to

development of schizophrenia-like phenotypes, Wlstar rats were prcnatally exposed to DHX

(0.1 mg X kg
'
X d ') between the gestational days 15 and 21, and tested in two paradigms

known to be disrupted in schizophrenia patients: prcpulse inhibition (PPI) and latent

inhibition (LI). A cross-fostering design was used to allow dissociation of any direct prenatal
effects on offspring from effects dependent on DHXexposure of the rearing dam. Pup birth

weight was reduced by prenatal DHXtreatment. DRXtreated dams demonstrated increased

pup-directed behaviour. There were additive effects of prenatal DF.X treatment and DUX

treatment of rearing dam in terms of reduced body weight in adulthood. In one of two

replications, PPI was increased by prenatal DEXin males only and specific to the highest
prcpulse intensity. There was no evidence that LI was disrupted by prenatal DRXtreatment.

This study does not provide support for the hypothesis that prenatal DHXexposure leads to

schizophrenia-like deficits in PPI or LI, suggesting that GR prenatal programming is not a

mechanism of direct relevance to the neurodevelopmcntal hypothesis of schizophrenia.

2. Introduction

Many systems, including nervous, immune and metabolic, undergo complex prenatal
development that can potentially be influenced by environment-genome interactions (1).
Several epidemiological studies have demonstrated that aversivc prenatal events, including
loss of the father (2), infection with influenza (3) and natural (4) or man-made disasters (5),
increase the long-term likelihood that the offspring will develop a psychiatric illness (6).
Commonto each of these aversivc events is a time-limited period of maternal stress during
pregnancy, quite possibly associated with increased hypothalamo-pituitary-adrcnal (HPA)
neuroendocrine activity. Activadon of the maternal HPA axis results in increased

glucocorticoid (GC) levels, among other responses. Foetal GC exposure is an important
candidate for prenatal programming, i.e. the setting up of expression levels of receptors in

the offspring by the presence of ligand during development (7), such that the maternal

environment can exert long-term epigenetic effects on offspring development. GCs can

penetrate the placental barrier to some extent; they bind to nuclear receptors expressed in

several organs, e.g. brain, liver (8), and can thereby affect the expression of many gene

classes, including those that regulate energy metabolism, synaptic transmission, neurogenesis
and neuronal plasticity (reviewed by Secld (9)). Despite the evidence implicating the

sensitivity
oflong-termdevelopmenttoprenatalGCexposure,syntheticGCadministrationisusedcommonlyinobstetricmedicine,mainlyfortheprophylactictreatmentofintra¬ventricularhaemorrhageandrespiratorydistresssyndromeassociatedwithpretermdelivery(10),oneofthemajorcausesofearlylifedeathinWesterncountries.Dexamethasone(DEX)isoneofthefrequentlyusedGCs:itisaspecificagonistoftheGCreceptor(GR)andreadilypenetratestheplacentalbarrier(9).AlthoughthisprophylactictreatmenthasbeenencouragedbytheNIH(11),thereisamarkedneedforimprovedunderstandingoflong-termeffectsofprenatalGCover-exposure,especiallyfortherepeatedcourse(12)
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The neurodcvclopmcntal hypothesis of schizophrenia proposes that perinatal
environment and genetic predisposition interact syncrgistically to increase the likelihood to

develop schizophrenia (13). In this context, GCprenatal programming is potentially a very

important biological process (14). Laboratory animal studies have demonstrated that stress

exposure during gestation induces long-term changes in neuroanatomy (6), in the

neurotransmitter systems implicated in schizophrenia including dopamine (DA (15, 16)), in

the 11PA stress response (9) and in behaviour (17). In a particularly noteworthy study, Kochl

et al. (18) reported long-term effects of prenatal stress that included neuronal changes in the

hippocampus, which correlated with behavioural and cognitive defects. There are clear

putative mechanisms via which GR stimulation could modify the function of those

neurotransmitter systems implicated in schizophrenia: the ascending DA pathways, for

example, express high levels of GRand GCmodulate DAactivity (19). To date, only a few

studies have investigated the long-term neurobehavioural effects of prenatal DEXexposure

in mammals. In rats, prenatal exposure to DKX has been shown to induce increased stress

reactivity of the HPAaxis, increased anxiety behaviour, reduced hippocampal GRexpression
(20), altered serotonin and DA activity (21), delayed development of reflexes (22), increased

locomotion in the open field (23) and reduced memory performance in watermazc (24).

Among these effects, the increased anxiety, the altered HPAaxis activity and the altered DA

activity are strongly relevant to schizophrenia symptoms and therefore lend support to the

neurodcvclopmcntal hypothesis of schizophrenia.
In tile present study of Wistar rats, we repent on the long-term effects of prenatal

DEXexposure in two behavioural tests of direct relevance to schizophrenia, namely sensori¬

motor gating using prcpiilsc inhibition (PPI) of the acoustic startle response, and latent

inhibition (LI) using active avoidance (AA). To the best of our knowledge, there arc no

previous published reports on the effects of prenatal DEX on schizophrenia-relevant
behavioural processes in rats or any other laboratory species. PPI is the phenomenon of the

startle reactivity to a pulse being reduced by a prior prepulse, and is disrupted in

schizophrenia patients (25). Pharmacological manipulations modelling schizophrenia

symptoms, such as administration of amphetamine, an indirect dopaminergic (DAcrgic)
agonist, or N-rnethyl-D-aspartate (NMDA) antagonist, result in PPI disruption (26, 27).
Most relevant to our study are the neurodcvclopmcntal animal studies that have assessed

effects on PPI, including variable prenatal stress that resulted in PPI disruption (28). LI is

the differential expression of behaviour bytwogroupsofsubjectsafterclassicalconditioning(CS-US),whereonegroupwaspre-exposedtotheCSpriortotheCS-USpairing.ThisCSpreexposuregroupexhibits,adaptively,decreasedconditioningrelativetothenon-preexposedgroup,describedasLI.LIisdisruptedinschizophreniapatients(29),andinhealthyvolunteersfollowingamphetamineadministration(30).InthecaseofratsinAA,LItakestheformofrelativelyreducedavoidanceofafootshock(US)predictedbyatone(CS)intheCSpreexposuregroup.LIinAAisdisruptedafteramphetamineadministration(31).ExamplesofneurodcvclopmcntalanimalmodelsofLIchangesincludedisruptionofadult-offspringLIbypregnant-damrestraintstress(32).Sincethereisgrowingevidencethatprenatalstress,andpotentiallyGCexposuretherefore,affectthebehaviouraldevelopmentofmalesandfemalesdifferently(e.g.(33)),wetestedbothsexesinthisstudy.Thereisalsoevidencethatchangesinlevelsofmaternalbehaviour,includingthosecausedbypup-damseparationmanipulations,areassociatedwithlong-termchangesinoffspringbehaviour,includingPPI(34-37)andLI(38,39).Brabhametal.(24)demonstratedthatDEXtreatmentofpregnantfemalesleadstoalteredmaternalbehaviour,andthereforeweperformedcross-35
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fostering so as to separate direct effects of prenatal DEX treatment from any effects

associated with postnatal maternal behaviour.

3. Material and methods

3.1 Animals

Male and female adult Wistar rats were obtained from 1 iarlan (Borchen, Germany) and

left undisturbed for two weeks after arrival in the laboratory, to allow habituation. Breeding
and experimental animals were housed in social groups of 2 4 in Macrolon cage type IV (195
mm, X 380 mmX 600 mm), under reversed light-dark cycle (light ON: 8PM,'OFF: 8AM) in

a temperature (21 + 1°C) and humidity (55±5%) controlled animal facility. Animals had

access to food (Kliba 3430, Klibamühlen, Kaiseraugst, Switzerland) and water ad libitum. All

the experiments were performed in accordance with the regulations of the Swiss Federal

Veterinary ( )ffice.

3.2 Breeding and prenatal DEXexposure

Breeding females were handled daily for one week. The following week, their vaginal
impedance was measured daily (FC40 Fstrus Cycle Monitor; FST; Foster City, USA) until a

peak value, willi impedance > 8'000 ohm, was observed, indicating that the female was in

pro-oestrus. At that day, taken as embryonic day 0 (BO), the female was placed with a male at

3PM. The male was removed the following day at 8AM to its social group, and the female

was transferred to a Macrolon cage type \1 (140 mmX 180 mmX 345 mm). Females were

weighed weekly until the end of pregnancy.
DEXwas administered via the dams' drinking water. Based on Wclbcrg et al. (20) and

a pilot study in which we established the volume of water consumed per day and the effects

of a range of DFXdoses on pup birth weight (unpublished data), we aimed to administer a

dose of 0.1 mg/kg/d DPJX. There was no difference in average consumption of solution

between VFU and DFX dams. F)FX (Sigma, Buchs SG, Switzerland D-1756) was dissolved

in absolute ethanol (final concentration 0.01%) and added daily to the drinking water from

HI5 until parturition on 12,21-22. The data reported here were obtained from the offspring of

12 VIUI dams and 14 DEXdams, the former receiving 0.01% ethanol. In order to control

DFX dosage, the water bottles were weighed and changed daily: females consumed 24.8+0.8

ml per day and the average DEXdose achieved was 0.1 mg/kg/d. From F.21, dams were

checked twice daily for birth, at 9 AMand 6PM. The day that pups were first observed was

taken as postnatal day 0 (PND 0). On PND0, the water bottles were replaced by new ones

containing tap water only. This procedure was repeated, using 10 VFI1 and 10 DEXdams,
for a second study; the PPI data from these subjects arc also reported here.

3.3 Cross-fostering and Maternal behaviour

On PND 1 pups were sexed, weighed and toe-clipped for identification (VEH versus

DF.X). Culling was performed to yield
littersof4femaleand4malepups.Then,cross-fosteringwasperformedaccordingtoBrahbametal.(24)toyieldlittersof2VEIImales,2DFXmales,2VEHfemalesand2DFXfemales,withallpupsperlitterunrelatedtoeachotherandtothedamtowhichtheywereallocated.Thisprocedureproducedfourtreatmentgroupsintermsofthecombinationofprenataldrugexposureoftheoffspringandpregnancydrugexposureofthedam:VEH-VEH(i.e.offspringexposedtoVF'.IIinutero36
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and reared by a VEH-treated dam, N=40); VHtl-DKX (N=41); DHX-VRll (N=43) and

DHX-DEX(N—47). For the second PPI experiment, wc performed similar cross fostering,
resulting in the same four treatments (VKH-VHII N=32, VHII-DHX N=32, DHX-VKH

N=29 and DEX-DEXN-28).
Maternal behaviour was observed on PND 1-14, with three daily observations, at

8AM, 12AM and 6PM. Each observation lasted 6()min, with each dam's behaviour being
scored once per 7.5 min, yielding 8 observations per dam per hour (8 observations per 1-

hour session X 3 sessions per day X 14 days = 336 observation points per dam). Behavioural

categories scored were: carrying, licking, arched back nursing, blanket nursing, passive
nursing, and mother off the pups (40), and the scoring method was that the dam could only
exhibit one of these behaviours at any sampling point. Scores for these behaviours were

added to yield the derived maternal category of pup-directed behaviour, in addition tes

maternal behaviours, the following clam behaviours were scored: drinking, eating, self-

grooming, locomoting and resting. Locomoting was scored only when it was not associated

with interacting with pups. Resting involved the dam lying out of the nest without physical
contact to the pups. Scores for these behaviours were added to yield the category, dam's self-

directed behaviour.

All offspring were weaned on PND21 and put in social groups of 2-4 animals from

différent dams but of the same treatment and sex. Offspring body weight was measured

weekly during the cage changing procedure until weaning, and also at PND 35 and 80.

Beginning on PND90, subjects were tested sequentially in an open field (PND 90, data not

reported), elevated plus maze (PND 90, data not reported), PPI of the acoustic startle-

response (PND 94), and LI using an AA apparatus (PND 135). The PPI study was repeated
in a second group of subjects using a modified procedure, which in addition to the

manipulation of prcpulsc intensities, manipulated the intensities of the pulse stimuli (see
2.4.2); this design has been demonstrated to yield a more sensitive assay for at least some

treatment effects on PPI (41). Before being studied in terms of PPI, at age 10 months, this

second PPI group was studied in other tests, not reported here (progressive ratio schedule of

motivation, US pre-exposurc/AA, forced swim test, social open field test).

3.4 Prcpulsc inhibition of the acoustic startle response

3,4.1 First PPI experiment

PPI was performed as described in Lehmann et al (32). Briefly, animals (N=10 pet-

prenatal treatment X rearing dam treatment X sex; except for the male VEII-DHX subjects
where 8 animals were available) were placed in a standard startle recording apparatus with a

background white noise of 68 dB[A], Subjects were given 5 mmhabituation time and then

presented with five initial pulse alone trials, followed by 70 trials comprising different trialtypesaccordingtoapseudo-randomizedschedulewithaninter-trialintervalof10to20s:notone,i.e.backgroundwhitenoiseonly;pulsealone,i.e.acousticstartlepulseat120dB|A|;prepulsealone,usingtheintensitiesof4,8,12or16dB|A|abovebackgroundwhitenoisei.e.72,76,80,84dB[A];prepulseplusstartlepulse.Prepulseshadadurationof20ms,prepulsetostartlepulseintervalwas80ms,startlepulseshadadurationof30ms,andthestartleresponsewasmeasuredduring100msafterstartlepulseonset.ThepercentagePPIinducedbyeachprepulseintensitywascalculatedas:[100-(100Xstartleamplitudeatprepulsetrial)/(startleamplitudeatstartlepulsealonetrial)|.37
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3.4,2 Second PPI experiment
In flic second PPI experiment (N=6 per prenatal treatment X rearing dam treatment X

sex), apparatus and parameters were identical apart from the following modifications, based

on Yee et al. (41): three rather than four prepulses were used, at 6, 12 and 18 dB|A| above

background (74, 80, 86 dB|A]), and two additional startle pulse intensities were used, namely
100 and 110 dBjAj. In addition, the session was started and finished by two pulse-alone trials

for each pulse intensity. These modifications yielded an increased number of trials (172),
with each prepulse and pulse presented alone and in combination. The percentage PPI

induced by each prepulse intensity for each pulse intensity was calculated as:

|100-(100Xstartle amplitude at prepulse trial)/(startle amplitude at startle pulse alone trial)].

3.5Latent inhibition in the two-way active avoidance test

The apparatus consisted of four identical two-way shuttle boxes (Coulbourn
Instruments, model E10-16TC), each set in a ventilated, sound-insulated isolation cubicle

(Coulbourn Instruments, model H10-20). Fach box was 35 cm (E) x 17 cm (D) x 21.5 cm

from a raised grid floor (11). A 4-cm high aluminium hurdle served as a barrier which

separated the box into two identical compartments. The hurdle was low enough to allow the

subject to shuttle freely between the two compartments, and was thin enough to ensure that

the subjects could not stand on it to avoid the footshocks that were used as the avcrsive

unconditioned stimulus (TIS). A small light bulb (1.8 W) was mounted on the walls at each

end of the shuttle box, at a level of 19 cm above the grid floor. The grid floor (model E10-

16RF) consisted of 24 stainless steel rods with a diameter of 0.48 cm, spaced 1.5 cm apart
center to center, through which scrambled foot shocks were delivered by a constant current

shock generator (Coulbourn Instruments, model E13-14) and scanner (model 1713-13) set at

0.5 mA. The conditioned stimulus (CS) was an 85 dB[A| tone produced by a 2.9 kHz tone

module (model El2-02) placed behind the shuttle box on the floor of the isolation cubicle.

Background noise was provided by a ventilation fan affixed to each isolation cubicle.

On three consecutive days, subjects (N=5 per prenatal treatment X rearing dam

treatment X sex X CS preexposure treatment) were given two days of prc-cxposurc to the

tone CS followed by one day of CS-US conditioning. Each prc-cxposurc day was

composed of 25 trials, in which the pre-exposed group (PE), only, was exposed to a tone

of 85 dB[A] of 12 sec with an inter-trial interval (1TI) of 50-+30 sec. The non-precxposcd
group (NPE) did not receive any CS exposures during the first two days but were exposed
to the apparatus for an identical time. ITI crossings in prc-cxposurc sessions were used to

estimate activity. On the CS-US conditioning day, animals were exposed to 100 trials

with the 12s CS and a 2s US of 0.5 mAcontiguous with the last 2s of the CS, using an

ITI of 50-140 sec. Barrier crossings were recorded automatically. On conditioning day,
barrier erossing

duringtheCSwasscoredasanavoidanceresponse,andduringtheCS-USasanescaperesponse.Iftheanimaldidnotcrossduringeitherthetoneortheshockanescapefailurewasrecorded.3.6StatisticalanalysesDataarcpresentedasmean±standarderrorofthemeanforallmeasures.TheanalyseswereperformedusingSPSS13softwarerunningonwindowsX1J.Tominimizethelittereffect,amaximumnumberoftwolittermatesfromanylitterwereusedfortesting(42).Forbehaviouraltestsinadulthood,theeffectsofprenatalDEXandrearingbyaDEXdam
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were determined by ANOVAwith between-subject factors of prenatal treatment, rearing

dam treatment, and sex, and a repeated measures factor depending on the experiment:

postnatal days for body weight and maternal behavior; trials (startle habituation) or prcpulse
intensities (prcpulse alone reactivity and PPI percentage) in the first PPI experiment; trial

and pulse intensity (startle habituation), prcpulse intensity (prcpulse alone reactivity) and

prcpulse and pulse intensity (PPI percentage) in the second PPI experiment; and days or 10-

trial blocks in AA, for prc-cxposurc activity and avoidance responses, respectively. As

expected, there were marked sex differences in post-wcaning body weight and in adult startle

response, and males and females were analysed separately on these parameters. For analyses
of body weights, and of the prepulse-alone data in the 2 PPI experiments, a natural

logarithmic transformation was required to obtain the normal distribution assumed by
ANOVA.

4. Results

4.1 Body weight
Birth weight was analysed using a univariate test with prenatal treatment, rearing dam

and sex as between-subject factors (Figure 1). There was a significant main effect of prenatal
treatment on birth weight (F(l,141)=39.87; p<().001), reflecting the decreased body weight
of the infants exposed prenatally to DhX. There were no significant effects of rearing dam

treatment or sex (p>0.3) or any significant interactions of the analysed factors (/>>(),4).
Body weight at PND7, 14, 21, 35 and 80 were analysed using a prenatal treatment X

rearing dam X sex X age ANOVA(Fig 1 A). There was a significant main effect of age

(F(4,548) = 12672.03;;K0.001) and of sex (P(l,137)=74.67;/)<0.001) and a significant sex X

age interaction (F(4,548)=112.51;/><0.001), reflecting the greater increase in body weight of

males compared to females emerging at PND35. A posteriori age-specific ANOVAsyielded
no sex effect at PND 7, 14 and 21 (/»0.4), and significant effects at PND 35

(F(l,145)=252.31;/><0.001, Fig 1 B and C) and PND80 (F(l,145)=927.93;/><0.001 Fig 1 B

and C). There was a main effect of prenatal treatment (F(l,137)^16.60;/><0.001) with DHX-

rreatcd subjects having lower body weights than VHH-trcatcd. There was a main effect of

rearing dam treatment (F(l,137) = l 1.79;/>=0.001) with subjects reared by DFX treated dams

having lower body weights. In addition there were significant interactions of prenatal
treatment X rearing dam treatment (F(1,141)=6.01; />—0.015) and prenatal treatment X

rearing dam X age (F(4,548)~3.59; />=0.025). A posteriori reanalysis at individual ages yielded
significant prenatal treatment X rearing dam interactions at PND 7 (F(l,145)=4.45;
/>=0.037), PND14 (F(l,145)=6.39;/>=().() 13) and PND21 (F(1,l45)=7.08;/>=0.009), and not

at PND35 or 80 (p>().G). At PND7-21 the three treatment groups DFX-DFX, DHX-VEII

and VEPI-DEX exhibited a similar body weight reduction when compared to the VF.I I-

VEH animals; from PND35 on, the VEH-DEXand DEX-VEH animals were similar and

intermediate in body weight between VPMI-VHII and DEX-DFX, with the DHX-DF.X

animals showing an increased reduction, equivalent to the additive effects of prenatal DE,X

and DHXrearing dam.
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Fig. 1 - Offspring body weight (niean+SFM) across PND1-80 according to prenatal DFXexposure of

offspring and rearing dam. (A) Body weights at PND 1, 7, 14 and 21 (VEH VHHN=40, VFII-DHX N~41,

DFX-VFH N-43, DFX-DFX N=47). (B) Male body weight ar PND35 and 80 (VRII-VE1I N=21, VK(1-

DEX N-20, DEX-VEH N~23, DHX-DHXN=24). (C) Female body weight ai PND35 and 80 (VFI1-VKU
N= 19, VFH-DFX N-21, DHX-VHII N=2(), DHX-DHX N^23). Significant differences are indicated by
différent leuers (/K0.05).

4.2 Maternal behaviour

Maternal behaviours were analysed using a rearing dam X age ANOVA. Dam pup-

directed behaviour reduced as pups aged, as indicated by a significant age main effect

(F(6,120)=764.10; /><0.U01: day 1-2= 28.6411.31, day 3-4= 18.38+1.78, day 5-6=

18.6510.87, day 7-8= 14.5411.01, day 9-10= 14.01+0.96, day 11-12= 13.4610.82 and day
13-14= 12.4510.94). Relative to Vmi dams, dams exposed to DEX demonstrated a

significant increase in pup-directed behaviour, as confirmed by a rearing dam main effect

(F(l,20)=5.54; /;=0.029: VFJI=15.6810.95, DEX~18.6310.88). Dam self-directed

behaviour increased as pups aged, as indicated by a significant age main effect

(F(6,120)=6.44;/K0.001; day 1-2= 17.8611.31, day 3-4- 25.6211.56, day 5-6= 24.92+0.91,

day 7-8= 24.2811.07, clay 9-10= 23.3110.91, day 11-12= 24.3311.01 and day 13-14=

24.1310.97). There was no significant interaction with dam-rearing treatment (p>0A).

4.3 First PPI experiment

Average startle reactivity to the five initial pulse alone trials was analysed using a

prenatal treatment X rearing dam X sex ANOVA. There was a significant main effect of sex

(F(l;70)=79.23; /K0.001) with males exhibiting increased startle reactivity (males: 1255:144,

females: 556130), observed in the absence of any significant prenatal or rearing dam

treatment effects or interactions (p>{).7). This important basal difference in startle reactivity
led us to use a sex-split design for the subsequent analyses. Startle habituation was measured
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as diminution of the startle to pulse alone trials during the first 5 consécutive trials and

analysed separately for males and females using a prenatal treatment X rearing dam X trials

ANOVA. There was not a significant main effect of the repeated measure of trials in males

(/»0.2; startle value trial 1-5:1653159, 1022+103, 1211195, 1335191, 10511101), hut there

was in females (F(1,144)=8.36;/><0.()01; startle value trial 1-5: 857165, 451158, 445151,

580170, 446163), reflecting startle habituation to pulse alone trials in females only. In both

sexes, neither prenatal nor rearing treatment yielded a significant effect on startle habituation

(/»0.2).
In males, analysis of the (In-transformed) prepulse alone startle reactivity using a

prenatal treatment X rearing dam X prepulse intensity ANOVAyielded a significant main

effect of prepulse intensity, with increasing prepulse intensity leading to increasing startle

reactivity (F(4,136) = 15.18; /><0.001; In-transformed values at background (68dB[A]) and

propulses 72, 76, 80 and 84 dB|A|, respectively: 0.98+0.27, 0.89+0.25," 1.16+0.27, 6.60+3.07,

8.06+2.29). There was a significant prenatal treatment X roaring dam X intensity interaction

(F(4,136)=2.95;/>=0.043); individual-intensity post-hoc testing did not yield any significant
differences between treatments (/>>(). 1). in females, there was a significant main effect of

prepulse intensity, with increasing prepulse intensity leading to increasing startle reactivity

(F(4,2136)=7.43;/K0.001; In-transformed values at background (68dB|Abfand propulses 72,

76, 80 and 84 dB[Aj, respectively: 0.62-1 0.17, 0.33+0.09~, 0.58+0.15, 1.16+0.31, 2.82+ 1.09).
There was a significant interaction of prenatal treatment X intensity (F(4,136)~3.31;

/>=0.029); individual-intensity post-hoc testing did not yield any significant differences

between treatments (/>>0.1).

Percentage PPI was analysed by ANOVAfor each sex using a prenatal treatment X

rearing dam X prepulse intensity design. In males (Fig 2 A), there was a significant effect of

propulse intensity (F(4,136)-81.30; /;<0.001), reflecting increased percent PPI at higher

prepulse intensities. In addition, the prenatal treatment X rearing dam X prepulse intensity
interaction wassignificant(F(3,102)=3.94;p=0.0iT).Separateaposteriorianalysisofeachprepulseintensitywasperformed:atprepulseintensity84dß|A]therewasasignificantinteractionofprenataltreatmentXrearingdam(F(l,34)=6.89;/>=0.013).Posthoctestingindicatedthatat84dB[A]specifically,DEX-VEHandDEX-DEXmalesdemonstratedincreasedPPIrelativetoVRII-VEHmales0=0.08and/>=0.013respectively),withVEl1-DEXmalesintermediate.Infemales(Fig2B),therewasasignificanteffectofprepulseintensity(F(4,l36)-16.49;/><0.001),reflectingincreasedPPIathigherprepulseintensities.TherewasnosignificanteffectofeitherprenatalorrearingdamtreatmentonPPIinfemales0>o.i).41
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4.4 Second PPI experiment

Average startle reactivity to the two initial pulse alone trials was analysed using a

prenatal treatment X rearing dam X sex X pulse intensity ANOVA. There was a main effect

of sex (F(l,37)=22.()2; /><().001) with males exhibiting increased startle reactivity (males:

680+69, females: 301+44). There was a significant main effect of pulse intensity

(F(2,74)=90.16; /;<0.001; pulse 100dBfA|: 94+14; pulse 110dB[AJ: 513164; pulse 120dB[Aj:

827180), with higher startle reactivity recorded at higher pulse intensity. As for the first

experiment, the important sex difference in startle reactivity led us to tise a sex-split design
for subsequent analyses. Startle habituation was measured as diminution of the startle to

pulse alone trials between the initial and final 2-trial blocks of pulse alone trials for each

prepuise, and analysed using a prenatal treatment X rearing dam X pulse intensity X 2-trial

blocks ANOVA. There was a significant main effect of pulse intensity in both males

(F(2,34)=l 12.87; /><0.001) and females (F(2,40)=28.29;/><0.001). There was not a significant
main effect of the repeated measure of blocks of 2 trials, reflecting habituation, in males

(/)>0.2), but there was in females (F(l,144)=8.36; /><0.001, the values for startle reactivity to

the first and second pulse alone trials, respectively as follows: Males: pulse 100: 137+25;

165133, pulse 110: 732198, 609190 and pulse 120: 1171186, 1019170. Females: pulse 100:

5619, 3518, pulse 110: 322165, 208132, pulse 120: 526+96, 317158). In males and females,

there was no significant effect of cither prenatal or rearing dam on startle habituation

C/»o.i).
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Analysis of the (In-transformed) prepulse alone startle reactivity using a prenatal
treatment X rearing clam X prepulse intensity AN( )VA yielded a significant prepulse
intensity main effect, in males (1^(3,51 )~ 14; /KÜ.001) and females (F(3,60)-3.69;/>=0.032),
reflecting the increased startle reactivity to higher prepulses (In-transformed values at

background (68 tlBjAJ) and prepulses 74, 80, 86 dB[A], respectively: males: 4.4110.66,

4.0210.47, 6.2710.80 and 8.9011.39; females: 3.6510.40, 3.9010.46, 4.6610.60 and

5.5211.07). Neither of the treatments yielded significant effects in either sex (/>>(). 1).

Percentage PPI was analysed for each sex using a prenatal treatment X rearing dam

X pulse intensity X prepulse intensity ANOVA. There was a significant main effect of

prepulse intensity in males (F(2,34)=60.23; /;<0.001, Fig 3 A, C, F) and in females

(F(2,40)=81.08; /XO.001, Fig 3 B, D, F), reflecting increased PPI with increasing
prepulse intensities. There was a significant main effect of pulse intensity in males

(F(2;34H8.49;/X0.001) and in females (F(2,40)=7.48; ;;=0.002), reflecting decreased

PPI with increasing pulse intensities. These effects were observed in the absence of

significant prenatal treatment or rearing dam effects or interactions (p>0.\).

4.5Latent inhibition in the two-way active avoidance test

4.5.1 Activity during pic-cxposurc sessions

Activity during CS pre-exposure, measured as 1TI barrier crossings, was analysed using
a prenatal treatment X rearing dam X sex X CS pre-exposure X lest day ANOVA. There

was a main effect of sex (F(l,64)=54.15;p<0.001: males; 16.211.4, females: 32.511.2),

reflecting the lower activity level in male compared to female rats. There was a significant
prenatal"treatment effect (F(l,64)=7.49; p<0.01: DFX: 22.911.5, VF1I: 28.6123), with

DH.X animals showing a reduction in activity. There was a significant days main effect

(F(1,64)=11.49;/>=0.0(H), and a significant sex X days interaction (F(1,64)-21.68^)<Ü.0Ü1:
males day 1: 19.611.5, day 2: 12.9+1.7; females day 1: 31.911.9, day 2: 33.012.1), reflecting
the decreased crossings at day 2 versus day 1 in males only. There was a significant (.lays X

CS preexposure interaction (F(l,64)=9.17;/;<0.005: NPH, day 1: 28.2+2.2,'day 2: 22.911.7;

PC, day 1: 23.311.7, day 2: 23.011.7), reflecting the higher activity level in NPEanimals only
on day 1,

4.5.2 Avoidance responses on test day

Latent inhibition, measured by comparison of avoidance learning between the PL, and

NPH subjects, was analysed with a prenatal treatment X rearing dam X sex X CS

preexposure X 10-trial block ANOVA. The significant main effect of the repeated measure

of 10-trial blocks reflected the overall increase in avoidance responding as the session

progressed (F(9,576)-73.37; /;<0.()01). A significant CS pre-exposure X 10-trial blocks

interaction (F(9,576)=2.39; />-0.028) and a significant main effect of CS pre-exposure

(F(l,64)=22.67; /K0.001) reflected the delayed acquisition of avoidance in the PH animals

compared to NPF, animals, namely expression of LI. This occurred in the absence of any

prenatal or rearing dam treatment effect or effect of sex (/;>().05). The LI effect is given

separately for each treatment group in Fig 4. LI measured as latency to avoid the LIS yielded
similar findings to those obtained with avoidance responses (data not presented).
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5. Discussion

Based on an integration of the hypotheses of GC prenatal programming and

ncuroduvelopmental origin of schizophrenia, we assessed the long-term effects of DKX

exposure during the third week of gestation in male and female rat offspring in terms of PPI

and Id, two behavioural processes that are disrupted in schizophrenic patients. At birth we

performed cross-fostering, as it had been demonstrated previously that prenatal DKX

exposure induces changes in maternal behaviour, which itself could impact on the offspring
phenotypes tested herein. Prenatal DKX treatment and rearing by a DKX treated mother

yielded a similar reduction in offspring body weight from birth until adulthood. Treatment

with DEXduring pregnancy resulted in dams exhibiting increased pup-dircctcd behaviour,

Sensori-motor gating was measured using PPI of the acoustic startle response. In the first

experiment, prenatal DEXled to a significant increase in PPI, specific to males and to the

highest of the four prepulses used. This effect was not reproduced in the second PPI

experiment, in which no significant effect of cither prenatal DKX or rearing dam treatment

was identified. Using two-way AA, neither prenatal DEXtreatment nor rearing by a DKX

dam led to significant effects on LI.

Prenatal DKX treatment yielded a reduction in birth weight in both male and female

offspring. Similar reductions in birth weight after prenatal DKX exposure have been

reported previously (20, 24, 43-46). The reduction might result from the inhibitory action of

GCs on DNAsynthesis in dividing cells and therefore on somatic growth (47, 48). Using the

cross-fostering design, we were able to demonstrate that pup growth between birth and

weaning was reduced both by prenatal DEXand, independently of and additively to this, by
rearing by a DEX-treated dam. Some previous studies have reported catch-up growth
between bin h and weaning following prenatal DEX (20, 43, 44), whereas others, like the

present one, did not (24, 45, 46). Our study used the same route of administration, dose and

regimen of DKX treatment, and cross-fostering design, as Brabham et al. (24), and both

experiments yielded a persistent reduction of body weight in animals exposed to prenatal
DKX. The cross fostering procedure per se has been reported to not affect pup body weight
(49). The reduced body weight observed in animals reared by DEX-treated dams is

somewhat surprising given that if was concomitant with increased maternal behaviours,

including nursing (see below). Maternal behaviour is determined both by infant stimuli and

by maternal responsiveness to these stimuli (50). The combination of increased maternal

behaviour in DEX-treated dams and reduced body weight gain in pups reared by such dams

suggests that these dams' ability to nourish, and thereby to reduce stimulus emission, in their

lostcr pups was reduced. Wehypothesize that lactation was compromised in these dams; the

same mediating mechanism has been proposed for reduced postnatal weight gain in foster

pups reared by dams exposed to stress during pregnancy (51). This hypothesis is further

supported by evidence for reduced ileal lipid uptake in suckling rats following perinatal DEX

treatment (52, 53).
Weobserved weak, non-replicable effects of prenatal DKX exposure on PPI of the

acoustic startle response. Kvidencc for altered PPJ was limited to increased expressioninmaleratsatthehighestprcpulseintensity,andtheeffectwasobtainedinthefirstPPIexperimentandnotreplicatedinthesecond.Studiesofprenatalirradiationinrats(54)andprenatalimmuneactivationinmice(U.Meyer,pers.comm.),withexposureduringthelastweekofpregnancy,alsofoundthatthetreatmentwaswithoutasignificanteffectonPPIinadulthood.Lehmannetal.(32)reportedthatprenatalrestraintstressresultedinincreasedPPIexpression.Thereforetheoverallinterpretationwouldbethatprenatal(finalweek)46



CHAPTERI

challenges exert weak incrcascs/no effects on PP1 expression. PPI has been shown to be

disrupted in schizophrenia patients (55). In laboratory animals, models have been developed
to specifically reproduce the schi/ophrcnia-related disruption of PPI; these include drug (e.g.
amphetamine (56)) and brain lesion (e.g. hippocampus (57)) models. Using these models,
PPI has been found to be under complex modulation by several neurotransmitters, and

among these DA is of major importance (56). Recently, prenatal DKXhas been reported to

lead in adulthood to: increased tyrosine hydroxylase positive cells in the ventral tegmental
area and the substantia nigra pars compacta and decreased DA levels in the striatum, in

males specifically (58); increased DA concentration in the cerebral cortex (21); and reduced

DOPAC/DAratio in the hypothalamus (23). extrapolating such central DA effects to the

subjects of this study, and reconciling this with the marginal increase m PPI obtained in

males, we can only hypothesize that such effects on the DAergic system did pertain in our

subjects but did nor affect PPI expression, possibly because a compensatory process
occurred in the developmental period between prenatal treatment and adult testing.

PPI was not significantly affected by the differential rearing of DKX- versus VKH-

freatcd dams. Previous studies from this laboratory reported no significant changes in

expression of PPI in adulthood following maternal behaviour manipulations such as 24-hr

maternal separation at PND 4, 9 or 18 (59), or repeated 4-hr isolation from clam and

littcrmatcs (60). Similar results were observed in mice: neither a 24-hr maternal separation
nor postnatal foot shock resulted in significant effects on the expression of PPI in adulthood

(61). Some maternal separation procedures have been shown to yield temporarily increased

maternal behaviour (62), and noteworthy in this respect is the report by Zhang et al. (37) that

the adult offspring of low licking-grooming dams demonstrated relatively weak PPI

compared with the adult offspring of high licking-grooming dams. When the offspring of

these high licking-grooming dams were compared to saline injected animals from another

experiment in the same laboratory (63), they showed similar expression of PPI. This

similarity between subjects receiving normal or increased maternal behaviour supports our

findings of normal expression of PPI in offspring raised by dams showing increased

maternal behaviour.

With regards to LI, measured using the AA test, we observed acquisition of avoidance

learning, as well as LI in the form of delayed development of avoidance in PK animals.

Prenatal DKX treatment did not yield significant modification of LI, and neither did rearing
by a DKX-lrcatcd dam. Due to the relatively low numbers of animals used in this

experiment,
andtoreducethepossibilitythattheabsenceofasignificanteffectwasduetolackofstatisticalpower,weperformedadditionalanalysesbycollapsingthedataacrossthesexes;thisalsoyieldedtheabsenceofanysignificanttreatmenteffects{/>>().1).Inapreviousstudy,wereportedthatprenatalstressintheformofpregnantdamrestraintwasalsowithoutsignificanteffectonLIinAA(32).WhenLIwasstudiedinconditionedtaste-aversion,suchprenatalrestraintstressledtopotentiatedLI,inmaleoffspringspecifically(64).WhenLIwasassessedintheconditionedemotionalresponseparadigm,prenatalrestraintstresswasagainwithouteffectonLI,whereasexposingthedamtofootshockortocorticosteroidadministrationbothledtodisruptedLI,withtheeffectbeingspecifictomaleoffspring(33).TheprenatalcorticosteronedosingregimenusedbyShalevandWeiner(33)wassimilartothatusedtoadministerDKXinthepresentstudy.GiventhatcorticosteronereducedLI(inmales)andDKXdidnot,itisimportanttounderlinethedifferentmechanismsofactionofCORTandDKX;CORTinthedrinkingwaterresultsinincreasedmaternalandfoetalbloodCORTlevelsamithereforeincreasedbindingbybothmineralocorticoidreceptors(MR)andGR.DKXisaspecificGRagonist;itsadditiontothe
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drinking water results in activation of OR, which would be expected to increase negative
feedback in the maternal and foetal HPA axis and therefore to reduce both maternal and

toetal endogenous CORT. In adulthood, synthetic glucocorticoids are known to have low

direct access to the brain, due to the expression of the P-glycoprotein, actively exporting
such compounds (65), but developmental studies have shown that the rat blood-brain barrier

expresses this protein only from post-natal day 7 (66). Therefore it is possible that prenatal
DEX exposure results in reduced endogenous CORTconcentration, and consequently in

increased CR hinding (due to DRX) and reduced MR binding (due to low CORT

concentration).
With regard to the possibility that the lack of effect of prenatal DRX on Id was

dependent on and specific to the AA procedure, a number of studies are relevant. There are

reports that LI and effects of manipulations thereon arc consistent across different

behavioural paradigms (39, 67). 1 lowcvcr, Pothuizcn et al. (68) recently reported a paradigm-
dependent effect of hippocampal lesion on LI: assessment using AA and conditioned

emotional response both yielded an LI disruption by hippocampal lesion, whereas

assessment using conditioned taste aversion with sucrose or quinine as the CS yielded no

lesion effect on LI or an LI-potentiating effect of the lesion, respectively. Such paradigm-
specific findings for the effects of specific manipulations on LI indicate that the present

negative conclusion for the effect of prenatal DHXon LI needs to be drawn cautiously.
In summary, the current study has demonstrated that prenatal exposure of rats to

DEXdoes not lead to significant changes that would reflect schizophrenia-like phenotypes
in terms of either PPl or LI behaviour in adulthood in cither males or females. With respect
to the psychiatric illness of schizophrenia specifically, this study provides original,
comparative evidence that the clinical application of DHXto the late pregnant female does

not constitute a long-term risk factor for the offspring. Obviously, further animal-model

studies arc required to confirm this lack of significant effect or otherwise. At the same time,
this study emphasize the importance of using a cross-fostering design in experiments based

on prenatal treatments in order to allow for separate study of postnatal rearing effects.

Although there was no effect on adulthood behaviour with respect to PPl and Li, we

confirmed the original observation by Brabham et al. of altered maternal behaviour

following DEXtreatment (24) and demonstrated rearing dam effects on body weight, effects

which suggest that other adulthood phenotypes could well be affected by dam-mediated

postnatal effects of the prenatal treatment.
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1. Abstract

Prenatal stress can affect foetal neurodevelopment and result in increased risk of

depression in adulthood. Prenatal stress involves increased maternal hypothalamo-pituitary-
adrcnal gland (HPA) secretion of glucocorticoid (GC) and consequently, increased GC

receptor activity in mother and foetus. Prenatal GCreceptor activity is also increased during
prenatal treatment with dexamethasone, commonly prescribed as a prophylactic treatment of

preterm delivery associated morbid symptoms (e.g. respiratory distress syndrome). In this

study, we exposed pregnant Wistar rats to 0.1 mg kg'1 d"1 dexamethasone (DEX) during the

last week of pregnancy and performed cross-fostering at birth. In adult offspring we then

studied the effects of prenatal DEXexposure per se and the effects of rearing by a dam

exposed to prenatal DEX. Wc assessed the offspring in paradigms taxing biobehavioural

processes that arc altered in depression: progressive ratio scheduled of reinforcement

(anhedonia), Porsolt forced swim test and US-preexposure active avoidance (behavioural
despair), Morris water maze (spatial memory) and HPAaxis activity (altered HPAfunction).
We observed increased responsiveness to a physical stressor in terms of HPA activity in

male offspring exposed prcnatally to DEX. Despite this increased HPA axis reactivity, we

observed no alteration of the assessed behaviours in offspring exposed prenatally to DEX.

We observed impairment in spatial memory in offspring reared by DEX exposed dams,

independently of prenatal treatment. This study does not provide support for the hypothesis
that prenatal DEXexposure leads to depression-like symptoms in rats, despite the observed

sex-specific programming effect on IIPA axis. Furthermore this study emphasised the

importance of rearing environment on adult cognitive performances.

2. Introduction

Since its first use in 1972 by Liggins and Howie (1), exposure to synthetic glucocorticoid
(GC; such as dexamethasone (DEX)) has become common practice in prenatal medicine to

prophylactically impede preterm delivery associated morbid symptoms, such as respiratory
distress syndrome and intra-ventricular haemorrhage. Synthetic GC act through specific
binding to the GCreceptor (GR), which can modulate the expression of genes containing
GC responsive element in their promoter (2). This treatment has been demonstrated to

increase survival of preterm infants, but there are major concerns about the potentially
harmful long-term effects, which could be mediated by prenatal programming of the GR.

Prenatal programming is the setting up of adulthood receptor levels, based on the availability
of its ligand during early developmental stages (3). In fact, although the American National

Institute of Health is supporting the use of prenatal GCexposure in cases of women at risk

of preterm delivery (4), it has also emphasised the importance of performing further research

into the potentially harmful long-term effect of prenatal exposure to repeated doses of GC

on physiology, endocrinology and behaviour (5).
It is commonly accepted that many diseases have a component of developmental origin

(6, 7). Among the environmental challenges known to affect foetal development is sustained

exposure of the pregnant female to stress. A stressful event results in increased

hypothalamo-pituitary-adrenal (HPA) axis activity in the pregnant female, which in turn leads

to increased plasma GC(Cortisol in primates and corticosterone in rodents (8)), that is, the

natural ligand of GR. Maternal stress have been shown to induce increased maternal and

foetal GClevels (9), despite the presence of an en7ymatic barrier in the placenta (10). The

enzymatic barrier that reduces maternal-to-foetal GC exchange is ineffective against
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synthetic GC. Therefore prenatal stress and prenatal GC exposure both result in GR

activation in the foetus. In rat, both prenatal stress and prenatal GCexposure have been

associated in adulthood with: increased anxiety (11, 12), impaired HPA negative feedback

(12, 13), and impairment in memory (14, 15). Furthermore, prenatal stress has been

associated with increased behavioural despair (16) and impaired social behaviour (17). This

constellation of phenotypes following prenatal GR activation is intriguingly similar to the

DSM-IV symptomatology of depression, which has two mandatory symptoms: depressed
mood and anhedonia. Additional symptoms include diminished ability to think and

concentrate and 1IPA alterations. In fact, Weinstock has proposed prenatal stress in the rat

as a developmental model of depression symptoms (18).
Given the animal evidence that prenatal GR activation leads to depression-like

phenotypes in adult rats, and also given that prenatal synthetic GCis commonly prescribed,
there is an urge to determine if such treatment leads to increased risk of depression in

adulthood. In the current study wc had the overall aim of describing in rats the effects of

prenatal GCactivation on behavioural and endocrine phenotypes in challenge tests that tax

biobehavioural processes that are altered in depression. To achieve this we exposed pregnant
Wistar rats to DEX(0.1mg/kg/d per os) during the last week of pregnancy and tested the

offspring in terms of locomotor activity, anxiety, anhedonia, learned helplessness,
behavioural despair, spatial learning and memory and HPA activity in basal and challenged
state. Due to reports of interactions between prenatal treatment and maternal behaviour (15,
19), we performed cross-fostering at birth, thereby enabling separation of any direct prenatal
effect from any rearing-dam mediated effect of the treatment.

3. Material and methods

3,1 Subjects, prenatal treatment and cross-fostering
Wistar rats (Harlan, Borchen, Germany) were left undisturbed for two weeks after

arrival, to allow for habituation. Breeding and experimental animals were housed in social

groups of 2-4 animals in Macrolon cage type IV (195mm X 380mm X 600mm), under

reversed light-dark cycle (light ON: 8PM, OFF: 8AM) in a dedicated animal facility with

controlled temperature (21±1°C) and humidity (55+5%). Animals had access to food (Kliba
3430, Klibamühlen, Kaiseraugst, CI I) and tap water ad libitum, except during the test of

progressive ratio schedule of reinforcement (sec below), where the animals were water

deprived for 23h prior to training and for 2h prior to testing. All the experiments were

performed in accordance with the regulations of the Swiss Federal Veterinary Office.

Breeding females were handled daily for one week. The following week, their vaginal
impedance was measured daily (EC40 Estrus Cycle Monitor; FST; Foster City, USA) until a

peak value with impedance >8'000 ohm was observed, indicating that the female was in pro-
oestrus. At that day, taken as embryonic day 0 (EO), the female was placed with a male at

3PM. The male was removed the following day at 8AM to its social group, and the female

was transferred to a Macrolon cage type II (140 mmX 180 mmX 345 mm).
Pregnant females were assigned randomly to one of the treatment groups. The treatment

was performed as described in Häuser ct al. (19). Briefly, between E 15 and birth, pregnant
females were administered either 0.1mg/kg/d DEX(D-1756, Sigma, Buchs, Switzerland) or

vehicle (0.01% ethanol) via the drinking water. The data reported here were obtained with

the offspring from two cohorts that underwent the same treatment and cross-fostering
procedures; Cohort 1 was composed of 8 VE1I and 10 DEX dams and Cohort 2 was
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composed of 12 VEH and 14 DEXdams. From E21, dams were checked twice daily for

birth, at 9 AMand 6 PM. The day that pups were first observed was taken as postnatal day 0

(PND 0). On PND0, the water bottles were replaced by new ones containing tap water, and

pups were sexed, weighed and toe-clipped for identification (DEX versus VKH). Culling was

performed to yield litters of 4 female and 4 male pups. Then, cross-fostering was performed
to yield litters of 2 VEHmales, 2 DEXmales, 2 VEHfemales and 2 DEXfemales, with all

pups per litter unrelated to each other and to the dam to which they were allocated. This

procedure produced four treatment groups in terms of the combination of prenatal drug
exposure of the offspring and pregnancy drug exposure of the dam: VEH-VEH (i.e.
offspring exposed to VEHin utero and reared by a VEH-treated dam); VEH-DEX; DEX-

VEHand DEX-DEX(N=16 males and 16 females per treatment per cohort).
All offspring were weaned on PND21 and put in social groups of 2-4 animals from

different dams but of the same treatment and sex. Offspring body weight was measured

weekly during the cage changing procedure until weaning, and also at PND50. Beginning at

age PND 90, subjects of Cohort 1 was tested in the progressive ratio schedule of

reinforcement (PND 100), social open field test (PND 175), US pre-exposure/activc
avoidance test (PND 190), and the forced swim test (PND 210). Subjects of Cohort 2 were

bred following the same procedure; this cohort was studied in the elevated plus maze (PND
90), open field (PND 92), the HPA axis response to restraint stress (PND 100), and the

water maze using protocols for assessment of both reference and working memory (PND
300).

3.2 Behavioural tests

3.2.1 Elevated plus maze

The elevated plus maze consisted of a central platform of 10cm X 10cm connected to

four arms of 10cm (W) X 45cm (L), with 2 opposed arms being closed with walls of 40cm

and the 2 other opposed arms being open with an edge of 2mm. The maze was elevated at

lm by a central support. The testing room was illuminated by low light (151ux in the open

arms, lOlux in the centre and 51ux in the closed arms). A video camera was fixed above the

plus-maze and allowed video recording as well as tracking motion analysis using the

Fithovision© system (Noldus Information Technology, Wagcningcn, Netherlands). The test

started with the rat being put in the centre zone facing an open arm and lasted for 5min. The

Ethovision system calculated the total distance moved and the time spent in each arm. From

the video tapes, a trained experimenter scored entries in the open and closed arms and the

total number of each of 4 behaviours: a) stretch attend posture: the rat stretches forward and

then retracts to its original position, with the back of its body staying in the same position; b)
grooming: the rat grooms its body with hands or mouth; c) rearing: the rat lifts its front paws
from the floor, except when performing grooming; d) head dipping: the animal looks

downwards over the border of the open arm. Total arm entries and distance moved were

used as an index of locomotion; the ratio of open arm entries to total arm entries and the

ratio of time spent in the open arms to total time spent in all arms were used as indices of

anxiety. The maze was cleaned with ethanol 50% between each trial and allowed to dry.
Males were tested first and then females on a subsequent day.
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3.2.2 Open field

The open field arena consisted of a grey plastic square with walls (76cm X 76cm X

49cm). The testing room was illuminated by low light (151ux). A video camera was fixed

above the arenas and allowed video recording as well as tracking motion analysis using the

Ethovision© system (Noldus Information Technoloby, Wageningen, Netherlands). The

animal was placed in the centre of the arena and the trial lasted 1 h. The Rthovision system
calculated the distance moved, which was taken as an index of locomotor activity. Subjects
were tested 4 at a time in four different open fields, counterbalancing for treatment; the open
fields were cleaned with cthanol 50% and allowed to dry between each trial. Males were

tested first and females on a subsequent day.

3.2.3 Progressive ratio schedule of motivation

All animals were tested in four test chambers (E10-10TC, Coulbourn Instruments,

Allentown, USA) enclosed within sound-attenuating chambers (E10-20) and fitted with a

removable response lever and a liquid dipper (E14-05). The internal dimensions of each

chamber were 30 X 25 X 21.5 cm, and each of the four chambers was equipped with a grid
floor. During the experimental sessions, each chamber was illuminated by a diffuse light
source (house light), mounted 19 cm above the grid floor in the centre of the left side wall.

The light intensity inside each chamber was 4 lux, and the chambers themselves were in a

red-light-illuminated testing room. The removable lever was 3 cm over the grid floor on the

right side wall. The reward magazine was placed in the centre of the right side wall, 2 cm

above the grid and 3 cm from the response lever. When a rat had performed the necessary

number of bar presses, the liquid dipper transferred a drop of sucrose solution (0.01 ml, 7%)
from a reservoir into the reward magazine. Every nose poke in the reward magazine was

counted by photocell detectors. A personal computer (Compaq), together with universal

environment interfaces (E91-12), controlled the sessions and recorded the behavioural data.

All animals received an initial 1-hour exposure to a 7% sucrose solution in their home

cage. Within the next three days, subjects were placed progressively on water restriction of

23h, before lever-press training began. On each FR training day, animals received water for 1

h in the home cage at least one hour after the training session. Following presentation of 50

free reinforcements (each one drop), animals were trained to press a lever for reinforcement,

according to a fixed ratio (FR-1) schedule. On each trial, the lever was presented for 15 s

followed by an inter-trial interval of 5 s, during which the lever was retracted. Reinforcement

and the lever were removed if more than 120 s passed between performance of a correct

lever-press response and consumption of the sucrose drop. FR-1 training was completed
when an animal made more than 40 responses for sucrose during a 20-min training session.

After all animals reached this criterion, they were gradually introduced to an FR-5 schedule.

FR training was completed for all animals within 7 days.
After all animals completed FR-5 training, they were placed on a progressive ratio (PR)

schedule with water freely available in the home cage, except for 2 h of water deprivation
direcdy before each PR test session. Under the PR schedule, the number of bar presses

required in order to receive sucrose reinforcement was incremented in the following manner:

1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 12, 14, 16, 18, 20, 22, 24, 28, 32, 36, 40, 44, 48, 52, 56, 64, 72, 80,

88, 96, 104, 112, 120, 136, 152. The final response requirement completed by each animal

represented its baseline break-point value. Each PR session lasted 30 min, and on each trial

the lever was presented for 300 s. Subjects were tested over 10 days. On the subsequent day,
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a sucrose 7% solution free consumption test was run, where the subjects had access for 10

min to a botde of sucrose 7%solution, and the volume consumed was then calculated.

3.2.4 USpre-exposure test using the two way active avoidance procedure
Behavioural testing was conducted in eight identical shuttle boxes (Coulboum

Instruments, Allentown, PA; model E10-16TC), each set in a sound- and light-attenuating
ventilated shell (model E10-20). The internal dimensions of each chamber were 35 X 17 X

21.5 cm. The grid floor of the chambers was divided into two identical compartments by an

aluminium hurdle (17 cm long, 4 cm high). The hurdle was thin (1 mm) to prevent animals

from balancing on it and thus avoiding shock. Foot shocks were supplied to the grid floor by
a constant direct current source (model E 13-14) and a scanner (model E 13-13) set at 0.5

mAintensity. During the experimental sessions each chamber was illuminated by a diffuse

light source (house light, 8 lux), mounted 19 cm above the grid floor in the centre of the side

walls. The conditioned stimulus (CS) was a 10 second tone of 85 dB, produced by a tone

module (model E 12-02) placed behind the shuttle box on the floor of the shell. Background
noise was provided by a ventilation fan affixed to each isolation cubicle.

Subjects from each treatment group and each sex (N=12-16) were split into shock-

preexposed (PE, N=6-8 per treatment and sex) and non-preexposed (NPE, N=6-8 per
treatment and sex) subgroups. The test procedure comprised three stages over three

consecutive days: two daily sessions of preexposure to both the shock and the apparatus (PE
group) or to the apparatus only (NPE group) and a conditioning session on the third day.
On each of days 1 and 2, the PE rats received 25 presentations of shock of 2 sec and 0.5

mA, with a variable inter-stimulus interval of 50+30 sec. Each NPEanimal was placed in the

shuttle box, with the house light on, for an equivalent period of time. A general evaluation of

each animal's activity level was obtained by recording the total number of crossings during
all NPEand PE sessions. On the third day, each animal was placed into the shuttle box and

received 100 conditioning trials on a variable interval schedule of 50±40 sec. Each trial

began with a 10-second tone followed by a 2-second 0.5mA shock, the tone remaining on

with the shock. If the rat crossed the barrier to the opposite compartment during the tone,

the stimulus was terminated and no shock was delivered (avoidance response). A crossing
response during the shock terminated the tone and the shock (escape response). If the rat

failed to cross during the entire tone-shock trial, the tone and the shock terminated after 12

s (escape failure). As a measure of activity, the total number of inter-trial crossings was also

recorded.

3.2.5 Forced swim test

Wc used the forced swim test as described in Porsolt's original paper (20) with some

modifications. Briefly, a pretest session of 15 min was followed 24 h later by a test session of

5 min. For both the pretest and the test sessions, conducted under low illumination (12 lux),
the rats were placed in a plastic cylindrical tank (44 cm high by 32 cm in diameter) filled with

tap water at 22°C, to a depth of 30 cm, so that when the head of the rat was above the water

surface its hind limbs and tail did not make contact with the tank floor. A video camera was

placed above the tank, and connected to a video recorder allowing recording of each trial for

subsequent scoring. From the video tapes, specific behaviours were scored by an observer,
blind to animal treatment, using continuous scoring to determine the exact duration and with

data entered into a handheld computer (Workabout, PSION, London, UK) running the

Observer Mobile Support Package software (Noldus Information Technology, Wageningen,
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NL). Behavioural categories were exclusive and defined as follows: floating: no body
movements other than those required to stay afloat; swimming: horizontal movement

through the water; and struggling: strong vertical movement. The water was changed after

every second session during 15 min pre-testing and after every sixth session during 5 min

testing, and faeces were removed after each session. Following either pretest or test session,

rats were dried with a towel and kept warm on a heating pad for 30 min in their home cage.

3.2,6 Water maze

The water maze comprised a circular tank composed of black painted fibrcglass with a

diameter of 2 m, a height of 60 cm and raised 40 cm above the floor, and positioned in the

middle of a well-lit testing room, with several black and white spatial cues on the walls.

Every evening the tank was filled with a mixture of hot and cold tap water to a level of

30cm, and the water temperature was maintained at 21±1°C until the following testing day.
A rough circular platform (diameter: 11cm) was submerged 2 cm below water surface. A

visual cue (circular white disk) could be placed 11 cm above the platform. Four points,
equally spaced along the circumference, were arbitrarily assigned as north (N), east (E), south

(S) and west (W); defining 4 quadrants (NE, SE, NWand SW) of equal size. Five platform
locations were set, 1 in the middle of each quadrant 50cm from centre of the pool and one in

the centre of the pool. A video camera was placed above the tank, and connected to a video

recorder and the Ethovision system (Noldus Information Technoloby, Wageningen,
Netherlands), allowing tracking of swim path and automatic calculation of time to reach the

platform, distance moved to reach the platform and swimming velocity.
An initial visual training test day was used to familiarize the animal with the water maze

and allow between-treatment comparison of possible differences in visual discrimination and

motor control. The visual test was composed of 4 trials, with the platform equipped with the

visual cue. The platform position was changed for each trial in the following sequence: SE,

NE, SWand NW. The starting position of the rat was always in the quadrant opposite to

that in which the platform was placed. The trial started by placing the rat gently in the water

facing the tank wall, and finished when the animal climbed on the platform and stayed on it

for at least 2 sec. Escape latency, distance moved and velocity were directly measured and

computed by the Ethovision software. If the animal failed to find the platform within 90 sec,

the experimenter guided it to the platform and an escape latency of 90 sec was scored. The

rat was left on the platform for 15 sec and then placed in a dry warm cage for 30 sec before

beginning the next trial. At the end of the last trial, the animal was dried and put in its home

cage which was temporarily warmed. Test trials began on the next day.

i. Reference memoryprotocol
Animals were tested for 7 consecutive days, with 6 trials per day, with a submerged

platform in a fixed position (SW) and without the visual cue, using a procedure similar to

that used for visual training. The starting positions were fixed as N, SE, NW, S, Wand E.

On day 7, the animals were given a probe test, by placing it in the maze at position N but

without the platform; time spent and distance moved in each quadrant were computed by
the Ethovision software.

iL Working memory protocol
Animals were tested for 5 consecutive days, with 6 trials per day, a submerged platform,

the position of which was changed daily, without the visual cue and using a procedure similar
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to that used for visual training. The platform positions for days 1-5, respectively, were fixed

as SR, NE, SW, NE and Centre. The starting position of the rat was dependent on the

platform position, and was as follows: For platform in quadrant NW: between S and SE,
NR, S, E, SWand between E and SE; for platform in quadrant NE: between Wand SW, SE,
W, S, NWand between S and SW; for platform in quadrant SW: between E and NE, NW,

E, N, SE, between N and NR; for platform in quadrant SE: between N and NW, SW, N, W,
NEand between Wand NW; and for platform in the centre position: N, E, S, W, NW, SE.

Latency and distance moved to find the platform were computed by the Ethovision

software. The development of performance across the first two trials was taken as an index

of working memory.

3.2.7Basal and challengedHPA axis activity

i. Blood sampling
Animal were removed from their home cage and sampled within 1 min, in an adjacent

room under red light. Blood samples were collected from the dorsal tail vein: The animal was

restrained in a towel and a small cut was made 0.5cm from the tail tip; by gently stroking the

tail, venous blood (0.2 ml) was collected in pre-chilled ethylenediaminetetraacetic acid

(EDTA)-coated capillary tubes (Microvcttc®, Sarstedt AG, Sevelen, CH) and stored at 4°C

for maximum lh. Blood was then centrifuged at 1200 G for 20 min at 4°C, and plasma was

collected and stored at -80°C until RIA analyses. Basal morning (AM) and afternoon (PM)
blood samples were collected between 7-8 AM(immediately after light Off) and between 6-7

PM(before light On), respectively, and one week apart. One week later, the same subjects
were placed in restraint stress followed by serial blood sampling. The procedure was

conducted between 1300 and 1800. Subjects were transported to an adjacent room, a basal

blood sample was taken (time —-20 min) and immediately thereafter the subject was placed
in a transparent plastic restraint tube (8 cm diameter) of adjustable length, for 20 min.

Immediately after restraint, a blood sample was taken (time — 0 min) and the animal was

returned to the home cage. At times 20, 40, 80 and 120 min after the end of restraint,

subjects were transported to the adjacent room, bled from the tail (all samples from the same

incision) and returned to the home cage in the colony room.

ii. Radioimmunoassay for plasma A.CT11 and corticosterone

The plasma samples were analyzed for immunoreactive ACTH and corticosterone.

Plasma ACTI1 titres were determined in a single undiluted 25ul sample aliquot using a

commercial RIA kit for determination of ACTII in human RDTA plasma (DiaSorin,
Stillwater, MN, USA; modified as described in Pryce et al. (21)). Fifty microliters of 125I tracer

and 50ul of antiserum were added to 25 ul aliquot of the five standards (concentrations
ranging from 4 to 120 pg/ml), the two quality controls and the samples. Standards and

controls were measured in triplicate. Following 20h incubation at 4°C, 250 ul of precipitating
complex was added to the tubes, which were then vortcxed, incubated 20min at room

temperature and centrifuged at 1500G for 20min. The supernatant was removed and

samples were measured in a gamma scintillation counter (Minaxi, Packard Instruments,
Downers Grove, IL), 3-min count per tube. Assay sensitivity was 0.2 pg/tube at 95%

binding. Intra-assay precision was 8.98% (N=10) and inter-assay precision was 5.09% (N=5).
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Plasma immunorcactivc corticostcronc titres were determined with an in-house H RIA

validated for rat EDTA plasma (22), Plasma samples were diluted to bring them into the

range of the standard curve: 1:40 for basal and 1:400 for restraint samples. Plasma samples
(250ul, in duplicate) and cordcostcrone standards (Sigma, C2505, 12.5-250 pg/250ul per

tube, in duplicate) were heated in a water bath 90°C for 5 min for binding protein
denaturation. A rabbit anti-corticosterone serum (07-120016, ICN Biomedicals, Costa Mesa,

CA) was incubated with [1,2,6,7-3I I] cordcostcrone (TRK 406, Amersham, Switzerland, ZH)
and cither standard or sample; separation was achieved with dextran-coated charcoal. Assay
sensitivity was 2.5 pg/tube/250 fil at 95% binding. Intra-assay precision was 4.63% (n-5)
and inter-assay precision was 10.89% (n=5).

3.3 Statistics

Data are presented as mean + standard error of the mean for all measures. The analyses
were performed using SPSS 13 software, the graphics using Sigmaplot 10 software and text

with Microsoft Word, all software were running on windows XP. To minimize the litter

effect, a maximum of two littermates from any litter were used in any test (23). For

behavioural and endocrine tests in adulthood, the effects of prenatal DEXtreatment (DEX,

VEH) and rearing-dam treatment (DEX-dam, VEH-dam) were determined by ANOVA

with between-subject factors of prenatal treatment, rearing-dam treatment and sex, and

repeated measures factor that depended on the experiment: postnatal age for body weight; 5-

min bins for open field; days and 1-min bins for forced swim test; daily sessions for

progressive ratio schedule reinforcement; in US preexposure/active avoidance, where

preexposure was an additional between subject factor, days for pre-exposure days and 10-

trial blocks for the conditioning day; days and trials for water maze acquisition and quadrant
for probe test; and time point relative to end of restraint for hormone titres. The birth

weight ANOVAwas performed on litter average so as to remove litter effect. The water

maze probe test data were analysed with univariate ANOVA. In the reference memory

probe test, the degrees of freedom for the within subject factor of percentage time spent in

each quadrant was reduced by 1 to 3, because the sum of this dependent measure had to be

100% of total time; the degrees of freedom of the relevant interaction and error terms were

adjusted accordingly (24). For water maze latencies and for hormone titres, a natural

logarithmic transformation was required to obtain the normal distribution assumed by
ANOVA.ARvalue lower than 0.05 was considered as significant.

4. Results

4.1 Body weight
There was a main effect of prenatal treatment on weight at birth (PND 1; F(l,32)=83.64;

jXO.OOl), in infancy (PND 7, 14 and 21; F(l,114)=141.2;/><0.001) and in adulthood (PND
55; F(l,113)=92.58;/><0.001), with prenatal DEXresulting in reduced weights (birth: VEH:

6.2210.16, DEX: 4.20+0.15; infancy: VEH: 35.79+1.14, DEX: 27.43+1.04 and adulthood:

VEH: 222.16±5.79, DEX: 189.40±5.41). There was a significant effect of rearing-dam
treatment in infancy specifically (F(l,114)-4.37;/><0.005), with subjects reared by a DEX

dam being lighter (VEH: 32.30±1.01, DEX: 30.91±1.33). There was a significant main effect

of sex in infancy and adulthood, with males being heavier than females (infancy:
F(l,114)=9.75;/><0.005 and adulthood: F(l,113)=756.22;/><0.001).
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4.2 Open ßeld and elevated plus maze

In the open field, there was a significant main effect of time on distance moved

(F(ll;341)=43.66; /><0.001, data not presented), with subjects exhibiting an initially high
locomotor activity followed rapidly by habituation. There was a significant main effect of sex

(F(l;31)-20.54;/><0.001), representing the expected increased locomotor activity observed

in females compared to males throughout the one-hour test (distance moved in cm F:

109081727, M: 6696±534). These effects were observed in the absence of significant main

effect or interaction of prenatal or rearing-dam treatment (p>0A).
In the elevated plus maze, there was a significant main effect of sex for both open-arm

entry ratio (F(l;31) = 12.87;/><0.005) and the open-arm time ratio (F(l;31)=14.96;/K0.005),
reflecting the expected increased open-arm activity exhibited by females compared to males

(open-arm entry ratio: F: 18.013.7, M: 9.613.4; open-arm time ratio: F: 6.1 + 1.4, M: 2.9+1.2).
Head dipping also presented a significant sex effect (F(l,31) = 11.94;/><0.005), with females

showing an increased number compared to males (F:5.75+0.82, M: 2.6810.51). There were

no differences in terms of prenatal treatment or rearing dam treatment (p>0A). A similar sex

effect, with no effect of treatments, was observed in the time spent in the centre of the open

field (data not presented), which, as for open-arm activity on the elevated plus maze, has also

been interpreted as an index of anxiety.

4.3 Progressive ratio schedule of reinforcement

In the progressive ratio schedule of reinforcement, there was a significant main effect of

days on number of lever presses (F(9,495)=4.99;/><0.001, data not presented), number of

rewards obtained (F(9,495)=7.54; j&<0.001, data not presented) and break point ratio

(F(9,495)=5.10; /K0.001, Fig. 1), representing the slight but consistent increase in

performance across testing days. Indeed, the linear trend component in these three scores

was also significant (linear trend: F(l,55) = 16.78; /><0.001, F(l,55)=28.47; /K0.001 and

F(l,55) = 16.64;^><0.001, respectively). There was a significant sex X day interaction in lever

presses (F(9,495)=2.59;/><0.05) and in break point ratio (F(9,495)=2.26;/><0.05, Fig. 1) but

not in reinforcements obtained (/>>0.05) and a significant main effect of sex for lever presses

(F(l,55)=20.78, /K0.001, data not presented), rewards obtained (F(l,55)=17.80; /><0.001,
data not presented) and break point ratio (F(l,55)=20.59;_p<0.001,

Fig.1).Thesefindingsreflecttheincreaseinallscoresinfemales,andforleverpressandbreakpointratio,thedelayinappearanceofthisdifferenceuntiltestingday2.Therewerenosignificantmainorinteractioneffectsinvolvingprenataltreatmentorrearingdamtreatment(all^>>0.1)Forthefreesucroseconsumptiontest,therewerenosignificantmainorinteractioneffectsofsex,prenataltreatmentorrearingdamtreatmentonthevolumeofsucroseconsumed(sucrosesolutionconsumedinml:12.65+0.72,all/>>0.1).
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Fig. 1 - Performance in the progressive ratio schedule of reinforcement expressed as break point ratio

(mean+SEM) over 10 consecutive days, split by sex (N-32 per sex). There was a significant interaction of sex

X days and a significant main effect of sex (/><0.05), reflecting the increased motivation in females, starting at

day 2.

4.4 US pre-exposure effect in the two way active avoidance

procedure
For the number of TTI crossings during the pre-exposure days, there was a significant

main effect of days (F(l ,80)-38.54; /><0.001), reflecting the decreased activity across days

(day 1: 14.8+0.8, day 2: 11.5±0.9). There was also a significant prc-cxposure X sex

interaction (F(l,80)=7.44;/><0.01), a significant main effect of pre-exposure (F(l,80) = 14.71;

jXO.001) and a significant main effect of sex (F(l,80)=43.46; /><0.001), with the non-prc-

exposed females showing an increased number of crossings compared to pre-exposcd
females and to all males (female, NPR: 22.3±1.1, PE: 11.9±1.0; male NPR: 10.211.1, PE:

8.3+0.7). There were no significant effects of prenatal or rearing dam treatments (p<0.1).
On the conditioning day, for avoidance responses, there was a significant main effect of

blocks (F(9,900)-123.50; /><0.001), representing increased avoidance responses with trials

(data not sown). There was a main effect of pre-exposure on avoidance responses

(F(l,100)-7.00; /K0.01) with prc-cxposed animals showing decreased avoidance responses

(PE: 38.5±3.8, NPE: 51.6+3.4). For escape responses and escape failures, there was a

significant sex X PE x blocks interaction (F(9,900)=2.57;/><0.05 and F(9,900)=4.45;/><0.05,
respectively), a significant PE X blocks interaction (F(9,900)=4.63, ^<0.005 and

F(9,900)=5.60; /><0.005, respectively) and a significant main effect of blocks

(F(9,900)=23.20;/X0.001 and F(9,900)=57.62;/><0.001, respectively). This represented, for

65



CHAPTERII

these two scores, a reduction of the PR effect - which was for decreased escape responses
and increased escape failures in the precxposed subjects - across blocks specific to females.

There were no significant main or interaction effects of prenatal or rearing dam treatment

0&>o.i)

4,5 Forced swim test

For time spent floating, there was a significant day X bins interaction (F(4,160)=6.21;
/><0.001), representing the increased floating on the second day in minutes 1 and 2; this was

further supported by a significant day effect only being visible in the 2 first bins when these

were analysed individually (p<0,00l). There was a significant sex X rearing dam treatment

interaction (F(l,40)=6.80; /><0.05, see Table 1), revealing a female-specific increase in

floating in subjects reared by DEXtreated dams, independent of days. A posteriori sex-split
post hoc analyses yielded a significant effect of rearing dam treatment in females

(F(l,20)=8.85; p<0.0\) and not in males (p>0A), There were no other significant main or

interaction effects of sex, prenatal treatment or rearing dam treatment (p>0A). Swimming
and struggling scores present the inverted, and therefore similar, pattern to floating (data not

presented).
Table 1 ~ Porsolt forced swim test floating time

Sex Rearing dam Dayl Day 2

F
VEH 134.8+9.8 143.4+15.0

DF.X* 167.2+8.6 169.7+16.5

M
VEH 151.5+11.0 165.1+13.9

DEX 14S.8±8.0 171.7+1Ö.0

Score expressed as total time spent floating during the 5 first minutes of day 1 and 2 (mean+SEM).
* Significant sex X rearing dam treatment (ö<0.05)

4.6 Water maze

During the visual cue test, there was a significant main effect of trials on swimming
distance (F(3,168) = 10.98; /K0.001, data not presented), on velocity (F(3,168)=52.91;
/K0.001, data not presented) and on latency to reach the platform (F(3,168)=30.18;^<0.001,
data not presented), reflecting the reduction of distance and latency to reach the platform,
and an increase in velocity, with training. There was also a significant main effect of sex on

distance (F(l,56)^5.04; Jö<0.05), on velocity (F(l,56)-5.04;/><0.05) and latency to reach the

platform (F(l,56)=5.43; p<0.05), reflecting the reduction of all three measures in females

compared to males. There were no significant effects of prenatal or rearing dam treatment

(p>0A).

i. Reference memory

In the reference memory water maze, there was a significant reduction in latency to reach

the platform across testing days in all subjects, indicated by a significant day effect (F(5;
280)-61.66;^)<0.001). There was a significant rearing dam treatment effect (F(l,56)=4.75;
/><0.05, Fig. 2 a), with subjects reared by DEXdams showing an increased latency to reach

the platform compared to those reared by VEII dams (sec Fig. 2 a insert). There were no

significant main or interaction
effectsofeitherprenataltreatmentorsex(p>0A).Ontheprobetrial,forpercentagetimeofthe1minprobetrialspentineachquadrant,therewasasignificantmaineffectofquadrant(F(2,l68)=38.57;/><0.001,respectively,Fig.2b),representingincreasedtimespentinthetargetquadrant.Therewerenosignificanteffects
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of prenatal or rearing dam treatment on these two measures (p>0.1). For swim velocity there

was no effect of sex, prenatal treatment or rearing dam treatment (/>>0.1). Swimming
distance presented a similar pattern (data not presented).

ii. Working memory

Using latency to reach platform, there was a significant rearing dam treatment X trial

interaction (F(l;56)=4.27;^<0.05, Fig. 3) and a significant main trial effect (F(l,56)=38.87;
jö<0.001, Fig. 3), representing an attenuated improvement in performance between trial 1

and 2 in rats reared by DEXdams (see Fig. 3). There was a significant main effect of sex

(F(l,56)=4.32; /><0.05), with males having a reduced latency to reach the platform compared
to females (M: 30.4+1.5 and F: 35.3+1.7). There were no significant effects or interactions of

prenatal treatment (p>0.1). There was no effect of sex, prenatal treatment or rearing dam

treatment on swim velocity (p>0.1)

4.7 Basal and challenged HPA axis activity

i. Basal ACI 'H and corticosterone

For basal plasma ACTH titres there was a significant sex X time of day interaction

(F(l,56)=7.89;/><0.01) and a significant main effect of time of day (F(l,56)=13.55;/><0.005);
this reflected the increased ACTHtitres in the AMcompared to PMsamples in females (see

Fig. 4). This was further supported by a posteriori sex-split ANOVAanalyses, yielding a

significant effect of time in females (F(l,28)=21.02; ^<0.001) and not in males (p>Q.\).
There were no significant main or interaction effects of prenatal or rearing dam treatment on

basal ACTHplasma titres (p>0A).
For basal corticosterone titres there was a significant interaction of time of day X

prenatal treatment (F(l,56)=4.84; p<0,05) and a significant main effect of time of day
(F(l,56) = 162.84;/><0.001); this reflected the particularly low PMplasma corticosterone titres

in prenatal DEXrats as well as the high AMlitres relative to PMtitres overall (Fig. 4). This

was further confirmed by a posteriori post-hoc analyses of AMand PMlitres separately, which

yielded a significant prenatal effect in PMsamples only (F(l,56)=4.32;/><0.05). There was a

significant effect of sex for corticosterone litres(F(l,56)=11.09;/><0.001,Table3),withfemalesexhibitingtheexpectedincreasedplasmacorticosteronetitrescomparedtomales(Fig.4).Therewerenosignificantmainorinteractioneffectsofrearingdamtreatmentonbasalcorticosteroneplasmatitres(p>QA).it.ACI1~IandcorticosteroneafterrestraintAllsubjectsrespondedtothestressorwithamarkedresponseinplasmatitresofbothACTHandcorticosterone,supportedbyamaineffectoftime:ACTH:F(5,270)=141.94;/K0.001;corticosterone:F(5,275)=112.63;/><0.001(Fig.5).InACTH,therewasasignificantprenataltreatmentXsexinteraction(F(l,54)=4.12;p<0,05)andasignificantprenataltreatmentmaineffect(F(l,54)=6.57;^<0,05),reflectingamale-specificincreasedelevationinACTIIplasmatitresatalltimepointsaftertherestraintstressintheprenatal-DEXsubjects(seeFig.5aandb).Thisobservationwasfurthersupportedbyaposteriorisex-splitANOVAyieldingasignificantmaineffectofprenataltreatmentinmales(F(l,27)=16.73;p<0.00\)andnotinfemales(p>0.Y).InthemainANOVAtherewerealsoasignificanttimeXsexinteraction(F(5,270)=4.96;^><0.005)anda67
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Latency to reach the platform VEH-VEH

VEH-DEX

DEX-VEH

DEX-DEX

Days

VEH-VEH VEH-DEX DEX-VEH DEX-DEX

Treatment

Fig. 2 - Performance of 300-day-old offspring in the Morris water maze using the reference memory

paradigm. (A) Means (±SF,M) of In-transformed latency to reach the platform across the 6 testing days split by
rearing dam treatment (N- 16 per treatment). There was a significant main effect of dam treatment (/><0.05).
Insert gives velocity (mean±SEM) across the 6 days. (B) Mean percentage (±SEM) of time spent in each

quadrant during the 1 minute probe test (target quadrant was SW) split by treatment (N-16 per treatment). The

dotted line represents the chance level at 25%. There was a main effect of quadrant (/><0.05).
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Fig. 3 —Performance of 300-day-old offspring in the Morris water maze using the working memory

paradigm. Means (±SEM) of In-transformed latency to reach platform for trial 1 and 2 split by treatment

(N=16 per treatment). There was a significant effect of rearing dam treatment (^)<0.05). Insert gives velocity
(mean+SEM) across the 5 days.

significant main effect of sex (F(5,270)=19.06;/><0.001), representing the finding that males

and females exhibited similar titres prior to the stressor and then males exhibited reduced

peak-stress and recovery titres compared to females (see Fig. 5 a and b). There were no

significant main or interaction effects of rearing dam treatment.

In corticosterone, there was the expected significant main effect of sex (F(l,55) —19.48;

p<0.00\), with females exhibiting higher plasma corticosteronc titres compared to males (see

Fig 5 c and d). There was a trend to a main effect of prenatal treatment (F(l,55)—3.67;
/>=0.061), with prenatal DEXexposure tending to lead to increased restraint-induced plasma
corticosterone titres. Furthermore, given the main effect of sex, wc performed additional

sex-split analyses, in which there was a significant effect of prenatal treatment in males

(F(l,28)=8.09;/><0.01; see Fig. 5 c and d) and not in females (p>0.1), reflecting the increase

in plasma corticosteronc in prenatal DEXmale offspring. There were no significant main or

interaction effects of rearing dam treatment.
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Fig, 4 - AMand PMbasal plasma ACTHand corticosteroni; titres (In-transformed; means ±SEM) for

each sex split by treatment (N=8 per treatment). For ACTH, there was a significant sex X time of day
interaction and a significant sex effect (p<0.05). For corticobteronc, there was a significant prenatal treatment X

time of day interaction and a significant time of day main effect (A<0.05).

5. Discussion

Depression is one of the most commonhuman psychiatric diseases, and its aetiology and

treatment are far from being understood. In this study, and given the human and animal

evidence for an important contribution of perinatal events to depression aetiology, we

wanted to assess whether prenatal GRactivation leads to development of depression-like
phenotypes in the rat. Wetherefore exposed pregnant Wistar rats to DEXduring the last

week of pregnancy and assessed their adult offspring in three behavioural tests that tax

processes of relevance to depression core symptoms, in spatial cognition relating to the

symptom of temporal lobe dysfunction, and in HPA axis endocrine activity relating to the

associated characteristic of HPA hyper-function in many depressives. Weperformed cross

fostering at birth based on the reports of altered maternal behaviour following prenatal DEX

exposure (15, 19). Indeed exposure to inadequate maternal care is predictive of high risk of
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Fig S. - Male and female offspring ACTH (A and B) and corticosterone (C and D) plasma titres

(mean+SEM) at time -20, 0, 20, 40, 80, 120 minutes relative to termination of a 20 min restraint stressor

(indicated by the black horizontal bar), split by treatment (N-8 per treatment). For ACTH, there was a

significant prenatal treatment X sex interaction and a significant prenatal treatment main effect (/><0,05). For

corticosterone, there was a trend to a main effect of prenatal treatment (0=0.061).

depression and the animal experiments provides some supportive evidence that this

association is causal (25). We did not observe any effects of prenatal DEX exposure cm

distance moved in the open-field, relative time spent in the open arm in the elevated plus
maze, effect of US pre-cxposure (USPE) on active avoidance performance, floating
behaviour in the Porsolt forced swim test (FST), or break point ratio in the progressive ratio

schedule of reinforcement (PRSR). Interestingly, and despite the lack of prenatal DEXeffect

in the above emotional challenges, we demonstrated that: adult offspring reared by DEX

exposed dams exhibit impairment in working and reference spatial learning; male adult

offspring exposed to prenatal DEXexhibit I IPA endocrine hyper-responsiveness to restraint

stress.
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Prenatal DEXexposure led to a reduction in birth weight, as reported in each of several

previous studies (12, 15, 19), such that reduced birth weight can be considered a hallmark of

prenatal synthetic GCtreatment in the rat. Although the mediating mechanism is not yet

understood, it has been hypothesised to involve the inhibitory action of GCs on DNA

synthesis in dividing cells (26), In contrast, the reported effects of prenatal DEX exposure

on body weight in infancy and adulthood include both reduction and increase (15, 19, 27,

28). This variability probably originates from inter-study differences in terms of duration,

timing and route of administration of DEX. Surprisingly in this study, compared to our

initial report (19), where the reduced body weight was still observed at day 80, we observed a

catch up growth at age 55 days. This suggests that the effects of prenatal DEXas well as

rearing by a DEXdam on body weight might result from a complex age-dependent effect,

and would require further investigation.
The absence of effect of prenatal DEXexposure on both locomotor activity in the open

field and anxiety, as assessed in terms of central open field activity and open arm elevated

plus maze activity, is in contrast to the reports of prenatal DEXexposure leading to both

reduced locomotor activity in the open-field and increased anxiety in the elevated plus maze

(12, 28). These divergences might stem from the experimental differences between the

studies: one major difference is that we conducted tests during the dark phase of the

light/dark cycle and under dim-light, whereas in the other studies tests were conducted

during the light phase and under bright light. Testing during the light phase and under high
illumination have both been shown to decrease exploration and to increase anxiogenic
behaviour in the elevated plus maze in non-manipulated rats (29, 30). Therefore we

hypothesize that anxiogenic effects of prenatal DEXare visible under stressful background
conditions only, in this case under bright light and/or during the light phase, due to prenatal-
DEXinducing hyper-sensitivity to stress.

In this study wc did not observe effects of prenatal DEXon anhedonia assessed with

PRSRand on behavioural despair assessed with USPEin the active avoidance and Porsolt

EST. These negative findings suggest that the existing evidence for prenatal stress as an

animal model of depression (reviewed in Weinstock (18)), is not exclusively mediated by
cortisol-dependent GRactivation but requires other components of the stress response.

In both PRSRand USPEactive avoidance, we did not observe any effect of rearing dam

treatment or sex. In the FST, females reared by DEX dams demonstrated increased

immobility. Although the FST is commonly accepted as a screening method for

antidepressants (predictive validity), its use as a test in animal models of depression resulting
from non-pharmacological manipulation (face validity) has been questioned (reviewed in

Holmes (31)). Given that the effect was observed in both pretest and test, it is possible that

this reflects a trait of reduced locomotor activity in water; however, this is unlikely given that

in the visual cue test performed in the water maze experiment, females reared by DEXdams

did not demonstrate any behavioural differences relative to their vehicle dam counterparts.
Another interpretation, according to the original Porsolt report (20), is increased behavioural

despair. Again, this is unlikely as there was no effect of rearing dam treatment in USPE

active avoidance, which is also proposed to assess behavioural despair. Therefore, we suggest
that the increased floating observed in females reared by DEX-treatcd dams is due to an

altered strategy in terms of a relatively early shift from active to passive coping in an

inescapable stressful situation. In a similar study, but assessing only males, Oliveira et al. (28)
also reported a lack of effect of prenatal DEXexposure on behaviour in the FST. Welberg et

al. (12), in contrast, reported decreased floating time, in both pretest and test, in male

offspring exposed prenatally to DEX. It is noteworthy that Welberg et al. used a water depth
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of 25 cm only, and the resultant potential for animals to contact the tank floor could have

produced treatment group-specific confounding effects, i.e. the DEXtreated subjects were

more likely to contact the tank floor and maintain mobility.
Being reared by a DEX-trcatcd dam, regardless of prenatal treatment, led to adult

offspring with impairments in both reference and working spatial memory, as assessed in the

water maze paradigm. Specifically, offspring reared by DEX dams showed an increased

latency to reach the platform in the reference memory paradigm and a reduction of the

performance improvement between trial 1 and 2 in the working memory paradigm. Several

previous studies have reported that prenatal DEXtreatment leads to impairment in learning
and memory in the water maze in reference memory (15, 32) and working memory (33).

However, only one of these studies (15) also used the cross-fostering design that allows

separation of direct versus dam-mediated effects: that study reports moderate, limited to

testing day 2 and 3, impaired reference memory in offspring that were both exposed to

prenatal DEXand reared by a DEXdam, but a moderate improved reference memory if the

subjects exposed to DEXprenatally were reared by VEH dams. The differences between

our findings of general impairment in offspring reared by DEXdam with the interaction of

prenatal and rearing dam treatment reported in the Brahbam et al study, could originate from

age of the offspring at testing, which was respectively of 300 and 70 days. Rats exhibit

impaired performance in the water maze with aging (34), and being reared by a DEXdam,
which we would expect to include receipt of increased levels of maternal behaviour (19),

might increase the rate of appearance of aging-related impairment in spatial cognition. A

similar effect was observed following postnatal manipulation of the pup-dam relationship in

the form of limiting availability of bedding material, which was reported to lead to aging-
dependent deficits in performance in two learning tasks, water maze and object recognition
(35). Extrapolating from this, we suggest that rearing by a DEXdam leads to deviation from

the typical pup-dam pattern of postnatal interactions and that this, in turn, leads to

sensitization to aging-induced impairment in spatial learning and memory.

Prenatal DEXexposure led to a male-specific increased stress response in terms of HPA

endocrine activity, replicating a finding reported consistently in the literature (12, 36, 37),
The effect was independent of the prenatal treatment of the rearing dam, as can only be

demonstrated by using cross-fostering. The effect of prenatal DEX exposure was not

consistent on ACTHversus corticosterone responses: The relatively large increase in ACTH

plasma titres in prenatal DEXmales was maintained across all time points after restraint,
whilst the relatively large increase in corticosterone plasma litres was restricted to the

beginning of the recovery period (post-stressor 20 and 40 min). The mechanism mediating
the increased stimulated 1IPA activity following prenatal DEXexposure has been suggested
to be prenatal programming of GR receptor expression, which has been reported to be

decreased in the hippocampus of offspring exposed prenatally to DEX(12), thus decreasing
the negative feedback and consequently increasing the HPA response to a stressor.

However, based on the cross-fostering design, Brabham et al. (15) report a decrease in

hippocampal GRmRNAin the DEX-DEX subjects, but an increase in the DEX-VEH

subjects. This paralleled with a HPAendocrine response to restraint stress that was increased

0 and 30 min after the end of the restraint stress in DEX-DEXanimals and decreased 30

min after restraint stress in DEX-VEH animals. This dependency of the effect of prenatal
treatment on rearing dam exposure was not observed in our study, using a similar

experimental design. Thus, whereas in both studies the DEX-DEXtreatment yielded I tPA

hyper-responsiveness to restraint, in our study DEX-VEH treatment also yielded hyper-
responsiveness, i.e. the treatment of the dam was irrelevant to prcnatal-DEX offspring
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phenotype, whereas in the Brabham et al study being reared by dams that received VEH

actually reversed the effect of prenatal DPjX exposure on offspring's HPAresponsiveness.
To our knowledge, the only difference between the two studies is the use of different rat

strains: Brabham et al. studied Sprague-Dawlcy rats and we studied Wistar rats. Sprague-
Dawlcy rats have been reported to show increased endocrine HPA activity following an

immobilisation stress episode relative to Wistar rats (38). This suggests that the difference

between the studies might originate from strain specificity in terms of response to the

prenatal DEX exposure direct effects on foetus and/or alteration of maternal behaviour

observed in dam exposed to DEXduring pregnancy. That the effects we observed herein are

male-specific is consistent with similar effects observed in rats subjected to prenatal stress

(39-41), and in guinea-pigs following prenatal DEXexposure (42). This sexual dichotomy
might result from differential sensitivity during development to the insult used.

The presence of a significant effect of prenatal exposure to DEXon HPAactivity in the

absence of effects of this treatment on emotional behaviour in a range of assays suggests that

the effects of prenatal DEXwere at the level of the HPAaxis per sc and not at the level of

brain regions that regulate both HPAaxis function and emotional behaviour, including the

amygdala. Furthermore, it is interesting that the altered HPA stress activity did not feed

forward to lead to effects of prenatal DEX treatment in the water maze task: Cognitive
behaviour in the latter has been shown to be influenced by the activity of the HPA axis,

actually in an inverted-U shaped relationship, with low strcss/corticosterone enhancing, and

both high stress/corticosterone and experimental elimination of endogenous corticosterone

impairing water maze performance (reviewed by Sandi (43)). Thus the male offspring

exposed to prenatal DEXwould be expected to exhibit impaired water maze performance,
as their HPA stress response to the water maze would be expected to be high. Possibly,
repeated exposure to the water maze leads to an adaptation of HPA reactivity and a

lessening of the prenatal DEXeffect on increased HPAreactivity, relative to that observed

in subjects exposed to a novel stressor, as was the case for the restraint experiment.
In conclusion, we did not observe evidence of a clear association between prenatal DEX

exposure and behavioural despair assessed in cither Porsolt FST or USPEactive avoidance,

nor did we observe effects on incentive motivation/anhedonia as assessed in PRSR. This

absence of effects suggests that other components of the stress response are responsible for

the causal relationship between prenatal stress and depression-like symptoms. Although both

prenatal stress and prenatal DEXyield an important activation of GR, prenatal stress results

also in an increased activation of mineralocorticoid receptors, whereas prenatal DEX,

through the GRmediated negative feedback, results in negligible levels of corticosterone and

thereby might well reduce MRactivity. Prenatal DEXexposure led to a male-specific hyper¬
reactivity of the HPA axis, suggesting interaction between the treatment and sex-specific
developmental processes. Finally, we observed a dam-mediated effect of the prenatal DEX

treatment in the water maze, resulting in impairment of both reference and working
memory, which we hypothesise to be due to an increased sensitivity to aging-induced
impairment. These findings strongly suggest that any study using prenatal treatment should

include cross-fostering, as there might be indirect effects of such treatment. Despite the

absence of depression-like behaviours in offspring exposed to prenatal DEX, the clear effect

observed on HPA axis and the indirect effect on learning and memory tend to suggest a

careful rethinking of the routine clinical use of prophylactic repeated GC treatment in

pregnancy at-risk of preterm delivery.
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1. Abstract

The prophylactic treatment of diagnosed preterm delivery with synthetic glucocorticoids
(GC), such as dexamethasone (DEX), is commonplace. Long-term effects of such treatment

are not well understood. In the present study we exposed pregnant common marmosets

(Callithrix jacchus), small-bodied monkeys that are therefore advantageous for long-term
primate studies, to daily repeated DEX(5 mg/kg per os) either during early (day 42-48) or

late (day 90-96) pregnancy (gestation period of 144 days). Relative to control, we investigated
DEXeffects in terms of maternal endocrinology (plasma Cortisol and oestrogen titres) and

offspring physical growth, plasma and urinary ACTH and Cortisol titres, and social and

maintenance behaviours, from birth to weaning. Both DEXtreatments resulted in markedly
reduced maternal plasma Cortisol titres during treatment and reduced estimated gestation
period. Both treatments were without effects on neonate morphometric measurements and

basal 1IPA axis activity. Early DEXtreatment resulted in increased infant body weight at

postnatal day 56 and 84, co-occurring at the behavioural level with increased time spent in

eating solid food, a mobile state, solitary play and exhibiting tail hair piloerection. The

constellation of physical and behavioural effects of early DEXsuggests interesting parallels
with the human metabolic syndrome, providing primate support that the latter is causally
associated with the foetal environment, including prenatal programming. This novel primate
in vivo evidence for postnatal effects of prenatal GCexposure indicates the importance of

improved understanding of this acute clinical treatment in terms its long-term effects on

offspring well-being.

2. Introduction

The use of prenatal synthetic glucocorticoid (GC) as a prophylactic treatment of at-risk

preterm birth (1) has become commonplace and is recommended by the American National

Institutes of Health (NIH) (2). The Nil! has emphasised the importance of increasing
knowledge of potentially harmful long-term effects of such treatment (3). The primary
synthetic GCs are dexamethasone (DEX) and betamethasone (BETA), and these are used as

specific agonists of the glucocorticoid receptor (GR). The GR is a nuclear transcription
factor expressed in several organs, including brain, that binds Cortisol with low affinity and

synthetic GCs with high affinity (reviewed in de Kloet (4)). Upon binding of a ligand, GR

regulates the expression of genes possessing a GRresponsive element in their promoter. The

GRhas been reported to undergo foetal programming, setup of adulthood expression levels

based on the developmental availability of its ligand (5). This mechanism is proposed to

mediate several of the observed long-term effects of experimental prenatal GRactivation

(reviewed in (6)), including hypertension, hyperglycaemia, hyperinsulinaemia and obesity,
which were all reported in adult rats following prenatal GCexposure (7-10). These long-term
effects are all components of the metabolic syndrome, a cluster of diseases (11), thereby
rendering foetal programming of GR a good candidate for mediation of the metabolic

syndrome (6).
Prenatal GRactivation resulted in birth weight reduction in rats (12) and sheep (13), but

not in guinea-pigs (14). This treatment led to an increased hypothalamic-pituitary-adrenal
(HPA) axis reaction to a stressor in adult rats (15), to a sex-specific HPAmodulation in adult

guinea-pigs, with male showing HPA hypoactivity and female having an oestrus cycle
dependent modulation of the HPAactivity (14), and to an age-dependent effect on HPAaxis

in sheep, with prenatal GRactivation resulting in young sheep with increased HPAresponse
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(16), and in older sheep with decreased IJPA response (17). Relative to the important rodent

and ovine evidence, there are few studies of the effects of prenatal GCtreatment in primates
and most of those studies conducted have focussed on fetal rather than postnatal effects. In

the rhesus macaque, prenatal GCexposure has been reported to cause delayed parturition
(18), and damage to the hippocampus in neonates and adults (19, 20), whereas findings with

respect to prenatal organ differentiation are equivocal (18, 21-23). A study in pig-tail
macaques reported no prenatal GC effects on newborn brain weight or hippocampal
cytoarchitecture (24). Baboons exposed to prenatal GChad reduced levels of microtubulc-

associated protein and synaptophysin (25). Prenatal DEXimpaired cell proliferation but not

differentiation in the dentate gyrus, in newborn marmoset monkeys (27). These primate
studies have used various designs thereby making comparison difficult (see Coe for review

(26)), but there is general agreement in terms of blunted maternal Cortisol titres during
prenatal GCtreatment and reduced offspring birth weight. In humans, randomized clinical

trials and studies report no effect of prenatal GRactivation on birth weight and on HPAaxis

activity (27). However, behavioural problems have been reported in infants exposed to

prenatal DEX, including hyperactivity (28) and social withdrawal (29).
The present study was conducted with the common marmoset monkey (Callilhrix

jaccbus), in order to investigate the postnatal effects of prenatal DEXin a nonhuman primate
in terms of growth, physiology and behaviour. This New World monkey is small-bodied

(350-450g) and exhibits primate-typical: haemochorial placcntation and, relative to body size,

prenatal development (gestation period of 144 days), prccociality (sensory and motor

systems well developed at birth), and postnatal development (weaning at month 3, sexual

maturation at month 15-18) (reviewed in (30)). A high dosage of DEXwas necessary to

achieve mammalian-typical effects due to the relative GCresistance observed in marmosets

(31), despite a high homology between the human and marmoset GRgenes (32). DEXwas

administered daily to pregnant marmosets during either week 7 (first trimester) or week 13

date second trimester) of gestation, targeting, respectively, the maturational stage of likely
maximal neurogenesis in this primate (33), and the maturational stage similar to that

demonstrated by human foetuses at-risk for preterm delivery when they arc exposed to

prenatal DEX. Wehypothesized that targeting these two prenatal maturational stages would

maximise the likelihood of obtaining effects on biobehavioural phenotypes that would also

be of clinical relevance, particularly with respect to the later treatment. Although it is not the

typical clinical regimen, which is intramuscular weekly injections (34), daily dosing was used

because this is the regimen that has often been successfully used in rat, sheep and monkey
studies. Here we report on effects of these DEX treatments, relative to each other and a

vehicle-control group, on maternal endocrinology, and offspring physical growth, HPA

peripheral endocrinology, and social and maintenance behaviour, from birth to weaning.

3. Material and methods

3.1 Subjects and Prenatal Dexamethasone Treatment

This study was conducted under experimental permit in accordance with the Animal

Protection Act (1978) Switzerland. Twelve established breeding pairs of commonmarmosets

provided the subjects (Tabic 1). Study family groups consisted of mother, father and twin

offspring. They were each housed in a home cage that measured 3 m3and was equipped with

natural branches, shelves, a removable sleeping box, and a thick sawdust layer on the floor,

changed weekly. All groups were kept in the same, dedicated colony room, without visual
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access to each other; humidity (66±2%) and temperature (23+1 °C) were controlled. The

room was Illuminated by natural sunlight supplemented by artificial lighting on an 11:13 hr

light:dark cycle (lights on at 08:00-19:00 h); 15 min/day ultra-violet light was provided from

overhead lamps placed one per cage, and limited infra-red light was provided during the dark

phase. Animals received a high-protein mash containing vitamin and mineral supplements
(Premix; Nafag Animal Nutrition and Feeds, Gossau, CH) in the morning; in the afternoon,
twice per week, crickets were scattered in the sawdust and fruits and eggs were fed.

Commercial high-protein pellets (Kliba 3450, 4.5 mmKliba, Kaiseraugst, CH) and drinking
water were available continuously and ad libitum.

Breeding females were blood sampled, 0.3 ml via the femoral vein, weekly from 3

months prior to study onset until completion of the study approximately 2 years later. The

pre-study onset of blood sampling was conducted in order to adjust females to the stressors

of capture, restraint and venepuncture prior to blood sampling during the study pregnancy.

From entering the cage for catching, to returning the female to the cage post-blood
sampling, required 3 min maximum. Based on their behaviour, females adjusted to the

procedure over several experiences of it: thus, at the endocrine level there was no evidence

of stress-related inhibition of ovulation and the Cortisol levels obtained across pregnancy

were within the basal range and demonstrated the expected pregnancy profile (see Results).
EDTAbloods were centrifuged (15min, 2500rpm, 4°C) and plasma was stored at -20°C until

oestrogen and Cortisol radioimmunoassay (RIA) was performed (see below). Oestrogen
levels are higher post- than pre-ovulation in the common marmoset (35) and evidence for

conception was based on plasma oestrone-conjugatc titres rising above a threshold value that

exceeded follicular and peri-ovulatory titres, and being maintained above this threshold for

>20 days; the date of ovulation/conception was then calculated retrospectively and with an

estimated accuracy of within three days of the actual day of ovulation (35). Pregnant females

were allocated at random but equally, and with counterbalancing for parity and age, to one of

the three treatment groups: vehicle (VRH), early DEX(EDEX), or late DEX(LDEX).
Dexamethasone tablets (Dexamethasone, Jenapharm, Jena, Germany), available at 0.5,

1.5 and 4 mgdosages, were crushed and suspended in 3ml of a palatable fruit syrup, to yield
an oral dose of 5mg/kg/day of DEXat 09:00 h. This dose has been described to suppress
HPA hormones in adult marmosets including pregnant females ((31); E, Fuchs and C.

Schlumbohm, pers. comm.). Each breeding female was administered orally at both the

estimated periods of gestation days 42-48 inclusive and 90-96 inclusive. Females in the VEH

group were given syrup only at each of these periods; EDEXreceived DEXand syrup,

respectively, and LDEX received syrup and DEX, respectively. Although treatment is by
intramuscular injection in the clinic, and i.m. dosing has also been used in animal studies,

here we administered DEX per os in order to circumvent the additional stressor of i.m.

injection. On postnatal day (PND) 2, neonates were removed from the parent carrying them

and sexed and weighed (36). In cases of triplet or quadruplet births (Table 1), 1 or 2 infants

were euthanized respectively, such that, whenever possible, the study twins were 1 male and

1 female, and for each sex, the heaviest neonate was selected for the study. To allow for

differentiation between these neonates during behavioural observations, the hair tips on the

back and part of the tail of one neonate were shaved to expose the black-coloured hair layer;
this was counter-balanced for sex within treatments. Culling litters to twins and selecting the

heaviest of each sex is the routine procedure in our colony. Euthanasia was conducted by
administering an intrahepatic overdose (0.2 ml) of pentobarbital (Vetanarcol, Vcterinaria

AG, Zurich, CH; 50 mg/ml). When an infant is removed, marmoset parents exhibit acute

anxiety for as long as they can see and/or hear the infant. This is a transient response and
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there is no long-term effect of such a removal on parental physical status or behaviour,

including their behaviour towards the remaining infants (36). In some litters, one neonate is

quite markedly smaller than the other two, such that retaining this neonate would probably
increase the likelihood of infant mortality and would increase the variability within neonatal

body weights. In the present study, euthanized neonates weighed 27.7+2.4 g, and we did not

observe any consistent effect of DRXtreatments on the body weights of these euthanized

triplets/quadruplets (p>QA).

3.2 Morphometric and physiological sampling
At 12.00 h on PND2, 14, 28 and 56, the parent carrying the infant was caught in the

home cage and briefly held so that the infant could be removed. The infant was then taken

to an adjacent room and weighed and then the knee-heel length of the left hind-limb was

measured with a calliper. The anogenital region was then gently stimulated with a Pasteur

pipette in order to collect a urine sample; urine samples (0.1-1.0 ml) were not always
obtained (see Results). Within 2 minutes of catching, the infant was returned to the home

cage and immediately retrieved by a parent. The urine sample was stored at -20°C for 1 week

maximum and then transferred to -80°C prior to RIA (see below). At PND84-85, the infant

was caught and the above procedures conducted. In addition, a blood sample (0.2 ml) was

obtained via puncture of the femoral vein within 2 minutes of catching; plasma was collected

by centrifugation (15min, 2500rpm, 4°C), and kept at -80°C until RIA (see below).

Therefore, up to late infancy we avoided exposing infants to the additional stress of

venepuncture and obtained Cortisol levels from urine samples that provide a fairly accurate

and minimally-invasive indication of Cortisol in the circulation (see below). In late infancy we

collected a single blood sample in accordance with our schedule of catching subjects once

per month and determined both ACTII and Cortisol titres in this sample.

3.3 Urinary creatinine and Cortisol RIA

In the common marmoset, urinary total (i.e. unconjugated + conjugated) Cortisol titres,

expressed relative to creatinine, arc positively correlated with plasma unconjugated Cortisol

titres: in matched blood and urine samples obtained from subjects aged 2 days to adulthood,
in a cross-sectional design, the product-moment correlation coefficient was 0.72 (N=70,
p<0.0001) and 50-70% of urinary Cortisol was conjugated (CR. Pryce and M. Doebeli,

unpublished data). Urine samples were assayed in duplicate for total Cortisol, and values

expressed relative to creatinine in order to control for variability in urine

volume/concentration, as described in Dcttling et al. (37) and Pryce et al. (38). Briefly, total

urinary Cortisol was measured using an in-house RIA following enzyme hydrolysis. A rabbit

antiserum was raised against cortisol-3-BSA (Cambridge Medical Technology, Billerica, MA,

USA). [1,2,6,7-,H] Cortisol (SA, 82.0 Ci/mmol; TRK 407, Amersham International, Little

Chalfont, UK) was used as tracer, and Cortisol (11-4001, Sigma, Buchs, CH) as reference

standard (39-2500 pg/100 ul). Assay sensitivity was 250 pg/ml. Using aliquots of an infant-

marmoset urine pool, for the entire hydrolysis and RIA procedure intra-assay precision was

4.3% (n=10) and inter-assay precision was 12.8% (n=10).

3.4 Plasma ACTH, Cortisol and oestrone conjugates RIA

The plasma sample obtained from each infant was analyzed for immunorcactivc ACTH

and Cortisol. Plasma ACTHtitres were determined in a single 25ul sample aliquot using a

commercial RIA kit (DiaSorin, Stillwater, MN, USA; modified as described in Pryce et al.
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(39)). Assay sensitivity was 16.3 pg/ml. Intra-assay precision was 9.0% (N=10) and inter-

assay precision was 10.6% (N=7).
Plasma unconjugated Cortisol titres, in pregnant females and in infants, were determined

in duplicate using the aforementioned in-housc RIA and methodology detailed in (38).
Plasma samples were not exposed to prior enzyme hydrolysis, but were heated for protein
denaturation; we performed this latter step even though corticosteroid-binding globulin
levels are negligible in the marmoset and the majority of Cortisol remains unbound in the

circulation (40, 41). Intra-assay precision was 5.3% (n=8) and inter-assay precision was 4.8%

(n=8).
Plasma oestrone conjugates were measured direcdy using a rabbit antiserum raised

against oestrone-glucuronide sodium salt-BSA with a high cross-reactivity (0.26) with

oestrone sulfate; both oestrone glucuronide and oestrone sulphate are abundant oestrogen
metabolites in the common marmoset (42, 43). Oestone sulfate sodium salt was used as

standard, and [6,7-3H] oestrone sulfate ammonium salt as tracer. Plasma samples (5 ul) were

assayed in duplicate. Intra-assay precision was 6.3% (n=10) and inter-assay precision was

7.6% (n—10). Further details are given in (35).

3.5 Observation of Infant home cage behaviour

Behaviour of subjects relative to their social and physical environments was measured in

the home cage across postnatal weeks 1-12 (PND 2-84). The ethogram used was based on

that already published for the marmoset (44), supplemented by some of our own defined

behavioural elements (45). For each group separately, observations of 60-min duration were

performed 3x per week in weeks 1-4, 2x per week in weeks 5-8 and lx per week in weeks 9-

12. Behavioural observations were scheduled so that they were evenly and randomly
distributed between morning (10:00-13:00 h) and afternoon (13:00-16:00 h). The observer

sat behind a one-way viewing screen to which families were habituated, and coded data were

entered into a handheld computer (Workabout, PSION, London, UK), running the

Observer Mobile Support Package software (Noldus Information Technology, Wageningen,
NL). The twin infants were the focal subjects, with behaviours recorded using 30-sec

instantaneous sampling, and expressed as percent time using the formula (score/120)xl00,
or as frequency/hour. Relationships and behaviour elements (given in parentheses) of

interest were parent—infant (carry, rub off); infant—parent (infant in suckling position,
proximity); infant-infant (social play); and infant alone (distress and tsik/chuck vocalization,
tail hair piloerection, eat, solitary play).

3,6Data analysis
Power analysis for the available sample size of 8 subjects per treatment was performed

based on primate data for DRX effects on birth weight. G*power freeware was used

(http://www.psycho.uni-ducsseldorf.de/aap/projects/gpower/). First, an analysis of effect

size was performed, using the method elaborated by Cohen and described elsewhere (46).
Briefly, the effect size index (f) is calculated as f=sigma m/sigma, with sigma m= the

standard deviation of the Z score of the group means (based on the grand population mean)
and sigma= grand standard deviation. The f score was calculated using: 1) the reported
DEX-induced reduction of birth weight of 10.5% in primates (averaged from (18, 20, 22))
for the late treatment and, due to possible compensatory mechanisms, half this reduction,

5.25%), for the early treatment, and 2) our marmoset colony mean+SD birth weight of

31.1±2.5g. This yielded an f value of 1.33. With this value and N—8per treatment, an
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ANOVApower of 0.99 for a two-tailed yi-valuc of 0.05 was obtained, providing a priori
support for the sample size used. The fact that the study was conducted with 12 groups
meant that they could all be contained in the same colony room and studied during the same

time period, thereby reducing the contribution of these two important factors to variance in

the data.

Data were analysed using the Statistical Package for the Social Sciences (SPSS, Version

13, Chicago, USA) running on a WindowsXP© environment. Analysis of Variance

(ANOVA) was based on the general linear model. Maternal body weight and endocrine titres

across pregnancy were analysed using prenatal treatment (VEH, EDEX, LDEX) as a

between subject factor, and stage (conception, first trimester, late second trimester, birth)
and weeks (1-3 within each stage) as within subject factors, resulting in a 3 X 4 X 3

ANOVA. Univariate ANOVAswere run to assess prenatal treatment effects on estimated

gestation period and litter size. With regard to effects of prenatal DEXon offspring, physical
development was analyzed using prenatal treatment and sex as between subject factors, and

age (PND 2,14, 28, 56 and 84) as a within subject factor, in a 3 X 2 X 5 ANOVA. Because it

was not always possible to obtain urine samples from each subject at each age, offspring
hormonal data were analyzed using univariate ANOVAsat each age separately with prenatal
treatment and sex as between subject factors. Analysis at PND56 was not possible because

for the LDEXgroup, N=l only; otherwise, the number of subjects per prenatal treatment

was > 3. Home-cage behavioural elements were analysed using prenatal treatment and sex as

between subject factors and age (months 1-3) as a within subject factor. Because it was not

possible to include both litter and sex as factors in the ANOVAmodel (the typical litter

comprised one male and one female), dizygotic twins were treated as independent subjects
without controlling for litter effect. It is important to note therefore, that the main effects of

treatment reported below were obtained with four twin - typically male-female - pairs rather

than eight subjects from eight separate breeding pairs and pregnancies. Kp value of less than

0.05 was considered as a significant effect and a p value greater than 0.05 and less than 0.1

was considered as a noteworthy trend to an effect. Whenever prenatal treatment yielded a

significant effect or interaction, pair wise post hoc least significant difference (LSD) tests were

applied.

4. Results

4.1 Maternal status and gestation outcome

Maternal body weight increased throughout pregnancy until birth and then returned to

pre-conception values; this was supported by a significant stage effect (F(3,27) = 11.41;

/><0.001) and a significant stage X weeks interaction (F(6,54)=42.91; /><0.001; Figure 1A).
There was no significant effect of prenatal treatment on maternal body weight (p>0.1).

For maternal plasma Cortisol titres (Figure IB), there was a significant prenatal treatment

X stage interaction (F(6,27)=4.98; p<0.01), a significant stage X week interaction

(F(6,54)=7.63;/><0.001), and a significant main effect of stage (F(3,27)=20.87; /K0.001). In

VEH, maternal plasma Cortisol titres increased monotonically across pregnancy and peaked
at birth, and then decreased to close to pre-conception values. During first trimester in

EDEXfemales and during late second trimester in LDEX females, there was a decrease in

plasma Cortisol. Separate ANOVAs performed for each week of pregnancy yielded a

significant prenatal treatment effect for two weeks only, namely the week of first trimester
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treatment (F(2,9)=4.33;/K0.05) due to low values in EDEXversus LDEX (LSD post hoc

p<0.05), and the week of late second trimester treatment (F(2,9)=11.96;/><0.005) due to low

values in LDEXversus VRH(LSD post hoc/><0.005) and EDEX(LSD post hoc/><0.005).
For maternal plasma oestronc conjugate titres (Figure 1C), there was a significant main

effect of stage (F(3,27)=20.87; /><0.001) and a significant stage x weeks interaction

(F(6,54)=9.46; p<0.001), with values stable during the conception stage, increasing during
first trimester treatment to a peak during late second trimester and returning to pre¬

conception values the week after birth. There was no significant effect of either first or late

second trimester treatment on plasma ocstrone conjugate titres (p>0.\). Based on the

observed acute effects of DEX treatment on plasma Cortisol titres (see above), one-way

ANOVAs of prenatal treatment during DEXtreatment weeks were performed and yielded a

significant effect during LDEXtreatment (F(2,9) = 14.12;/><0.005), reflecting the decrease in

oestronc conjugate titres in LDEXcompared to VEH(LSD post hoc _/><0.005) and EDEX

(LSD post hoc /X0.005).
All pregnancies resulted in at least two viable offspring, with triplets and a male:female

ratio of 2:1 being the typical situation in this study cohort (Table 1). There was no significant
effect of treatment on either litter size or sex ratio (p>0.l). In all but two cases the study
litter comprised 1 male and 1 female, with 1 EDEXand 1 LDEX study litter comprising 2

males. There was a significant main effect of treatment on the estimated gestation period
(F(2,9)=5.29;J6<0.05, Table 1), with this being shorter and similar in EDEXand LDEX

subjects compared with VEU(LSD post hoc/>=0.057 and/K0.05, respectively).

Table 1. Details of breeding females and study pregnancies and offspring

Prenatal

treatment
Parity

Maternal

age

(years)

Birth

date

Estimated

gestation
period (days)

Number of infants

Total Males Females

VRH Multi 6 05.28.04 143 4 3 1

VEH Nulli 3 12.01.04 147 3 2 1

VEH Primi 5 07.22.04 142 3 2 1

VEII Primi 3 08.18.04 145 2 1 1

4,3+0*8 144.3+1.1 3+0.4 2+0.4 1+0

EDEX Nulli 4 05.27.04 143 2 1 1

EDEX Nulli 3 08.21.04 140 3 3 0

EDEX Nulli 2 01.07.05 143 3 2 1

EDEX Primi 6 07.23.04 140 3 2 1

3.8*0.9 14L5+-Û.9* 2.8±0,3 a±o.4 0.8+0-3

LDEX Multi 6 05.23.04 139 3 3 0

LDEX Nulli 6 09.22.04 140 3 2 1

LDEX Nulli 2 04.07.05 140 3 2 1

LDEX Primi 4 06.27.05 142 2 1 1

4.5+1 14Q,3±0.6* 2.8+0.3 2+0.4 0.8+0.3
* indicates a significant effect of treatment, p<0.05.
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4.2 Infant morphometric and endocrine development
For the three morphometric measurements, body weight, kncc-hccl length and body

weight:knee-heel length ratio, there was no effect of prenatal treatment on the best-available

estimate of birth states, namely PND 2 data. For example, body weights (in gram,

mcan±SEM) were as follows: VEH 31.5±0.9, EDEX30.7±0.5, LDEX 30.3+1.1 (p>0.1).
Morphometric measures increased across the study period, confirmed by a significant main

effect of age on body weight (F(4,72) = l 172.72, /><0.001, Fig 2A) on kncc-hccl length
(F(4,72) = 1734.16, /K0.001, Fig 2B) and on body wcight:knce-hecl length ratio

(F(4,72)=650.82, /><0.001, Fig 2 C). For body weight and body weight:knee-heel length ratio,
there was a significant treatment X age interaction (respectively, F(8,72)=5.36;^><0.005 and

F(8,72)=5.31;y!><0.005), reflecting the relatively greater increase in these measures in EDEX

at PND 56 and 84 relative to VEH and LDEX. ANOVAsperformed for each PND

separately yielded, for body weight, a significant treatment effect at PND56 (F(2,18)=4.55;
p<0.0S) and 84 (F(2,18)=5.41;^<0.05) with EDEXinfants demonstrating increased weight
compared to both VEH and LDEX (LSD post hoc J0<0.05 for both), and for body
wcight:knee-heel length ratio, also at PND56 (F(2,18)=4.56; /><0.05) and 84 (F(2,18)=6.32;
j/KO.Ol), with EDEXinfants demonstrating increased ratios compared to both VEH and

LDEX(LSD post hoc^><0.05 for both). For body weight there was also a trend to a sex X

age interaction (F(4,72)-3.21;^=0.05); separate ANOVAsperformed for each PNDyielded
a trend to females being heavier than males at PND84 (F(l,19)=3.53;/>-0.076). There was

no significant effect of sex or treatment for knee-heel length (/>>0.1).
Based on midday urinary titres of Cortisol at PND2-28, there was no significant effect

involving treatment or sex (/>>0.1, Fig 2D). Although age effects could not be analysed
statistically, we observed relatively high urinary Cortisol titres at PND2 that had decreased

markedly by PND 14 and remained stable thereafter. For midday plasma Cortisol titres at

PND84, there was no significant effect of treatment or sex (Fig. 2 E) and the same was true

for plasma ACTHtitres (Fig. 2 E).

4.3 Home-cage social behaviours

The average scores for each behaviour are reported in Table 2. There were no significant
effects involving sex. Across postnatal months 1-3, significant main effects of infant age
indicated monotonie decreases in time spent being carried (F(2,36)—531.27; p<0.001), in

time spent nursing (F(2,36)=32.89; ^<0.001) and in the number of rub off events

(F(2;36)=18.12; ^<0.001). Further significant main effects of age indicated monotonie

increases in time spent mobile (F(2,36)=333.94; ^<0.001), time spent in social contact (as
carrying declined, F(2,36)-33.74; p<0.001), in time spent eating (as

nursingdeclined,F(2,36)=53.84;^<0.001),intailhairpilo-erection(F(2,36)=23.72;/><0.001),andinsolitaryplay(F(2,36)=20.03;/><0.001)andsocialplay(F(2,36)=12.33;ji<0.005).Therewerealsosignificantmaineffectsofageontimespentindistresscalling(F(2,36)~ll.ll;/><0.001)andtsik/chuckcalling(F(2,36)=4.77;iù<0.05);bothbehavioursexhibitedaninvertedU-shapedcurvewithhighestdurationsinmonth2.88
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Endocrine development of the infants in terms of urinary Cortisol from PND2 to PND56 (D) (N=4-5 for

PND2, =3-4 for PND14 and 28, and =1-4 for PND56), and in terms of plasma ACTHand Cortisol for PND

84 (K) (N=8 per treatment). * indicates a significant effect of treatment,p<0.05.

With respect to significant treatment effects, there was a main effect on time spent
mobile (F(2,18)=3.74; /K0.05), with EDEX infants demonstrating increased mobility

compared to both VEH(LSD post hoc/><0.05) and LDEX(LSD post hoc _/><0.05) infants.

There was a main effect on time spent eating (F(2,18)=8.27; p<0.01), reflecting increased

eating by EDEXinfants compared to VEH(LSD post hoc /><0.01) and LDEX (LSD post
hoc p<0.005). At trend level, the EDEXinfants also exhibited an increase in solitary play
(F(2,18)=3.47;_p=0.053). For tail hair piloerection there was a trend to a treatment X age

interaction (F(4,36)=2.42; ^=0.089) and to a main effect of treatment (F(2,18)-2.84;
/>=0.085): VEHpeaked at month 2 and then decreased, LDEXreached a stable asymptote in

month 2, and EDEX exhibited a monotonie increase with age, thereby demonstrating
relatively high levels at month 3. There was a trend to a main effect of treatment on nursing

(F(2,18)=2.7;_p=0.094) with LDEX tending to spend less time in the nursing position than

VEHand EDEX.
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Table 2
. Home-cage behavioural scores

Behaviours Treatment

Percentage time spent in behavioural state

Month 1 Month 2 Month 3 Average

Carry

VEH 97.86±7.37 32.7519.22 3.6211.56 44.7519.05

EDEX 91.55±14.84 21.46+3.55 1.2211.19 38.0819.43

LDEX 96.84±24.14 35.5019.60 6.4113.43 46.25111.46

Nurse#

VEH 32.68+9.99 17.8118.25 3.0211.42 17.8415.36

EDEX 28.93±10.37 9.6410.83 1.5611.56 13.3814.70

LDEX 17.5511.94 5.3612.87 1.4610.73 8.1312.33

Mobile*

VEH" 11.7211.64 57.5214.49 71.2113.36 46.8215.62

EDEXb 19.3612.96 68.3812.47 81.6113.22 56.4515.81

LDEX* 15.2012.41 59.5115.44 70.3812.42 48.3615.38

Contact

VEH 0.4810.32 23.5211.70 37.7118.02 20.5715.25

EDEX 2.3811.17 21.1111.06 30.1013.17 17.8713.64

LDEX 1.4510.58 19.0215.48 20.6011.80 13.69+3.15

Distress call

VEH 2.12+0.97 5.9111.05 0.9410.63 2.9910.79

EDEX 4.1811.55 3.7211.06 1.4810.77 3.1310.71

LDEX 0.9410.38 4.6011.95 0.6010.38 2.0510.82

Eat solid food*

VEH1 0.0010.00 1.68+0.38 2.8610.91 1.5110.46

EDEXb 0.0310.03 2.6410.20 4.3210.54 2.3310.56

LDEXa 0.00+0.00 1.1210.38 2.4710.56 1.2010.37

Solitary play#

VEH 0.04+0.04 1.1210.24 1.3510.88 0.8410.33

EDEX 0.1210.06 2.4310.58 3.4111.19 1.9910.58

LDEX 0.04+0.04 1.2910.67 2.0310.64 1.1210.37

Social play

VEH 0.0310.03 1.9510.33 3.2310.63 1.7410.45

EDEX 0.0510.05 2.3610.37 8.9813.20 3.8011.50

LDEX 0.1210.09 1.8210.40 2.8410.29 1.5910.37

Tail hair

piloerection#§

VEH 0.3510.33 11.1913.49 6.5612.26 6.0311.84

EDEX 2.40+1.90 10.9711.50 19.58+5.73 10.9812.83

LDEX 0.36+0.36 11.5411.54 12.1115.33 8.0012.34

Tsik/chuck
vocalisation

VEH 0.1410.06 0.2810.19 0.0310.03 0.1510.07

EDEX 0.0110.01 0.5910.21 0.2610.16 0.2910.11

LDEX 0.0710.04 0.2910.12 0.3910.29 0.2510.10

Frequency of event occurrence per hour

Rub off

VEH 0.9410.31 0.3610.15 0.0010.00 0.4310.14

EDEX 1.9810.69 0.1410.04 0.0010.00 0.7110.29

LDEX 1.3010.41 0.6410.26 0.0310.03 0.6610.19

Scores expressed as mean percentage of observation time based on instantaneous sampling, or as mean

frequency per hour based on continuous sampling (overall mean+SEM, N=8 per treatment). Carry score is

based on the sum of both parents' carrying. Contact score is based on the sum of contact with cither parent.

Social play score is based on play with mother, father or twin.

* Main effect of treatment, p<0.05. Significant post hoc LSD pair wise test effects are indicated by different

superscript letters, p<0.05.
# Trend to a main effect of treatment, p<0,\.
§ Trend to a treatment X time interaction,p<0,\.
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5. Discussion

To the best of our knowledge, this is the first longitudinal nonhuman primate study of

the postnatal effects of prenatal DEX exposure, with the effects on morphopometric

measures, HPA activity and behaviour across infancy being reported on here. In the

marmoset monkey, DEXwas administered during the first or late-second trimester and

effects assessed relative to a control group and each other. An acute DEX effect was

obtained in terms of decreased Cortisol in the maternal circulation in EDEXand LDEX, and

in terms of decreased oestrogen in LDEX specifically, without any influence on maternal

body weight. Gestation length was slightly but consistendy reduced in EDEXand LDEX

relative to VEIL Litter size, sex ratio and birth morphometric measures were similar across

groups. From PND 56 on, EDEXinfants were heavier, but did not differ in terms of

skeletal size, as compared to VEHand LDEXinfants, which were similar. DEXtreatments

did not yield significant effects on midday urinary Cortisol output across infancy or on

midday plasma levels of ACTH or Cortisol at the end of infancy. EDEXinfants spent

relatively high amounts of time in a mobile state and spent more time eating than both VE11

and LDEXinfants, which were similar.

DEXtreatment elicited an acute reduction in maternal plasma Cortisol titres, dirccdy in

line with what has been reported several times in rhesus macaques (20, 21, 47, 48), and

reflecting treatment efficacy in terms of HPAnegative feedback (4), albeit in the circulation

of the pregnant female rather than the foetuses. There was no effect of either EDEXor

LDEX on the weight of the female, which included the fetoplacental unit; in the rhesus

macaque there is no effect of GCs on foetal body weight following Cacsarean delivery (20,

21, 23, 25). Despite this evidence for a classical GRagonist effect of DEX, it needs to be

acknowledged when considering the DEX effects discussed below, that high DEX doses

were used such that DEXmay have interacted, and mediated some of the observed effects,

by interacting with other neurosteroid receptors or membrane receptors (49).
The estimated length of gestation was similarly reduced in both EDEX and LDEX

compared to VEHinfants. Given that this was not associated with reduced neonatal weight

(see below) it might reflect increased foetal maturation, in line with the maturation-

enhancing effect of betamethasone reported for the rhesus macaque (21). More rapid
maturation could result in an earlier onset of the fetoplacental endocrine changes associated

with the onset of labour. There is strong evidence that oestrogens and Cortisol are important
in the timing of parturition in primates, and that levels of these steroids are positively
associated with foetal maturation (50); however, in the present study there was no significant
evidence for DEXeffects on oestrogen or Cortisol, at least in the maternal plasma, at the end

(birth stage) of gestation. It is certainly important from the clinical point of view that a

treatment used prophylactically in cases of putative premature birth is causally associated

with reduced gestation length in a primate species. Neither EDEXnor LDEX led to an

effect on morphopometric measures at birth. This is in line with the conclusion of a meta¬

analysis of clinical trials reporting an absence of effect of antenatal synthetic GR agonist

exposure on birth weight (27). In a recent Australian randomised controlled clinical trial of

repeated antenatal BETAtreatment, not included in the above meta-analysis, Crowther et al.

reported (51) a reduction of birth weight and head circumference relative to placebo,
although these BETA effects were only observed when the values analyzed were expressed
as Z-scores relative to standard growth references. Two studies in rhesus monkeys report
reduced birth weight after 13-day (22) or 37-day (18) GCtreatment. It has been interpreted
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that GC treatment of such long durations yields reduced somatic growth through the

inhibitory action of GCs on DNAsynthesis in dividing cells (52).
Starting at PND56, EDEXanimals showed increased body weight and increased eating

behaviour relative to VEH and LDEX, without concomitant increased knee-heel length.
This could indicate increased fat mass and a propensity to develop obesity for which prenatal
programming has .been proposed to be a risk factor in humans (53). The increase in time

spent eating by these heavier EDEXinfants could reflect DEX effects on the appetite
network, given that central and peripheral components of appetite control/feeding
motivation arc under GCmodulation (54-57). However, it is also possible that the increased

body weight of EDEXinfants was attributable to increased muscle mass; unfortunately we

did not collect data on this parameter.
In our study, prenatal exposure to DEXdid not lead to any alteration of basal 1IPA

activity. Whilst our findings are in agreement with human clinical studies (27, 51),
experimental animal studies have demonstrated evidence of altered HPAactivity following
prenatal synthetic GCexposure. Thus, in rats and rhesus monkeys, prenatal GCexposure led

to increased basal and challenged HPA activity (19, 58). In the guinea-pig, there are sex-

specific effects, with prenatal GRactivation leading to decreased basal and challenged HPA

activity in males and to a cycle dependent modulation in females (14). Finally, in sheep, there

is a complex, age-dependent effect, with prenatal GRactivation leading to no changes at 6

months, to increased basal and challenged Cortisol titres at age 1 year (16) and a decrease in

both of these parameters at age 3 years (17). The absence of such an effect in our study
could be related to the infantile hypercortisolemia which we demonstrated previously in the

common marmoset (38) and which was replicated here in terms of urinary Cortisol profiles.
This negative conclusion is based primarily on urinary Cortisol, which provides a fairly good
predictor of plasma Cortisol levels in the marmoset. A single estimate was obtained for

plasma ACTHand Cortisol, which also indicated no effect of prenatal DEX: more plasma
samples per individual would clearly increase confidence in this finding but, as is typical for

longitudinal, multi-parameter studies, we wanted to avoid potential confounding effects of

over-frequent blood sampling. Given that Cortisol levels are spontaneously high in infancy in

the marmoset relative to older postnatal stages, it is possible that the HPA system is less

sensitive to pharmacological manipulation relative to other species. It is not known whether

the marmoset foetus also exhibits relatively high Cortisol levels. Of course, any effects of

prenatal DEXin terms of programming, such as increased appetite and obesity, would be

predicted to occur through altered expression of GR. The observed absence of effect of

EDEX or LDEX on postnatal circulating Cortisol levels should not be interpreted as

evidence for the absence of postnatal effects on GRexpression, given that compensatory

processes could occur during development. So far the effects of prenatal DEXon central

GRexpression have not been studied in infancy in the marmoset or, to the best of our

knowledge, any other primate.
In addition to increased time spent in eating behaviour, the EDEXinfants demonstrated

increased mobility relative to VEHand LDEX, and trends toward reduced nursing (versus
VEH) and increased solitary play and tail hair piloerection. The increased mobility observed

in EDEXmarmosets was probably related to the more rapid increase in body weight, as

follows: As infants being carried by the parents age, grow and become more mobile, then the

parents exhibit weaning behaviours, such as gentle biting and rubbing off the infant on the

substrate, that stimulate the infant to leave the parent and move independendy on the

substrate. Mobility is the most common state observed on the substrate, whereas carried

infants are often immobile (45). Therefore, it is possible to postulate a sequence of EDEX
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infants exhibiting increased mobility, this promoting earlier/more weaning behaviour, more

time on the substrate, more mobility, more eating solid food, increased weight gain, and so

on. The trend to increased time spent in solitary play in the EDEXinfants could also be a

correlate of their earlier weaning. In a clinical pilot study (29), human infants that were

diagnosed with congenital adrenal hyperplasia and exposed to DEX during gestation
exhibited less sociability including greater social avoidance. Therefore the observed tendency
toward a relative increase in solitary play is interesting from a comparative viewpoint.
However, it was not the case that increased solitary play co-occurred with reduced social

play, precluding a clear interpretation of reduced sociability. Tail hair piloercction indicates

activation of the sympathetic autonomic nervous system, in the common marmoset (36), as

has also been reported for the closely-related Goeldi's monkey (37) and the insectivorous

tree shrew (59). In the common marmoset, tail hair piloercction provides a measure of

arousal but does not reflect a specific emotional state, such as fear or anxiety in tree shrew

(59) and California ground squirrel (60). Rather, it is observed during a range of activities,

including social play (presumably associated with a positive emotional state), home cage

exploration (mildly anxiogenic) and social isolation (strongly anxiogenic) (37). As such, it is

possible that the increased level of tail hair piloerection observed in EDEXinfants reflected

their increased mobility and increased exploration of the physical and social environment.

In summary, both prenatal DEXtreatments yielded viable neonates that were not altered

in terms of morphometric or endocrine status. EDEX, aiming at targeting the neurogenesis

peak, resulted in increased weight gain in the absence of increased skeletal growth, increased

eating and possibly increased sympathetic ANSarousal, phenotypes that are also observed in

human metabolic syndrome (61). An association between foetal environment and the

metabolic syndrome was first proposed by Barker in 1989 (62), but the mediating
mechanisms are not well understood. Our novel primate findings provide some support for

a link between early foetal GR activation and postnatal development of some of the

characteristics that are symptoms of the metabolic syndrome. IJDEX treatment, aiming at an

equivalent developmental stage to human foetuses at risk of preterm delivery, was largely
without effect on physical, endocrine and behavioural measures across infancy. These

EDEX-spccific postnatal effects of foetal DEX exposure highlight the importance of

increased understanding of the relationship between clinical use of prenatal synthetic GC

and long-term development and well-being of offspring, and of mediating mechanisms of

long-term effects and symptoms, most notably prenatal programming.
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1. Abstract

Prenatal glucocorticoid exposure has deleterious effects on fetal development, possibly
via activation and consequent programming of the glucocorticoid receptor (GR). Prenatal

GR activation is associated with delayed neonatal motor development and altered

hypothalamo-pituitary-adrenal (HPA) axis activity. In this study, we administered the GR

agonist dexamethasonc (DEX, 5mg/kg/d, per os), to pregnant marmoset monkeys
{Callithrix jacchus; gestation length 144 days) for 7 days either during early gestation (day 42-

48, putative stage of maximal neurogenesis) or late gestation (day 90-96, equivalent time of

clinical prophylactic treatment for preterm birth). We assessed postnatal developmental
effects relative to controls, with juvenile offspring studied in terms of physical development,
HPA axis endocrinology, home cage behaviour and motor dexterity. Early DRX led to

increased body weight and increased solitary play. Neither treatment had effects on basal

HPAaxis activity in terms of plasma ACTHand Cortisol titres. To assess motor dexterity we

adapted a rodent skilled reaching task, which consisted of training and testing subjects to

reach through a small opening for a reward, and measuring the frequency of specific
reaching and grasping behaviours. Both treatments led to deficits in motor dexterity, with the

late DEX monkeys showing more marked deficits. This study therefore provides novel

evidence that prenatal DEXexposure impairs skilled motor function in developing primates,
which is important to our understanding of the role of glucocorticoids in the ontogeny of

motor behaviour and of the negative side effects of clinical prenatal glucocorticoid
treatment.

2. Introduction

There is considerable evidence that prenatal stress has deleterious effects on

development of the central nervous system (CNS) and those functions that it controls, for

example endocrine homeostasis and behaviour (44). These effects on offspring CNS

development are hypothesized to be caused in part by increased activity in the maternal

hypothalamic-pituitary-adrenal (HPA) axis and the resultant increase in corticosteroid levels

in maternal blood as well as, to some extent, in the feto-placental unit (9). Corticosteroids

bind with high affinity to mineralocorticoid receptors (MR) and with low affinity to

glucocorticoid receptors (GR), with GRoccupancy occurring primarily under stress when

corticosteroid levels are high (8). GR arc expressed in many organs, including the CNS,
where they can, as transcription factors, regulate expression of many genes (2). In the foetus,

long-term effects of prenatal stress are hypothesised to be mediated by GRprogramming,
i.e. the setting up of adult expression levels of GRby the presence of its ligand during early
development (45). Synthetic specific GR agonists, dexamethasonc (DEX) and

betamethasone (BETA) being the two major examples, are commonly prescribed in obstetric

medicine for the prophylactic treatment of morbid symptoms associated with preterm birth,
most importandy respiratory distress syndrome and intra-ventricular haemorrhage (46).
Treatment with synthetic GRagonists is endorsed by the US National Institutes of Health

(NIH) (4). 1 lowcvcr, the N1H also underline the importance of longitudinal experimental
animal studies to investigate potentially harmful side-effects of exposure of the foetus to

repeated GRagonist on long-term development, including on the functioning of the CNS

and its regulation of the sensory and motor systems, and emotion and cognition (5).
Based on the evidence that GR is abundandy expressed in those brain regions that

control motor output and behaviour, including motor cortex and cerebellum (47, 48), the
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motor system clearly requires investigation in terms of its susceptibility to altered postnatal
development following prenatal GRagonism. In rats, prenatal stress, using cat exposure (49)
or light and noise exposure (50, 51), results in delayed infant motor development, in terms of

age at appearance of dynamic postural adjustments such as the righting reflex (time required
to change from supine to prone position) and cliff avoidance (turning away from the edge of

an elevated surface). Exposure of pregnant dams to injection of DEXduring the last week

of pregnancy is reported to induce deficits in neuromotor development at 1, 2 and 3 weeks

of age (52, 53). In the rhesus macaque, using either prenatal stress or maternal treatment

with ACTH, Schneider et al. (54-57) observed impaired motor coordination in 1 month-old

infants, using an adaptation of the human Brazelton Newborn Behavioural Assessment Scale

(58).
These associations between both prenatal stress and prenatal DEX exposure and

impaired early motor development clearly point to the importance of increased

understanding of any causal relationships between prenatal exposure to synthetic GCand

development of motor dexterity beyond infancy. Here we report on an investigation into the

effects of exposure to prenatal DEXin either the first or late second trimester on motor

behaviour in juvenile commonmarmosets. The first trimester was selected as a relevant time

period because neurogenesis is probably close to maximal in primates at this stage (59), and

the late second trimester was selected because this is an analogous developmental stage to

that of human foetuses exposed to GRagonists for clinical reasons. These DEXtreatments

were assessed relative to a vehicle control group and each other. A number of home cage

behaviours with an important motor component were studied, as was skilled motor dexterity
- reach-to-grasp movement - using a conditioned test that was adapted from the elegantly-
designed and well-validated skilled reaching task for rodents (60). Given that effects of

prenatal DEXcould be due to either immediate and permanent effects of prenatal DEXon

GRexpression levels in relevant brain regions, or to long-term effects of prenatal DEXon

contemporary UPA hormone availability, or indeed both, we also monitored basal plasma
ACTII and Cortisol titres.

3. Material and methods

3.1 Subjects and dexamethasone treatment

Subjects, eight per treatment, were twin common marmosets provided by 12 breeding
pairs. Details are provided in Table 1 with further details provided in Hauser et al. (61).
Briefly, parents and twin offspring were housed in home cages of 3 m3equipped with natural

branches, shelves, a sleeping box on the outside of the front of the cage, and a thick sawdust

layer on the floor. Cages were equipped with a wire-mesh inner cage, measuring 40(L) x

40(W) x 80(11) cm, in which individual subjects could be held during behavioural

experiments, such that this was carried out within the home cage (for details see Spinelli et al.

(62)). During training and testing, the sleeping box was modified into a behavioural test box

(see below for details). Groups were kept in a dedicated colony room, without visual access

to each other, with controlled humidity 66+2% and temperature 21±1°C. Sunlight as well as

artificial light were provided on an 11:13 hr light:dark cycle (lights ON: 08:00-19:00 h) and

supplemented with 15 min UVlight per day and infra-red light during the dark phase. Diet

was a high-protein mash containing vitamin and mineral supplements (Premix; Nafag
Animal Nutrition and Feeds, Gossau, CH) in the morning, and twice per week in the

afternoon, crickets were scattered in the sawdust and fruits and eggs were fed. Commercial
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high-protein pellets (Kliba 3450, 4.5 mmKliba, Kaiseraugst, CH) and drinking water were

available ad libitum.

Based on the breeding females' plasma oestrone conjugate titres, determined by
radioimmunoassay (RIA) in weeldy blood samples, date of conception was calculated

retrospectively with an estimated accuracy of 3 days (63). Pregnant females were allocated at

random but equally, and with counterbalancing for parity and age (Table 1), to the three

treatment groups: vehicle (VEH), early DEX(EDEX), late DEX(LDEX). Dexamethasone

(Dexamethasone tablets, Jenapharm, Jena, Germany) was administered per os at a dose of

5mg/kg/day at 09:00h, with all females receiving either DEX or vehicle at estimated

gestation days 42-48 inclusive and 90-96 inclusive, in the following schedules: VEH, both

early and late treatments were syrup-vchiclc only; EDEX, early treatment with DEX, late

with vehicle; LDEX, early treatment with vehicle, late with DEX. In cases of triplet or

quadruplet births (Table 1), 1 or 2 infants, respectively, were euthanized, conducted by
administering an intrahepatic overdose (0.2 ml) of pentobarbital (Vetanarcol, Veterinaria

AG, Zurich, CH; 50 mg/ml). To allow for differentiation between study subjects, the hairs

tips on part of the tail were shaved on one twin per pair at monthly intervals.

Table 1 - Details of breeding females and study pregnancies and offspring

Prenatal

Treatment
Parity

Maternal age

pre-conccption
(years)

Birth date

Estimated

gestation
period (days)

Number of infants

Total Males Females

VEH Multi 6 05.28.04 143 4 3

VEH Nulli 3 12.01.04 147 3 2

VEH Primi 5 07.22.04 142 3 2

VEH Primi 3 08.18.04 145 2 1

4>25±0.75 144.3*1.1 3*0.41 2*0,41 1*0

EDEX Nulli 4 05.27.04 143 2 1

EDEX Nulli 3 08.21.04 140 3 3

EDEX Nulli 2 01.07.05 143 3 2

EDEX Pnmi 6 07.23.04 140 3 2

3.75^:0.65 141,5*0.9* 2,75*0.25 2*0.41 0.75+0.25

LDKX Mult] 6 05.23.04 139 3 3

LDEX Nulli 6 09.22.04 140 3 2

LDEX Nulli 2 04.07.05 140 3 2

LDEX Primi 4 06.27.05 142 2 1

4.3*0,96 140.3*04* 2,75*0,25 2*0.41 0.75*0.25

* indicates a significant effect of treatment, /K0.05

3.2 Physical and endocrine monitoring

i. Morphometric and physiological sampling
At 12.00 h on postnatal days (PND) 84, 112, 140, 168 and 196 (weeks 12, 16, 20, 24 and

28 respectively, one of the offspring per cage was caught and, in an adjacent room, a blood

sample (0.2 ml) was collected via puncture of the femoral vein within 2 minutes of catching.
Wethen measured body weight and kncc-hccl length and shaved the tail hairs, and returned

the offspring to its home cage. Blood plasma was collected by centrifugation (15min,

102



CHAPTERIV

2500rpm, 4°C)J and kept at -80°C until RIA (see below). On the following day the same

procedure was conducted with the second twin.

iL RIA of plasma ACTHand Cortisol

Offspring plasma samples were analyzed for immunoreactive ACTH and Cortisol.

Plasma ACTH titres were determined in a single 25ul sample aliquot using a commercial

RIA kit (DiaSorin, Stillwater, MN, USA; modified as described in Pryce et al. (21)). Assay
sensitivity was 16.3 pg/ml. Intra-assay precision was 9.0% (N=10) and inter-assay precision
was 10.6% (N=7). Plasma unconjugated Cortisol titres were determined in duplicate using an

in-house RIA detailed in (22). Briefly, a rabbit antiserum was raised against cortisol-3-BSA

(Cambridge Medical Technology, Billcrica, MA, USA). [1,2,6,7-3H] Cortisol (SA, 82.0

Ci/mmol; TRK 407, Amersham International, Little Chalfont, UK) was used as tracer, and

Cortisol (11-4001, Sigma, Buchs, CH) as reference standard (39-2500 pg/100 ul). Assay
sensitivity was 250 pg/ml. Plasma samples were not exposed to prior enzyme hydrolysis, but

were heated for protein denaturation; we performed this latter step even though
corticostcroid-binding globulin levels are negligible in the marmoset and the majority of

Cortisol remains unbound in the circulation (64, 65). Intra-assay precision was 5.3% (n=8)
and inter-assay precision was 4.8% (n=8).

3.3 Homecage social observations

Behaviours of subjects relative to their social and physical environments were measured

in the home cage during postnatal weeks 9-12, 17-20 and 25-28 (hereafter referred to as

month 3, 5 and 7, respectively). The ethogram used was based on one already published for

the marmoset (66). Observations, lasting 60 min each, were performed once per week during
three weeks per month. The observations were performed using a one-way viewing screen,

with coded data entered into a handheld computer (Workabout, PSION, London, UK),

running Observer mobile support package software (Noldus Information Technology,
Wageningen, NL), The twin infants were the focal subjects, with behaviours recorded using
all-occurrence sampling or 30-scc instantaneous sampling, and expressed as behavioural

duration in percent time of 1-hour observation or behavioural frequency/hour.
Relationships and behaviour elements (in parentheses) of interest here were: infant—parent or

infant-infant (social grooming, social play) and infant alone (mobility, scratch with hand or

foot, exploration, self-grooming, eat solid food, solitary play, tail hair piloerection).
Behavioural observations were scheduled so that they were evenly and randomly distributed

between morning (10:00-13:00) and afternoon (13:00-16:00).

3.4 Motor skilled reaching task

i. Apparatus
The apparatus and the experimental design were adapted from the rat paradigm used by

Whishaw and colleagues (60). For testing and training, subjects were enclosed in the inner

cage. The front wall of the sleeping box was replaced by a test screen in transparent Plexiglas
(30(W) x 20(11) cm), which had a 1.7(W) x 15(11) cm slot in its centre, through which the

monkey could reach. A 20(W) x 13(L) x 1(H) cm platform abutted onto the outside of the

test screen, at a height of 6 cm above the floor of the sleeping/test box. On the upper

surface of the platform, there were four round indentations, diameter=7 mmx dcpth=0.2
mm. These were positioned symmetrically to the left and right of the centre of the platform
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and the slot in the test screen, at 3 cm ("close") or 5 cm ("far") from the test screen and at

2.5 cm ("close") or 3.5 cm ("far") from the centre line of the platform. The front wall and

platform were enclosed in a removable Wisconsin general test apparatus (WGTA). The

WGTAwas out of white-painted wood, measured 40(W) x 42(L) x 45(H) cm (67), and was

dimly illuminated by a 25Wlamp in its ceiling. The experimenter could gain access to the

WGTAchamber via a hatch, and could observe the subject by looking through a semi-

opaque window. An experimenter-controlled grey PVC vertical shutter was positioned to

separate the reaching slot from the reward indentations.

iL Training and testing

Subject training began at age 22 weeks (month 5-6) and required 5-11 days, after which

testing began immediately and required 4-6 days. Animals were deprived of mash for 3 hours

prior to the start of training and testing sessions, which were conducted in a treatment

counterbalanced design either at 12:00 hr or at 14:00 hr. The reward used was dry cracker

(Zwieback, HUGAG, Malters, CH) soaked in banana-flavoured milk drink (Energy milk

Banana, Emmi, Lucerne, CH) until it was soft and then cut into cubes of ca. 5mm
.

For

training, reward cubes were placed in front of the reaching slot. The training procedure
aimed at habituating the subject sequentially to the presence of the test apparatus and the

experimenter, being alone in the inner cage, use of the shutter and to reaching through the

slot and grabbing a reward from the platform and eating it. Details of training stages and

criteria for passing a stage and progressing to the next stage, and details of test sessions, are

given in Table 2.

For testing, rewards were placed according to a counterbalanced schedule in one of the

four indentations. All subjects were given 64 trials with a maximum of 16 trials per session

per day. For each trial the experimenter scored several behaviours:

Attempt: each time the subject advances an arm through the reaching slot.

Reward obtained: the subject retrieves the reward into the testing box and eats it.

Reward re-touched: the subject touches the reward but does not grasp it, without

dropping it or pushing it away.

Reward missed: the subject fails to touch the reward while making a movement aiming at

it.

Reward dropped: the subject grasps, lifts and drops the reward.

Reward pushed away and Reward pushed out of reach: the subject touches the reward

and in so doing pushes it to a greater distance away from itself, or even pushes it to out of its

arm's reach, ending the trial.

Reward dragged: the reward is not lifted up but dragged on the platform.
Approach with mouth: instead of lifting up the reward in the hand(s), the subject lowers

the head and the reward is approached with the mouth.

Use both hands: the subject makes an attempt to use both hands to grab the reward.

The following scores were calculated as follows:

Single attempt success (SAS): during its first attempt, the subject obtains the reward with

or without errors while grasping and retrieving it into the test box. Scored as reward

obtained with SAS = 1 and attempt score = 1.

Single grasp success (SGS): during its first attempt, the subject grasps the reward and

retrieves it into the testing box without errors. Scored as SAS = 1, SGS— 1, and no errors,

i.e. for miss, retouch, drop, drag, push away and push out of reach, each score - 0.
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Table 2 - Training procedure of the skilled reaching task

Stage Animals Inner

cage

Number of

reward presented

Screen of

WGTA

Length Criterion to reach

next stage

1
Whole

family
Open 2-4 Not used 10 min

Interest in setup
and rewards taken

2
Whole

family
Closed 2-4 Not used 10 min

Interest in setup
and rewards taken

3
Twin

together
Closed 2-4 Not used 10 min

Interest in setup
and rewards taken

4
Subject
alone

Closed 2-4 Not used 10 min
Interest in setup
and rewards taken

5
Subject
alone

Closed 1 Not used 10 min
Interest in setup
and rewards taken

6
Subject
alone

Closed 1 Used
16

trials

12 completed
trials

3.5 Data Analysis
Data analysis was conducted using the Statistical Package for the Social Sciences (SPSS,

Version 13, Chicago, USA) running on a WindowsXP© system. Analysis of Variance

(ANOVA) was based on the general linear model. Morphometric measurements, plasma
Cortisol and plasma ACTII titres were analysed using prenatal treatment (VEI I, EDEX,

LDEX) and sex as between subject factors and age (weeks 12, 16, 20, 24 and 28) as a within

subject factor, resulting in a 3 X 2 X 5 ANOVA. Home-cage behavioural elements were

analysed using prenatal treatment (VEH, EDEX, LDEX) and sex as between subject factors

and age (months 3, 5 and 7) as a within subject factor, resulting in a 3 X 2 X 3 ANOVA. The

scores recorded or calculated from the skilled reaching task were analysed using prenatal
treatment and sex as between subject factors, and 8-trial blocks (1-8, 9-16, ... 57-64) as a

within subject factor, resulting in a 3 X 2 X 8 ANOVA. Furthermore, skilled reaching task

scores were analysed with an ANCOVA,using the same design as the ANOVAand the

reward obtained and SAS score as co-variate for SAS and SGS analyses respectively. To

investigate whether the amount of motor behaviour performed in the home cage predicted
scores in the skilled reaching task and thereby suggested a causal relationship, individual

scores for exploration, solitary play and social play at month 5 and skilled reaching task

scores for rewards obtained, SAS and SGSwere analysed using Pearson's product moment

correlation. A p value of less than 0.05 was considered as a significant effect and a p value

greater than 0.05 and less than 0.1 was considered as a trend to an effect. Whenever

treatment yielded a significant effect or interaction, pair wise post hoc least significant
difference (LSD) tests were applied.

4. Results

4.1 Physical and endocrine measurements

All three physical development measures increased monotonically, as supported by a

main effect of age on body weight (F(4,72)-390.76; /><0.001, wk 12: 155.8±3.7g, wk 16:

195.7±3.3g, wk 20: 235.9±4.3g, wk 24: 263.9±5.4g, wk 28: 282.1 ±5.1g), knee-heel length

(F(4,72)=643.15, /><0.001, wk 12: 53.6+0.3mm, wk 16: 59.4±0.mm4, wk 20: 63.2±0.4mm,
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wk 24: 66±0.4mm, wk 28: 68.4±0.5mm) and body wcight:knee-heel length ratio

(F(4,72) = l 61.44, p<0.00\, wk 12: 2.9±0.06, wk 16: 3.29+0.05, wk 20: 3.73+0.07, wk 24:

3.99+0.07, wk 28: 4.1310.07). The EDEX female subjects demonstrated increased body

weight and body weight:knee-heel ratio compared to VEII and LDEXfemales and to VEII,

EDEXand LDEXmales (Figure 1): for body weight there was a trend to a treatment X sex

interaction (F(2,18)=3.46; ^<0.1) and a significant main effect of treatment (F(2,18)=7.91;

/<0.005), and for body wcight:knee-heel length ratio there was a significant treatment X sex

interaction (F(2,18)=9.28;/><0.005) and a significant main effect of treatment (F(2,18)=4.60;

p<0.05).
Plasma ACT1I titres decreased across the developmental period as indicated by a

significant main effect of age (F(4,72)=3.29; /><0.05, wk 12: 52.6±5.2 pg/mL, wk 16:

43.419.3 pg/mL, wk 20: 35.315.6 pg/mL, wk24: 35.814.4 pg/mL, wk 28: 38.417.8

pg/mL). There was no significant interaction or main effect of treatment and/or sex (p>0.1).
There were no significant effects involving age, treatment or sex on plasma Cortisol titres

(p>0.1; wk 12: 138.7115.4 ug/dL, wk 16: 131.2±14.1ug/dL, wk 20: 139.8120.9 ug/dL, wk

24: 114.3+10.2 ug/dL, wk 28: 101.3113.3 ug/dL).
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Fig. 1. Anthropometric measures (overall mean+SEM, N=8 per treatment) in common marmosets aged 9-28

weeks: (A) body weight, (B) body weight:knee-heel ratio. * indicates a significant effect of DHXtreatment,

/K0.05, # indicate a trend toward a significant treatment effect, 0,05<jft<0.1.

4.2 Homecage behaviour

The average scores for each behaviour are reported in Table 2. There was an overall

increase in time spent in social grooming and decrease in time spent in exploration over the

study period, indicated by significant main effects of age: social grooming (F(2,36)=3.51;

^<0.05) and exploration (F(2,36)=6.81; ^><0.05). There was a significant main effect of

treatment on time spent in solitary play (F(2,18)=3.87; /K0.05) reflecting increased solitary

play in EDEXsubjects compared to VE11 (LSD post hoc /K0.05) and LDEX (LSD post

hoc p<0.05). There was a significant treatment X age interaction for mobility (F(4,36)=2.97;

/><0.05), with VEI I and LDEXsubjects aged 3 months exhibiting similar levels and EDEX

subjects slightly higher levels; thereafter VEH subjects exhibited a monotonie increase,

whereas both EDEXand LDEXshowed an inverted U-shape curve. There was a significant
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treatment X age interaction for eating behaviour (F(4,36)=3.51;/K0.05), with VEII subjects

spending more time eating at month 7 compared to both EDEX and LDEX. Scratching also

yielded a significant treatment X age interaction (F(4,36)=5.62;/><0.005), reflecting increased

scratching by EDEXcompared to VEHand LDEXat month 3 and the inversion of this at

month 7.

Table 3 - Homecage bcha vioural scores

Behavioural score Treatment Month 3 Month 5 Month 7 AVG

Mobile $

VEH 70.58+4.63 86.5811.78 89.7811.86 82.3112.43

EDEX 82.31+2.79 84.73+3.79 82.7513.78 83.26+1.93

LDEX 74.15±2.05 84.50+2.57 79.9714.61 79.5412.01

Hat S

VEH 3.81+0.82 2.7310.52 6.50+1.12 4.4410.35

EDEX 5.33±0.72 4.72+0.74 4.3810.46 4.8110.37

LDEX 3.7710.69 3.99+0.78 3.78+0.63 4.3510.36

Explore *

VEH 5.41+0.79 3.3210.46 2.63+0.87 6.3211.77

EDEX 6.9611.62 3,52+1.18 4.2511.48 4.9110.85

LDEX 14.77+5.82 5.03+0.71 3.7510.81 5.0510.83

Scratch $

VEII 7.99+1.28 7.56+1.45 11,2111.42 8.5510.47

EDEX 12.6411.10 8.92+0.69 8.1311.11 9.9010.68

LDEX 8.42+0.71 9.7011.12 12.73+1.63 9.6110.65

Solitary play #

VEH* 1.7810.56 2.3310.75 2.38+0.79 3.3210.43

EDEXb 4.3310.94 4.06+0.73 2.7510.93 3.7110.50

LDEXJ 2,5610.70 2.5210.55 1.48+0.76 3.5210.44

Social play

VEH 4.2511.71 9.8313.29 8.9613.40 6.05+1.12

EDEX 10.1813.91 7.85+2.78 4.3311.68 7.4511.69

LDEX 3.25+1.10 5.4112.07 4.0811.54 5.06+1.06

Self-groom

VEH 1.09+0.40 0.8110.64 0.1710.11 0.42+0.12

EDEX 0.4310.23 0.4510.27 1.29+0.80 0.72+0.29

LDEX 0.0710.05 0.50+0.33 0.6010.21 0.6610.29

Social groom
*

VEH 0.5410.13 0.7610.45 1.3310.90 0.91+0.20

EDEX 1.0510.55 0.8410.29 1.1310.46 1.0110.25

LDEX 0.4110,31 3.2811.86 3.9611.32 0.9810.23

Tail-hair

piloerection

VEH 11.7214.10 25.41+5.56 22.3814.33 21.7414.07

EDEX 25.8914.00 19.54+4.41 28,75+10.94 24.7314.05

LDEX 15.1614.50 21.07+3.51 12.6714.72 24.8713,99

* Main effect of age,/><0.05
$ Treatment X age interaction,^><0.05
# Main effect of treatment; p<0.05
Treatments indicated by different letters were significantly different in post hoc test, p<0.05

4.3 Motor skilled reaching task

There were no consistent treatment-group differences in terms of the number of

sessions marmoset subjects required to progress through training (/>>0.1; VEH: 7+0.72,

EDEX: 6.3810.26 and EDEX: 610.37) or testing (£>0.1; VEH: 4.1310.13, EDRX:

4.2510.16 and LDEX: 4.2510.25).
The test performance of subjects in the skilled reaching task improved across sessions,

that is, with experience. This was indicated by a significant main effect of blocks for several

measures, including increasing number of rewards obtained (F(7,126)=2.88, /i<0.05, Fig.

2A), increasing SAS (F(7,126)=6.20, ;><0.001, Fig. 2A), increasing SGS (F(7,126)=6.96,
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p<0.00\, Fig. 2A), decreasing number of misses (F(7,126)=4.42,/><0.01, data not presented)
and decreasing number of re-touches (F(7,126)=2.85, p<0.05, data not presented) (together,
misses and re-touches accounted for 78%of the total number of errors). For SAS, there was

a significant treatment X blocks interaction (F(7,126)=2.08,/><0.001; Fig. 2B): VEHsubjects
scored highest in early blocks, with EDEX intermediate and LDEX lowest; VEH and

EDEXattained similar relatively high SAS in the final block, whereas LDEX attained a

lower asymptote. For SGS, there was also a significant treatment X blocks interaction

(F(7,126)=6.96,/K0.001; Fig. 2C): this reflected a delay in improvement of performance in

EDEXcompared to VEH, and the absence of improvement in LDEXsubjects compared to

both VEHand EDEX. Aposteriori one-way ANOVAfor each treatment yielded a significant
effect of block for VEH(F(7,42)=3.87,/><0.05) and EDEX(F(7,42)=5.70,/><0.01) but not

for LDEX (ô>0.1). For number of rewards obtained there was a significant treatment X sex

interaction (F(2,18)=5.04; p>0.05): female LDEX subjects obtained fewer rewards than

VEH and EDEXfemale subjects and VEH, EDEXand LDEX male subjects (Fig. 2D).

This reduced performance co-occurred with an increased reward pushed out of reach score

in female LDEXsubjects compared to all other groups, confirmed by a significant treatment

X sex interaction (F(2,18)=5.05,/><0.05; Fig. 2D).
Score for rewards obtained, SAS and SGS, when compared pair-wise using product-

moment correlation, demonstrated significant positive correlations in all cases (r>+0.665,

p<0.01). This was expected, but it is nonetheless important to present the findings for all

three measures, given that they provide progressively increasing sensitivity in terms of

measuring skilled performance, i.e. SGS > SAS > rewards obtained. To assess this

interdependency and its influence on our findings, rewards obtained and SAS were used as

co-variatcs in ANCOVAsfor SAS and SGS, respectively. This yielded a close to significant
treatment X blocks interaction for SAS (6=0.051) and SGS (p=0.Q57) and a significant
treatment main effect for SGS(p<0.Q5).

In order to study possible associations between home cage behaviours that are putativcly

highly dependent on motor skills and performance of the skilled reaching task, correlations

were calculated for skilled motor SGSscores at age 5 months and scores at the same age for

three behaviours selected a priori, namely exploration, solitary play and social play.
Correlation coefficients were < 0.35 and non-significant (p>0.1).

5. Discussion

The juvenile phase in the common marmoset monkey is, as is the case for mammals

generally, a dynamic stage of motor behaviour development. The individual becomes

independent of the parents and starts to locomote alone (of particular importance in monkey

species given that infants grasp onto and are carried by the parents), and to interact with and

explore substrates and objects in its environment. Here we provide evidence that both early
and late DEX

exposureimpairedperformanceofaconditionedskilledmotorreachingtaskincommonmarmosets,withLDEXsubjectsshowingstrongerdeficits.TheseimpairmentswerenotassociatedwithanychangeinbasalbloodlevelsofhormonesthatareregulatedbyGR,namelyACTHandCortisol,citherpriorto,duringoraftertheconductingofthereachingtask.Atthesameage,thereweretreatment-dependentdevelopmentaldifferencesin
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Fig. 2. Skilled reaching task scores in juvenile common marmosets (mean±SEM, N=K per treatment): (A)
Overall scores for die performance indices, rewards obtained, single attempt success and single grasp success,

across eight 8-trial blocks, which each demonstrated a main effect of block. (B) SAS scores according to

treatment and block; insert gives average scores collapsed across blocks. (C) SGSscores according to treatment

and block; insert gives average scores collapsed across blocks. (D) Scores for pushed out of reach and rewards

obtained split by treatment and by sex (for males, N=4, 5 and 5 for VEH, EDF.X and LDEXrespectively; for

females, N=4, 3 and 3 for VF.H, EDEXand LDEXrespectively). * indicates a significant effect of treatment,

p<0.05.

home cage behaviours, with EDEXsubjects exhibiting increased solitary play time at ages 3-

5 months and LDEX subjects reduced mobility time at age 7 months. Home cage

behaviours that appear to be particularly motorically demanding, exploration, solitary play
and social play, were therefore not compromised in DEX-treated monkeys. This dichotomy
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between home cage motorically-demanding behaviours and skilled reaching is further

supported by the absence of significant correlations between them.

It was possible to adapt the skilled reaching task developed for rats (60) to a non-human

primate version, demonstrating that the paradigm is appropriate for comparative studies.

Given the importance of the comparative approach, for example in understanding the

evolution of forclimb function (68) and in development of transladonal models of

movement disorders (e.g. Huntington's and Parkinson's diseases), it is advantageous that a

single task that retains consistency in terms of apparatus and behavioural readouts can be

used to assess reach-to-grasp movement across different study species. Furthermore, it is

amenable to use with monkeys in their home cage, thereby eliminating confounding effects

of social isolation stress, which would be particularly marked in immature animals, such as

those studied here (69).
Our evidence for impairing effects of prenatal DEXon juvenile motor dexterity extends

knowledge of this important developmental issue quite markedly in terms of developmental

stage and species, with the most relevant previous studies demonstrating important motor

deficits in rhesus monkey neonates after prenatal stress (54) or prenatal ACTHtreatment

(56), based on the nonhuman primate version of the Brazelton Newborn Behavioral

Assessment Scale (58). Although such a scale would have been an interesting addition to the

current study it would also have been an additional stressor for the neonates and therefore a

potential confound. Similarly in the rat, prenatal stress (49, 51) and prenatal DEX(52, 53)
both impaired motor reflex development. The impairments observed in the two treatment

groups in our study were qualitatively different: EDEXled to a performance deficit in terms

of the most sensitive measure, SGS, specifically. LDEX led to a consistent impairment in

ability to obtain rewards per se in female monkeys, to a consistent deficit in SAS despite

improvement with task experience, and to an absence of improvement with task experience
in SGS.

Ito reviewed recently the complex cerebellar circuitry involved in the volitional

movement and reported the importance of the cerebello-thalamo-cortical loop in this

context (70). This loop was described to control the coordination of volitional movement

and to mediate motor learning (71). In fact, cerebellum deep nucleus inactivation resulted in

deficit of rcach-to-grasp behaviour in cats (72). Interestingly, there arc reports of prenatal
DEXincreasing sensibility of the cerebellum to oxidative stress (73), and of prenatal stress

reducing the interconncctivity as well as neurogenesis in the cerebellum (74, 75); making of

the cerebellum and the dependant cerebello-thalamo-cortical loop a good target candidate

for the prenatal DEXtreatment long term harmful effects on motor reach-to-grasp control.

Noteworthy is that the aforementioned work of Schneider et al. and our study use prenatal
treatments that result in GRactivation. This suggest that the long-term effects observed

herein are mediated by prenatal programming of GR, a mechanism that has been proposed
to mediate other long-term effects of prenatal DEX exposure in both rodents (45) and

monkeys (76).
Early DEXand LDEXtreatments yielded qualitatively different effects on skilled motor

performance, and this is presumably due to the difference in CNSdevelopmental stage at the

time of GRagonism. There is no study of prenatal GRontogeny in the marmoset. In rat, the

expression level of GRmRNA, which reflects expression of functional protein, has been

reported from embryonic day 12.5 in many areas, including the anterior hypothalamus and

the pituitary gland, in the cerebellum specifically, expression is detectable starting at

embryonic day 15.5; in all areas GRmRNAis detected latest at embryonic day 16.5 and

thereafter increases until end of the stress hyporeactivity period (48). Primates and rodents
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demonstrate marked differences in brain development, with primates having relatively rapid
foetal brain development across a relatively long gestation, and being born with a relatively

large brain that is close to adult size, whereas rats exhibit relatively marked brain growth

postnatally (59). Perhaps somewhat in line with this general difference in brain growth

pattern, marmosets exhibit no differences in GRlevels, at least in the hippocampus, between

birth and adulthood, whereas rats exhibit a monotonie increase (77). Therefore, it can be

speculated that the prenatal and postnatal increase in GRexpression in rats occurs mosdy

prenatally in marmosets. Speculating further, in the EDEXsubjects, DEXtreatment might
have occurred during a stage of low-GR expression compared to the LDEXmonkeys.

In addition to consideration of maturational differences in GR expression, it is also

necessary to consider maturation of the cerebellum, which occurs from early embryonic

period until first postnatal years in human (78) and from mid gestation (ED 9.5-10.5) until

15 days postnatal in mice (79), with early neurogenesis of Purkinje and granule cells and late

arborisation and synapse formation. As such, EDEXtreatment may have had a relatively
marked effect on cerebellar neurogenesis, supported indeed by evidence that our early
treatment supposedly encompass the high neurogenesis period in primates (59), by the

known inhibitory action of GCon DNAsynthesis in dividing cells (26) and by evidence in

rat of prenatal stress induced reducetion of neurogenesis in the cerebellum at PND30 (75).
LDEX treatment may have had a relatively marked effect on synapse formation and

arborisation, supported by the reduced intcrneuronal connectivity in the rat cerebellar

granular layer at PND30 after prenatal stress at embryonic day 7 and 14 (74). Combining the

speculative evidence for prenatal maturation of GR expression and of the cerebellum: I)

During EDEX treatment, the marmoset cerebellum might be undergoing marked

neurogenesis with low levels of GRexpression, such that DEX causes an impairment in

neurogenesis, an effect that is mostly recovered by the high plasticity of the fetal brain. II)

During LDEX treatment, the marmoset cerebellum is mosdy undergoing its organizational

phase, with high levels of GRexpression, such that DEXcauses a more severe effect from

which recovery, including of the capacity to acquire skilled motor function, is relatively poor.

Based on the evidence, in rats, that prenatal DEXleads to increased anxiety in adulthood

(12), it is important to consider the possibility that anxiety differences could have been

important in the present study. First, we would point out that a major part of the rationale to

use home cage testing was to reduce the anxiety inherent to social isolation in an unfamiliar

environment (e.g. see (80)). Secondly, we did not observe any differences in anxiety measures

during home cage observations (e.g. time spent in tail hair piloerection). Thus our

interpretation that the differences in motor task scores are due to DEX-induced

maturational impairments in the motor system per se, is not confounded by evidence for

anxiety differences. Another putative mediating factor is differences in motivation for sweet-

tasting reward; more specifically, hypo-motivation leading to inattentive performance or

hyper-motivation leading to increased ballistic responding. Here the fact that neither EDEX

nor LDEX demonstrated any significant differences relative to vehicle subjects in the

average number of trials per session or the average time to complete a session, provides

strong indirect evidence that motivation for reward did not differ between treatment groups.

The current study adds a significant in vivo contribution to the evidence for the impact
of exposure of the foetal brain to synthetic GRagonist, as used commonly in paediatric
medicine, to the long-term development of skilled motor abilities. By adapting a rodent

skilled reaching and grasping task to a version that could be applied to juvenile monkeys
trained and tested in their home cage, we could demonstrate that DEXapplied in the first

trimester of gestation and, in particular, in the late second trimester, led to deficits in skilled
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reaching and grasping performance. These deficits were not concomitant with altered basal

levels of ACTH or Cortisol, did not co-occur with deficits in social behaviour with high
motoric demand, with which they did not correlate. Overall, these findings suggest that

prenatal DEX acts on GR expressed at the time of treatment and leads to an altered

developmental trajectory of specific brain areas; based on the present findings, we would

propose that the cerebellum is an area that is affected by DEXtreatment, and particularly if

it occurs relatively late in cerebellar maturation.
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1. General discussion

In the present work, we assessed the long-term physical, endocrine and behavioural

effects of prenatal exposure to dexamethasone (DEX), a synthetic glucocorticoid (GC), in

Wistar rats {Rattus norvegicus) and marmoset monkeys {Callithrixjacchus). GC, whether they arc

endogenous, for example when secreted in response to a stressor, or exogenous, such as in

our studies, are specific ligands of glucocorticoid receptor (GR). GRare intracytopolasmic
nuclear receptors, which upon binding of ligand, undergo nuclear translocation and can

modulate target genes transcription. GR has been reported to undergo prenatal

programming, which is the setting up of an adulthood phenotype (e.g. for GR their

expression level) based on prenatal environment (e.g. for GRavailability of its ligand) (1).
This programming enables foetal adaptation to the future environment. In its foetal origin of

adult disease hypothesis, Barker proposed that environmental factors, particularly nutrition,

act in early life to program the risks for adverse health outcomes in adult life, including

hypertension and type II diabetes (2). Based on this model, several authors attempted to

identify the exact mechanisms and cause of the increased risk to develop adulthood diseases,

and one factor shared by several prenatal environmental challenges is the exposure to a

prolonged period of stress, thereby to chronic GCand consequently GRactivation. Many
studies were performed on prenatal stress and prenatal GC exposure assessing adulthood

physiology, but only few measured adult behaviours. Those behavioural studies of the long-
term effect of prenatal stress reported several findings that grouped together portrayed partly
the symptoms list for schizophrenia, disrupted sensory motor gating (3) and latent inhibition

(4), and depression, increased anxiety (5), increased behavioural despair (6) and anhedonia

(7). In both diseases there are reports of altered IIPA endocrine activity, which was also

reported in offspring of animals exposed to prenatal stress (8). In addition to these

behavioural effects, prenatal stress has been associated with retardation of neuromotor

development in rats (9, 10), and with reduction of the motor score in an assessment scale in

rhesus monkey (11, 12).
Based on these experimental evidence of a causal association between prenatal stress,

which results in GRactivation, and performance in adulthood in processes relevant to both

schizophrenia and depression, we designed two studies in rats, in which pregnant dams were

exposed to DEXduring the last third term of pregnancy and assessed their offspring during
adulthood in paradigms taxing biobehavioural processes relevant to schizophrenia (Ch.l)
and to depression (Ch.2). In parallel, female marmosets were exposed to DEXduring a week

either early (ED EX, gestational days 42-48) or late (LDEX, GD90-96) during pregnancy,

and due to the scarce studies using primates, we decided to perform a follow-up study in

their offspring of physical growth, endocrine basal activity of the HPAaxis and home cage

social behaviours (Ch.3). Based on the findings of delayed neuromotor development

following prenatal stress in both rodents (13, 14) and rhesus monkeys (15), we assessed

motor dexterity in a test adapted from the skilled reaching task (Ch.4), which was initially

developed in rats by Whishaw and colleagues (16).
There is a dire need of this type of long-term behavioural studies, because prenatal GC

treatment is commonly used as a prophylactic treatment of preterm birth associated with

morbid symptoms (e.g. respiratory distress syndrome). Due to the important increase in

infant survival following this treatment, this type of study is encouraged by the American

National Institute of Health (17), with emphasis on the need of assessment of potentially
harmful long-term endocrine and behavioural effects (18).
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2. Summary of findings
Exposure to DEXdid not affect maternal weight gain or water consumption in both rats

(Ch.l) and marmosets (Ch.3). In marmosets, the standard weekly blood sample procedure
allowed us to observe a drastic treatment induced reduction of Cortisol plasma litres during
DEXtreatment (Ch.3). In rats, we observed a reduction of birth weight in offspring exposed
to DEXprenatally. This effect was visible throughout infancy (Ch. 1 and 2), and in one of

the two studies into adulthood (Ch.l). Based on the known alteration in maternal behaviour

following exposure to DEXduring pregnancy (19), we decided to use cross-fostering at birth

in both rat studies. Weconfirmed the alteration of maternal behaviour, with dams exposed
to DEX during pregnancy showing increased pup-directed maternal behaviour, this co-

occurred with decreased self-directed behaviour (Ch.l). In pups raised by a DEX treated

dam, we observed an additional reduction of body weight visible until adulthood. In

marmosets, none of these effects of prenatal DEXexposure on body weight were visible, on

the contrary, at 3 months of age, the EDEXtreatment led to a transient increase in body

weight, which co-occurred with an increase in eating solid food, being in a mobile state,

exhibiting solitary play and tail hair piloerection (Ch.3). Marmoset offspring of both EDEX

and LDEX treatment groups did not present any other alterations of home cage social

behaviours from birth to 1 year of age (Ch. 3 and 4).
In rats, there were no effects of prenatal DEXtreatment or rearing by a DEXexposed

dam on behavioural models of two psychiatric diseases, schizophrenia (Ch.l) and depression

(Ch.2). Neither prenatal DEX treatment nor rearing by a DEX dam affected the

schizophrenia-like behavioural performance assessed in two animal models of schizphrenia,

prepulse inhibition and latent inhibition, which respectively account for schizophrenia
induced disruption in sensory motor gating (20) and in the ability to ignore irrelevant stimuli

(21). Similarly, neither prenatal DEX treatment nor rearing by a DEX dam led to any

evidence of depressive-like behavioural performance in paradigms taxing processes affected

by this disease, anhedonia, using the progressive ratio schedule of reinforcement (PRSR),
and behavioural despair, using both the Porsolt forced swim test (EST) and US pre-exposure

(USPE) in an active avoidance procedure. In rat offspring reared by DEXexposed dams; we

observed impairment in the Morris water maze spatial memory test, irrespective of whether

we used a protocol specifically assessing working or reference memory (Ch.2). We

successfully adapted the rat skilled reaching task developed by Whishaw et al. (16) to the

marmoset monkeys, and we observed an impairment in motor dexterity in both EDEXand

LDEX marmoset offspring. EDEXsubjects showing a delay in performance improvement
with training, while LDEXsubjects did not improve with training (Ch.4).

The basal endocrine activity of the HPA axis, in terms of ACTHand glucocorticoid

(cortisol in marmosets and corticosterone in rats) was unaffected in marmoset monkey (Ch.
3 and 4), whereas in rats, there occurred a disruption of the circadian variation of ACTHin

male exposed to DEX prenatally (Ch.2). When rat offspring were exposed to a restraint

stress, known to elicit a HPAendocrine response, the male offspring prenatally exposed to

DEX showed an increase of both ACTHand corticosterone secretion in response to the

stressor (Ch.2).
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3. Prenatal DEXand neurodevelopmental hypothesis of

schizophrenia and depression
Both schizophrenia and depression are complex multifactorial pathologies. The diagnosis

of these diseases suffers from their complexity. Schizophrenia is diagnosed when a person is

subject to two or more of the following symptoms for at least six months: delusions,

hallucinations, disorganized speech, disorganized or catatonic behaviour, negative symptoms

(affective flattening, alogia or avolition) and social dysfunctions (22). Similarly, depression is

diagnosed when a person experiences at least five of the nine following symptoms for two

weeks or more: depressed mood, loss of interest, increase or loss of weight, insomnia or

hypersomnia, agitation, feeling fatigued, thoughts of worthlessncss, diminished ability to

think or concentrate, thoughts of death; one of the symptoms must be either depressed
mood or loss of interest (22). Additionally, these two diseases present an important

comorbidity (23). This diagnosis complexity is mirrored in the difficulty to develop animal

models for these diseases, not only because the symptoms are many, but also because some

of them are of clear human characteristic, for example the feeling of worthlessness in

depression; those types of symptoms are impossible to model in animal paradigms.
Therefore animal models of these diseases focus on one or more of the symptoms to

elucidate specific mechanisms involved in these symptoms, such as those used in Chapter 1

for schizophrenia, prepulse inhibition and latent inhibition, modelling respectively sensory

motor gating and an attentional deficit, and in Chapter 2 for depression Porsolt FST and

USPE in active avoidance, both modelling behavioural despair, and PRSR modelling
anhedonia.

The aetiology of these two pathologies is not fully understood yet; although there is a

clear genetic component (24), environmental factors impact on these genetic predispositions

(25, 26). Not only does adult environment influence development of these pathologies, but

also infants and even foetal environment (25, 26) have a significant impact. Thus it seems

that these two pathologies originate from interactions of genetic predispositions and

environmental influences throughout life. The foetal environmental factors known to

influence risk to develop schizophrenia or depression have been shown to share in common

an extended period of exposure to stress and consequent increase in GCsecretion. In fact

prenatal stressful events have been associated with increased risk of adulthood onset of both

schizophrenia and depression (27). And prenatal stress has been proposed as a model for

these two diseases (3, 7). Extensive period of stress results in increased endocrine HPA

activity, and consequently chronic increased plasma levels of GC. Thus, based on the

neurodevelopmental hypothesis and on the association of prenatal stress and adulthood

onset of these two diseases, we hypothesised that prenatal DEXexposure might result in

increased risk to develop these pathologies.
In our studies, there were no evidence of causal association between prenatal DEX

exposure and the paradigms used to assess behavioural processes relevant to both

schizophrenia (Ch.l) and depression (Ch.2). The literature on long-term behavioural effect

of prenatal DEX exposure is scant, with no studies on behavioural paradigms relevant to

schizophrenia and only 2 studies using one animal model of depression, the FST (5, 28).
While the FST has a well acknowledged predictive validity for antidepressant activity (29), its

validity as a model for animal depressive-like symptoms induced by non-pharmacological
manipulation (face validity) has been seriously questioned (30). In addition, the performance
of subjects in this test has been shown to be affected by numerous parameters, including,
but not limited to, water depth (31) and period of the light cycle during testing (32). Our
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experiments were carefully designed to take these parameters into account, and based on the

limitations of the FST we decided to supplement our experimental testing battery with

another behavioural assessment of behavioural despair (USPE in the active avoidance

procedure) as well as an additional model of depression measuring anhedonia (PRSR).

Unfortunately, in both aforementioned studies, animal were tested during the light phase of

the circadian cycle (5, 28), which is the inactive phase in rats, and in Welberg et al. study (5)
the depth of the water in the FST was only of 25 cm, thereby allowing some hind limb

support to the animals. These pitfalls question the validity of the derived conclusions of

these studies. Furthermore the finding of increased floating behaviour in offspring reared by
DEXexposed dam, an effect that could only be dissociated from direct prenatal effect of the

treatment through the use of cross-fostering, suggests that any effect reported by studies

performed without cross-fostering could be mediated by the indirect effect of treatment

through altered maternal behaviour. This suggests that the rearing environment is affecting
behaviour in the FST, and apparently only in this test, as we did not observe any similar

effect in USPEin the active avoidance or in PRSR. The importance of rearing environment

on adult behaviour has been widely recognised through studies of naturally occurring or

manipulation induced alteration in maternal behaviour and the effects of these in adulthood

(33, 34).
These conclusions do not negate a potential role of GRactivation in the prenatal stress

mediated increased risk to develop schizophrenia or depression in adulthood, but tend to

exclude the possibility that solely GR activation is required to mediate these long-term
increased risks. It is important to underline the difference between prenatal stress and

prenatal DFX exposure. Prenatal stress results in the complex response, including activation

of both autonomic nervous system and HPA axis, with the latter resulting in increased

plasma GCand thereby in mincralocorticoid receptor and GRactivation. Prenatal DEX, due

to its high and specific affinity for GR, results in increased GRactivity, including negative
feedback on the HPA axis, thereby also in very low blood endogenous GCconcentration.

This reduction of endogenous GCconcentration could be extreme to the point that it lowers

the mincralocorticoid receptor activity, as these receptors are occupied by endogenous GCin

basal state. Additional studies involving specific agonists and antagonists of both GRand

mineralocorticoid receptor would be necessary to individuate the role played by these two

receptors' activity in the developmental risk for schizophrenia and depression, as suggested

by the neurodevelopmental hypothesis.

4. Programming of the HPAactivity by prenatal DEX

exposure

The HPAaxis has a circadian rhythmic activity in basal state, and is activated following
stressful events. Prenatal stress has been shown to affect both basal and challenged HPA

activity. The basal HPA activity was increased by prenatal stress in rodents (35), but this

effect was not observed in studies assessing basal HPA activity following prenatal DEX

exposure (28, 36). In our study, we observed in ratsno overall increase of HPAbasal activity
in offspring exposed to DEXprenatally, but disappearance of the circadian peak in ACTH

plasma titres in males (Ch.2). The extensive assessment of effects of prenatal stress on

circadian HPAactivity performed by Koehl and colleagues (35) allowed a better assessment,

whereas in our study, the use of only two time points limit the interpretation possibilities to

explain this result. Unfortunately, if a similar increased peak of activity would occur at the
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end of the inactive phase of the circadian cycle, as reported by Koehl et al. (35) following

prenatal stress, wc could not detect it with our experimental design.
The increase in stimulated HPA axis endocrine activity following prenatal DEX

exposure, a hallmark effect of prenatal GCtreatment, was observed in rodents (19, 37) and

sheep (38). This programming has been suggested to be mediated by the reduction of GR

expression in hippocampus and hypothalamus and the resulting decrease of negative
feedback (5, 39). In the only study using cross-fostering design (19), the authors reported
increased HPAactivity in offspring reared by a DEXdam, and slightly reduced HPA axis

activity in offspring prenatally exposed to DEXand reared by a VEII dam. Accordingly,

prenatal DEXexposure resulted in a reduced GRexpression in hippocampus but only in

those offspring reared by a DEXdam. If rearing dam was treated with VEH, prenatal DEX

exposure resulted in increased hippocampal GR expression. These divergences are

surprising, but could be explained by two important differences, the use of rat of the

Sprague-Dawley strain in Brahbam et al. study, while we used Wistar rats, and the absence of

reversed darkdight cycle in Brahbam et al. housing conditions. In fact, response to a stressor

was shown to be increased in rats when assessed during the light phase compared to

response to a similar stressor during the dark phase (40). This, combined with the already
known increased HPA endocrine response to a stressor observed in Sprague-Dawley

compared to Wistar rats (41), suggest that in Brahbam et al. the detection of an effect of

prenatal DEX exposure or of a potential sexual dimorphism of this effect on HPA

endocrine response might have been impeded by a ceiling effect of the stress response. At

the level of GR, another study by Shoener et al. (42) reported an absence of alteration of

hippocampal GRlevels in offspring exposed prenatally to GC. Noteworthy, this study also

used Sprague-Dawley, suggesting that this strain has a different sensibility to the GR

programming effects of prenatal DEXexposure compared to Wistar rats. A very interesting

follow-up study in sheep by Sloboda and colleagues (38, 43, 44) reported an age-dependent
effect of prenatal DEXexposure on stimulated HPAaxis endocrine activity, where at 1 year

of age, sheep exposed to prenatal DEXshowed increased HPAactivity (38), while starting at

2 years and to a larger extent at 3 years, this effect was not visible anymore and on the

contrary there was a hyporesponsivity of the HPA axis at the pituitary level (43). These

studies raise the question of the persistence of the effect reported in Chapter 3, which would

require further follow-up experiments to be answered.

In addition to the programming of GRexpression itself, all the modulations of GR

responses could also be altered by prenatal GCexposure. This was studied for the 11 beta-

hydroxysteroid dehydrogenases enzymes type I, which was reported to be increased in rat

offspring exposed to DEX prenatally (42). Although hydroxysteroid dehydrogenases

enzymes type I is a bi-directional enzyme, in the brain it has mostly a reductase activity,

resulting in regeneration of inactive glucocorticoid. Prenatal GCdo not alter the expression
of steroid receptor co-activator 1 or 2 during treatment (45). In another study, the pituitary
secretion of ACTII was shown to have reduced negative feedback in rat offspring exposed
prenatally to DEX (46). These findings could indicate a multifactorial effect of prenatal
DEXexposure, affecting not simply GR, but also the numerous cofactors interacting with

GR. Another hypothesis that would explain these changes in expression levels of GRco-

factors is that they are resulting from compensatory mechanisms. In fact, a decrease of GR,

could yield a compensatory response aiming at increasing GC levels, through increased

hydroxysteroid dehydrogenases enzymes type I activity and reduced pituitary negative
feedback. Based on these studies we can hypothesise that the mediating mechanism of
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prenatal programming of HPA axis following GC exposure is of a more complex,
multifactorial and age dependent nature than simply reduction of GRin specific areas.

5. Gender differences and their importance
In rat prenatal GC literature most studies were performed on male subjects, while in

guinea-pigs and sheep, the inclusion of both males and females is more common. This is

very intriguing as male and female differ fundamentally at multiple levels. First of all, the

genetic heritage differs due not only to the presence or absence of the Y chromosomes, but

also due to mitochondrial DNA, which has been shown to be of maternal origin (47),

During development, sexual differentiation occurs early (e.g. in human around week 7 out of

40), and clearly each gender undergoes a different prenatal developmental path, not only at

gonadal, but also at hormonal and physical developmental levels (48). This differential

development between male and female continues postnatally and peaks at puberty, where

endocrine and physical differences are accentuated between genders. Thus for studies trying
to achieve highest possible translational value of their findings, we think the use of both

males and females is essential.

In our studies, wc systematically used both sexes and reported basal differences between

the two sexes in most of the tests in rats, but only few of them in the marmoset monkey.
This difference could be due to the reduced number of subjects available in the marmoset

studies, which could not guarantee a statistical power sufficient enough to detect sex

differences; a situation which worsens when assessing interactions between sex and prenatal
treatment. Therefore the following discussion is more relevant to Chapters 1 and 2. Most of

the tests used in our rat studies reproduced the known sexual dimorphism, e.g. locomotor

activity and anxiety (Ch.2). There were only few measurements where the effect of prenatal
DEXwas sexually dimorphic, with the major one being the stimulated HPAhyperactivity
observed only in males exposed to DEXprenatally. Other studies using only males and no

cross-fostering design did report increased stimulated HPA axis endocrine activity in

offspring exposed prenatally to DEX (42, 49). To our knowledge, only one other study
assessed the HPA endocrine response to a stressor in both males and females exposed
prenatally to DEX (19). They reported HPA hyper-reactivity to a stressor in treated

offspring, independently of sex. In guinea-pigs, sexual dimorphism of the effect of prenatal
DEX exposure has been reported, with prenatal DEX leading to increased HPA

responsiveness to a stressor in males and to an oestrus cycle dependent effect in female (50).

During the early luteal phase, the HPA endocrine response to CRH stimulation was

increased in DRXexposed offspring, whereas in the late luteal phase the HPA endocrine

response to a restraint stress was reduced by prenatal exposure to DEX. Although this study
did not cover each phase of the cycle, it indicates that, in guinea pigs, the effect of prenatal
DEXon the HPAendocrine response to a stressor was dependent of the oestrus cycle phase
the female were in. During the oestrus cycle, female sex hormones undergo important
variations, with specific hormones' peak of activity at variable phases, and these phases have

been shown to impact on endocrine HPAreactivity to a stressor (51), an effect suggested to

be mediated by impact of the oestrus cycle on MRexpression. Thus the interaction between

prenatal GCprogramming of the HPA axis responsiveness to a stressor with the oestrus

cycle would not be surprising. Again, the mediators of these interactions are probably more

complex than simply the impact of both prenatal GCand oestrus cycle on MRexpression
levels. In our study, we failed to see any effect of prenatal DEXexposure on HPAendocrine

response to a stressor in females (Ch.2). In light of the aforementioned guinea-pig findings,
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we can re-interpret the meaning of these negative findings in the following way: the female

offsprings tested in our study might have been randomly and equivalently distributed in

terms of phase of the oestrus cycle they were in when HPAendocrine activity was assessed.

Based on this assumption and the known opposite effect of prenatal DEX exposure on

HPAaxis responsiveness at different phases of the cycle (50), we can hypothesize that these

opposite effects balanced each other and resulted in a similar average between females

exposed prcnatally to VEHor DEX. This suggestion is supported by the increased variance

observed in female peak ACTH and corticosteronc plasma titres compared to male. In

Brahbam et al. (19), the reported increase in stimulated HPA endocrine activity in female

offspring exposed to DEXprenatally could also be due to a cycle dependent effect. In their

study, offspring were housed in groups of 4-6 subjects. Eemale rats have been shown to

undergo synchronization of oestrus cycle when group housed (52). Thus, as Brahbam et al.

used 5-8 animals per treatment, they might have used offspring from a limited number of

cages, thereby resulting possibly in a majority of females being in the same phase of their

oestrus cycle. This could hardly occur in our study, as a maximum of 2 offspring were taken

per cage.

6. Indirect effects of prenatal DEXmediated through altered

dam maternal behaviour

The use of cross-fostering design enabled dissociation of effects mediated through foetal

DEXtreatment from effects mediated by altered maternal behaviour in dams exposed to

DEX(19) and Ch.2). The maternal behaviour is driven by both pups' signals to the dam and

the response of the dam to them (53), thus in those studies aiming to account for potential
maternal behaviour alteration, the litter needs to be homogeneous across all treatment

groups, as was used in our studies. Wedemonstrated in Chapter 2 that the effects classically
attributed to prenatal DEXon performance in a spatial memory task, the Morris water maze

(54), might result from the altered maternal behaviours induced by the treatment rather than

by the treatment effects on foetus. Maternal care has been associated with offspring
performance in spatial learning. Offspring raised by dams selected for increased licking and

grooming behaviours showed enhanced performance in the Morris water maze (55). Pryce et

al reported that while both early handling and maternal separation increased maternal care,

albeit with different patterns (56), only maternal separation resulted in enhanced water maze

performance in adulthood (57). Thus, these authors were questioning the hypothesised
causal association between increased maternal care and water maze performance in

adulthood. Nevertheless, while the amount of maternal care does not seem to be directly
correlated with water maze performance, these findings clearly indicate that some

component of the performance in water maze is influenced by maternal care. Weobserved

an increase in maternal behaviour leading to impaired spatial learning and memory (Ch.2), in

contrast to the aforementioned studies that, in some cases, associated increase in maternal

care to enhanced performance in the Morris water maze. These discrepancies suggest that

the increases in maternal behaviours, although similar in direction of effect, are affecting the

offspring differently, either through interaction with additional effects not measured, or

because they had different origins. One possible reason for increased maternal behaviour in

response to DEX treatment could be the known effect of GC on milk production in

pregnant animals (58) associated with the relatively long half-life time of dexamcthasone,

that could result in decreased lactation in treated dams. Interestingly, prenatal malnutrition

has been shown to result in impaired performance in the water maze in rats (59). In the

124



GENERALDISCUSSION

maternal separation paradigm, the effect of maternal separation has been proposed to be

mediated through under-stimulation of pups, as the mother, which is the principle source of

stimulation, is removed for 3 hours (34). Thus although these procedures lead to similar

increase in maternal care, the origin of these increases in maternal care as well as the

consequences are clearly different. If the increased maternal care and the consequent

impairment in water maze performance, reported in Chapter 3, are caused by a reduction of

lactation in the dam, the absence of similar report of impaired cognition in human could be

due to frequent complementation or replacement of breast feeding with infant formula.

Our experimental design was based on the one used by Brahbam et al. (19). They

reported an impaired performance in water maze in offspring exposed to prenatal DEXand

reared by a dam treated with DEXduring pregnancy, but an improved performance in water

maze when the same offspring were raised by VEH dams. This picture is quite different

from the one reported in Chapter 3, where rearing by a DEXdam resulted in impaired
performance in the water maze independently of prenatal treatment. There are only few

differences between these two studies: I) testing during the light phase in Brahbam and

during the dark in our study, II) rat strain used, Sprague-Dawley in Brahbam et al. study and

Wistar in ours and III) age of animals at testing, 65-75 days in Brahbam et al. and 300 days in

our study. Although testing rats during the light phase of the circadian cycle, as used by
Brahbam et al., was shown to result in impaired performance in water maze, extensive

training, such as used in both Brahbam et al. and ours studies, compensated for this

impairment. The existence of strain differences at physiological and behavioural level is

widely accepted and has been demonstrated in numerous studies, although to our knowledge
there is no specific comparison of performance of these two strains in the water maze.

Direct comparison of VEH-VEH subjects' performance in the two experiments is not

possible due to the numerous differences in test parameters (e.g. number of trials per day).

Aging has been shown by several authors to result in impaired spatial cognition in rats. Of

particular interest regarding these two points, strain and age, is the study by Wyss et al., in

which the authors observed a strain specific effect of aging on spatial learning (60), thus even

before considering the effect of the alteration in maternal care, the two studies might show

differences due to differential aging process in Wistar and Sprague-Dawley. An interesting
hypothesis presented in Chapter 3, is that rearing by a DEXdam resulted in increased age-

induced impairment in spatial learning. This hypothesis is based on report of association

between altered maternal care and similar earlier appearance of age-induced impairment in

cognition (61). A similar mechanism could explain the discrepancies between Brahbam et al.

(19) and our findings in term of performance in the water maze. Based on these

observations, we can state that the effect of prenatal DEX exposure on cognition is

complex, and involves not only the effect of the treatment on foetus during development,
but also delayed dam-mediated effects, that have not been considered in numerous studies.

This clearly underlines the importance to at least monitor maternal behaviour in studies of

prenatal insults, and whenever possible apply a cross-fostering design.

7. Of the use of rats and marmoset monkeys in animal

research

Our experiments employed as subjects both rats and marmoset monkeys. This was

decided based on the known differences between human and rat in terms of genetic,
physiology and development. Although the common marmoset is not as close to human as

other Old World primates, it still represents an interesting intermediate between rats and
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humans. Marmosets are small-bodied (ca. 350-450 g under laboratory condition), exhibit

primate-typical haemochorial placentation and, relative to their body size have an extensive

prenatal development (gestation period of 144 days), show precociality (sensory and motor

systems well developed at birth), and have a relatively long postnatal development (weaning
at month 3, sexual maturation at month 15-18) (62). Dizygotic twinning is the norm in

marmosets (although triplets are also common under laboratory condition), with the

placentae typically fused by anastomoses and giving rise to somatic chimaerism (63, 64).
Infant marmoset exhibit hypercorticoleamia (65). Both the mother and father exhibit

extensive parental care (62). Although relatively similar in terms of body weight, rats exhibit

notable differences in gestation length (21 days), give birth to altricial pups (sensory and

motor immature, unable of thermoregulation), and show a faster and more significant
postnatal development (weaning at 21 days, sexual maturation at 3-4 month). Furthermore,

in rats, birth occurs in litters of 6-12 pups from separate zygotes. Rat pups undergo a well

studied stress hyporesponsive period during the two first postnatal weeks. In the rat,

postnatal care is provided exclusively by the mother. These developmental comparisons are

mostly using birth as the main developmental landmark, which has been recendy questioned
by Finlay and Darlington in their original mammalian neurodevelopmcntal model (66, 67).
These authors developed a model based on 93 neurodevelopmental events (e.g. eye opening,

specific brain areas neurogenesis peak) and in 9 species (including mouse, rat, macaque and

human). Their findings indicate a good predictive ability of their model (correlation
coefficient between predicted and measured value of 0.99) and suggest a highly conserved

sequence of neurodevelopmental events across species, with two main factors impacting on

it: species and the specific neural events. The authors further made a specific correction in

the case of the primate species, which present increased cortex and reduced limbic system

relative size compared to the other mammals in the study. This model suggests that the

differences in development between species might partly be due to the use of birth as a

landmark, and that a conserved chain of neurodevelopmental events is present in all

mammals. Although this hypothesis is limited to ncurodevelopment, it is of high interest and

its confirmation and extension to other systems could lead to more precise comparative
studies between the different animal models and humans. Nevertheless, rejecting birth as a

landmark is a very drastic choice, as the impact of prenatal environment on the developing

organism is highly buffered by the placenta and the mother, whereas after birth the organism
is direcdy in contact with its environment, although maternal modulation of the environment

influence can still occur. As we demonstrated in this study, and others using postnatal
manipulation (34), environment can greatly influence an organism's development, and not

solely at neurodevelopmental level but also at endocrine and physiological level. In addition

to these developmental differences, there arc several physiological differences. The

marmosets are diurnal animals, while rats are nocturnal. The NewWorld monkeys, including
marmosets, are GCinsensitive (68); rats exhibit normal GCsensitivity. These developmental
and physiological differences are not surprising when one consider the early evolutional

divergence from human of rat from marmoset and the adaptation to different environmental

niche. The model described by Finlay and Darlington (67) strongly supports the validity of

rodent models for comparative studies, nevertheless the earlier phylogenetic divergence of

rodents compared to non-human primate, as well as their adaptation to a specific ecological
niche strongly suggests that use of primate models is of prime importance in comparative
studies.
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8. Pitfalls

In our studies we were confronted with problematic choices. In the clinic, synthetic GC

are administered via repeated i.m. injections. Notwithstanding the interest of doing a direct

translation of this treatment in animal experiments, as it was done in most studies, it is

important here to underline the stress induced by i.m. injections in animals. Thus, the use of

injections as a treatment route adds a confounding factor to the study. In addition, based on

published pharmacokinetic data, Theogaraj et al. (46) calculated that the bioavailability of

oral DEX, at doses similar to those used in our study, was similar to the one resulting from

treatment commonly used in prenatal medicine (5 mg i.m.). The i.m. route is also yielding a

faster effect of the treatment, but because DEX has a half-life time of about 36h, daily

injections probably results in similar relatively constant GRactivation as oral administration

through drinking water. This is supported by the report of similar reduction of maternal

plasma Cortisol titres in two primate models during treatment with DEXadministered either

i.m. (69) or orally (Ch.3).
The time-windows of treatment were aimed at mimicking the clinical situation when

prenatal GCis used, that is starting from the beginning of last trimester of gestation. The

corresponding period was calculated based on birth. The validity of birth as a landmark in

regards to neurodevelopment has been questioned by Finlay and Darlington (67), who

proposed an interesting mammalian neurodevelopmental model based on not less than 93

events (66). In the clinic, beginning of treatment with synthetic GCcan be as early as 27
'

week. In rats, the equivalent period of neurodevelopment based on the Finlay-Darlington
model is in the second week postnatally, whereas in macaques, the only primate used in their

model, it corresponds to the last fifth of gestation. For rat, these estimations suggest that the

time-windows selected in most rat studies, including ours, are not relevant for clinical

application of this treatment if the studies assessed brain development or behaviours. For

monkey research, the time windows of treatment used in the literature were more variable.

In our study, the late treatment targeted probably a period shortly before the one direcdy

corresponding to the clinical application of synthetic GCand was therefore more clinically
relevant than the early treatment. Notwithstanding the interest of this Finlay-Darlington
model, it is important to bear in mind that it is only a model, which focused on

neurodevelopment and that it has already been corrected in the case of primates due to

important differences in relative cortex and limbic size (66). In addition, while postnatal
treatment in rats would target a more clinically relevant neurodevelopmental stage, there arc

obvious differences between postnatal treatment and prenatal treatment, which suggest that

even though the neurodevelopmental stage could be more relevant, the added confounding
factors would outweigh the benefits of using such a treatment time window.

Finally the use of cross-fostering was observed to yield important information by

allowing separation of direct effects of the treatment on the developing foetus and the

indirect effects mediated by altered maternal behaviour. Despite the interest of the use of

cross-fostering it is important to acknowledge that the procedure itself of adoption could

affect the development of the pups. Darnaudery et al. showed that adoption per se was

affecting maternal behaviour and pup ultrasound emission (70). Furthermore it has been

shown that the adoption procedure interacted with the effect of prenatal stress (71, 72).
These findings clearly suggest that the benefit of cross-fostering is associated with a cost in

terms of validity of the model and that it should be supplemented by not cross-fostered

control and treated groups whenever possible.
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9. Conclusive remarks

In the present study we demonstrated that the prenatal exposure to DEXresulted in

physiological alterations in terms of body weight and HPAendocrine response to a stressor,

as reported in other studies using mice, rats, guinea-pigs, sheep and non-human primates.
On background of these physiological effects, wc did not observe any major behavioural

alterations in either rats or marmoset monkeys following prenatal DEX treatment.

Interestingly, there was an indirect effect of the treatment, through altered maternal

behaviours, on cognition in rats. In fact, the prenatal exposure to DEX, whether acting per

se or through altered maternal behaviour, poorly affects the basal offspring behaviours and

results in a higher sensibility to environmental insults and their effects on behaviour.

Although this hypothesis is interesting, it was not extensively tested in our studies and would

require further work, such as those published by Oliveira et al. (28), who assessed specifically
this sensibility to environmental insult. The absence of behavioural effects is encouraging
when considering the high number of pregnancy treated with synthetic GC. Clearly there is a

need for further study of the effect of treatments performed at other time windows so as to

be able to mimic at best the clinical situation and to confirm that the absence of effects is

also observed in more challenging situations.

10. Future directions

Our findings raised many questions. First, the effect of the treatment on maternal

behaviour needs to be better understood; wc hypothesised a potential reduction of milk

quality or quantity, based on the findings in dairy cows of similar reduction following stress

(73), to be the cause of increased maternal pup-directed behaviour. This hypothesis would

need analysis of milk quantity and quality to be performed to gain support. Analyses of body

composition during development would allow a better understanding of the origin of the

weight alteration resulting from prenatal and/or rearing mother treatment, such that we

could dissociate modification of the fat mass from similar effect on muscle mass. Another

point to be developed is the assessment of the HPAactivity in female rat offspring, as IIPA

activity was reported to be altered by the oestrus cycle, it would be of prime interest to assess

similar female offspring at different stages of this cycle to see if similar cycle-dependent
effect is observed in rats as it was in guinea-pigs (50). Additionally, long-term follow-up of

stimulated HPAactivity would be needed based on the Sloboda studies in sheep (38, 43, 44),
in which the effect of prenatal DEXon challenged HPA activity was age-dependent. The

indirect effect of treatment, through altered maternal behaviour, on water maze performance
is very intriguing, and additional cognitive tests as well as post-mortem analyses of relevant

brain regions (e.g. hippocampus) and processes (e.g. neurogenesis, long term potentiation)
might shed light on this finding. As stated in the conclusive remarks, additional assessment of

behavioural outcomes of these offspring following environmental chronic insults, such as

chronic mild stress, could confirm the trend towards a higher sensibility to this type of

insults observed in offspring prenatally exposed to DEX.
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