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Sintesi

SINTESI

Le modalità di risposta a stimolazioni ambientali di un individuo dipendono non soltanto dalla

sua predisposizione genetica, ma anche dalle esperienze vissute nel corso dello sviluppo. In

particolare, gli eventi che caratterizzano le fasi precoci dello sviluppo ontogenetico possono

alterare in maniera sostanziale i sostrati neuro-biologici che, in età adulta, mediano le risposte
endocrine e comportamentali a eventi di natura stressante. Uno dei sistemi neuro-endocrini

principalmente coinvolti in tali risposte è l'asse ipotalamo-ipofisi-surrene (HPA), sulla cui

regolazione è incentrato il présente lavoro di tesi. Tale capacità dell'ambiente précoce di

modificare le caratteristiche deH'organismo ha suscitato notevole interesse nella comunità

scientifica in quanto esempio di trasmissione non genetica di risposte difensive. Inoltre, la

regolazione précoce dell'asse HPA ha notevoli ripercussioni in termini di benessere animale e

validité sperimentale. In particolare, i roditori di laboratorio (principalmente ratti e topi) sono

frequentemente esposti ad eventi stressanti legati sia alle condizioni di stabulazione (pulizia delle

gabbie, isolamento sociale) sia alle situazioni sperimentali (test comportamentali,
somministrazione di farmaci). Un'attivazione eccessiva dell'asse HPA è in grado, da un lato, di

influenzare negativamente il benessere dell'individuo, e dall'altro, di interferire con le risposte
neuro-comportamentali effettuate dai roditori in fase sperimentale. Pertanto, lo sviluppo di nuove

condizioni di stabulazione, atte a ridurre l'attivazione endocrina in circostanze stressanti,

potrebbe avere notevoli vantaggi in termini di benessere animale e validité sperimentale.
Nel ratto è stato dimostrato che le caratteristiche dell'ambiente neonatale modificano

notevolmente lo sviluppo dell'asse HPA. In questa specie l'habitat précoce (il nido) si présenta

come un'unità altamente stabile in quanto fisicamente isolata rispetto all'ambiente circostante; la

madré rappresenta l'unico tramite con l'ambiente esterno, nonché la maggior fonte di

stimolazione. Inoltre, l'ambiente esterno è in grado di stimolare specifiche risposte fisiologiche
nella madré, e al tempo stesso, di influenzarne il comportamento nei confronti délia proie.
Pertanto, è possibile che le informazioni trasmesse dalla madré siano utilizzate dai piccoli
all'interno délia nidiata per elaborare risposte adeguate a stimolazioni future. Nonostante taie

meccanismo di induzione perinatale possa avere notevole rilevanza per lo studio dei meccanismi

evolutivi, i dati sperimentali a taie riguardo sono estremamente limitati.

Il fine degli esperimenti riportati in questa tesi è stato quello di chiarire corne le

caratteristiche dell'ambiente esterno modifichino il comportamento materno e corne cio influenzi

lo sviluppo dell'asse HPA nella proie adulta. Nel primo capitolo, descrivo corne sia il

comportamento materno sia le risposte dell'asse HPA varino in seguito a periodi di separazione
materna di diversa durata (15 minuti, EH, o 4 ore, MS al giorno). Ratti soggetti a entrambe le

manipolazioni hanno mostrato livelli più elevati di comportamento materno rispetto a ratti non

manipolati (NH). Contrariamente aile aspettative, una riduzione délia risposta neuro-endocrina è

stata riscontrata esclusivamente nei soggetti EH e non in quelli MS. Pertanto, gli effetti

dell'ambiente précoce sullo sviluppo di risposte difensive non possono essere esclusivamente

attribuiti a variazioni del comportamento materno. I dati riportati nel terzo capitolo supportano
taie ipotesi. In particolare, ho esaminato la possibilité che livelli elevati di comportamento

materno e condizioni ambientali sfavorevoli (separazione materna di lunga durata) possano

indipendentemente influenzare lo sviluppo dell'asse HPA. In accordo con tale previsione, ridotti

livelli di cure materne associati a lunghi periodi di separazione hanno determinato un aumento

délia risposta neuro-endocrina nella proie. Taie effetto è stato riscontrato sia in confronto ad alti

livelli di cure materne associati a lunghi periodi di separazione, sia a ridotti livelli di cure materne

associati a brevi periodi di separazione. Pertanto, se da un lato condizioni precoci sfavorevoli

3



Sintesi

sono in grado di aumentare l'intensità dell'attivazione neuro-endocrina, livelli elevati di

comportamento materno possono contrastare tale effetto.

Tale éventualité è stata esaminata nel secondo capitolo, nel quale ho studiato come

variazioni dell'ambiente esterno, quali la collocazione del cibo (all'interno o aU'esterno del nido)
e la sua disponibilité nel tempo (continua o intermittente), infiuenzino il comportamento materno

e lo sviluppo dell'asse HPA nella prole adulta. Questo tipo di approccio sperimentale è stato

necessario al fine di eliminare qualsiasi manipolazione diretta della diade madre-prole. I risultati

ottenuti hanno dimostrato come I'accesso continuo al cibo fuori dal nido riduca I'attivazione della

risposta endocrina tramite un effetto diretto sul comportamento materno. E stato in tal modo

dimostrato come le madri varino il loro comportamento in base alle caratteristiche dell'ambiente

esterno, senza la nécessita di alcuna manipolazione diretta da parte dello sperimentatore. Al

tempo stesso, condizioni sfavorevoli, quali un ridotto apporto alimentäre, determinano un

incremento dell'attivazione dell'asse HPA non mediato da variazioni nel comportamento

materno.

In conclusione, la présente tesi dimostra come, tanto il comportamento materno, quanto la

sua influenza sulle risposte neuro-endocrine nella prole, siano influenzate dalle caratteristiche

fisiche dell'ambiente esterno.
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Abstract

SUMMARY

The ways in which animals cope with challenge not only depend on genetic predispositions, but

also on individual experiences during ontogeny. Developmental plasticity of stress and fear

responses in rats has become a major research topic as it provides an interesting example of non

genomic programming of defensive systems, whereby variations in the neonatal environment can

substantially modify adult stress and fear responses through their effects on neural development.
Furthermore, the regulation of the systems mediating stress and fear responses (main focus of this

thesis is the hypothalamic-pituitary-adrenal, HPA, axis) has major implications in terms of

animal welfare and experimental validity. Throughout life, rats are exposed to multiple stressors,

dependent on husbandry conditions (e.g. weaning, cage maintenance) as well as on experimental
manipulations. Under these conditions, a prolonged and/or frequent over-activation of the HPA

axis might seriously interfere with animal welfare, and, in turn, with experimental performance of

the animals. Devising rearing systems aimed at minimizing stress and fear in laboratory animals

would thus contribute towards maximizing both animal welfare and the quality of animal

research.

Studies on neonatal manipulations suggest that the development of the HPA system and

behavioural fearfulness are strongly dependent on the neonatal environment. Within the safe and

stable boundaries of the nest environment, the major source of stimulation to the pup is the

mother, and variations in maternal behaviour are associated with variations in the offspring's
HPA development. The dam's condition and her behaviour are the only link between the pups

and their future habitat. The latter is likely to entrain dams' physiological condition and direct

patterns of nest attendance. Thus, it has been proposed that maternal behaviour may serve as an

information source through which pups adjust their later responses to adult challenges. Adjusting
neural systems according to environment-mediated patterns of nest attendance might thus be an

adaptive mechanism of developmental plasticity. The aim of the present thesis was to study
whether such environment-dependent variation in maternal behaviour affects HPA responses and

behavioural fearfulness in the adult offspring.
In Chapter I, I show that both brief (15-min) and long (4-hr) daily periods of maternal

separation (early handling, EH and maternal separation, MS, respectively) during the first two

weeks of life increase active maternal care compared to completely non-handled controls (NH).
While EH adult offspring show reduced HPA and fear responses compared to NH, MS and NH

do not differ. Therefore, the effects of maternal care on offspring HPA and fear responses

dissociate. In particular, long mother-offspring separation and maternal care may act

independently on offspring phenotype and exert opposing effects. This was further studied in

Chapter III. In particular, I selectively manipulated active maternal care in MS rats. This was

achieved by using a split-litter maternal separation design, in which different combinations of

NH, EH and MS were combined within the same litter from postnatal day (PND) 2 to 10. MS

adult offspring receiving low levels of maternal care showed increased HPA-reactivity compared
to MS receiving high levels of maternal care; the latter were similar to rats exposed to brief

mother-offspring separations and low maternal care. This study confirmed that maternal care and

long mother-offspring separation may independently exert opposing effects on the adult

offspring's HPA responses, yet elevated levels of maternal care may attenuate the effects of long

mother-offspring separations. Thus, moderately challenging conditions (e.g. EH) appear to

stimulate active maternal care, which may in turn reduce adult offspring stress and fear

responses, whilst adverse conditions (MS) appear to up-regulate HPA responses independently of
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maternal care. However increased levels of maternal care seem to attenuate, at least partly, the

effects of early adversity.
This hypothesis was specifically addressed in Chapter II. Neonatal manipulation studies

have been criticized due to the artificial nature of the separation procedure. Therefore, I devised a

new system supposed to modify the maternal environment and, in turn, maternal behaviour,
without direct rat-human contact. Thus, I studied maternal behaviour and its effects on offspring
HPA and fear responses in dams housed in systems made of a nest-cage (NC) and an exploration-

cage (EC) connected by a tunnel. Food was provided either ad libitum in the NC (NC group) or

EC (EC group), or intermittently in the EC (IEC group). EC dams spent more time in the EC

compared to NC dams, and showed higher levels of maternal care. Conversely, whereas EC and

IEC dams showed similar patterns of maternal behaviour, IEC dams had reduced food intake.

Compared to EC offspring, both NC and IEC generally showed increased HPA and fear

responses, yet some of these effects were sex-dependent. Thus, the comparison between EC and

NC showed that maternal effects on behavioural and HPA-responses to stress can be

environmentally modulated without direct manipulation, while the comparison between EC and

IEC supports the view that, beside maternal behaviour, early adverse conditions (e.g. food

restriction) contribute to the development of the HPA axis in the offspring.
In conclusion, this thesis shows that both maternal behaviour and the maternal programming of

stress and fear responses are sensitive to the characteristics of the habitat encountered by the

dams, but also, that environmental adversity interacts with maternal behaviour to modify adult

offspring's phenotype.
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General Introduction

1.1 Introductory remarks

"Biology is the study of complicated things that give the appearance of having been designed for

a purpose" (Bateson, 2001). This quote describes the intellectual approach that characterised the

studies presented in this thesis. In this section, I will briefly introduce what kind of "complicated

things" I studied and why I believe that they may connote a "purpose".

Mammals adjust their behaviour according to the characteristics of their habitat, and

individual responses vary depending on several aspects of the physical and/or social environment

(e.g. abundance or scarcity of food, climate conditions, mate competition and predator pressure).

Since organisms do not just "inhabit" a specific environment, but also "grow" within its

boundaries, it is likely that the neuro-behavioural adjustments mediating the responses to external

challenges are also modified throughout the course of development. This view contrasts with the

possibility that individual phenotype is fully dependent on genetic predispositions. Complex

organisms like mammals inhabit a huge variety of environments, and genetic determinism (i.e.

reduced/abolished flexibility to mutating life conditions) would imply a great vulnerability to

unexpected changes in the environment (Denenberg, 2000). Conversely, an organism able to

adjust individual responses to external cues has increased chances to inhabit a wider range of

niches.

In this frame, it is important to study whether, just as the features of the adult habitat

mediate individual behavioural and physiological responses, so also some aspects of the early

milieu may contribute to the development of the individual repertoire exhibited in adulthood.

Understanding the early mediators of adult responses would advance our knowledge in

phenotypic plasticity, thereby allowing a better characterization of functional and pathological

development in the adult organism. Since phenotypic plasticity may also greatly affect animal

welfare and the validity of animal experiments (see paragraph 1.5), a better understanding of the

underlying processes may also have practical implications for laboratory animal science.

A large body of scientific evidence (reviewed later in this chapter) shows that the

characteristics of early life forge the ways in which an adult organism will respond to later

challenges. Traditionally, developmental neuroscientists and psychobiologists discuss such peri¬

natal phenotypic plasticity of defensive responses in terms of "good" or "bad" (see e.g. Levine,

2000). In particular, early "traumatic" experiences (child abuse, parental loss, emotional neglect)

have been proposed to produce long-lasting behavioural effects and contribute to the expression

8



General Introduction

of psychopathology. Conversely, high levels of safety, infant care and social support have been

proposed to reduce the risk of developing psychopathology (Smith and Prior, 1995). However, a

different perspective is also plausible: namely, environmental cues may be used by the growing

individual to gather information about the characteristics of its future environment to

consequently adjust the neuro-behavioural systems mediating later responses to it. Assuming an

early environment similar to the adult habitat (such as in Rattus norvegicus, the species used in

the present thesis), it is evocative to propose that the challenges encountered early in life reflect

the challenges of adult life and, in turn, adaptively adjust the effectors mediating defensive

responses to it. In this scenario, how well adapted a particular trait is to a certain environment

depends on how accurately the information provided by early life experiences predict the

characteristics of the adult habitat. Thus, an early environment that poorly predicts the adult

habitat would induce maladaptive individual responses, also referred to as phenotypic mismatch.

In rats, early life is characterized by the safety and stability of the nest, and the unique

source of stimulation and link to the future habitat is the mother. Thus, it is plausible to propose

that the dam and her behaviour are the major source of information about the threats of the pups'

future environment, and that pups adjust their later defensive responses to the habitat according

to the information provided by the dam. Defensive responses are primarily mediated by the stress

system and by its main effector, the hypothalamic-pituitary-adrenal- (HPA-) axis (paragraph 1.2).

The latter is readily activated upon the presentation of a threat and allows the mobilization of

energy stores. Therefore, on the basis of more than 50 years of experimental work on the early

phenotypic plasticity of the stress system (see paragraph 1.4), the aim of the present thesis was to

study whether the characteristics of the early environment indirectly regulate individual responses

to challenges in adulthood by directly modifying maternal behaviour. To this aim, I studied

environmental effects on maternal behaviour and stress and fear responses in adult offspring in

rats.

Furthermore, acute and/or chronic stress and fear are major confounds in animal

experiments, as they might considerably modify behavioural and neuro-endocrine experimental

performances. Throughout life, laboratory animals repeatedly encounter stressful and fear

evoking situations. Sources of stress and fear involve procedures of animal care (e.g. weaning,

regrouping, cage maintenance) as well as experimental manipulations (e.g. application of drugs,

transport, test procedures). Prolonged or intermittent episodes of inescapable stress and fear
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seriously interfere with animal welfare (e.g. Wiepkema and Koolhaas, 1993), and - irrespective

of whether experienced in the past or in the course of an experiment - affect experimental

performance of the animals (e.g. Koolhaas et al., 1997). Thus, understanding how rats adjust their

defensive systems in response to neonatal stimulations, and devising rearing systems aimed at

minimizing stress responses might help improve animal welfare and the validity of animal

experiments (see paragraph 1.5).

1.2 Stress as an adaptive response

Although everyone has at least a vague idea of what stress is, most people have difficulties when

it comes to precisely defining this aspect of life. Stress is a paradoxical and complex response,

and its conflicting nature stems from the perceived negative value of being stressed and its

positive functional significance. As Cannon described in 1939 (Cannon, 1939) stress allows a

sudden reaction in a situation of danger or threat, ultimately triggering a fight-or-flight response.

Based on the pioneering work of Hans Selye (Selye, 1936; 1976), a stressor has been defined as

an event able to disrupt the balance of a number of physiological variables {homeostasis), and the

stress response as the constellation of behavioural and neuro-endocrine reactions aimed at re¬

establishing the lost homeostasis. The stress response is characterised by a short-term (within

seconds) activation of the autonomic nervous system (ANS) and by a longer-term (peaking

within minutes and lasting one to two hours) activation of the hypothalamic-pituitary-adrenal

(HPA) axis. The ANS and the HPA systems act in combination to allow mobilization,

redistribution and utilization of energy stores. Since I mainly focused on HPA responses, this

system will be described (Fig. 1), while for the ANS only a brief outline will be provided (for

further reading I refer to specific text books, e.g. Zigmond et al., 1999).

In a situation of danger or threat, the activation of the ANS (the sympathetic branch)

triggers the release of adrenaline from the adrenal gland, and in turn stimulates a number of

physiological responses including, for example, increased blood pressure and heart rate and

contraction of blood vessels in the gastrointestinal tract. All these responses induce a prompt

utilization of energy stores (catabolic responses) allowing a reaction to the stressor. Following the

cessation of the stressor, the parasympathetic branch of the ANS activates anabolic responses

aimed at re-establishing the homeostasis lost due to the previous sympathetic activation.
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The HPA axis is also rapidly activated upon the presentation of the stressor at the level of

the parvocellular cells of the paraventricular nucleus (PVN) of the hypothalamus. Corticotropin

releasing hormone (CRH) and arginine vasopressin (AVP) are first secreted and then released

through portal blood circulation at the level of the median eminence to reach the anterior part of

the pituitary gland. At this level, after binding their respective receptors, AVP and CRH act in

combination to stimulate secretion and release of adreno-cortico-tropic hormone (ACTH) which

reaches the adrenal glands through blood circulation thereby activating secretion and release of

glucocorticoids (corticosterone in rats, Cortisol in humans and primates). Glucocorticoids exert a

number of physiological effects aimed at the mobilization and utilization of energy stores (e.g.

increased liver gluconeogenesis). In combination with adrenaline, glucocorticoids raise

circulating levels of glucose. Finally, glucocorticoids inhibit additional CRH release though a

feedback regulation at the level of hippocampus and pituitary gland. This prevents further HPA

activation and allows storage of new resources upon the cessation of the stressor.

Furthermore, during the stressor, digestion, pain perception, growth and reproduction are

inhibited. Just as in the presence of a threat it is functional to utilize available energy stores in

order to promptly activate fight-or-flight reactions, so also it is functional to halt "long-term,

expensive building projects" (Saplosky, 2004b) that are not directly involved in these immediate

defensive responses. In addition, the immune system is promptly activated immediately after the

stressor and its response peaks approximately 30 minutes later. After this initial rise, CRH and

glucocorticoids bring back immune response to basal level. However, in a situation of prolonged

stressor, the immune function can be pathologically suppressed due to major exposure to

glucocorticoids (immunosuppression). Thus, repeated or prolonged stressors might become

damaging and induce a number of stress-related disorders: to give only few additional examples,

HPA abnormalities have been associated with increased risk of developing psychiatric disorders

(Nestler et al., 2002a), type-2 diabetes, obesity and heart disease (the stress response and its

interaction with other systems have been elegantly and extensively discussed by Sapolsky,

2004b).
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Fig. 1: Schematic representation of the HPA axis (modified from Nestler et al., 2002a). CRH (CRF) is released by

parvocellular neurons of the paraventricular nucleus of the hypothalamus (PVN) into the hypophyseal portal system.

In combination with arginine vasopressin (AVP) it induces secretion and release of ACTH at the level of the anterior

pituitary. ACTH reaches the adrenal cortex via the bloodstream, where it stimulates the release of glucocorticoids

(corticosterone in rats and mice and Cortisol in humans and monkeys). In addition to its effects on general

metabolism, glucocorticoids repress CRH and ACTH synthesis and release.

1.3 Early environment as a forecast of the adult environment

The ways in which an adult organism will cope with stressors are markedly influenced by early

life experiences, and the quality of the infant milieu directly impinges on later HPA development.

In humans, negative early events like child abuse or emotional neglect are likely to increase later

vulnerability to psychiatric disorders (Heim et al., 2000a; Heim et al., 2000b) and to metabolic-
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related pathologies like obesity and heart diseases (Felitti et al., 1998). Conversely, a favourable

early environment (i.e. high levels of safety and social support) has been proposed to reduce the

risk of developing stress-related pathologies later in life (Smith and Prior, 1995). Similar to its

effects in humans, pre- and post-natal adverse environmental conditions have been shown to

persistently up-regulate later responses to stress in primates (e.g. Harlow et al., 1965; Levine,

2000) and rodents (Vallée et al., 1996; Vallée et al., 1997; Morley-Fletcher et al., 2003).

Furthermore, a link between a favourable early post-natal environment and improved coping and

cognitive abilities in the offspring has been demonstrated in rats (Liu et al., 1997; Francis et al.,

1999; Francis et al., 2000; Liu et al., 2000; Weaver et al., 2004). In particular, it has been

demonstrated that brief (3-15) daily dam-pup separations during the first three weeks of life

(early handling, EH) produce "salutary neuroendocrine, neurochemical and behavioural changes

in the adult" (Sapolsky, 1997), as measured by reduced ACTH and corticosterone stress response,

and increased glucocorticoid receptor (GR) density (Weininger, 1954; Levine, 1957).

Smotherman and Bell (1980) proposed that these effects may be secondary to manipulation

induced variations in maternal care. Accordingly, Liu et al. (1997) demonstrated that EH

procedures increased levels of active nursing. Furthermore, spontaneous elevated levels of

maternal care have similar effects on adult offspring stress and fear responses (reviewed in

Meaney, 2001). Thus, adult offspring reared by dams showing high levels of active nursing

develop a persistently reduced HPA activation (Liu et al., 1997; see also Sapolsky, 1997 and

Sapolsky, 2004a for commentaries). The interaction between maternal care and HPA

development in rats is further discussed in paragraph 1.4.

In the previous paragraph the adaptive value of the stress system as a major mediator of

fight-or-flight responses has been described. Similarly, a number of scientists (e.g. Smothermann

and Bell, 1980; Pener and Yerushalmi, 1998; Tollrian and Dodson, 1999; Sultan, 2003)

suggested that the early entrainment of later defensive systems might reflect an adaptive

mechanism. Bateson and colleagues (2004) recently summarised the main outcomes of these

debates and suggested that the early environment might serve as a "forecast" of later life

conditions to the growing offspring. In particular, they proposed that a young individual reared

within a certain environment (climate conditions, social competition, food resources and predator

pressure) will adjust its defensive systems to match an adult habitat likely to resemble the early

environment (Bateson et al., 2004; see also Würbel, 2001). In this respect, an interesting example
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is provided by the freshwater crustacean Daphnia: mothers exposed to predator odours deliver

offspring characterised by a defensive "helmet". This helmet will serve a protective function in a

future world cohabited with predators; however, it is not present in offspring of mothers not

exposed to predator odours (Tollrian and Dodson, 1999).

Concerning mammals, the evidence of a "directional" induction of a specific phenotype is

so far either anecdotal or indirect. One of the most intriguing indication stems from the "thrifty"

phenotype hypothesis (Hales and Barker, 1992; Ravelli et al., 1998; Hales and Barker, 2001):

humans exposed prenatally to under-nourishment display reduced locomotor activity, lower

metabolic rate, smaller body size and increased risk of developing obesity and type-2 diabetes.

Similarly, adult rats exposed to food restriction during foetal life develop an increased risk of

heart-related disease due to a deficient utilization of glucose under conditions of ad-libitum

feeding (Jones and Friedman, 1982).Whereas these outcomes might be regarded as pathologic,

the "thrifty" phenotype hypothesis suggests that they reflect an early adaptation of the organism

to the "predicted" harsh conditions of their future environment. Consequently, reduced metabolic

rates should represent an efficient way to maximize the use of limited resources. However,

pathologic outcomes may occur when the actual environment inconsistently mirrors the

"forecasted" one. Accordingly, the increased incidence of metabolic diseases in pre-natally

underfed individuals may reflect a form of phenotypic mismatch, in which an organism adapted

to poor conditions is confronted with a favourable environment. If this hypothesis were true, the

thrifty phenotype should be privileged in a situation of food shortage. Anecdotal supporting

evidence derives from people detained under severe conditions like prisons or concentration

camps. As discussed by Bateson (2001), reports following the siege of Stalingrad in 1943 or life

conditions in concentration camps suggest that slim prisoners had a higher possibility of survival.

"The first to die were generally those who had been large and powerfully built. The small thin

man always stood the best chance (Beevor, 1998)".

Thus, the success of an individual phenotype (in terms of reproductive success) depends

on the specific characteristics of the environment inhabited (see also Meaney, 2001). In humans,

suggestive experimental evidence that the success of a certain phenotype depends on the

characteristics of the environment, is provided by a study conducted by Farrington and colleagues

(1988). Young males growing-up in low socio-economic status (SES) and high crime

environments were studied with respect to their "social" success in terms of SES and self-

14



General Introduction

reported satisfaction. Social success in adulthood was associated with increased anxiety (as

measured in terms of shyness and neurotic personality) in childhood. In an environment

characterized by high levels of criminality, shy individuals were less prone to engage in

maladaptive conducts. An anxious personality generally reduced social propensity, thereby

preventing the involvement in the maladaptive environment-specific behaviours associated with

social failure. This study indicated that, under certain conditions, an apparently maladaptive

phenotype can be advantageous.

Hitherto, the studies discussed above emphasize that individual success emerges from a

complex interplay between the environment and the genetic predispositions (Denenberg, 2000).

These studies support the view that an early habitat that accurately predicts adult challenges is

likely to bring about an individual which will be efficiently adapted to its adult environment.

Conversely, an early environment that inconsistently reflects adult challenges may result in an

individual exhibiting inadequate responses to the environment encountered in adulthood

(phenotypic mismatch). "If the effects of past conditions produce mismatches with current,

changed conditions, developmental plasticity may have an adverse effect on survival and

reproductive success" (Bateson et al., 2004). The thrifty phenotype hypothesis offers a good

example of phenotypic mismatch in which the predicted harsh conditions (prenatal food shortage)

do not match the actual adult environment (abundant food resources). Another good example is

provided by the daphnia: the protective helmet increases the possibility of survival in an

environment in which predator pressure is elevated; however, its construction deteriorates

locomotor skills thereby reducing competitive success in a predator-free environment (Tollrian

and Dodson, 1999).

Whereas developmental plasticity and phenotypic mismatch are likely to explain part of

the adult responses to environmental threats, other variables may independently impinge on adult

phenotype. In particular, the ability of an organism to adjust to fluctuating environmental

conditions depends on constraints and limitations of its individual flexibility and of the

environment itself (adaptive capacity1). Adverse environmental conditions may exceed the

adaptive capacity of an individual, and finally result in a phenotype that will be worse-off in

absolute terms (i.e. under all environmental conditions). In this case, independent of the specific

1

Adaptive capacity complements the concept of reaction norm defined as "the set of phenotypes produced by a

given cloned or inbred genotype in a range of environmental conditions" (Sultan, 2003)
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environment encountered, highly demanding life conditions might affect the "functional"

developmental trajectories finally resulting in pathological outcomes, whereby a phenotype is

defined pathologic, if unsuccessful under all environmental conditions. Some of the above

mentioned studies indeed support this view: humans exposed early in life to mistreatment, social

deprivation, abuse or neglect show increased risk of developing psychiatric disorders (e.g. Nestler

et al., 2002a; Nestler et al., 2002b). Newborn rats and primates separated from their mothers for

long periods also exhibit behavioural and neurological abnormalities likely to reflect a

dysfunctional adaptation dependent on adverse early experiences (e.g. Lyons et al., 1998; Lyons

et al., 2000 for primates and Lehmann et al., 2002; Schmidt et al., 2002; Schmidt et al., 2004 and

Macri and Laviola, 2004 for rats and mice).

So far, studies on the adaptive significance of developmental plasticity have mainly

focused on invertebrates or mammals in which foetal, but not post-natal, conditions were varied.

Indirect evidence that the early postnatal environment can serve as a forecast to the offspring to

adjust later neuro-behavioural responses stems from the large field of neonatal handling studies

performed in rats and reported below.

1.4 Neonatal environment and development of the stress system in rats

In 1954 Otto Weininger started to investigate a phenomenon that would intrigue a great number

of scientists for at least the following fifty years: the neonatal induction of adult stress and fear

responses. Weininger (1954) demonstrated that neonatal "gentling" (stroking the pup for 10-min

a day during the first three weeks of life) reduced later physiological damage and behavioural

fearfulness in adult albino rats. Following this study, Levine (Levine, 1957; Levine and Lewis,

1959) showed that even daily maternal separations for as little as 3-min per day during the first

three weeks of life had similar effects on later development. Adult rats separated from the dams

for 3-min per day during lactation showed reduced adrenal gland weight 24-hr after a saline

injection (Levine, 1957). After these pioneering studies, many other authors better clarified the

factors mediating such neonatal plasticity. Victor Denenberg's (Denenberg et al., 1969) and later

contributions led Smotherman and Bell (1980) to suggest that the effects of the neonatal

manipulations were modulated by separation induced changes in maternal behaviour2 ("maternal

mediation hypothesis"). Maternal care, in rats, occurs in the form of nursing bouts: dams

2
Please refer to Appendix II for the maternal behaviour nomenclature adopted m this thesis
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approach the pups, gather them underneath, lick them and finally assume an "upright, crouching

posture, in which (the dam) stands over all or most of the pups with a pronounced dorsal arch"

(Stern and Johnson, 1990). Supporting evidence to the possibility that the effects of neonatal

manipulations are mediated via alterations of maternal care came from a number of studies

performed by Michael Meaney and collaborators (reviewed in Meaney, 2001). In particular, Liu

et al. (1997) demonstrated that the reduced stress (ACTH and corticosterone release following

restraint stress) and fear responses shown by adult rats separated from their mothers for brief

periods (daily 15-min sessions, early handling, EH) during the first week of life correlated with a

handling-induced increase in levels of active maternal care compared to non-handled controls

(Liu et al., 1997). Similarly, spontaneously elevated levels of active maternal care in non-handled

dams were able to reduce adult offspring neuro-endocrine stress reactivity and behavioural

fearfulness (Liu et al., 1997; but see also Francis et al., 1999). Thus, the early postnatal habitat

mediates the neuro-behavioural re-arrangements occurring between infancy and adulthood, and

these effects likely relate to the amount of active maternal care received in infancy. The potential

mechanisms underlying these relationships have also been studied (see also Chapters I and II).

Liu et al. (1997) showed that the reduced endocrine stress reactivity was dependent on a

handling-induced increase in glucocorticoid receptor density. Later studies (Meaney et al., 2000)

showed that early handling increased thyroid hormone-mediated adenylyl cyclase activity and

hippocampal cAMP levels through the activation of ascending serotonergic pathways.

A main question still remains unanswered: could this early modulation of defensive

responses have adaptive significance? Indirect evidence stems from both ethological

considerations and experimental data. Like humans, rats are an altricial species characterized by

an immature brain at birth, which allows them to show plastic modifications upon environmental

stimulation. However, rats' brain maturation rate is much faster compared to humans, and

reaches a relatively advanced stage around weaning (approximately three weeks of age). During

lactation, rat pups usually inhabit a stable and safe nest characterized by darkness and quietness,

protected from the environment to which their mothers are exposed and in which they are likely

to live later on (e.g. Denenberg, 2000). Thus, rat pups undergo a period of brain maturation in an

environment dominated by safety and stability, the mother being the only link between them and

their future environment (see e.g. Francis and Meaney 1999; Wiirbel, 2001). However, their

mothers are affected by the characteristics of their future environment. In particular, habitat
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characteristics like scarcity of food resources, adverse climate conditions, elevated predator

pressure and social competition are likely to affect the patterns of nest attendance and, in turn, of

maternal care (Francis and Meaney, 1999). For example, in an environment with limited food

resources, dams are likely to leave the nest for foraging more frequently and perhaps for longer

periods. Interestingly, Liu et al. (1997) found that increased levels of maternal care induced by

EH were explained by more frequent, but shorter, bouts of active maternal care. Thus, the

temporal distribution of nursing bouts, which likely depends on the attributes of the environment,

could be a mediating factor of the maternal effects on offspring phenotype. Hence, it has been

proposed that dams may inform pups about the environment they are going to inhabit through

modifications in the diurnal pattern of maternal behaviour (Wiirbel, 2001; Zhang et al., 2004).

"The effects of early environment on the development of HPA responses to stress reflect

naturally occurring plasticity, whereby factors such as maternal care are able to program

rudimentary, biological responses to threatening stimuli... Since most mammals usually spend

their adult life in an environment that is either the same as or similar to the one in which they

were born, developmental "programming" of CNS responses to stress in early life is likely to be

of adaptive value to the adult" (Liu et al., 1997). However, although neonatal maternal separation

studies may relate to adaptive plasticity, as yet there is no experimental evidence that habitat

quality shapes patterns of nest attendance and in turn the development of HPA responses later in

life. First aim of the present thesis was to test this hypothesis. In particular, I studied (i) whether

different environments may induce variations in maternal behaviour and (ii) whether

environmental modulation of maternal behaviour is reflected into a differential regulation of

stress and fear responses in the adult offspring.

Finally, as already suggested, there is empirical evidence that a highly demanding

environment or adverse early life conditions may affect later stress and fear responses. However,

it is unclear whether maternal behaviour plays a role in mediating also these effects (Plotsky and

Meaney, 1993; Pryce et al., 2001b; Lehmann et al., 2002; Ruedi-Bettschen et al., 2004). For

example, Plotsky and Meaney (1993) showed that long periods of maternal separation (3-hr daily

separations from PND 2 to 14, MS) increased corticosterone output and CRH mRNA levels

compared to EH animals. Meaney (2001) proposed that these effects were mediated by MS-

dependent reductions in maternal care. However, although, at present, any potential difference in

maternal behaviour between MS and NH has not been experimentally investigated, Pryce et al.
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(2001a) failed to show a significant reduction in maternal care in MS dams compared to EH.

Thus, indirect evidence challenges the possibility that the up-regulating effects of MS on

offspring's stress and fear responses are mediated by a reduction in maternal care. Factors other

than maternal behaviour might mediate the development of HPA responses in rats. In particular,

short-term increase in adrenal sensitivity to ACTH (dependent on food restriction Levine, 2001),

disruption of general metabolism (reduced body temperature Ruedi-Bettschen et al., 2004) and

circadian rhythms of glucocorticoid release (altered distribution of nest attendance Ohta et al.,

2003) have all been suggested to persistently affect later stress and fear responses. Sutanto et al.

(1996) showed that increased levels of circulating corticosterone in infancy may down-regulate

GR expression in the adult rat. Therefore, it is plausible that the up-regulated HPA activation

shown by adult rats in response to early adversity depends on a short term dysregulation of

circulating levels of stress hormones (these aspects are further discussed in Chapters II and III).

Second aim of the present work was to assess whether the effects of a highly demanding early

environment interact with the maternal programming of the adult offspring phenotype (see

Chapter III).

This overview was aimed at introducing the main aspects of my thesis.

I. At a functional level, the theoretical background is provided by the "maternal mediation

hypothesis": namely, dams may "inform" pups about the challenges of their future

environment through modifications of maternal behaviour, and pups may accordingly

adjust the neural systems mediating later defensive systems. However, the potential

adaptive nature of the neonatal phenotypic induction may be confounded by the

concurrent presence of adverse life events. The latter may exceed individual adaptive

capacities, thereby resulting in pathological outcomes in terms of adult responses.

II. Experimental support for this hypothesis is provided by the fact that maternal care in rats

can be modified by direct human stimulation and that variations in maternal care

differentially regulate adult offspring defensive responses. Furthermore, adverse

conditions may interact with maternal care to mediate the development of offspring's

phenotype. Finally, the primary mechanisms mediating the effects of maternal behaviour

and of adverse early experiences can be identified.

III. The studies presented in this thesis may have major implications with respect to animal

welfare and experimental validity. These implications are discussed below.
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1.5 Potential implications: animal welfare and experimental validity

Assuming maternal programming of stress and fear responses to be a general mechanism

implicates that laboratory animals develop within the constraints of their husbandry conditions

(e.g. housing, care-taking). Thus, laboratory rats and mice may process early environmental cues

(husbandry conditions), and accordingly adjust later responses to adult challenges (experimental

tests). This potential scenario has major implications in terms of animal welfare and experimental

validity. How do husbandry routines and housing conditions modulate adult defensive systems in

laboratory rodents? How accurately do neonatal conditions in laboratory rodents reflect the

characteristics of the adult environment?

Husbandry routines may vary greatly across labs (e.g. light-dark cycle, cage dimensions,

cleaning intervals, handling, room size). To give but one example, whereas some laboratories

perform cage cleaning at least once a week during the early postnatal phase, some others tend to

minimize environmental perturbations during the first stages of lactation in order to reduce

disturbance of the home cage (see e.g. Mirescu et al., 2004) by leaving dams and pups completely

undisturbed. Other sources of variation in husbandry conditions may derive, for example, from

the presence or absence of conspecifics in the cage (e.g. communal nursing) or from the presence

or absence of predators in the same animal room (e.g. rats and mice housed in the same room). In

general, although variable across facilities, the first week of life, which has been demonstrated to

modify later stress and fear responses in the adult offspring (Francis et al., 1999; Meaney, 2001),

is characterized by minimal levels of environmental stimulation. Thus, the question may be

raised as to whether such stable and safe conditions accurately predict the challenges to which

rats will be exposed as experimental animals later in life. The discussion in paragraph 1.3

suggests that mismatch between the stable neonatal milieu and the challenging or threatening

events of the adult environment may cause maladaptive responses (phenotypic mismatch). In the

long term this may result in pathological changes (e.g. Koolhaas et al., 1997; de Kloet et al.,

1999). As already mentioned in paragraph 1.1, this may have serious consequences for the results

of animal experiments, since repeated stress has been shown to reduce the resistance of

organisms to infection with pathogens (Barnard et al., 1996), to disrupt learning and memory (de

Kloet et al., 1999), and to interfere with many other physiological and behavioural measures

(Koolhaas et al., 1997). Minimizing stress and fear in laboratory animals might thus contribute to
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maximize both animal welfare and the quality of animal research. As reviewed in the previous

paragraph, current standard husbandry practices seem to bring about neural systems designed to

cope with stress and fear that are poorly adapted to life as an experimental animal. Thus, a simple

manipulation such as EH is sufficient to reduce later expression of stress and fear responses (e.g.

Francis and Meaney, 1999). Therefore, it would seem highly beneficial, if the animals could be

rendered more resistant to stress and less fearful by modifying their early rearing conditions.

Only few studies specifically addressed the impact that different husbandry conditions

early in life may have on adult offspring phenotype. One such example derives from a study

conducted by Pryce and collaborators (Pryce et al., 2001b; see also Pryce and Feldon, 2003).

Pryce and Feldon (2003) analysed the endocrine stress responses in adult rats exposed in infancy

to EH, non-handling, MS or animal facility rearing (AFR, pups that "received the human

intervention inherent to cage cleaning"). This study demonstrated that minimal levels of neonatal

stimulation (a weekly cage cleaning) are sufficient to reduce adult stress reactivity compared to

undisturbed controls following restraint stress (thus having similar effects to early handling).

However, Pryce and Feldon (2003) also showed that after three days of experimental testing3,

ACTH and corticosterone levels were similar in AFR compared to non handling, but increased

compared to early handling. Therefore, the stimulation provided by standard husbandry routines

may "positively" influence later stress responses to an acute stressor; however, such stimulation

might not be sufficient to down-regulate emotional reactivity to multiple experimental

challenges.

Although I did not systematically study this issue, I believe that the work presented in this

thesis has important implications for laboratory animal husbandry, animal welfare and the

validity of results from many animal experiments.

1.6 Thesis aims

In this thesis, I performed experiments aimed at clarifying the role played by maternal care in the

induction of HPA responses in rat adult offspring. In particular, as discussed in paragraph 1.4, the

theoretical framework was based on evidence showing that EH modifies patterns of maternal

3
Behavioural fear-conditionmg Briefly, rats are exposed to tone-foot shock associations on day one m an isolated

chamber On day two rats are exposed to the chamber but neither the tone nor the foot shock are presented while on

day three rats are exposed to the chamber and the tone but not to the foot shock (please refer to Pryce et al, 2001a

for details)

21



General Introduction

behaviour and that pups respond to these alterations by adjusting their neuro-behavioural systems

("maternal mediation hypothesis" Smotherman and Bell, 1980). However, due to their unsettling

nature, these studies did not provide any information as to the possibility that maternal behaviour

varies depending on the characteristics of the environment. Furthermore, MS studies indirectly

challenged this hypothesis: namely, although MS offspring showed more pronounced stress and

fear responses compared to EH, it is not clear whether these effects are mediated via

modifications in maternal behaviour. The experiments of this thesis were aimed at clarifying

these aspects. Thus, I studied whether different environments may induce variations in patterns of

maternal behaviour and whether these variations result in differential adjustments in the

offspring's stress and fear responses.

Furthermore, I studied whether increased levels of environmental demands (long periods

of maternal deprivation or food restriction) interfere with the maternal induction of adult

phenotypes. Is it possible to reduce the beneficial effects of high levels of maternal care by

exposing rat pups to adverse life conditions? And, juxtaposed, is it possible to compensate for

environmental adversity by selectively increasing levels of active maternal care? To achieve

these goals, I scheduled three main objectives:

Objective 1 (Chapter I): Firstly, I intended to replicate and extend present literature

findings. In particular I studied how brief (15 min) and long (4 h) daily periods of forced

maternal separations alter maternal behaviour and whether this translates into a differential stress

and fear phenotype in the adult offspring. This objective was required in order to develop

objectives two and three.

Objective 2 (Chapter II): Secondly, I developed different systems characterized by

increasing levels of environmental demands (by manipulating spatial and temporal availability of

food) in order to induce stable differences in dams' patterns of maternal behaviour without direct

rat-human contact.

Objective 3: Finally, I investigated how environmentally induced variations in nest

attendance translate into differences in behavioural fearfulness and endocrine responses to

stressful situations in the offspring when adult. Furthermore, by selectively manipulating nest

attendance and access to food I studied whether the effects of the environment on maternal

behaviour - and, therefore, on offspring reactivity - may be constrained by highly demanding

environmental conditions (Chapter II).
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As a complementary study aimed at clarifying the relationship between maternal care,

environmental adversity and adult offspring HPA responses, I tried to experimentally dissociate

maternal separation length and active maternal care and analysed the effects of these

manipulations on stress and fear responses in the adult offspring (Chapter III). Long periods of

maternal separation (MS) have been proposed to up-regulate later stress and fear responses

independently of maternal care (Pryce et al., 2001a), whereas high levels of maternal care have

been proposed to exert opposite effects. Thus, I applied MS in order to increase environmental

adversity and, at the same time, I tried to experimentally increase maternal care. These treatments

served as a tool to study whether increasing levels of maternal care are able to counteract the

effects of an early adverse environment.
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Abstract

The development of the hypothalamic-pituitary-adrenal (HPA) response to stress is influenced by

the early mother-infant relationship. In rats, early handling (brief daily mother-offspring

separations) attenuates the adult offspring's HPA- and fear responses compared to both non-

handling (no separations) and maternal separation (prolonged daily separations). Variation in the

amount of maternal care was proposed to mediate these effects of neonatal manipulations on the

adult offspring's stress and fear responses. Here we tested this hypothesis by assessing maternal

care and the adult offspring's HPA- and fear responses in Lister hooded rats that were subjected

to either early handling (EH) or maternal separation (MS) from postnatal day 1 to 13, or were left

completely undisturbed (non-handled, NH) throughout this period. Both EH and MS induced a

more active nursing style and elevated levels of maternal care compared to NH. Total levels of

maternal care were indistinguishable between EH and MS, but diurnal distribution differed. MS

dams showed elevated levels of maternal care following the 4-h separation period, thereby fully

compensating for the amount of maternal care provided by EH dams during the time MS dams

were separated from their pups. However, while EH resulted in reduced HPA- and fear responses

in the adult offspring compared to NH, MS and NH offspring did not differ. Our findings

therefore demonstrate dissociation in the effects of EH and MS on maternal care and on the stress

and fear responses in the offspring. This indicates that maternal care cannot be the sole mediator

of these effects.
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INTRODUCTION

In both human and non-human mammals, the development of the hypothalamic-pituitary-

adrenocortical (HPA)-system and related defensive systems is influenced by the infant-mother

relationship (Meaney, 2001; Pryce & Feldon, 2003). In rats, early handling (a 3-15 min daily

separation of pups and dam) consistently reduces adult HPA-responses to stress (Levine, 1957,

1962; Levine et al, 1967; Ader & Grota, 1969; Meaney et al, 1989; Viau et al, 1993; Bhatnagar

et al, 1995; Liu et al, 2000) and behavioural fearfulness (Levine, 1957, 1962; Denenberg, 1964;

Bodnoff et al, 1987; Caldji et al, 2000a), compared to non-handled controls.

In contrast, postnatal maternal separation (a 3-6 h daily separation of pups and dam) has

been proposed to induce precisely the opposite effect to early handling, i.e. to increase adult

HPA-responses to stress and behavioural fearfulness compared to non-handled controls (Francis

& Meaney, 1999; Meaney, 2001). However, this manipulation has produced far less consistent

results. In some studies, maternal separation was indeed found to increase HPA responses (e.g.

Biagini et al, 1998; McCormick et al, 2002) or measures of fearfulness (e.g. Plotsky & Meaney,

1993) compared non-handling, but in others, no significant effects on HPA responses (e.g.

Plotsky & Meaney, 1993; Liu et al, 2000) or fearfulness (e.g. Hilakivi-Clarke et al, 1991; Caldji

et al, 2000b) were detected, and in others still, even the opposite result emerged (see Mcintosh et

al, 1999 for reduced fearfulness, and Ogawa et al, 1994 for reduced HPA responsiveness).

Early handling induces elevated levels of maternal care compared to non-handling (Liu et

al, 1997). Furthermore, spontaneous high levels of active maternal care in non-handled dams

mimic the effects of early handling in terms of attenuated HPA and fear responses in the

offspring (Liu et al, 1997; Caldji et al, 1998). In line with the maternal mediation hypothesis

earlier formulated by Smotherman and Bell (1980), enhanced maternal care was therefore

proposed to mediate the early handling effects compared to both non-handling and maternal

separation (Francis & Meaney, 1999; Meaney, 2001). However, although maternal separation has

been claimed to deprive pups of maternal care (e.g. Caldji et al, 2000b), this has not been

systematically studied. Present evidence suggests that maternal separation induces a

compensatory bout of maternal care following reunion of dams and pups (Pryce et al, 2001;

Lonstein et al, 1998; Zimmerberg et al, 2003), with no effect on maternal care throughout the

rest of the day (Boccia & Pedersen, 2001; Pryce etal, 2001). However, present data do not allow
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testing the prediction made by Meaney (2001) that variations in maternal care can account for the

effects of the different postnatal manipulations on offspring phenotype.

Here we therefore assessed the effects of early handling, maternal separation and non-

handling on maternal behaviour as well as the adult offspring's HPA- and fear responses, with

the aim to test whether variations in maternal care can indeed explain the effects of these

different neonatal manipulations on offspring phenotype.

MATERIALS AND METHODS

Subjects.

Thirty-two pregnant Lister-hooded dams (Animal Services, Swiss Federal Institute of

Technology Zürich, Schwerzenbach) were housed in standard polycarbonate cages (59.0 x 38.5 x

20.0 cm) with sawdust bedding and ad libitum water and rodent pellets (Universal feed 3430,

Moulin Kilba SA, Kaiseraugst, CH). They were maintained on a reversed 12:12 h lightdark

cycle (lights on at 1900 h) with temperature at 21 ± 1 °C and relative humidity of 55 ± 5%. Prior

to giving birth, they were randomly allocated to four treatment groups (n=8 per group): Maternal

Separation (MS), Early Handling of dams (EHd), Early Handling of dams and pups (EHdp), and

Non-Handling (NH). Females were inspected daily at 1400 h for delivery and day of birth was

designated as postnatal day 0 (PND 0). One NH dam did not give birth to viable litter. At PND

21, all offspring were weaned into same-sex groups of four littermates. One week prior to testing,

all offspring were re-housed in pairs. All experimental manipulations were conducted under

experimental permit in accordance with the Swiss Animal Protection Act (1978).

Treatments

From PND 1-13, dams and pups were exposed to the following postnatal manipulations: MS:

placing dam in adjacent cage for 4 h; EHdp: placing both dam and pups separately in adjacent

cages for 15 min; EHd: placing dam in adjacent cage for 15 min; NH: leaving dam and pups

completely undisturbed (including no cage-cleaning). MS was initiated at 1000 hours and EH at

1345 hours, such that all postnatal treatments ended at 1400 hours. The EHdp and EHd

treatments were used for the following reasons: Postnatal manipulations traditionally involve

placing the pups in separate cages, or placing both dams and pups separately in different cages

(Pryce & Feldon, 2003). In view of planned future studies on the effects of natural variations in
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nest attendance, we were interested in leaving the entire litter in the home cage and instead

placing the dams in adjacent holding cages (EHd). However, to control for differences between

this and traditional treatments, we also used a second Early Handling treatment for comparison in

which both dams and pups were placed separately in adjacent cages (EHdp).

Maternal behaviour

Throughout PND 1-13, all cages were continuously video recorded for behavioural scoring.

Small b/w cameras (one for each cage) with adjustable lenses (CSB-465CIR, Pacific Corporation,

Tokyo, Japan) were mounted on a standard laboratory rack so as to face the short side of the

cages. 12 cameras each were linked to switcher boards (VU-08-BM, CES, Dübendorf,

Switzerland) connected to time-lapse video recorders (Panasonic VCR AG-6740, Vitec,

Dübendorf, Switzerland) and the switchers were set to allow for 15 s observations per cage every

3 min. Maternal behaviour was scored blindly at 3-min intervals for 1 h (20 samples/h) every 3rd

hour, starting at 1400 hours, immediately following postnatal manipulations. Thus, for each dam

a total of 160 samples per day (8 x 20) were obtained, except for MS dams, for which one hour

was missing due to the daily 4 h separation.

The following behaviours were scored (cf. e.g. Stern, 1996):

Licking: The dam is hovering over the pups and holding one pup in the paws, performing

repetitive licking movements, proceeding from the pup's head to trunk to anogenital region

{licking/grooming sensu Meaney).

High kyphosis: The dam is immobile in high upright dorsal arch posture supported by

rigid fore- and hind-limbs, the head is depressed, the trunks and limbs are bilaterally

symmetrical, and pups are attached to the nipples (part of arched-back nursing sensu Meaney).

Low/partial kyphosis: The dam is over the pups relatively immobile, bilaterally

symmetrical, with the head not depressed and in low dorsal arch posture supported by rigid fore-

and hind-limbs (low kyphosis), or in low dorsal arch posture supported by rigid fore-limbs or

rigid hind-limbs (partial kyphosis) (part of arched-back nursing sensu Meaney).

Prone nursing: The dam lies flat on top of the pups with little or no limb support {blanket

nursing sensu Meaney).
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Supine nursing: The dam lies on her side or back with some of the pups attached to the

nipples (passive nursing sensu Meaney).

Self-maintenance: the dam is not in any form of physical contact with her pups. This

behavioural category comprised feeding and drinking, active behaviour outside the nest, resting

and self-grooming (licking, scratching and washing of the head and body) {off the nest or no

contact sensu Meaney).

Undetectable: This was scored when poor visibility prevented unambiguous identification

of the behaviour. Overall, this accounted for 3.2% of all observations.

Based on Liu et al (1997) and Champagne et al (2003), licking, high kyphosis and

low/partial kyphosis were combined for further analyses into a single behavioural category called

active nursing {licking/grooming - arched-back nursing {LG-ABN) sensu Meaney).

Novelty-induced suppression of drinking (NISD): This test of anxiety was developed and

pharmacologically validated by Stout and Weiss (1994) and is similar to the novelty-induced

suppression of feeding test (e.g. Liu et al, 1997). From each litter, two males and two females

were used. Starting at 11 weeks of age, rats were given restricted access to water for 2 h daily for

7 days prior to testing to guarantee high drinking motivation at time of testing. Testing was

conducted in a brightly lit room. One of two littermates was removed from the home cage and

placed in a square open field for 10 min. The open field was made of dark grey PVC (80 x 80 cm

x 60 cm high), with a water bottle hanging in the centre 14 cm above the floor. To control for

motivational differences, the cage mate was left in the home cage and given normal access to

water there. Behaviour was video-recorded and scored blindly by video observation. The

following behaviours were scored: latency to start drinking (s), total time spent drinking (s), and

time spent in the centre of the open field. After each session, the open field was thoroughly

cleaned with an alcohol/water solution.

Plasma ACTH and corticosterone response to restraint stress

At the age of 11 weeks, from each litter one male and one female were taken from the home cage,

carried by a familiar experimenter to an adjacent room and bled (tO) from the tail (0.2-0.4 ml
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collected into prechiled ethylenediamine tetraacetic acid (EDTA)-coated tubes; Microvette;

Sarstedt, Sevelen, Switzerland) by tail incision (Fluttert et al, 2000) within 2 min from entering

the colony room to obtain a blood sample for analysis of basal plasma ACTH and corticosterone.

Subsequently, the rats were placed in a transparent Plexiglas restraint tube (5 cm in diameter) of

adjustable length for 25 min to induce a stress response. After 25 min, they were bled from the

same tail incision for a second time (t25) to obtain blood samples for analysis of the peak stress

response before release from restraint and transport back to the colony room. At times t60 and

tl20, rats were again transported to the adjacent room, bled from the same tail incision for a third

and fourth time to obtain blood samples for analysis of recovery from the stressor, and returned

to the colony room. Samples were cool centrifuged, and the plasma stored at -80 °C until

assayed.

Plasma corticosterone radioimmunoassay: Plasma immunoreactive corticosterone titres

were determined with an in-house 3H radioimmunoassay validated for rat EDTA plasma. Diluted

plasma samples were heated in a water bath at 90 °C for binding protein denaturation, and rabbit

anti-corticosterone serum (07-120016, ICN Biomedicals, Costa Mesa, CA) was incubated with

[1,2,6,7-3H ] corticosterone (TRK 406, Amersham Switzerland, Zürich) and either corticosterone

standard (Sigma, C-2505, 12.5-250 ul per tube, in duplicate) or sample (250 ul at 1:400 dilution

in duplicate) separation was achieved with dextran-coated charcoal.

Plasma ACTH radioimmunoassay: Plasma immunoreactive ACTH titres were quantified

using an ACTH 125I radioimmunoassay kit for the determination of human ACTH in EDTA

plasma (DiaSorin, Stillwater, MN). To increase assay sensitivity and reduce the volume of

plasma needed per measurement, the supplied assay protocol was slightly modified. 125I tracer

(50 ul) and 50 ul of antiserum were added to 150-ul aliquots of the five standards (diluted 1:6 in

distilled water to give concentrations of 4-120 pg/ml), to 150-ul aliquots of two controls (diluted

1:6 in distilled water) and to 150 ul of sample (diluted 1:10 in distilled water). Standards and

controls were measured in duplicate; samples in single in borosilicate glass tubes. Tubes were

vortexed and incubated at 4 °C for 20 h. Separation was achieved by adding precipitating

complex (250 ul), diluted 1:2 in distilled water, to all tubes except total count. Following brief

vortexation and 20-min incubation at 20-25 °C, tubes were centrifuged at 1500xg- for 20 min.

The supernatant was aspirated and samples measured in a gamma scintillation counter (Minaxi y;
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Packard, Downers Grove, IL), 3-min count per tube. The I radioimmunoassay was validated

for ACTH in rat EDTA plasma. Inter-assay precision was 7.6% at 72-85%) binding {n=6) and

12.2%) at 44-60%) binding («=6), and intra-assay precision was 9.3% at 33-42%) binding {n=6).

Assay sensitivity was 0.2 pg/tube at 95% binding.

Statistical analysis

Data were analyzed by repeated measures ANOVA for split-plot designs. For the analysis of

maternal behaviour the general model was 13 days x 7 hours x 4 treatments. Treatment was a

between litter factor while all other variables were within litter factors. Data on maternal

behaviour were transformed to arcsine of the square root of the relative frequencies of

behavioural scores. For reasons of clarity, all figures are based on non-transformed values. For

analysis of time spent in the centre of the open field in the NISD test, the general model was 2

sexes x 3 treatments, while the number of animals drinking during the test session was analyzed

using Chi-square test. The general model for analysis of plasma levels of corticosterone and

ACTH was a 4 time points x 4 treatments x 2 sexes. Treatment was a between litter factor while

sex and time points were within litter factors. Fisher PLSD post hoc tests were used where

appropriate.

RESULTS

Early handling, maternal care andHPA response to stress

To examine whether effects of early handling depend upon manipulating both pups and dams

(EHdp), or are the same if only the dams are removed (EHd), the effects of these two treatments

on maternal behaviour and the adult offspring's HPA and fear responses were analyzed. Repeated

measures ANOVA with treatment as a between-subjects factor and observation day (PND 1-13)

as a within-subjects factor revealed no significant effects on active nursing (Fi,u =0.6, NS),

passive nursing (Fi,u =0.8, NS) or self-maintenance behaviours (Fi,u =0.4, NS), and there were

no significant interactions between these three behavioural categories and observation day (Fi2,i68

=0.4, NS; Fi2,i68 =1-5, NS; Fi2,i68 =0.9, NS, respectively). Thus, both overall levels of maternal
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behaviours as well as changes across the postnatal period did not differ between the two

treatments. In line with this, adult offspring of the two treatment groups neither differed in basal

ACTH (FU4 =0.3, NS) or corticosterone levels (FU4 =0.2, NS), nor in their ACTH (FU4 =0.01,

NS) and corticosterone responses (Fi,u =1.7, NS) to 25 min restraint stress. Furthermore, neither

the number of animals drinking in the novel open field arena {% = 1.0, NS) nor the time spent in

the centre of the arena (Fi; 6i
= 10, NS) differed between EHd and EHdp animals. Based on these

results, the two early handling treatments EHdp and EHd were pooled (further called EH) for all

further analyses.

Postnatal manipulations and maternal behaviour

Table 1 presents the average scores for the whole observation period for all behaviours that were

recorded. For further analyses, licking, high kyphosis and low/partial kyphosis were combined

into a single category of active nursing that is consistent with the category licking/grooming -

arched-back nursing (LG-ABN) in the work of Meaney's group (see Methods).

Table 1 Average of hourly means (± SEM) of maternal behaviours

Treatment Licking High low/partial active prone supine self-

kyphosis kyphosis nursing nursing nursing maintenance

NH 3 2(0 1) 11(0 1) 3 9(0 1) 8 2(0 3) 17(0 1) 17(0 1) 7 6(0 2)

EH 3 9(0 1) 11(0 1) 4 7(0 1) 9 7(0 2) 17(0 1) 14(0 1) 6 2(0 1)

MS 4 6(0 1) 13(0 1) 4 8(0 1) 10 7(0 3) 16(0 1) 15(0 1) 5 1(0 1)

Daily means per hour were averaged over the entire observation period Included is the combined category of active

nursing (licking, high kyphosis, low/partial kyphosis) that was used for all further analyses Active nursing is equivalent
with lickmg/groommg - arched-back nursing (LG-ABN) used by Meaney and colleagues (e g Champagne et al, 2003)

Figure 1 depicts mean daily levels of active nursing from PND 1 to 13 for NH, EH and

MS. Active nursing (Fig. la) gradually decreased across days (days: Fi2,336 = 13.4, p < 0.01).

However, neonatal manipulations significantly affected levels of active nursing (treatment: F2,28 =

6.5, p < 0.01). Both EH and MS dams showed significantly higher levels of active nursing than
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NH dams (post hoc tests: EH vs. NH p < 0.05; MS vs. NH p < 0.05) and MS dams tended to

score even higher than EH dams (MS vs. EH p
= 0.1). This difference between NH and the two

other treatments emerged on PND 4 and remained stable throughout the remaining observation

period. Looking into the diurnal pattern (Fig. lc) revealed that active nursing was elevated

throughout the day in EH and MS dams compared to NH dams. However, MS dams showed

significantly enhanced levels of active nursing compared to both EH and NH dams in the hours

following reunion of dams and pups (p < 0.01), while they did not differ from EH dams for the

remaining of the day (although both showed higher levels than NH).

Differences in active nursing were mirrored in the expression of self-maintenance

behaviours (Fig. lb, Id). Self-maintenance gradually increased over lactation days (days: Fi2,336 =

27.4, p < 0.001) and was significantly affected by neonatal manipulations (treatment: F2;28 = 16.7,

p < 0.01). Both EH and MS dams scored significantly lower than NH dams (p < 0.01), and MS

dams also scored lower than EH dams (p < 0.01). These differences were stable throughout the

observation period. Looking at the diurnal pattern (Fig. Id), however, the overall difference

between MS and EH dams was again based on the daily period following reunion of dam and

pups, while they did not differ during the remaining of the day. By contrast, both EH and MS

dams scored lower than NH dams throughout the day, except for the early dark period, when all

groups showed maximal levels, and the period following reunion of dam and pups when EH

dams did not differ from NH dams.
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Fig. 1: Effects of postnatal manipulations on maternal behaviour

Upper panels Daily frequency (mean/hour ± SEM) of active nursing (a) and self-maintenance behaviours (b) shown

by dams subjected daily to early handling (EH, N=16), maternal separation (MS, N=8) or non-handling (NH, N=7)

Daily scores are based on 7 daily one-hour sampling sessions

Lower panels Diurnal pattern of active nursing (c) and self-maintenance (d) scores (mean ± SEM) shown by EH

(N=16), MS (N=8) and NH dams (N=7) Scores from each of 7 (MS) or 8 (EH, NH) daily one-hour sampling

sessions were averaged across postnatal days 1 to 13 MS dams were separated from the pups from 1000-1400 hours,

while EH dams were separated from the pups from 1345-1400 hours As indicated by the arrow, reunion occurred m

both groups at 1400 hours Isolated data points indicate average levels of active nursing (c) and self-maintenance (d)

m NH and EH dams from 1100-1200 hours, when MS dams were separated from their pups for maternal separation

(hence no data for MS dams)
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Effects onfearfulness in adult offspring

When given access to water in the home cage, all rats immediately started drinking (data not

shown), whereas access to water in a novel open field suppressed drinking dramatically,

preventing many rats from drinking within the time of the test session. Instead of the latency to

drink and the time spent drinking, we therefore analyzed treatment effects on the number of

animals drinking. Significantly more EH offspring (57.1%) than MS (21.8%) or NH offspring

(35.7%o) approached the drinker in the centre of the arena {% = 7.2, p < 0.05; Fig. 2a), whereby

MS and NH animals did not differ {% = 1.0, NS). Moreover, EH offspring spent significantly

more time in the centre of the arena than MS and NH offspring (treatment: F2;n9 = 5.4, p < 0.01;

Fig. 2b). Neither the number of animals drinking in the open field arena {% = 0.9, NS) nor the

time spent in the centre of the open field (Fi;i6 = 0.9, NS) were affected by sex.

(a)
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MS NH
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Fig. 2: Effects of postnatal manipulations on behavioural fearfulness

(a) Proportion (%) of animals subjected to early handling (EH, N=64), maternal separation (MS, N=32) and non-

handlmg (NH, N=27) drinking withm a 10 mm test session from a drinker presented m a novel arena (b) Mean (±

SEM) time spent m the centre of the novel arena by EH, MS, and NH animals during the 10 mm test session In the

absence of any significant sex effect, data of males and females were pooled ** P<0 01, * P<0 05, multiple

comparisons EH vs MS and NH
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Effects on HPA responses in adult offspring

Physical restraint induced massive increases in plasma ACTH and corticosterone levels that were

however back to basal levels by tl20 (time points: F3;84 = 55.1, p < 0.001). Postnatal

manipulations had no effect on basal levels of ACTH (F2;28 = 0.1, NS) and corticosterone (F2;28 =

0.3, NS), but significantly affected peak levels of response to restraint (Fig. 3a, 3b). Thus, peak

levels of ACTH did not differ between MS and NH offspring, but were significantly elevated in

these two groups compared to EH offspring (treatment: F2;28 = 4.9, p < 0.05). These results were

paralleled by the corticosterone responses to restraint stress. Again, MS and NH offspring did not

differ, but showed significantly higher peak levels than EH offspring. Although females had

higher ACTH and corticosterone levels than males (sex main effect on ACTH: Fi;28 = 18.8, p <

0.01 and corticosterone: Fi;28 = 70.8, p < 0.01), there were no significant sex x treatment

interactions (F2;28 = 0.23, NS and F2;28 = 0.1, NS, respectively), indicating that treatment effects

were independent of sex. Consequently, males and females were pooled for Fig. 3. Because of

this pooling of the two sexes, and since blood samples were taken during the middle of the dark

phase, when HPA activity is still elevated compared to the early light phase (Nolan et al, 2000),

basal levels of ACTH and corticosterone appear relatively high, but lie within the normal range

of diurnal variation (e.g. van Haarst et al, 1996). Similarly, peak response levels lie within the

range published for this strain (e.g. Manahan-Vaughan and Braunewell, 1999), although they

appear relatively high compared to data obtained from other strains. Fluttert et al (2000) have

shown that repeated blood sampling by this method of tail incision does not affect corticosterone

levels and levels of corticosterone taken from the tail incision and from the jugular vein (in

cannulated rats) were perfectly correlated.
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Fig. 3: Effects of postnatal manipulations on HPA-responses
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Basal levels (tO), peak response (t25) and recovery (t60, tl20) of plasma ACTH (a) and plasma corticosterone (b)

levels shown by animals subjected to early handling (EH, N=32), maternal separation (MS=16) and non-handlmg

(NH=14) in response to 25 mm restraint stress In the absence of any significant treatment x sex interaction, data of

males and females were pooled * P<0 05, post hoc tests EH vs MS and NH

General discussion

Our findings demonstrate dissociation in the effects of different neonatal maternal separations on

maternal care and the adult offspring's stress and fear responses. Both EH and MS induced a

more active nursing style and elevated levels of maternal care compared to non-handled controls

(NH). In terms of total maternal care, these two treatments were indistinguishable, the only

difference between them being the temporal distribution of maternal care. In the adult offspring,

however, EH, but not MS, resulted in reduced HPA-responses to physical restraint and reduced

fear responses towards novelty compared to NH.

To examine whether the behavioural scoring used here was consistent with that of Meaney and

colleagues, we compared the relative proportions of the different behavioural categories recorded

in NH dams with similar data obtained from a random population of 115 non-handled dams as

recently published by Champagne et al. (2003). Table 2 shows that the relative proportions of the
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different maternal behaviours are virtually identical in these two studies, indicating that

behavioural scoring was fully consistent. Taken together, our findings demonstrate that the

effects of different neonatal maternal separations on the adult offspring's stress and fear

responses cannot be fully explained by the effects of these manipulations on the amount of

maternal care.

Table 2 Comparison of maternal behaviour in NH dams of the present study with data from a population of 115

non-handled dams from Meaney's lab (from Champagne et al 2003)

Behaviour % of total maternal behaviour

Macri et al. Champagne et al. 2003

active nursing (LG-ABN) 43 48

blanket nursing 9 6

passive nursing 9 9

self-maintenance (no contact) 39 37

Postnatal manipulations andfear and stress in the adult offspring

Both plasma ACTH and corticosterone levels after 20 min restraint stress were reduced in EH

compared to NH offspring. Furthermore, NH offspring spent less time than EH offspring in the

centre of a novel arena, and fewer NH offspring than EH offspring approached a drinker

presented in the novel arena. The latter effect cannot be explained by motivational differences,

since both groups immediately started drinking when the drinker was presented in the home cage.

These results confirm previous research showing that early handling attenuates HPA-responses

and behavioural fearfulness in the adult offspring compared to non-handling (recent reviews by

Meaney 2001; Pryce & Feldon, 2003).

In contrast, maternal separation has been claimed to produce exactly opposite effects to

early handling on the adult offspring's stress and fear responses (Francis & Meaney, 1999;

Meaney, 2001; see also Plotsky & Meaney, 1993; Biagini et al, 1998; McCormick et al, 2002).

Contrary to this view, MS offspring in the present study did not differ from NH offspring, neither

in HPA-reactivity, nor in behavioural fearfulness. Although the possibility of a ceiling effect due

to near maximal hormonal output cannot be ruled out completely, this is unlikely to account for
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the lack of differences in HPA-reactivity between NH and MS offspring, for the following two

reasons. First, if this were the case, it should equally apply to EH offspring. However, peak

response levels in EH were significantly reduced compared to both NH and MS in both

hormones. In fact, differences in maximal output levels may be part of the treatment effects,

although further research into the underlying physiological mechanisms will be needed to

examine this hypothesis properly. Second, the behavioural test of fearfulness is likely to be less

stressful than the 25 min tube restraint. However, the behavioural responses of all three treatment

groups in this test were fully consistent with the hormonal measures from the restraint stress test

(including the lack of a significant difference between NH and MS rats). Thus, our results

resemble those of other authors who have failed to find enhancing effects of maternal separation

on later stress responses compared with non-handled controls (e.g. Plotsky & Meaney, 1993;

Caldji etal, 2000b; Liu et al, 2000).

Two reasons might explain why, contrary to empirical evidence, the view prevails that

early handling and maternal separation produce opposite profiles compared to undisturbed

controls. First, early handling is traditionally compared with undisturbed controls, whereas

maternal separation is often compared with either early handling (cf. Matthews & Robbins, 2003)

or with standard husbandry controls (e.g. Ladd et al, 1996), thereby hampering interpretation of

the effects (Lehmann & Feldon, 2000). Secondly, maternal separation is thought to be stressful to

both dam and pups and to deprive pups of maternal care (Meaney, 2001). Therefore, the idea that

a treatment as severe as daily maternal separations for up to 6 hours should produce the same

effects as leaving dam and pups completely undisturbed, may appear fundamentally

counterintuitive. We therefore examined in detail the effects of these manipulations on maternal

care, the proposed mediator of offspring phenotype.

Early handling and maternal care

Early handling normally involves removal of all animals from the home cage, and placing the

pups in separate containers for 3-15 min, while the dam is placed back in the home cage or left in

a holding cage (Pryce & Feldon, 2003). Consequently, the treatment is considered to act on the

pups through their manipulation, separation from the dam, exposure to novelty, and sometimes

isolation, yet the relative contribution of these different aspects of the treatment has remained

elusive (Hall, 1998; Pryce & Feldon, 2003).
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Our findings clearly demonstrate that the effects of early handling are independent of pup

handling per se. Both handling dams and pups (the classical treatment), and handling dams only,

while leaving pups untouched in the home cage, produced the same effects on maternal care and

offspring phenotype. This suggests that mother-offspring separation per se could account for

early handling effects. Alternatively, early handling could simply act by disturbing the safety and

stability of the nest environment. In support of the latter explanation, standard husbandry routines

(i.e. weekly cage changes) without mother-offspring separations appear to produce the same

neurobehavioural profile as early handling (Caldji et al, 2000b; Pryce et al, 2001; Pryce &

Feldon, 2003). These results appear to contradict the recent findings by Tang and colleagues

(Tang, 2001, Tang et al, 2003), showing that pups that were daily exposed to novelty for brief

periods differed in basal corticosterone levels, brain asymmetry and memory performance from

littermates that were left in the home cage. However, the fact that basal corticosterone levels are

not normally affected by other postnatal treatments (e.g. Meaney et al, 1989; Plotsky & Meaney

1993; Viau et al, 1993; Liu et al, 2000; present study), suggests that the within-litter effects of

Tang's split-litter treatment and our between-litter effects of the two early handling treatments are

not necessarily comparable.

Postnatal manipulations and maternal style

In contrast to maternal separation, in which the 3-6h mother-infant separations clearly

exceed the normal intervals between nursing bouts, early handling is not considered to constitute

maternal deprivation (Liu et al, 1997; Pryce et al, 2001). Our results provide further support for

this view. Although EH increased active nursing compared to NH, effect size remained largely

constant throughout the day, with no compensatory nursing in the hours following reunion. Only

between 1700 and 1800 hours, the elevation in EH compared to NH was higher than at other time

points. However, this may reflect the general up-regulation in maternal care rather than

compensation given that this occurred 3-4 hours after reunion and no compensation occurred in

the hour following reunion. MS dams, in contrast, showed significantly elevated levels of active

nursing compared to both NH and EH dams following reunion. This compensatory bout of active

nursing in MS dams confirms earlier reports (Lonstein et al, 1998; Pryce et al, 2001;

Zimmerberg et al, 2003) and indicates that, despite equal overall levels of active nursing, there
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were substantial qualitative differences in the maternal care received by EH and MS pups, as well

as between NH and MS pups.

Paradoxically, NH and MS offspring did not differ despite differences in total maternal

care, while EH and MS offspring did differ, despite indistinguishable levels of maternal care.

Furthermore, levels of active nursing did not correlate with later stress responsiveness or

fearfulness, in any group (data not shown). This dissociation between the effects on maternal care

and the effects on offspring phenotype indicates that the total amount of maternal care cannot be

the sole factor. Therefore, other aspects of maternal care (e.g. temporal distribution), or another

factor entirely, must contribute to the effects of EH and MS on offspring phenotype.

Adaptive andpathologic effects ofpostnatal manipulations

How could it be that maternal separation might affect offspring phenotype in the same way as

leaving dam and pups completely undisturbed? According to Francis and Meaney (1999),

increasing environmental demands placed on the dams interfere with maternal care, which in turn

induces higher fear and stress responses in the offspring (see also Meaney, 2001). However, since

handled, rather than non-handled, dams are exposed to a more challenging environment (the daily

handling procedure); this explanation is somewhat inconsistent with the evidence. Furthermore, it

fails to explain how the undisturbed condition of non-handling and the adverse condition of

maternal separation could both produce similar effects.

One possible explanation would be that non-handling and maternal separation produce

similar phenotypes, but for different reasons. For example, the difference between EH and NH

might indeed be mediated by variations in maternal care as proposed by Francis and Meaney

(1999), whereby a more active maternal style could serve to down-regulate the offspring's stress

system. By contrast, the high stress reactivity and fearfulness of MS offspring might reflect the

maladaptive (i.e. pathologic) outcome of a disruption of pup homeostasis, mediated by repeated

prolonged maternal separations (cf. Hofer, 1994a, b; Kuhn & Schanberg, 1998). Despite

receiving the same active maternal style as EH pups, and compensatory maternal care following

separations, MS offspring develop high stress reactivity. Thus, the disruption of normal intervals

between nursing bouts (induced by prolonged dam-pup separation) and enhanced maternal care

(induced by the manipulation) could represent two independent, yet opposing, factors in the

mediation of offspring phenotype. This could also explain the conflicting findings from maternal
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separation studies: depending on the exact protocol, one or the other factor might come to prevail.

Furthermore, MS and NH might produce similar outcomes in terms of HPA-responses and

behavioural measures of fearfulness despite underlying neural differences. Francis et al (2002)

have shown that environmental enrichment during the peripubertal period completely reverses the

effects of MS compared to EH on both HPA and behavioural responses to stress, with no effect

on CRF mRNA expression. This is suggestive of a functional reversal through compensation for,

rather than reversal of, the underlying neural effects of maternal separation (Francis et al, 2002).

The nature of these compensatory mechanisms is currently unknown. Thus, further studies into

the neural changes associated with different postnatal manipulations will have to reveal the exact

pathways by which each treatment mediates its effects on HPA responses.

The implications of the present results are twofold. First, they suggest a re-examining of

the maternal mediation hypothesis (Smotherman and Bell, 1980; Meaney 2001) concerning the

effects of early postnatal manipulations on the development of stress and fear responses.

Secondly, they suggest that at least two independent factors contribute to these effects. Besides

the amount of maternal care, other possible factors could be the temporal distribution of nursing

bouts or the duration of mother-offspring separation. Identifying these factors, and their specific

effect on the HPA-system, could have important implications for our understanding of the

relationships between the early mother-infant relationship and the development of stress

disorders in animals and man.
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Summary

Postnatal manipulation studies indicate that rats adaptively adjust their HPA-system in response

to environmentally induced variations in maternal behaviour, but adverse environmental

conditions can constrain this adaptive mechanism. Here we studied whether more natural

variations of the maternal environment that do not involve human handling have similar effects

on maternal behaviour and adult offspring's behavioural and HPA-responses to stressors.

Pregnant Lister-hooded dams were housed in systems made of a nest-cage (NC) and an

exploration-cage (EC) connected by a tunnel. Spatial variation in the access to food was studied

by comparing dams with food provided ad libitum either in the NC (NC dams) or EC (EC dams),

while temporal variation in the access to food was studied by comparing dams with food

provided in the EC either ad libitum (EC dams) or intermittently during nine 30-min periods (IEC

dams). Although EC dams spent less time at the nest site than NC dams, active maternal care was

slightly enhanced due to longer nursing bouts. Intermittent feeding in IEC dams resulted in

reduced food intake, but had no effect on maternal behaviour compared to EC dams. These

variations in the behaviour of the dams were associated with selective alterations in the adult

offspring's behavioural and HPA-responses to stressors. Thus, EC offspring showed reduced

ACTH (males) and corticosterone (females) reactivity compared to NC offspring, while IEC

offspring showed increased ACTH (males and females) and corticosterone (males) responses,

and more fearful behaviour in the open field (females), compared to EC offspring. These findings

closely parallel the effects of postnatal manipulations on maternal behaviour and offspring

phenotype. They further support the view that moderately challenging maternal environments

may down-regulate the adult offspring's stress and fear responses, possibly via alterations in

maternal behaviour, while adverse environmental conditions (e.g. food restriction) may exert

opposing effects, independent of maternal behaviour.
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Introduction

In rats, high levels of maternal care during the first week of life can permanently attenuate

behavioural and HPA-responses to threat in the adult offspring through tissue-specific effects on

gene expression (Meaney, 2001; Weaver et al., 2004). Such epigenetic maternal programming of

stress and fear responses could reflect an adaptive mechanism by which rats adjust defensive

neural systems to their future environment (Francis et al., 1999; Meaney, 2001; Wiirbel, 2001).

Pups spend the postnatal period when brain plasticity is still high in a safe and stable burrow.

Since the mother is the pups' primary source of information about the characteristics of their

future environment, adjusting neural function based on variations in maternal behaviour is likely

to be adaptive (Smotherman and Bell, 1980; Liu et al., 1997; Anisman et al., 1998; Francis et al.,

1999; Meaney, 2001; Wiirbel, 2001). As the mother leaves the nest to search for food, the

temporal pattern of her excursions and her behaviour towards the pups might reflect important

aspects of her habitat (e.g. food availability, social competition, prédation pressure), which is also

the future habitat of her pups. Indirect evidence for the maternal mediation hypothesis stems from

neonatal manipulation studies. Brief (3-15 min) daily mother-offspring separations (early

handling, EH) during the first two weeks of life are associated with elevated levels of active

maternal care and reduced behavioural and HPA-responses to stress in the adult offspring (e.g.

Liu et al., 1997, Macri et al., 2004). It has been proposed that the effects of EH on offspring

phenotype depend on the elevated levels of active maternal care induced by EH (Liu et al., 1997;

Macri et al., 2004). However, elevated levels of maternal care induced by EH seem to result from

more frequent, but shorter, nursing bouts (Liu et al., 1997). Therefore, the effects of EH on

offspring phenotype could also be mediated by alterations in the temporal distribution of nursing

bouts (Macri et al., 2004). Furthermore, it cannot be ruled out that the manipulation or the brief

mother-offspring separations account for the effects of EH on offspring phenotype (Meaney et

al., 2000; discussed by Pryce and Feldon, 2003). Nevertheless, present evidence suggests that the

offspring's stress and fear systems are down-regulated in response to environmental challenges

such as EH compared to completely undisturbed conditions (Macri et al., 2004). However,

whether or not this down-regulation is mediated by the effects of variations in maternal behaviour

on neural development has remained elusive (Meaney, 2001, Pryce and Feldon, 2003).

Compared to EH, longer (3-6 hours) daily maternal separations (MS) induce enhanced

fear and stress responses in the adult offspring (Plotsky and Meaney, 1993; Macri et al., 2004).
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Because EH and MS induce identical levels of active maternal care (Macri et al., 2004), this

difference in offspring phenotype cannot be explained by variations in total levels of active

maternal care. Instead, increased environmental demands as imposed by MS may affect offspring

phenotype directly through adverse effects on pup homeostasis or indirectly via adverse effects

on the dams' physiology (Almeida et al., 1994; Pryce et al., 2001; Macri et al., 2004). However,

the artificial and nonspecific nature of neonatal manipulations is unsettling (Liu et al., 1997), and

neonatal manipulation studies failed to provide concluding evidence for the maternal mediation

hypothesis (Smotherman and Bell, 1980). To further examine this hypothesis, we have therefore

devised a way to vary environmental conditions that does not require direct manipulation of the

animals. Thus, dams and their litters were housed in systems made of a nest cage and an

exploration cage connected by a tunnel, with food provided either in the nest cage or in the

exploration cage. Provision of food in the exploration cage was intended to mimic a moderate

environmental challenge (similar to EH). To mimic a more severe environmental challenge

(similar to MS), a third group of dams was given restricted access to food in the exploration cage.

The aim of the present study was to examine whether spatial and temporal variation in the dams'

access to food would affect their maternal behaviour, and whether such environment-dependent

variation in maternal behaviour would be reflected in behavioural fear and HPA-responses in the

adult male and female offspring.

Materials and Methods

Housing conditions

Pregnant females (purchased from Harlan, NL-5960, Horst, The Netherlands) were housed in

standard polycarbonate cages (59.0 x 38.5 x 20.0 cm) with sawdust bedding and ad libitum water

and rodent pellets (Universal feed 3430, Moulin Kilba SA, Kaiseraugst, CH). They were

maintained on a reversed 12:12 h lightdark cycle (lights on at 1900 h) with temperature at 21 ± 1

°C and relative humidity of 55 ± 5%. Few days (2-4) before delivery, they were randomly

allocated to three treatment groups and placed in special cage systems as described below (n=8

per group) until postnatal day (PND) 8. They were inspected daily at 0930 h for delivery, and day

of birth was designated as PND 1. To avoid human manipulation, litters were not culled and

dams and pups were left undisturbed until weaning. At PND 21, offspring were weaned into

same-sex groups of four littermates. One week prior to testing, all offspring were re-housed in
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pairs. The experiment was run in two replicates (N=4 per group per replicate). All experimental

manipulations were conducted under experimental permit in accordance with the Swiss Animal

Protection Act (1978).

Housing

The housing system consisted of a 48.0 X 27.0 X 21.0 cm Makrolon type III cage (nest-cage)

connected by a perspex tunnel (85 cm long) with grid-floor to a grid-floor exploration-cage (59.0

X 38.5 X 20.0 cm Makrolon type IV cage). Grid floors in the exploration-cage and tunnel were

used to inhibit mothers from nesting outside of the nest-cage. The nest-cage contained sawdust as

bedding and the rear half of the walls and top were made opaque to increase attractiveness of this

area for nesting (Fig. 1). Attached to the sides of both the nest cage and the foraging cage, were

short L-shaped tunnels that either ended blind or gave access to a food bowl depending on the

experimental treatment (see below). At PND 9 access to the tunnel was blocked and dams and

pups were maintained in the nest cage until weaning.

Food (ad lib )

NC group M?
NC EC

Food (ad lib )

EC group M
NC

IEC group M

EC

Food (intermittent)

NC EC

Fig. 1: Schematic representation of the systems used to modify patterns of excursions from the nest Through a

tunnel, nursing females could access an exploration-cage (EC) from their nest-cage (NC), with either ad libitum

feeding in the NC (NC group, N=8) or EC (EC group, n=6), or intermittent feeding (nine 30-mm periods throughout

the day) in the EC (IEC group, N=8)
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Treatment groups

NC group: Feeding in the nest-cage (NC): dams were allowed to freely move about the

whole system and food was provided ad libitum in the nest-cage (N=8).

EC group: Feeding in the exploration-cage (EC): dams were allowed to freely move about

the whole system and food was provided ad libitum in the exploration-cage. Due to small litter

size, one dam and her litter were excluded from analysis. Furthermore, due to poor visibility on

the video recordings preventing accurate scoring of maternal care, another dam was excluded

from analysis of maternal care (N=6), while her offspring were kept for adult testing.

IEC group: Intermittent feeding in the exploration cage (IEC): dams were allowed to

freely move about the whole system and access to food was allowed during nine 30-min periods

(six times during the dark phase and three times during the light phase). Times of access to food

were fixed in time and were made contingent upon the presence of white noise. Access to food

was controlled by a hydraulic pump connected to a timer (N=8).

For adult offspring testing, one male and one female from each litter were used per test to

avoid litter effects.

Food intake

Food intake (g) was daily monitored in the three groups from PND 1-8. Food was provided in

powdered form in special bowls accessible via the L-shaped tubes attached to the cages. The

design of these feeding stations prevented food spillage, and thus allowed accurate measurements

of food intake.

Sex ratio and body weight gain

To control for effects of the different feeding treatments on pup growth and survival rate, we

determined offspring body weight and sex ratio at weaning and before testing. In addition, the

body weight of the dams was determined at weaning.

Maternal behaviour

The behaviour of the dams was scored from video-recordings from PND 1-8 according to a

detailed ethogram described previously (Macri et al., 2004) every third hour by instantaneous
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sampling at an interval of 6 min (80 samples per day of each dam). In the present paper, the

following behaviours are reported:

Active nursing: high kyphosis, low kyphosis, partial kyphosis (Pryce et al., 2001; Macri et

al., 2004).

Licking: The dam is hovering over the pups and holding one pup in the paws, performing

repetitive licking movements, proceeding from the pup's head to trunk to anogenital region.

Active maternal care: for this category we combined active nursing and licking (but not

prone nursing and supine nursing; cf. Macri et al., 2004). As shown elsewhere (Macri et al.,

2004), active maternal care is comparable to the category "active maternal care" used by Meaney

and colleagues (e.g. Meaney, 2001), who combine licking/grooming and arched back nursing.

Passive nursing: prone nursing and supine nursing.

Contact with pups: time spent by the dams in contact with pups.

Nest excursions: dam out of the NC (either in the tunnel or the EC).

Since the length of a nursing bout largely exceeds the 6-min interval between two consecutive

observations of the same dam (Pryce et al., 2001), we assumed that the occurrence of active

nursing in two or more consecutive observations reflects a continuous bout of active maternal

care rather than two separate bouts. We therefore analyzed both the number (i.e. frequency of

nursing preceded by non-nursing) and duration of nursing bouts (i.e. number of consecutive

observations of active nursing x 6 min). Using the same method, we also calculated the duration

of nest excursions.

Plasma ACTH and corticosterone response to restraint stress

At the age of 80 days, one female and one male of each litter were taken from the home cage and

carried by a familiar experimenter to an adjacent room for blood sampling and plasma

corticosterone and ACTH determination as previously described (Macri et al., 2004). Blood

sampling was performed between 1230 and 1500 h. Briefly, rats were subjected to 25 min of

restraint, and blood was collected by tail-incision immediately before and 25, 60 and 120 minutes

after the onset of restraint. Samples were cool centrifuged, and the plasma stored at -80 °C until

assayed.

Plasma corticosterone radioimmunoassay: Plasma immunoreactive corticosterone titres

were determined with an in-house 3H radioimmunoassay validated for rat EDTA plasma. Diluted
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plasma samples were heated in a water bath at 90 °C for binding protein denaturation, and rabbit

anti-corticosterone serum (07-120016, ICN Biomedicals, Costa Mesa, CA) was incubated with

[1,2,6,7-3H ] corticosterone (TRK 406, Amersham Switzerland, Zürich) and either corticosterone

standard (Sigma, C-2505, 12.5-250 ul per tube, in duplicate) or sample (250 ul at 1:400 dilution

in duplicate) separation was achieved with dextran-coated charcoal. Between and within assay

variation coefficients were 4.5% and 3.4% respectively. To determine the integrated

corticosterone response to 25 min restraint over 120 min, we calculated the area under the curve

by means of the trapezoidal rule, correcting for variations in basal levels. Due to technical

problems, data from one sampling session for both ACTH and corticosterone had to be excluded

from analysis.

Plasma ACTH radioimmunoassay: Plasma immunoreactive ACTH titres were quantified

using an ACTH 125I radioimmunoassay kit for the determination of human ACTH in EDTA

plasma (DiaSorin, Stillwater, MN). To increase assay sensitivity and reduce the volume of

plasma needed per measurement, the supplied assay protocol was slightly modified. 125I tracer

(50 ul) and 50 ul of antiserum were added to 150-ul aliquots of the five standards (diluted 1:6 in

distilled water to give concentrations of 4-120 pg/ml), to 150-ul aliquots of two controls (diluted

1:6 in distilled water) and to 150 ul of sample (diluted 1:10 in distilled water). Standards and

controls were measured in duplicate; samples in single in borosilicate glass tubes. Tubes were

vortexed and incubated at 4 °C for 20 h. Separation was achieved by adding precipitating

complex (250 ul), diluted 1:2 in distilled water, to all tubes except total count. Following brief

vortexation and 20-min incubation at 20-25 °C, tubes were centrifuged at 1500xg- for 20 min.

The supernatant was aspirated and samples measured in a gamma scintillation counter (Minaxi y;

Packard, Downers Grove, IL), 3-min count per tube. The 125I radioimmunoassay was validated

for ACTH in rat EDTA plasma. Inter-assay precision was 8.7%, and intra-assay precision was

2.3%). Assay sensitivity was 0.2 pg/tube at 95%> binding.

Open field test

Exploratory behaviour in a novel open field was assessed in a square arena (76.5x76.5x49 cm)

made of dark grey plastic. Four arenas were placed adjacent to each other in an experimental

room indirectly illuminated by low light (approx. 20 lx). Cameras connected to a video recorder

and a video tracking system (EthoVision; Noldus Information Technology, Wageningen, the
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Netherlands) were mounted above each arena for behavioural analysis. Subjects were exposed to

the open field for a 15-min test session to assess locomotor activity and behavioural fearfulness

in a novel arena. The video tracking system allowed automatic recording of total locomotion

(expressed as the total distance travelled during the test session in cm). In addition, a virtual

square centre was defined in the arena, and both general locomotion and time spent in inside this

zone were measured as an index of emotional reactivity.

Statistical analysis

Data were analyzed by repeated measures ANOVA for split-plot designs. However, the IEC

treatment was not directly comparable to the NC treatment since two variables were manipulated

at once, that is spatial and temporal access to food. This was statistically taken into account by

performing separate analyses for the comparisons EC vs. NC (variation in food location) and EC

vs. IEC (variation in the temporal access to food). Thus, data from the EC group were used in

two independent comparisons (EC vs. IEC and EC vs. NC) and significance levels were therefore

adjusted using the Bonferroni correction. For analysis of nest excursions, the general model was

8 days x 8 hours x 2 treatments. The general model to analyze maternal behaviour was 6 days x 8

hours x 2 treatments. For analysis of food intake the general model was 8 days x 2 treatments.

Treatment was a between litter factor while all other variables were within litter factors. For

analysis of the open field test and total corticosterone and ACTH response (area under the curve,

AUC), the general model was 2 sex x 2 treatments. Separate analyses on males and females were

performed when appropriate and significance was set a P<0.05. Multiple comparisons were

performed using Tukey's HSD test.

Results

Effects on dams

Food intake

As shown in Fig. 2, food intake gradually increased throughout the treatment period in all three

treatment groups, albeit at a different rate. Thus, whereas spatial variation in the access to food

had no effect on food intake throughout the entire treatment period (NC vs. EC: treatment:
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^(i,i3)=0.5, NS; days x treatment: i7(7;9i)=0.5, NS), restricted access to food significantly reduced

food intake (EC vs. IEC: treatment: JF(U3)=17.6, ,P<0.01), except on PND 1 (post hoc test, NS).

This difference in food intake was due to a slower increase in food intake by IEC dams

throughout the entire treatment period (days x treatment: i7(7;9i)=15.0, P<0.05).

Fig. 2: Food intake (grams) during the first week of lactation m NC, EC and IEC dams (MEAN ± SEM)

Nest site attendance

As shown in figure 3a, the number of excursions to the exploration cage increased in all three

groups throughout the observation period (i7(7;i33)=14.4, P<0.0\). Food location significantly

affected the frequency and duration of excursions to the exploration cage, while restricted access

to food had no effect. Thus, EC dams visited the EC more frequently (treatment: i7(i;i2)=9.1,

P<0.02) and for longer durations (treatment: JF(W2)=14.0, ,P<0.01) than NC dams, whilst EC

dams and IEC dams did not differ (Fig. 3a). All dams left the nest more frequently during the

dark phase of the diurnal cycle than during the light phase {P<0.05 in post-hoc tests performed

within EC and NC groups; P<0.0\ in post-hoc performed with IEC group). However, in IEC

dams, the temporal pattern of access to food during nine 30-min periods affected the diurnal

pattern of nest excursions significantly (Fig. 3b). Thus, compared to EC dams, IEC dams spent

significantly more time in the exploration cage during periods of access to food {P<0.0\ and

,P<0.05 in post-hoc tests at 1400 and 2000h respectively).
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Maternal care

Even though EC dams showed significantly (i7(i,i2)=7.6, P<0.05) longer nursing bouts (934.1±

48.7 sec) than NC dams (778.0±37.4 sec), while they did not differ in the number of nursing

bouts, total active maternal care was not significantly different between EC and NC dams. As

summarized in table 1, neither variation in food location, nor temporal variation in access to food

affected the amount of maternal care provided by the dams. Thus, levels of licking and active

nursing as well as the composite category of active maternal care neither differed significantly

between NC and EC dams, nor between EC and IEC dams. Similarly, there were no significant

differences between dams of the different treatment groups in total contact with pups and self-

maintenance behaviours. However, the diurnal distribution of maternal behaviour was

significantly affected by temporal variation in the dams' access to food. Thus, dams with

restricted access to food showed less active maternal care (licking, active nursing) during periods

of access to food, especially between 1300 and 1400 hours, when levels of maternal care were

high in dams of the two ad libitum fed groups, while they showed elevated levels of maternal

care at other times (e.g. from 1000 to 1100 hours), thereby fully compensating for the reduced

levels of active maternal care during feeding periods.
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Effects on offspring

Sex ratio and body weight gain

As Shown in table 2, sex ratio at weaning was similar in EC, NC and IEC litters. Furthermore,

despite the reduced food intake in IEC dams compared to dams of the two other treatment

groups, there was no significant treatment effect on offspring body weight, neither at weaning,

nor in adulthood (see table 2).

Table 2. Effects of neonatal manipulations on dams and offspring's (at weaning and in adulthood) body weight and

on sex ratio at weaning

Mean dams Mean pups

body body weight
weight (g) weaning (g)

â ?

Mean adult offspring
at body weight (g)

â ?

Male/female

sex ratio %

EC 291.3 34.8 33.8 212.3 374.6 57.4

NC 288.0 34.1 34.1

p
= 0.8 Sex x treatment p

= 0 3

IEC 267.7 31.8 31.6

p
= 0.1 Sex x treatment p

= 0 1

212.6 348.9 55.2

Sex x treatment p
= 0 1 p

= 0.8

210.7 343.6 51.2

Sex x treatment p
= 0 1 p

= 0.3

Dams and pups body weight at weaning, sex ratio and mean body weight in adult offspring from EC, NC and

IEC groups Significance levels are reported for the comparison between EC vs NC and EC vs IEC

HPA responses

Physical restraint elicited a massive increase in both ACTH and corticosterone levels that

gradually decreased to pre-restraint levels by tl20. However, HPA responses to stress varied

between sexes and treatment groups.

NC vs. EC: The ACTH response was significantly lower in males than in females (sex:

F(i;9)=16.6, P<0.01). In females, location of food during the neonatal period had no effect on the

ACTH response to restraint (treatment: i7(i;9)=0.02, NS). In contrast, males of dams with access to

food in the exploration cage (EC males) showed a significantly reduced ACTH response to the

stressor compared to males of dams with access to food in the nest cage (NC males; time points x
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treatment: i7(i;9)=3.9, P<0.05; P<0.05 in post hoc tests, Fig. 4a), while basal levels and levels 120

min after the stressor did not differ. Males also showed reduced corticosterone responses

compared to females (Fig. 4c,d; sex: i7(i;9)=35.4, P<0.01). However, in contrast to the results on

the ACTH response, corticosterone output (area under the curve, AUC) was significantly reduced

in EC females compared to NC females (treatment: i7(i;9)=6.6, P<0.05, Fig. 4d inset), whilst there

was no difference in males (treatment: i7(i;9)=0.2, NS).

EC vs. IEC: Again, there was a main effect of sex reflecting that the ACTH response was

significantly lower in males than in females (sex: i7(i;9)=14.3, P<0.01). However, variation in the

temporal access of the dams to food during the neonatal period significantly affected the ACTH

response to restraint stress in both sexes. Thus, both IEC males and females showed higher peak

ACTH levels compared to EC males and females, respectively (time points x treatment:

^(3,27)=7.4, P<0.01; P<0.01 in post hoc tests, Fig. 4a,b). Males also showed reduced

corticosterone levels compared to females (sex: i7(i;9)=22.9, P<0.01). However, while female EC

and IEC offspring did not differ in the corticosterone response to restraint stress, IEC males

showed a significantly slower recovery compared to EC males (time points x treatment:

^(3,27)=4.8, P<0.01; P<0.05 in post hoc test), resulting in a higher total corticosterone output

(AUC; treatment: Fim=23J, P<0.01; Fig. 4c and 4c inset).
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Fig. 4: Upper panels basal levels (tO), peak response (t25) and recovery (t60, tl20) of plasma ACTH levels shown

by male (a) and female (b) animals reared by NC, EC and IEC dams (N=6 per sex per group) m response to 25 mm

restraint stress ** P<0 01 and * P<0 05, post hoc tests m paired comparisons with EC as control Lower panels

basal levels (tO), peak response (t25) and recovery (t60, tl20) of plasma corticosterone levels shown by male (c) and

female (d) animals reared by NC, EC and IEC dams (N=6 per sex per group) m response to 25 mm restraint stress

Insets: integrated corticosterone response over a 2 h period (area under the curve, AUC) to 25 mm restraint stress m

male (c, mset) and female (d, mset) offspring ** P<0 01 and * P<0 05, post hoc tests m paired comparisons with

EC as control
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Open Field test

NC vs. EC: Male and female offspring differed depending on treatment in the time they spent in

the centre of the open field (sex x treatment: F(i,26)=10.6, P<0.01, data not shown). Separate

analyses conducted on the two sexes revealed that females showed different levels of central

exploration (treatment: F(i,i3)=19.4, P<0.01), with NC females spending less time in the centre of

the open-field compared to EC females (P<0.01, Fig. 5b). Correspondingly, locomotor activity in

the centre of the arena was higher in EC females compared to NC females (treatment: i7(i;i3)=6.8,

P<0.05, data not shown), while total locomotor activity did not differ between NC and EC

females (treatment: i7(i;i3)=1.5, NS, Fig. 5a). Although females showed a tendency towards higher

levels of general locomotion compared to males during the 15-min session (sex: F(i,26)=3.7,

P=0.07), this difference was not affected by treatments (treatment: F(i,26)=0.5, NS; sex x

treatment: F^26)=0.9, NS). By contrast, there were no differences between males of the two

groups in total locomotor activity, time spent in the centre of the arena and locomotor activity in

the centre (treatment: F(i,i3)=0.2, NS; F(i;i3)=0.6, NS; F(i,i3)=0.5, NS, respectively, Fig. 5a,b).

EC vs. IEC: Females were more active than males in the open field as measured by total

locomotor activity (sex: i7(i;28)=9.6, P<0.01, Fig. 5a), as well as locomotor activity in the centre

of the arena, (sex: F(i,28)=8.2, P<0.01, data not shown). However, offspring of both groups

showed comparable levels of total locomotion in the arena (treatment: F(i,28)=0.3, NS; sex x

treatment: F(i;28)=0.4, NS). EC and IEC offspring spent similar amounts of time in the centre of

the open field (sex: F(i,28)=1.0, NS; treatment: F(i,28)=1.2, NS). However, separate analyses

performed in males and females showed that EC females tended to spend more time in the central

part of the open field compared to IEC females (P<0.1, Fig. 5b). In contrast, there were no

significant differences between treatment groups in males in this test (treatment: F(2,20)=0.5, NS).

Similarly, whereas females showed higher levels of locomotion than males in the centre of the

open field (sex: F(i,28)=8.2, P<0.01), this difference was not affected by neonatal treatments

(treatment: F(i,28)=0.1, NS; sex x treatment: F(i,28)=0.1, NS).
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Fig. 5: (a) Total locomotion (cm) in the open field arena and (b) time spent in the centre of the arena by NC (N=8

per sex), EC (N=6 per sex) and IEC (N=8 per sex) male and female adult offspring during a 15 mm test session

(Mean + SEM) *P<0 01m multiple comparisons between EC and NC female offspring

Discussion

We manipulated spatial and temporal access of Lister hooded dams to food during the first week

following delivery to study early environmental effects on the development of behavioural and

endocrine responses to threat in rats. Spatial variation in the access to food affected maternal

behaviour, but did not alter food intake, while intermittent access to food reduced food intake, but

did not alter maternal behaviour, except for the temporal organisation of nursing bouts. Both

spatial and temporal variation in access to food resulted in altered behavioural and HPA

responses in the adult offspring. Dams with ad libitum access to food away from the nest cage

(EC dams) spent less time in the nest cage compared to dams with ad libitum access to food in

the nest cage (NC dams). However, this did not result in reduced active maternal care in EC dams

compared to NC dams, but in a subtle reorganisation of active maternal care. Thus, EC dams

showed slightly fewer (although not significant), but significantly longer, bouts of active

maternal care compared to NC dams. When adult, both males and females reared by EC dams

showed attenuated HPA responses to restraint stress, and females, but not males, displayed also a

less fearful behavioural profile in the open field test compared to females reared by NC dams.

Despite the lack of effect on total levels of active maternal care, these results show striking

parallels to those induced by early handling compared to non-handling (Liu et al., 1997, Macri et

al., 2004).
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In contrast, restricted access to food in the exploration cage affected neither the frequency

nor the duration of excursions to the exploration cage, but resulted in a temporal reorganisation of

nest attendance reflecting the times of access to food, without affecting total levels or bout-length

of active maternal care. However, restricted access to food resulted in a significant reduction of

food intake in IEC dams compared to both NC and EC dams. When adult, both males and

females reared by IEC dams showed increased HPA responses to restraint stress compared to EC

offspring. Although these effects are lower in magnitude, and neither males, nor females of these

two groups differed in the open field test, these effects show striking parallels to those induced by

maternal separation compared to early handling (Macri et al., 2004).

In summary, these findings are consistent with the hypothesis that in rats behavioural and

endocrine responses to threatening situations are down-regulated in response to a moderately

challenging maternal environment (EC vs. NC rats), while adverse environmental conditions

(IEC vs. EC rats) may exert an opposing effect (Macri et al., 2004). Our results further suggest

that temporal variation in nest attendance could play a crucial role in the down-regulation of

behavioural and endocrine responses to stressors in response to a moderately challenging

maternal environment.

Neonatal environment, maternal care and food intake

One of the principal aims of this study was to examine whether selective modifications of the

maternal habitat produce characteristic differences in the diurnal pattern of nest attendance and

other aspects of maternal care in rats. Previous studies have shown that early handling (EH)

induces a higher frequency of nursing bouts and increased levels of total active maternal care

(Liu et al., 1997; Macri et al., 2004; see also reviews by Meaney, 200land Pryce and Feldon,

2003). However, neonatal manipulations such as EH involve human manipulation of pups and/or

dam, forced separation of dam and pups, and exposure of the dam and/or pups to novelty and

sometimes isolation (Hall, 1998; Lehmann and Feldon, 2000). Thus, the effects of EH on

maternal behaviour may reflect variation in one or several of these factors, and it is unclear how

such a manipulation relates to more natural variation in the maternal habitat. The present findings

demonstrate for the first time that temporal variation in nest attendance and other aspects of

active maternal care can be selectively altered by specific modifications of the maternal habitat,

without direct manipulation of the dam and or pups.
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Providing access to food away from the nest cage resulted in dams spending considerably

more time away from the nest site. Thus, nest site attendance in EC dams was reduced compared

to NC dams, while EC and IEC dams did not differ. However, increased time away from the nest

site did not result in reduced levels of active maternal care. To the contrary, EC dams even

showed higher levels of active maternal care than NC dams, although this was reflected only in a

significant increase in the length of nursing bouts. Thus, although the effects on active maternal

care were smaller in magnitude and limited to nursing-bout duration compared to those induced

by early handling, providing dams with ad libitum access to food away from the nest site appears

to mimic early handling in terms of its effects on maternal behaviour (see e.g. Liu et al., 1997,

Macri et al., 2004). This finding further supports the view that a moderately challenging

environment stimulates active maternal care compared to completely undisturbed conditions

(Macri et al., 2004).

The mechanisms underlying such environmental stimulation of active maternal care have

remained elusive. One possibility is that the effect on maternal care is mediated through pup

behaviour. Rat pups isolated from their mother rapidly start to emit ultrasonic vocalizations

which induce active maternal care, and repeated dam-pup separations increase the emission rate

of such vocalization (Hofer, 1996). Reduced nest attendance in EC compared to NC dams might

therefore have elicited higher rates of vocalizations resulting in more active maternal care.

Alternatively, increased mother-pup separations might have induced a more protective nursing

style in the dams, resulting in prolonged bouts of active maternal care following nest excursions.

Further studies will be needed to clarify this point.

In contrast to spatial variation, temporal variation in the access of dams to food affected

food intake, while the effects on maternal behaviour were limited to a reorganisation of the

diurnal distribution of active maternal care. In particular, restricted access to food significantly

reduced nest attendance at times when food availability was concurrent with periods of naturally

high levels of active nursing. In terms of total levels of active maternal care, however, IEC dams

fully compensated for these temporal reductions by increasing maternal care throughout the rest

of the day. Such compensatory reorganisation in active maternal was also induced by maternal

separation (Pryce at al., 2001, Macri et al., 2004) and demonstrates the great plasticity in the

organisation of maternal behaviour in rats.
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Effects of maternal environment on offspring phenotype

Spatial variation

Spatial variation in the dams' access to food had slightly different effects on the phenotype of

adult male and female offspring. Thus, females reared by EC dams showed attenuated

corticosterone responses to restraint stress and reduced fearfulness in the open field, but did not

differ in the ACTH response to restraint stress compared to females reared by NC dams. In

contrast, EC males showed attenuated ACTH peak responses to restraint stress, but no

differences in the corticosterone response to restraint stress and in measures of fearfulness in the

open field test, compared to NC males. Despite these inconsistencies, however, the general

behavioural and endocrine profile of EC offspring closely resembles that of adult offspring

exposed to early handling (Levine, 1957; Levine and Lewis, 1959; Meaney et al., 1985; Bodnoff

et al., 1987; Meaney et al., 1989; Plotsky and Meaney, 1993; Caldji et al., 2000; Pryce et al.,

2001; Macri et al., 2004). Although we did not find the expected effects in all measures in both

sexes, there were no effects in the opposite direction to that induced by early handling.

Interestingly, Liu et al. (1997) found that increased levels of total maternal care induced by early

handling were due to more frequent, but shorter, nursing bouts. Therefore, total levels of maternal

care may be secondary to the frequency or diurnal distribution of nursing bouts, which could thus

be the true mediating factor of these maternal effects on offspring phenotype. This is further

supported by findings from Meaney et al. (2000), showing that repeated, but not single, mother-

offspring separations increase thyroid hormone mediated adenylyl cyclase activity and

hippocampal cAMP levels (which are thought to be responsible for increased GR expression

levels in handled rats). This elevation was independent of total levels of active maternal care, thus

further supporting the hypothesis that the temporal distribution of mother-offspring separations

might play a crucial role in the effects of neonatal manipulations on the adult offspring's stress

and fear responses (see also Pryce and Feldon, 2003, Macri et al., 2004).

Compared to the classical neonatal manipulations involving human handling, the present

study more directly relates to the situation in the wild. In the wild, neonate rats spend most of

their time in a safe and stable nest with little or no contact with the environment, the mother

being their only link with their future habitat. The behaviour of the mother in turn is directly

affected by this environment and its specific characteristics (e.g. food availability, prédation

pressure, social competition etc.). All of these factors are likely to affect the frequency and
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duration of her excursions from the nest site (Francis et al., 1999; Meaney, 2001; Wiirbel, 2001).

Therefore, the diurnal pattern of nest attendance might serve the pups as a valuable source of

information about the challenges in their future habitat. Here, we specifically modified this factor

and demonstrate that variation in the dams' nest excursions relates to later stress and fear

responses in the offspring. Since spontaneous high levels of active nursing are associated with

reduced stress and fear responses in the adult offspring (reviewed by Meaney, 2001), it has been

proposed that the effects of early handling on offspring phenotype are mediated by increased

levels of active maternal care (Liu et al., 1997; Meaney, 2001; Macri et al., 2004). Although we

can not exclude this possibility, the present study favours the view that variations in the temporal

pattern of nest attendance, rather than total levels of active maternal care, might be the mediating

factor. We found substantial differences in the frequency and duration of nest excursions, while

differences in total maternal care were much smaller than those induced by early handling (see

Liu et al., 1997; Macri et al., 2004). Like in the present study, the duration of nursing bouts is

also increased in spontaneously high caring compared to low caring dams (Champagne et al.,

2003), while early handling induced shorter, but more frequent, nursing bouts (Liu et al., 1997),

indicating that the duration of nursing bouts per se has no predictive power for the effects on

offspring phenotype. Therefore, we conclude that the frequency and/or duration of nest

excursions, rather than the length of nursing bouts or total levels of maternal care, were

responsible for the present effects on offspring phenotype. Further studies will be needed to

elucidate the mechanisms underlying these developmental effects.

Temporal variation

Intermittent access to food in the exploration cage (IEC dams) significantly reduced the dams'

food intake and altered the diurnal distribution of active maternal care, but had no effect on total

nest attendance or total active maternal care compared to dams with ad libitum access in the

exploration cage (EC dams). Adult offspring of IEC dams showed elevated stress and fear

responses compared to EC offspring. IEC offspring of both sexes showed increased ACTH

output following restraint stress, while males also showed slower recovery in the corticosterone

response following restraint stress resulting in higher total corticosterone output. These results

indicate that restricted feeding generally increased behavioural and endocrine responses to

stressors, independent of total levels of active maternal care. Although in males only endocrine,
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but not behavioural, reactivity was affected, these effects essentially mimic the effects of

maternal separation (daily 4h periods of mother-offspring separation during the first two weeks

of life; Macri et al., 2004). We have previously shown that maternal separation induces increased

behavioural and endocrine stress reactivity compared to early handling, although total levels of

active maternal care did not differ between dams of these two treatments (Macri et al., 2004).

Based on this finding, we proposed that other factors than total active maternal care (e.g. food

restriction, disruption of pups' homeostasis, altered diurnal distribution of nest attendance) might

be responsible for the differences in the adult offspring's stress and fear responses. The present

findings provide additional support for this view.

Concerning the mechanisms underlying the observed changes in offspring phenotype,

effects of reduced food intake acting on the pups' development directly via changes in the

amount or nutritive value of the milk or indirectly via other changes in the dams' physiology, are

the primary candidates. Only few studies have examined the effects of maternal food restriction

on offspring HPA responses in rats (Leonhardt et al., 2002; Lesage et al., 2002; Sebaai et al.,

2002). Although Leonhardt (2002) found that maternal food restriction resulted in reduced

ACTH and CORT responses to stressors later in adulthood, Sebaai et al. (2004) demonstrated that

maternal food restriction increases HPA reactivity in adult male rats.

Furthermore, other studies demonstrated that maternal food restriction induces a short

term increase in the offspring's adrenal sensitivity to ACTH (Stanton and Levine, 1988;

Rosenfeld et al., 1992; Rosenfeld et al., 1993; Levine, 2001), and moderate hypercotisolism has

been related to reduced glucocorticoid receptor expression in adult male rats (Sutanto et al., 1996;

see also Rots et al., 1996 for a discussion). Thus, although largely hypothetical, the effects of

maternal food restriction might depend on corticosterone mediated reduction in glucocorticoid

receptor expression in the adult offspring.

Catalani at al. (1993; 2000) demonstrated that neural rearrangements mediating HPA

responses are sensitive to neonatal variations in circulating levels of corticosterone. Elevated

corticosterone levels might have been transferred to the pups through the milk, since food

restriction is sufficient to increase circulating levels of corticosterone in dams (see e.g. Leal and

Moreira, 1997). Alternatively, food restriction may have affected HPA development in the

offspring through a reduction of milk ejection. Almeida et al. (1994) showed that increased levels
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of CRF are able to affect milk ejection in rats, while Lau and colleagues (2004) also showed that

environmental challenges are sufficient to impair lactation in rats.

Finally, temporally restricted access to food might have affected the development of

behavioural and HPA responses to threat in the offspring through effects on the diurnal

distribution of nursing bouts. This may, for example, affect the development of HPA responses

via effects on the circadian rhythm of suprachiasmatic clock genes. Ohta et al. (2003)

demonstrated that blind rats maternally deprived for daily 12-hr periods during the light phase

from PND 1 to 6 showed a complete phase reversal of the clock genes rPerl and rPer2 and of

glucocorticoid receptor expression. Circadian distribution of nursing bouts has been suggested to

serve a pacemaker function to the pups (Reppert et al., 1988) and to entrain the diurnal oscillation

of corticosterone release in offspring (Honma et al., 1984). Weaning blind rats reared by mothers

having access to food only for 4-hr a day, resulted in a phase shift in the diurnal distribution of

locomotor activity (Honma et al., 1987). Diurnal distribution of locomotor activity in the weaning

rat directly related to the feeding-dependent alteration in maternal circadian activity. These

findings suggest that maternal food restriction may additionally have altered HPA development

in the offspring via its effects on the diurnal distribution of nest attendance.

Conclusions

The results presented here demonstrate for the first time that subtle modifications of the maternal

environment (food location) - without direct human interference of mother-pup contact as in

other neonatal manipulation studies - are able to modify the pattern of nest attendance and

maternal behaviour, and that such environment-dependent variation is reflected in the adult

offspring's HPA reactivity. Our results further support a two factor hypothesis (Macri et al.,

2004). On the one hand, environmental challenges may lead to a down-regulation of the

offspring's HPA-system via their stimulating effects on maternal behaviour. On the other hand,

adverse environmental conditions (e.g. food restriction) may constrain this mechanism by their

opposing effects on the offspring's HPA-reactivity.

Future research will have to clarify whether the effects of spatial variation in the dams'

access to food on offspring phenotype depend on the same neural mechanisms as those induced

by early handling and spontaneous high levels of active maternal care (Meaney, 2001; Weaver et

al., 2004), and whether the effects of food restriction and other adverse conditions such as
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maternal separation depend on mechanisms that are independent of those. Selective manipulation

of nest-attendance through variation in foraging demand (e.g. using operant feeders) could prove

highly useful to this end. Ultimately, however, the adaptive significance of epigenetic maternal

programming of behavioural and HPA-responses in rats will have to be determined in terms of

the survival and reproduction of animals in the wild.
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Abstract

Postnatal manipulations such as brief (Early Handling, EH) and long, daily mother-offspring

separations (Maternal Separation, MS) in rats are used to study the mechanisms underlying

developmental plasticity of stress and fear responses, and to model stress-related disorders in

humans and in non-human animals. Current evidence suggests that EH reduces hypothalamic-

pituitary-adrenal (HPA) reactivity in the adult offspring through stimulating increased levels of

active maternal care. In contrast, MS increases HPA-reactivity, but the contribution of maternal

care to the effects of maternal separation has remained elusive. We therefore attempted to

selectively manipulate levels of active maternal care and duration of mother-offspring separations

in neonate rats. Rat pups were exposed to different combinations of non-handling (NH), EH and

MS from postnatal day (PND) 2 to 10 using a split-litter design. Maternal behaviour was

recorded from PND 2 to 7 and behavioural and endocrine responses to stress were studied in the

offspring when adult. Within-litter comparisons revealed no treatment-specific differences in

behavioural and endocrine stress reactivity between littermates. However, low levels of maternal

care combined with long mother-offspring separations resulted in elevated HPA-reactivity in the

adult offspring compared to both high maternal care combined with long mother-offspring

separations and low maternal care combined with brief mother-offspring separations. These

findings further support the hypothesis that active maternal care and long mother-offspring

separation act independently, and exert opposing effects, on the adult offspring's HPA responses,

but that elevated levels of maternal care may attenuate effects of long mother-offspring

separations.

Keywords: maternal behaviour, HPA axis, fear, rat, early handling, maternal separation
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Introduction

Early life experiences have long been known to exert strong influences on behavioural and brain

development in animals and humans (e.g. Shekhar et al., 2001; Ladd et al., 2000; Levine, 2001),

and in humans adverse early life events (such as physical or emotional neglect or violence)

directly relate to the emergence of psychiatric disorders later in adulthood (Heim et al., 2000a,b).

Such pathological outcomes often depend on a dysregulation of the hypothalamic-pituitary-

adrenocortical (HPA) system and on the subsequent abnormal regulation of circulating levels of

stress hormones (Boyle et al., 2005). Several animal models used to study the mechanisms

underlying neonatal plasticity of the HPA-system and to model related human disorders, are

based on rats (Bodnoff et al., 1987; Caldji et al., 1998; Caldji et al., 2000; Liu et al., 1997;

Meaney, 2001; Weaver et al., 2004; Abraham and Kovacs, 2000; Heim and Nemeroff, 2001;

Nestler et al., 2002; Porsolt et al., 1977; Ruedi-Bettschen et al., 2004), yet the factors mediating

HPA-development in rats have remained elusive (Macri et al., 2004). A better understanding of

environment-dependent plasticity of the HPA-system in rats could advance our understanding of

experience-dependent plasticity of brain and behaviour and help improve the validity of rat

models of stress-related disorders. Furthermore, stress and fear are major sources of impaired

well-being in many laboratory animals and confounding variables in many animal experiments.

A better understanding of environmental factors affecting HPA-development could thus help to

refine animal husbandry in view of maximizing both animal welfare and the scientific validity of

animal research (Wiirbel, 2001).

Almost fifty years ago, Levine (1957) provided the first experimental evidence that the

capacity of rats to cope with stress is modulated by early experience. Thus, rats separated daily

from their mothers for brief periods (3 min; early handling, EH) during the first three weeks of

life showed reduced adrenal gland weights 24 h after a single glucose injection (Levine, 1957). A

few years later, Denenberg et al. (1969) proposed that these effects might be mediated by changes

in maternal behaviour induced by EH (see also Smotherman and Bell, 1980). However, only

quite recently this hypothesis has been confirmed experimentally (reviewed by Meaney, 2001;

see also Pryce and Feldon, 2003). Thus, EH was found to stimulate active maternal care, and

similar to EH, spontaneously high levels of active maternal care were associated with reduced

behavioural and endocrine stress responses in the adult offspring (Liu et al., 1997; Francis et al.,
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1999). These changes in HPA-reactivity seem to depend on alterations in DNA methylation and

chromatine structure induced by variations in active maternal care (Weaver et al., 2004).

In contrast, longer periods of daily maternal separations (3-6 hr; maternal separation, MS)

produced far less consistent results. Compared to undisturbed controls (non-handling, NH), MS

was sometimes found to increase behavioural and endocrine stress reactivity (e.g. Biagini et al.,

1998; McCormick et al., 2002; Plotsky and Meaney, 1993), while in other cases no significant

effects (e.g. Liu et al., 2000; Hilakivi-Clarke et al., 1991; Caldji et al., 2000; Macri et al., 2004)

or even opposite effects were detected (see Mcintosh et al., 1999 for reduced fearfulness, and

Ogawa et al., 1994 for reduced HPA responsiveness). Despite these inconsistencies, it has been

proposed that MS deprives pups of active maternal care which, in turn, induces increased stress

and fear responses in the adult offspring (Meaney, 2001). However, we recently found that MS

induced elevated levels of active maternal care similar to EH, despite the daily 4 hr mother-

offspring separation (Macri et al., 2004). This was due to a general up-regulation of active

maternal care throughout the day similar to EH, and massively elevated levels of maternal care in

the hours following reunion of dam and pups, which fully compensated for the lack of maternal

care during the 4 hr separation. However, unlike EH offspring, MS offspring showed elevated

stress and fear responses similar to NH controls (Macri et al., 2004). This dissociation in the

effects of EH and MS on maternal care and the adult offspring's stress and fear responses

indicates that the total amount of active maternal care cannot fully explain the effects of these

neonatal manipulations on offspring phenotype. Thus, besides levels of active maternal care,

other factors associated with long mother-offspring separations involved in MS must contribute

to the effects of MS on later stress and fear responses in the offspring. In line with Pryce and

colleagues (Pryce et al., 2001; Ruedi-Bettschen et al., 2004), we proposed that MS may affect

pup homeostasis by e.g. reduced food intake, altered diurnal distribution of nursing bouts, or a

transient decline of body temperature (Macri et al., 2004).

The aim of the present study was to further examine the relative contributions of active

maternal care and length of mother-offspring separations to the development of stress and fear

responses in rats. To this end we attempted to selectively manipulate (i) the duration of mother-

offspring separations and (ii) the level of active maternal care, and to create rearing conditions

that differed along these two factors. We thus adopted a split-litter design (Tang, 2001; Tang et

al., 2003a; Tang et al., 2003b) in which NH, EH and MS were combined in specific ways to
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exploit the following effects: a general up-regulation of active maternal care induced by EH and

MS compared to NH, a temporary increase in active maternal care following reunion of dam and

pups induced by MS compared to EH and NH, and different durations of mother-offspring

separations induced by NH, EH and MS.

Materials and Methods

Housing conditions

Pregnant Lister Hooded females (purchased from Harlan, NL-5960, Horst, The Netherlands)

were housed in standard polycarbonate cages (59.0 x 38.5 x 20.0 cm) with sawdust bedding and

ad libitum water and rodent pellets (Universal feed 3430, Moulin Kilba SA, Kaiseraugst, CH).

They were maintained on a reversed 12:12 h lightdark cycle (lights on at 1900 h) with

temperature at 21 ± 1 °C and relative humidity of 55 ± 5%. They were then inspected daily at

0930 h for delivery and day of birth was designated as postnatal day 1 (PND 1). On PND1 pups

were marked by toe clipping and mothers and pups were randomly allocated to treatment groups

as described below (n=8 per group). At PND 21, offspring were weaned into same-sex groups of

four littermates. One week prior to testing, all offspring were re-housed in pairs. Adult rats were

used only once. The experiment was run in two replicates (N=4 per group per replicate). All

experimental manipulations were conducted under experimental permit in accordance with the

Swiss Animal Protection Act (1978).

Experimental treatments

To induce dissociation in the level of maternal care and the duration of mother-offspring

separations, the following treatments were applied from PND 2-10 (see Fig. 1 for a graphical

representation):

Non-handling (NH): dam and pups were left undisturbed in a separate room, except for

the provision of food and water. In addition, the experimenter entered the room twice daily to

control for disturbances other than the manipulations associated with the other treatments. Due to

reduced litter size one dam was removed from the study (N=7);

Maternal separation/maternal separation (MSMS): at 7:30 the dam was briefly removed

from the home cage and at least four pups (two males and two females) were placed in an

adjacent cage for 4h (MSms offspring); at 9:30, the dam was again briefly removed from the
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home cage and the remaining part of the litter (two males and two females) was placed in an

adjacent cage for 4h (msMS offspring); at 11:30 MSms pups were returned to the home cage and

at 13:30 msMS pups were returned to the home cage (N=8);

Maternal separation/early handling (MSEH): at 7:30 the dam was briefly removed from

the home cage and all pups were placed in an adjacent cage; 15 min later, part of the litter (two

males and two females) was returned to the home cage (msEH offspring), while the remaining

part of the litter (at least two males and two females; MSeh offspring) remained in the separation

cage; at 11:15 the dam was again briefly removed from the home cage and msEH pups placed

again in the separation cage for another 15 min.; at 11:30 both MSeh and msEH pups were

returned to the home cage (N=8);

Non-handling/Early Handling (NHEH): at 7:30 the dam was briefly removed from the

home cage and part of the litter (at least two males and two females) was placed in an adjacent

separation cage for 15 min before being put back in the home cage, and this procedure was

repeated at 11:15 (nhEH offspring), while the remaining part of the litter (two males and two

females) remained in the home cage (NHeh offspring). Due to reduced litter size one dam was

removed from the study (N=7).

Dams that gave birth to less than 9 viable pups were excluded from the study. On PND

11, all treatment groups were housed together in one room and maintained according to standard

husbandry routines.
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time and duration of separation for each group of httermates, while grey columns indicate the time of behavioura
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These treatments were expected to have the following effects:

NH pups underwent no mother-offspring separation and were expected to receive low

levels of active maternal care (no separation - low care).

MSms pups underwent long mother-offspring separations and were expected to receive

elevated levels of active maternal care and in addition two bouts of temporarily increased levels

of maternal care, one upon reunion with their mother and a second upon reunion with their

littermates (msMS pups) (long separation - very high care).

msMS pups were expected to match MSms pups, except for missing the first bout of

temporarily increased levels of active maternal care (long separation - high care).

msEH pups underwent brief mother-offspring separations and were expected to receive

elevated levels of active maternal care and in addition a bout of temporarily increased levels of

active maternal care upon reunion with their littermates (MSeh pups) (brief separation - high

care).

MSeh pups underwent long mother-offspring separations and were expected to receive

elevated levels of active maternal care and in addition a bout of temporarily increased levels of

active maternal care upon reunion with their mother (long separation - high care).

NHeh pups underwent no mother-offspring separations and were expected to receive

elevated levels of active maternal care (no separation - medium high care).

nhEH pups underwent brief mother-offspring separations and were expected to receive

elevated levels of active maternal care (brief separation - medium high care).

For adult offspring testing, one male and one female from each litter were used per test to

avoid litter effects.

Table 1 provides an overview of these expected effects. Expectations in terms of active

maternal care were based on previous studies (Liu et al., 1997; Macri et al., 2004), none of which

used a split-litter design. The regulation of maternal care is mediated by a complex interplay of

internal motivation in the mother and external stimulation by the pups (Stern and Johnson, 1990;

Stern, 1996; Hofer, 1996; Pryce et al., 2001). So it was unclear how the partial removal of pups

during brief or long periods would affect both the expected up-regulation of active maternal care

normally induced by EH and MS and the expected temporary increase in active maternal care

normally observed following MS. Furthermore, as maternal care may be directed specifically to
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individual pups, it was unclear whether all pups of a litter would equally benefit from treatment-

induced changes in maternal care. However, treatments were arranged such as to obtain variation

along both the duration of mother-offspring separation and the level of active maternal care.

Table 1 Overview of the induced and expected treatment effects on duration of mother-offspring separation and

levels of active maternal care received by pups of the different treatment groups

^v Care Low Medium High Very high

Separations^

No/Brief NH < NHeh, nhEH^ msEH

I
Long msMS, MSeh A MSms

Arrows indicate expected differences between treatment groups in stress and fear responses in the adult

offspring, pointing towards the group expected to show elevated responses

Maternal behaviour

The behaviour of the dams was scored from PND 2-7 according to a detailed ethogram (Macri et

al., 2004) every fourth hour by instantaneous sampling at an interval of 6 min (10 samples per

hour for each dam) starting at 8:30. In addition to the six periods of observation, maternal

behaviour was scored between 14:30 and 15:30. Based on an earlier study, high kyphosis, low

kyphosis, partial kyphosis, and licking (but not prone nursing and supine nursing) were combined

into a single behavioural category called active nursing (Macri et al., 2004).

Plasma ACTH and corticosterone response to restraint stress

At the age of 80 days, from each experimental group one female and one male were removed

from the home cage and carried by a familiar experimenter to an adjacent room for blood

sampling and plasma ACTH and corticosterone determination as previously described (Macri et

al., 2004). Blood sampling was performed between 1230 and 1500 h. Briefly, offspring of both

sexes were subjected to 20 min of restraint, and blood was collected by tail-incision immediately
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before and 20, 40 and 120 minutes after the onset of restraint. Samples were cool centrifuged,

and the plasma stored at -80 °C until assayed.

Plasma corticosterone radioimmunoassay: Plasma immunoreactive corticosterone titres

were determined with an in-house 3H radioimmunoassay validated for rat EDTA plasma. Diluted

plasma samples were heated in a water bath at 90 °C for binding protein denaturation, and rabbit

anti-corticosterone serum (07-120016, ICN Biomedicals, Costa Mesa, CA) was incubated with

[1,2,6,7-3H ] corticosterone (TRK 406, Amersham Switzerland, Zürich) and either corticosterone

standard (Sigma, C-2505, 12.5-250 ul per tube, in duplicate) or sample (250 ul at 1:400 dilution

in duplicate) separation was achieved with dextran-coated charcoal. Between and within assay

variation coefficients were 4.5% and 3.5% respectively.

Plasma ACTH radioimmunoassay: Plasma immunoreactive ACTH titres were quantified

using an ACTH 125I radioimmunoassay kit for the determination of human ACTH in EDTA

plasma (DiaSorin, Stillwater, MN). To increase assay sensitivity and reduce the volume of

plasma needed per measurement, the supplied assay protocol was slightly modified. 125I tracer

(50 ul) and 50 ul of antiserum were added to 150-ul aliquots of the five standards (diluted 1:6 in

distilled water to give concentrations of 4-120 pg/ml), to 150-ul aliquots of two controls (diluted

1:6 in distilled water) and to 150 ul of sample (diluted 1:10 in distilled water). Standards and

controls were measured in duplicate; samples in single in borosilicate glass tubes. Tubes were

vortexed and incubated at 4 °C for 20 h. Separation was achieved by adding precipitating

complex (250 ul), diluted 1:2 in distilled water, to all tubes except total count. Following brief

vortexation and 20-min incubation at 20-25 °C, tubes were centrifuged at 1500xg- for 20 min.

The supernatant was aspirated and samples measured in a gamma scintillation counter (Minaxi y;

Packard, Downers Grove, IL), 3-min count per tube. The 125I radioimmunoassay was validated

for ACTH in rat EDTA plasma. Inter-assay precision was 9.1%>, and intra-assay precision was

1.8%). Assay sensitivity was 0.2 pg/tube at 95%> binding.

Openfield and object recognition memory task (ORMT)

Free exploratory behaviour was assessed in a square open field (76.5x76.5x49 cm) made of dark

grey plastic. Four adjacent arenas were located in an experimental room indirectly illuminated by

low light (approx. 20 lx). A camera was mounted above the centre of each single arena. Cameras
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were connected to a video recorder and a video tracking system (EthoVision; Noldus Information

Technology, Wageningen, the Netherlands) for behavioural analysis. Subjects were exposed to

the open field for a 9-min test session to assess locomotor activity and behavioural fearfulness in

a novel arena. The same apparatus was used for the novel object recognition task. Bottles made

of glass and plastic were used for object exploration and self adhesive fastening strips were used

to attach the objects to the floor. The test procedure consisted of 2 training trials of 15 min each

and a single 9-min test session with an inter-trial interval of 24 hr during which the subjects were

returned to their home cages. In trial 1 and 2, two objects of the same type (plastic or water

bottles) were placed halfway between the ends of two adjacent sides at 15 cm distance from the

arena walls. In trial 3, one exemplar of the same object type and one exemplar of the other object

type were placed in the same positions as in trials 1 and 2 to assess novel object recognition

memory. An exploration ratio, calculated as the time exploring the novel object divided by the

time exploring both objects was used to measure novel object exploration. Each object type was

used as novel object for half of the subjects (n=4) in each treatment group.

Statistical analysis

A mixed-model ANOVA was performed on maternal behaviour (active nursing), considering

treatment (4 levels) as between-subject fixed factor, postnatal day (6 levels) and time of the day

(7 levels) as repeated measures fixed factors. Three orthogonal contrasts (each one with one

degree of freedom) were then performed within the main effect of treatment, to assess specific

effects of maternal separation on maternal behaviour. In particular, we compared: (1) MSMS vs.

'MSEH + NHEH + NH', to test whether a prolonged period of separation from the entire litter

would increase active nursing; (2) 'MSEH + NHEH' vs. NH, to test whether handling resulted in

increased maternal care; (3) MSEH vs. NHEH, to test whether having access to the whole litter or

only to part of it would alter overall levels of active nursing.

Paired comparisons between experimental groups born to the same mother (MSms vs.

msMS; MSeh vs. msEH; NHeh vs. nhEH) were performed to examine within-litter effects. Data

were analyzed by a mixed-model ANOVA, considering litter as blocking random factor and

treatment as within-litter fixed factor with two levels. Since no effects of within-litter treatments

were observed (see table 3), littermates were considered as random replications in subsequent

analyses, aimed at testing the litter effect. Specifically, separate mixed-model ANOVAs were

92



Chapter III

performed, with litters and littermates as random factors and time as repeated measures fixed

factor. Based on results of such analyses, pups were pooled regardless of the specific litter and

within-litter treatment, and further analyses on groups of animals born to mothers subjected to

different treatments were carried out (NH, NHEH, MSEH and MSMS). For analysis of time

spent in the centre of the open field and for novel object exploration test, the general model was 2

sex x 4 treatments. Furthermore, we studied the overall object exploration during the two days of

habituation in the ORMT. For this analysis the general model was 2 sex x 4 treatments x 2 days.

For the analysis of ACTH and corticosterone response to restrain the general model was 2 sex x 4

treatments x 4 time points. Separate analyses on males and females were performed when

appropriate and significance was set a p < 0.05. Multiple comparisons were performed using

Fisher's protected least significant difference (PLSD) test.

Results

Postnatal manipulations and maternal behaviour

Figure 2a depicts mean daily levels of active nursing from PND 2 to 7 for MSMS, NHEH,

MSEH and NH dams, which gradually decreased across days in all treatment groups (days: F5;i25

= 11.2, p < 0.01). Neonatal manipulations affected total levels of active nursing. Thus, MSMS

dams showed significantly higher levels of active nursing (Fi;25 = 6.5, p < 0.02 in orthogonal

contrast) compared to the other three groups. However, total levels of active nursing differed

neither between NHEH and MSEH dams (Fi;25 = 0.2, NS), nor between these two groups and NH

dams (Fi,25 = 0.9, NS) .

Neonatal treatments also affected the diurnal distribution of maternal care (hours x

treatment: Fi8,iso = 3.0, p < 0.01, Fig. 2b). In particular, during the second hour of the first

maternal separation session (i.e. from 8:30 to 9:30), active nursing in NH dams was elevated

compared to dams of the other three treatment groups (p < 0.05). NHEH and MSMS dams

showed intermediate levels of active nursing during this time, whilst MSEH dams showed

significantly reduced levels of active nursing compared to the three other groups (p < 0.05).

Regardless of the duration of mother-offspring separation, levels of active nursing were generally

low during this time period. Thus, in all three treatment groups exposed to neonatal

manipulations, levels of active nursing were reduced compared to all other time periods (p <

0.01; within group post hoc tests), except for the period from 12:30-13:30 in NHEH dams (p =
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0.17). In particular, MSEH dams spent only 14% of their time on active nursing between 8:30

and 9:30, compared to 54-73%> throughout the rest of the day (63%> on average).

Both MSMS and MSEH dams showed elevated levels of active maternal care following

reunion at 11.30 compared to NHEH (p < 0.02) but not NH. During the next observation period

(i.e. following the second reunion in MSMS), levels of active nursing were still slightly elevated

in both groups, although less pronounced since levels of active nursing were generally high in all

groups during this time period.
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Fig. 2: Neonatal manipulations affect both absolute levels and diurnal distribution of active nursing (a) Daily

frequency (mean/hour ± SEM) of active nursing shown by MSMS (N=8), NH (N=6), NHEH (N=8) and MSEH dams

(N=8) MSMS dams exhibited higher levels of maternal care compared to NH, NHEH and MSEH dams (p < 0 02 in

orthogonal contrasts, N=8) Scores from each day were averaged across postnatal days 2 to 7 (b) Diurnal pattern of

active nursing shown by MSMS (N=8), NH (N=7), NHEH (N=7) and MSEH dams (N=8) Scores from each daily

one-hour sampling session were averaged across postnatal days 2 to 7

Neonatal manipulations and behavioural and endocrine responses in the adult offspring: within

litter comparison

Table 2 gives a summary of the pairwise comparisons between within-litter treatment groups for

the adult offspring's endocrine responses to restraint stress and performance in the open field and

object recognition memory test. There were no significant differences between any one pair of

littermates in any of these measures (p values ranging from 0.18 to 0.98). In MSMS offspring,

within litter variance was slightly smaller than between litter variance, but this difference failed
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to reach significance (p = 0.058). Since no other significant litter effects were detected, all

littermates were pooled within treatment groups for further analysis.

Table 2. Summary of the results of the withm litter comparison (mean ± SEM)

ACTH (AUC) CORT (AUC) Open field

(sec in centre)

â ? â ? â ?

ORMT

(% exploration)

â ?

MSms 19480±4841 22398±2675 13512Ü295 21322±3273 26.9±3.4 17.4±2.1 .61±.04 .66±.03

msMS 1885Ü2713 18817±2374 11828Ü247 23412±3171 24.2±4.0 21.8±3.6 .59±.04 .66±.03

msEH 21633±2892 26020±4559 14926±912 22018±2574 13.0±2.1 19.9±5.3 .64±.03 .57±.03

MSeh 25208±6322 20237±3029 14377Ü342 24713±2883 16.Ü2.9 23.3±3.2 .64±.04 .56±.03

NHeh 19747±3591 27077±6329 13084Ü448 19993±3162 23.8±2.7

nhEH 21960±6695 24502±2852 12923Ü234 21517Ü975 23.0±4.1

18.1±3.0 .66±.04 .69±.03

24.7±3.8 .62±.03 .67±.04

Adreno-cortico-tropic-hormone (ACTH) and corticosterone (CORT) area under the curve (AUC), time spent in the centre

of the open field and % exploration of the novel object shown by MSms vs msMS, msEH vs MSeh, NHeh vs nhEH

offspring Differences were not significant for any of the parameters considered 018<p<0 98 The analysis on CORT

and ACTH response has been performed on the values shown under basal conditions and then at t20, t40 and U20

However, on the basis of the similarity between this analysis and the analysis performed on AUC, we report AUC values

for both hormones for the sake of clarity and space (n=6-8 per group)

Based on the similarity between littermates and the observed levels of maternal

behaviour, we had to revise our predictions on the behavioural and endocrine responses in the

adult offspring presented in table 1. Table 3 presents our revised predictions based on the results

reported above.

NH and NHEH pups underwent no or brief mother-offspring separation and received low

levels of active maternal care. There is no evidence indicating that brief mother-offspring

separations as applied with EH affect offspring phenotype independently of the effects of these

separations on active maternal care (Liu et al., 1997; Meaney, 2001.; Macri et al., 2004).

Therefore, NHEH was considered to induce no maternal deprivation and grouped together with

NH to form the 'no deprivation - low care' group.

MSEH pups experienced long daily periods of maternal deprivation and received low

levels of active maternal care. Although msEH pups were not actually separated from their
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mothers for long periods, levels of active maternal care were surprisingly low during the absence

of MSeh pups so that we considered this to be a form of maternal deprivation for msEH pups

similar to long mother-offspring separations. MSeh and msEH offspring were thus grouped

together to form the 'long deprivation - low care' group.

MSMS pups underwent long mother-offspring separations and received elevated levels of

active maternal. They were thus grouped to form the 'long deprivation - high care' group.

Table 3 Synopsis of duration of mother-offspring separation and of observed maternal care received by pups and

their expected effects on offspring stress and fear responses

^v Care Low/Medium High

Separations^

No/Brief NH, NHeh nhEH

Long MSeh, msEH* < msMS, MSms

Arrows indicate expected differences between treatment groups in stress and fear responses in the adult offspring,

pointing towards the group expected to show higher responses
*Although msEH pups were physically removed

from the cage for only 30 mm (in total) they are grouped together with MSeh on the basis of the minimal levels of

maternal care received during the time that MSeh pups were away (see Fig 1)

Maternal treatment andHPA responses in the adult offspring

Restraint stress elicited a great increase in ACTH and corticosterone levels in all treatment

groups (time points: F3;282 = 205.7, p < 0.01; and F3;282 = 446.4, p < 0.01, respectively). Levels of

both hormones were still elevated 20 minutes after the end of restraint. However, 80 min later,

levels of corticosterone and ACTH had returned to pre-stress levels. Females showed higher

corticosterone and ACTH levels than males (sex: Fi;94 = 309.9, p < 0.01; and Fi;94 = 15.7, p <

0.01, respectively). We therefore analyzed the two sexes separately.

Neonatal manipulations significantly affected ACTH responses in the male offspring

(treatment: F3;47 = 3.8, p < 0.02). Thus, peak levels and levels 20 min after the end of restraint
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were elevated in MSEH males compared to the other three groups (Fig. 3a), whereas there was no

such difference in females (F3;47 = 0.52, NS Fig. 3b). In contrast, corticosterone reactivity differed

neither in males (treatment: F3;47 = 0.7, NS), nor in females (treatment: F3;47 = 0.19, NS).

Maternal treatment and behavioural responses in the adult offspring

Performance in the open field mirrored ACTH reactivity. Thus, neonatal treatments had no effect

on time spent in the centre of the open field in females (treatment: F3;43 = 0.8, NS, Fig. 4b),

whereas MSEH males spent less time in the centre of the open field than NH, MSMS and NHEH

males (treatment: F3;42= 4.0, p < 0.02, Fig. 4a).

During the habituation trials of the object recognition memory test, males and females did

not differ in object exploration time (sex: Fi;85 = 1.3, NS). Object exploration decreased by 10%>

from the first to the second habituation trial (day: Fi;85 = 22.1, p < 0.01). However, there were no

significant differences in total exploration time between rats of the four groups (treatment: F3;85 =

0.6, NS; sex x treatment F3;85 = 1.4, NS). In contrast, when one of the familiar objects was

replaced by a novel object in the actual test trial, the bias in exploration towards the novel object

was significantly affected by neonatal treatments in females (treatment: F3;42 = 8.3, p < 0.01, Fig.

4d), but not in males (treatment: F3;42 = 0.8, NS, Fig. 4c). In particular, the bias towards the novel

object was less pronounced in MSEH females compared to MSMS, NHEH and NH (p < 0.01 in
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post hoc tests). Furthermore, NH females showed a stronger bias towards the novel object than

MSMS (p < 0.05), but not NHEH, females.

30

«40

So

30

20

10 -

(b)

MSMS MSEH NHEH NH MSMS MSEH NHEH NH

MSMS MSEH NHEH MSMS NHEH

Fig. 4: Upper panels Time (Mean + SEM) spent in the centre of an open-field by male (a) and female (b) offspring

subjected to NH (N=6M and 7F), MSMS (N=14M and 13F), MSEH (N=15M and 14F) and NHEH (N=13M and

14F), during a 9 mm test session (**P<0 01m multiple comparisons between MSMS and MSEH male offspring,

*P<0 05 in multiple comparisons between NHEH and NH vs MSEH male offspring) Lower panels 24 h object

recognition memory (% novel object exploration of total object exploration time) by male (c) and female (d)

offspring Whereas males did not differ, novel object exploration was significantly reduced in MSEH females

compared to MSMS, NHEH and NH females (*P<0 01m multiple comparisons)
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Discussion

Whereas MSEH, NHEH and NH dams showed similar levels of active nursing, MSMS dams

exhibited increased levels of active maternal care throughout the observation period.

Surprisingly, littermates exposed to different lengths of separation did not differ in their adult

response to stress and behavioural performance. Independent of the within-litter treatment,

however, levels of maternal care and daily maternal deprivation affected behavioural and

endocrine responses in the adult offspring. Thus, MSEH, which induced long daily periods of

maternal deprivation and low levels of active maternal care, resulted in an axiogenic behavioural

profile in the open field and elevated ACTH responses to restraint stress in males, and poor

object recognition memory in females. In contrast, MSMS, which was comparable to MSEH in

terms of daily maternal deprivation, but induced higher levels of active maternal care, resulted in

behavioural and endocrine responses in the adult offspring that were comparable to those of NH

and NHEH offspring, that had experienced no maternal deprivation, but lower levels of active

maternal care. The present results support previous evidence (Macri et al., 2004) indicating that

active maternal care and extended periods of maternal deprivation act independently as opposing

factors on the development of stress and fear responses in rats.

Within litter comparisons

Contrary to our predictions, adult offspring exposed to different lengths of mother-offspring

separation, but reared by the same mother, did not differ in any of the behavioural or endocrine

measures analyzed in this study. This finding is in overt contrast to the studies by Tang and

colleagues, who found significant differences in basal corticosterone, social memory and long

term potentiation (LTP) between split-litter groups exposed to NHEH (Tang, 2001; Tang and

Zou, 2002; Tang et al., 2003a,b). However, there are several methodological differences between

Tang's and our studies that may account for these apparently conflicting findings. Thus, Tang

and colleagues exposed part of the litter to novelty for 3-min daily, while the other part

experienced the same handling, but no novelty exposure. Furthermore, differences in the age of

the rats at testing (16 months in Tang's studies vs. three months here) and post-weaning housing

conditions (social isolation in Tang's studies vs. group housing here) may have modified the

effects of these neonatal manipulations. For example, using a split-litter design, Workel et al.

(2001) demonstrated that the effects of a single 24-h maternal deprivation on the corticosterone
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response to novelty varies between three months and 12 months old rats. Whereas young rats

showed faster corticosterone recovery rates following restraint compared to control littermates,

this profile was reversed in adult rats. Others found that variation in post-weaning housing

conditions may abolish differences in HPA reactivity induced by both pre-natal stress (Morley-

Fletcher et al., 2003) and post-natal maternal separation (Bredy et al., 2003; Francis et al., 2002).

It is therefore possible, that the differences between Tang's and our studies depend on

interactions between postnatal manipulations, housing conditions and age at testing (see also

Plotsky and Meaney, 1993). Future research should therefore aim at elucidating the effects of

these factors on offspring phenotype.

Nevertheless, while NHeh and nhEH littermates were predicted to show similar

behavioural and endocrine profiles when adult, we predicted differences between littermate

groups of the MSEH and MSMS treatments. In the MSEH treatment, the difference in length of

maternal separation was expected to result in MSeh being more stress reactive than msEH

littermates, while MSms and msMS littermates were expected to differ due to differences in total

levels of received maternal care. However, our results do not confirm these predictions. One

possible explanation for this finding is that mothers behaved differently towards pups belonging

to the different littermate groups. Only few studies have systematically addressed this possibility.

Champagne et al. (2003) randomly marked four pups from litters composed of 12 rats and studied

levels of maternal licking and grooming received by individual pups. Despite some variation,

maternal care did not seem to be biased towards particular offspring. Conversely, Moore and

Morelli (1979) and Richmond and Sachs (1984) found that males received more licking than

females. Since the behaviour of the pups is an important mediator of maternal care (Denenberg et

al., 1969; Smotherman and Bell, 1980; Stern and Johnson, 1990; Hofer, 1996; Pryce et al., 2001),

pups exposed to maternal separation may have elicited higher levels of care, thereby leveling out

potential differences induced by the split-litter treatments. However, there are other reasons why

our treatments did not have the expected effects. For example, msEH pups were expected to

receive additional maternal care during the daily 4 hr absence of their MSeh littermates.

However, msEH pups were almost "neglected" while MSeh littermates were away. Stern and

Johnson (1990) demonstrated that litters composed of 4 or less pups (such as our msEH) were

less capable to induce active nursing compared to litters of 8 pups. Thus, dams exposed to small

litters showed a higher latency to start crouching and shorter nursing bouts. Therefore, the lack of
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difference between msEH and MSeh offspring might be due to the fact that both have been

exposed to similar levels of maternal care and similar degrees of maternal deprivation, although

msEH pups have not actually been physically separated from the dam.

At first sight, these results might suggest that active maternal care is the unique mediator

of environment-dependent plasticity in behavioural and endocrine responses to stressors in rats

(Meaney, 2001). However, we have previously shown that MS results in elevated stress and fear

responses in adult offspring compared to EH, despite inducing similar levels of active maternal

care (Macri et al., 2004). These high levels of active maternal care are achieved by a general up-

regulation of active maternal care and a temporary increase in active nursing following reunion

(Pryce et al., 2001; Macri et al., 2004). Recently, Ruedi-Bettschen et al. (2004) suggested that

this temporary increase in active nursing may be considered as a marker for the impact of MS on

pup development". Thus, besides increasing levels of maternal care, maternal separation may

adversely affect the pups in some way. However, as further discussed below, our present findings

indicate that active maternal care may at least partially buffer such adverse effects imposed by

maternal separation.

Postnatal manipulations and maternal care

MSMS induced significantly higher levels of active nursing compared to all other treatments,

while MSEH, NHEH and NH dams did not differ in overall levels of maternal care. Being

isolated from the entire litter for two hours may explain the elevated levels of maternal care in

MSMS dams compared to MSEH dams. In general, however, these results are in line with our

previous results showing that MS induces a temporary increase in active nursing following

reunion and a general up-regulation of active maternal care throughout the day (Macri et al.,

2004). In contrast, we did not replicate the reduced levels of active maternal care normally

observed in NH dams compared to EH and MS dams (Liu et al., 1997; Pryce et al., 2001; Macri

et al., 2004). Methodological aspects may explain this lack of effect. Previous studies on the

effects of EH on maternal care used a single daily separation performed either a few hours after

the beginning of the light phase (Liu et al., 1997) or few hours after the beginning of the dark

phase (Pryce et al., 2001; Macri et al., 2004). This manipulation induced a general up-regulation

of active nursing throughout the day (Liu et al., 1997; Pryce et al., 2001; Macri et al., 2004). In

the present study, EH performed at the beginning of the dark phase induced a temporary down-
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regulation of active nursing, which may account for the lower levels of active nursing compared

to previous studies. More importantly, however, the lack of difference in active nursing between

NH and NHEH and MSEH groups may be due to the fact that NH dams were less undisturbed

compared to previous studies. Thus, the animal room was entered twice a day to control for

effects other than the manipulation associated with the other treatments. It has previously been

found that minor disturbances such as e.g. a single cage change as involved in standard

husbandry rearing may be sufficient to increase active nursing to a similar extent as EH

(reviewed by Pryce and Feldon, 2003). Thus, the lack of effect of MSEH and NHEH on active

nursing may actually be due to increased nursing in NH dams rather than decreased nursing in

MSEH and NHEH dams.

Effects ofvariation in maternal care and maternal deprivation on offspringphenotype

Depending on total level of active maternal care and the degree of maternal deprivation, the adult

offspring showed, at least partly, different endocrine and behavioural responses to environmental

challenges. Thus, female MSEH offspring were impaired in object recognition memory

compared to females of the three other treatment groups. Furthermore, male MSEH offspring

showed increased ACTH responses to restraint stress and an anxiogenic behavioural profile in the

open field test compared to males of the other three treatment groups. Compared to NH and

NHEH, MSEH induced similar levels of total active maternal care, but a higher degree of

maternal deprivation. Conversely, compared to MSMS, MSEH induced the same degree of

maternal deprivation, but reduced levels of active maternal care. Taken together, these results

support our hypothesis that both levels of active maternal care and maternal deprivation

independently affect the adult phenotype. Apparently, the elevated levels of active maternal care

in MSMS dams fully abolished the effects of extended periods of maternal separation.

Furthermore, the present results confirm earlier results (Pryce et al., 2001; Macri et al., 2004)

showing that the effects of maternal separation on offspring reactivity cannot be mediated by

reduced levels of active maternal care as suggested elsewhere (e.g. Meaney, 2001).

Meaney and colleagues have convincingly demonstrated that variations in active maternal

care may account for variation in the adult offspring's behavioural and endocrine responses (Liu

et al., 1997; Francis et al., 1999). However, we have recently shown that the down-regulating

effects of increased active maternal care on HPA development can be abolished by extended
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daily periods of maternal separation (Macri et al., 2004). The underlying mechanisms by which

maternal separations act on offspring phenotype have remained elusive. It has been proposed that

MS might affect later stress reactivity through a general dysregulation of the pups' internal milieu

(see also Ruedi-Bettschen et al., 2004 and Pryce et al., 2001). During MS, pups' physiology

undergoes a number of alterations that might contribute to the observed phenotype, including

reduced body temperature, food restriction and reduced excretory functions (Hofer, 1996).

Additionally, the absence of the mother for extended periods disrupts the normal diurnal

distribution of nursing. All of these factors have been shown to increase later stress reactivity in

adult rats (see Ruedi-Bettschen et al., 2004 for reduced body temperature; Levine, 2001 for food

restriction and Ohta et al., 2003 for altered distribution of nest attendance).

In contrast to previous studies (Plotsky and Meaney, 1993; Liu et al., 1997; Macri et al.,

2004), early handling (here NHEH) did not result in reduced fear and stress responses compared

to completely undisturbed conditions (here NH). However, previous studies indicate that the

effects of early handling are mediated by increased levels of active nursing induced by this

manipulation (Liu et al., 1997; Macri et al., 2004). In the present study, NHEH had no effect on

active nursing compared to NH as discussed above. Our results may therefore provide further

evidence for the fact that early handling attenuates stress and fear responses in the offspring only

if it results in elevated levels of active maternal care.

Several methodological aspects may explain why treatments selectively affected

performance in some tests, but not others, and why males and females differed in their responses

to neonatal treatments. A careful analysis of the endocrine response suggests that restraint stress

induced near-maximal corticosterone and ACTH output in females, which may have masked

underlying differences (ceiling effect). This possibility is further supported by the fact that Lister

Hooded rats seem to be rather stress reactive compared to other strains (Manahan-Vaughan,

1999; Macri et al., 2004). Using a less severe stressor might help to clarify this point.

Furthermore, various studies showed that open field behaviour and object recognition memory

varies between males and females, and that sex-specific differences depend on early life

manipulations (Beck, 2002; Tang et al., 2003; Bowman, 2004; Zimmerberg, 2004). However, the

primary reason for the lack of treatment effects on some measures may be the use of a split-litter

design, which may have increased within-group variation, thereby making it harder to detect

differences between treatment groups.
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Conclusion

The present results provide further evidence that levels of active maternal care and maternal

deprivation independently contribute to the effects of neonatal manipulations on behavioural and

endocrine responses in rats. By inducing partial dissociation in these two factors, we demonstrate

that maternal separations induce increased stress and fear responses, but that this up-regulating

effect can be attenuated by elevated levels of active maternal care. Furthermore, our results

further support the hypothesis that the effects of early handling on offspring phenotype depend on

handling-induced variation in active maternal care. Further studies should address the effects of

longer maternal separations on both dams and pups in view of a better understanding of the long-

term effects of maternal separations of offspring phenotype.
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GENERAL DISCUSSION

As outlined in the general introduction, in the present thesis I attempted to elucidate the role

played by maternal behaviour in developmental plasticity of HPA and fear responses in rats. The

experimental background was provided by a number of studies showing that brief periods of

maternal separation during the first two weeks of life increase levels of active maternal care and

reduce later hormonal and behavioural stress reactivity through an up-regulation of GR density in

the hippocampus (reviewed in the General Introduction; see also reviews by Meaney, 2001 and

Pryce and Feldon, 2003). Maternal effects have in turn been proposed to reflect a rudimentary

mechanism of adaptation by which mothers adjust their behaviour according to the characteristics

of the habitat, and pups regulate their defensive systems in line with these adjustments

(Smotherman and Bell, 1980; Wiirbel, 2001; Liu et al., 1997). Thus, my primary aim was to

understand how different environments modulate maternal behaviour and whether environment-

specific patterns of nest attendance relate to the psychoendocrine adjustments mediating

defensive responses in the adult organism.

However, as reviewed in the General Introduction, early adverse life conditions have also

been proposed to modify offspring's phenotype independently of maternal care via specific

effects on pups' or dams' physiology. Therefore, to address the effects of early adversity on

offspring emotionality, I studied whether long mother-offspring separations and maternal food

restriction per se are able to modify adult offspring stress and fear responses. Finally, I performed

a study in which early adversity and maternal behaviour have been experimentally dissociated in

order to demonstrate that these two factors act in combination to bring about adult offspring

emotionality.

5.1 Summary of the results

In Chapter I, I studied the effects of early handling (EH) and maternal separation (MS) during the

first two weeks of life on maternal care and the adult offspring's stress and fear responses. This

was done to examine whether variation in maternal care can indeed account for the changes in

offspring phenotype induced by these manipulations as proposed by Meaney (2001).

Surprisingly, and in overt contrast to the prediction made by Meaney, I found that not only EH,

but also MS, induced elevated levels of active maternal care compared to non-handled controls

(NH). However, only EH, but not MS, offspring showed reduced HPA and fear responses
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compared to NH offspring. Therefore, besides total levels of active maternal care, some

additional factor(s) must contribute to variation in the adult offspring's behavioural and

endocrine responses induced by these manipulations (see also Pryce et al., 2001; Ruedi-Bettschen

et al., 2004; Lesage et al., 2001; Lesage et al., 2002; Ohta et al., 2003). I proposed that adverse

effects induced by the extended periods of mother-offspring separations associated with MS

could represent such a factor. It might act on the pups either directly by disrupting their

homeostasis (see also Pryce et al., 2001) or indirectly via alterations of the dams' physiology.

Thus, elevated levels of maternal care may reduce the offspring's later stress and fear reactivity,

possibly through an up-regulation of hippocampal glucocorticoid receptor (GR) expression

(Weaver et al., 2004), whilst long periods of separation may exert opposite effects (see also

Ruedi-Bettschen et al., 2004), thereby counteracting the effects of elevated levels of active

maternal care also associated with MS.

Data reported in Chapter I demonstrated that maternal behaviour is modified in specific

ways by postnatal manipulation, and that these modifications are associated with specific

alterations in the offspring's later behavioural and endocrine responses to stressors. However, due

to the artificial nature of these manipulations (Liu et al., 1997), this study did not answer the

question as to whether similar changes would also occur in response to more natural variations in

the maternal environment as predicted by the maternal mediation hypothesis. In my second

experiment, I thus studied the effects of spatial and temporal variations in the dams' access to

food on maternal behaviour and the offspring's later stress and fear responses (Chapter II). For

this, dams were housed from late pregnancy until the end of the first week after delivery in

special cage systems made of a nest cage (NC) and an exploration cage (EC) connected by a

tunnel, with access to food given either ad libitum in the NC (NC dams) or EC (EC dams) or

intermittently in the EC (IEC dams). Effects of spatial variation in the access to food were

analysed by comparing NC dams with EC dams, while effects of temporal variation in the access

to food were analysed by comparing EC dams with IEC dams. Spatial variation altered nest

attendance and levels of active maternal care. Thus, EC dams spent less time in the NC compared

to NC dams. However, reduced nest attendance did not result in reduced maternal care. In fact,

EC dams even showed slightly elevated levels of active maternal care due to longer nursing bouts

compared to NC dams. Temporal variation affected neither nest attendance, nor levels of active

maternal care. However, IEC dams showed significantly reduced food intake compared to EC
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dams. These effects on maternal behaviour were associated with selective changes in the stress

and fear responses in the adult offspring. Thus, reduced nest attendance and elevated levels of

active maternal care in EC dams compared to NC dams were associated with reduced behavioural

and endocrine stress responses in EC offspring compared to NC offspring. Furthermore, reduced

food intake in IEC dams compared to EC dams was associated with increased HPA responses in

IEC offspring compared to EC offspring. As shown in Chapter II, the effects of restricted feeding

on offspring phenotype were independent of the effects on active maternal behaviour. Taken

together, these results show that even subtle variations in the early maternal environment result in

specific changes in maternal behaviour that are associated with specific changes in offspring

phenotype. Furthermore, they further support the view that early environmental effects on the

development of the offspring's defensive neural systems may be mediated maternally via a

combination of effects on active maternal care (down-regulating) and, directly or indirectly via

the dams, adverse effects on the pups (up-regulating), respectively.

In Chapter III, I examined this two-factor hypothesis further by attempting to selectively

vary levels of active maternal care and environmental adversity. This was achieved by combining

NH, EH and MS in specific ways using a split-litter design. Although the split-litter treatments

did not result in the expected within-litter effects on offspring phenotype, levels of active

maternal care and the length of mother-offspring separation predicted the adult offspring's

behavioural and endocrine responses to stressors. Thus, low levels of maternal care combined

with long mother-offspring separations resulted in elevated HPA-reactivity in the adult offspring

compared to both high maternal care combined with long mother-offspring separations and low

maternal care combined with brief mother-offspring separations. These findings further support

the hypothesis that active maternal care and adverse effects imposed by long mother-offspring

separation act independently, and exert opposing effects, on the adult offspring's HPA responses.

Furthermore, they indicate that elevated levels of maternal care may attenuate the adverse effects

of long mother-offspring separations.

5.2 The "maternal mediation hypothesis" revised: psychobiological and ethological

perspectives

As reviewed in the general introduction, based on the work of Weininger (1954) and Levine

(1957), showing that brief periods of maternal separation persistently reduce stress responses in
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the offspring, maternal behaviour in rats has been proposed to serve as an information source for

the growing individual. Smotherman and Bell (1980) provided the first systematic account of the

"maternal mediation hypothesis". Specifically, since pups play a major role in stimulating

maternal care (e.g. Stern and Johnson, 1990), they proposed that early experiences modify pups'

ability to stimulate maternal care. The latter has thus been suggested to mediate the effects of the

early environment on adult offspring phenotype. Rat pups undergo a fast period of brain

maturation in a safe environment, dominated by the darkness and stability of the nest (see e.g.

Francis and Meaney, 1999), and the mother represents the pups' primary source of stimulation

and their only link to their future environment. Mothers, in turn, adjust their behaviour according

to the characteristics of the environment. More specifically, environmental characteristics like

food availability and predator pressure are likely to modify the pattern of nest attendance. Hence,

it has been proposed that the dam may inform pups about the environment they are going to face

in adulthood through modifications of maternal behaviour, and that pups adaptively respond to

these variations such as to develop defensive systems likely to match environmental requirements

(Wiirbel, 2001; Zhang et al., 2004).

In line with the hypothesis that maternal care can be modified by external stimulation, Liu

et al. (1997) demonstrated that EH dams show higher levels of maternal care compared to NH

and that EH offspring display reduced emotionality in adulthood. To provide evidence that

increased levels of maternal care are the true mediators of the effects of EH (Liu et al., 1997;

Caldji et al., 1998), Meaney and colleagues (see e.g. Champagne et al., 2003 for a review) studied

the effects of natural variations in maternal care in non-handled dams on adult offspring's

emotionality (see e.g. Francis and Meaney, 1999). Adult offspring reared by dams exhibiting

spontaneously high levels of maternal care, show reduced indices of emotionality compared to

offspring reared by spontaneously low-caring dams. Meaney (2001) formulated a hypothesis to

explain these findings and to interpret them from a broader evolutionary perspective. Maternal

behaviour emerges from an approach-avoidance conflict whereby dams need to care for their

pups immediately after delivery despite the fact that rat pups constitute a source of anxiety. Non-

lactating adult females show increased HPA activation following the presentation of newborns.

Although the endocrine adjustments preceding pregnancy render all dams fully maternal,

naturally low-caring dams show increased behavioural fearfulness and reduced levels of GABAA

and central benzodiazepine receptor levels in the amygdala (Caldji et al., 2000). The latter have
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been shown to exert an inhibitory role on CRH activation following the presentation of a stressful

stimulus. Thus, reduced GABAA and central benzodiazepine receptors are associated with

increased fear (Meaney, 2001). Furthermore, Francis and colleagues (2000) showed that

spontaneously low caring dams exhibit increased anxiety toward pups and reduced oxytocin

receptor density, the latter being one of the main endocrine correlates of maternal behaviour.

Therefore, elevated HPA and fear responses have been associated with reduced levels of maternal

care and, in turn, with increased offspring emotionality. Meaney (2001) extrapolated these

findings to an evolutionary perspective that takes these observations into account and integrates

them with the maternal mediation hypothesis. Based on the finding that spontaneously low-caring

dams display a fearful phenotype and bring about fearful progeny, he proposed an analogy with

maternal separation studies. Namely, he proposed that the HPA up-regulation observed in MS

compared to EH, reflects a situation in which information concerning a more challenging (fear-

evoking) environment is transmitted to the pups through reduced maternal care. A simplified

version of Meaney's view is reported in figure 1. Under challenging conditions dams are more

fearful towards their pups, show reduced maternal care and their progeny exhibits increased

emotionality in adulthood.

Active nursing

Offspring

HPA-reactivity

Low High
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Fig.l Graphical representation of the maternal induction of stress and fear responses in adult offspring as proposed

by Meaney (2001) This model proposes that maternal care is reduced in highly demanding environments and that

this reduction is reflected in increased HPA activity and behavioural fearfulness
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However, in spite of its highly suggestive taste, this model is highly speculative. Although

the above mentioned studies provided evidence that increased levels of maternal care correlate

with reduced stress and fear responses in the adult offspring, they did not provide any

information as to the plasticity of maternal behaviour with respect to environmental conditions.

First, since the subjects of these studies were rats reared in completely undisturbed conditions

(i.e. all dams exposed to identical environments), any conclusion concerning the effects of

different environmental demands on maternal behaviour is speculative. Hitherto, the latter can

only be indirectly derived from neonatal separation studies. In this respect, experimental evidence

argues against Meaney's hypothesis that more demanding environments result in reduced

maternal care and, in turn, in increased emotionality. EH rats are certainly exposed to more

challenging conditions than NH rats. However, not only show EH dams higher levels of maternal

care, but also their offspring show reduced fear and stress responses compared to NH controls

when adult (Chapter I and Liu et al., 1997). Second, when longer periods of separation are

considered, MS dams clearly are exposed to more challenging conditions than NH dams.

Nevertheless, they show higher levels of maternal care. Finally, although MS conditions are also

more challenging than EH, MS and EH dams show comparable levels of maternal care (Chapter I

and Pryce et al., 2001). Despite these apparent inconsistencies between the model and

experimental evidence, it has been proposed that MS4 deprives pups of active maternal care,

therefore increasing their adult stress and fear reactivity (Meaney, 2001).

Recently, Pryce and Feldon (2003) questioned the validity of NH as a control group. In

particular they proposed that NH rats represent an abnormal group since they do not receive the

"minimal amount of stress and/or stimulation (required) in order to develop into adult rats that

exhibit a behavioural profile typical for laboratory rats" (Pryce and Feldon, 2003). They further

substantiate this interpretation showing that, compared to EH, NH rats do not show latent

inhibition (LI). The latter is a form of retarded association between a neutral stimulus (tone, light)

and an aversive stimulus (electric shock) dependent on the previous exposure to the neutral

stimulus. This response is supposed to reflect an adaptive mechanism, through which rats learn to

ignore irrelevant stimuli. LI is abolished in schizophrenic patients and its disruption in rats is

4

Although longer periods of maternal separation (exceeding the 4-hr daily sessions applied m the present thesis) may
indeed reduce total levels of active maternal care, thus potentiating the effects of maternal separation on offspring
HPA responses, to my knowledge, there are no data demonstrating this For this reason, the possibility that longer

periods of maternal deprivation may impair dam's capacity to compensate for the effects of an adverse environment

will not be further discussed
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commonly used as an animal model of schizophrenia (e.g. Feldon and Weiner, 1988). However,

whilst this observation may be relevant in terms of animal models of human psychiatric

disorders, its meaning in terms of developmental plasticity is less clear. NH rats may well be

different from "standard" laboratory rats exposed to the minimal level of disturbance required for

cage cleaning and husbandry. However, this does not necessarily mean that their phenotype is

"abnormal". For example, it is not difficult to imagine an environment in which food is so

abundant and predator pressure and social competition so minimal that the litter may remain in a

stable and safe nest and the mother may not even be required to leave the nest site as in NH (e.g.

in stocks of grain). By contrast, it seems far more "abnormal" to imagine a situation in which a

potential predator removes the entire litter once a day for some time (as in EH). Thus, without

further evidence concerning the situation in the wild, it may be premature to draw any conclusion

about the adaptive significance of the effects of maternal treatments.

Taken at face value, present evidence (e.g. Levine, 1957; Denenberg, 1969; Liu et al.,

1997; Chapters I, II and III of this thesis) indicates in sharp contrast to Meaney's hypothesis, that

stress and fear reactivity are down-regulated by, at least, moderately challenging maternal

environments. Furthermore, this down-regulation appears to be associated with increased

maternal care, which is thus the likely mediator of this effect. However, the validity of postnatal

manipulations studies has been questioned due to the artificial nature of the handling procedure.

In Chapter II, I adopted a more "natural" paradigm to induce different maternal environments.

Again, moderately challenging conditions (EC) resulted in adult offspring exhibiting reduced

emotionality compared to a less challenging environment (NC group). Thus, findings from both

neonatal manipulations and more natural variations of maternal environments are consistent with

the hypothesis that higher environmental demands stimulate maternal behaviour, thereby

reducing offspring emotionality.

On the other hand, present evidence also indicates that more severe environmental

challenges may up-regulate the offspring's HPA responses, and I have shown that this is

independent of maternal care (MS or restricted feeding in Chapters I, III and II respectively).

Thus, maternal care is increased under challenging conditions, yet, its down-regulating effects on

adult offspring stress and fear responses are not observed when environmental conditions become

too demanding. Hence, adverse conditions are proposed to up-regulate offspring emotionality

independently of maternal care.
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Potential mechanisms

The mechanisms underlying these plastic changes have remained elusive. Present evidence

suggests that reduced HPA reactivity in adult offspring reared by high caring mothers (either

spontaneously or induced by EH) depends on increased GR density in the hippocampus (e.g. Liu

et al., 1997), which mediates the feedback regulation of the HPA activation. At a behavioural

level, reduced fear responses are associated with increased levels of benzodiazepine receptor

density in the amygdala (Caldji et al., 1998; Caldji et al., 2000; Francis et al., 2000). These

effects are thought to be mediated by increased levels of maternal care. However, Liu et al.

(1997) and Caldji et al. (1998) found that the effects of EH on active nursing were explained by

shorter, but more frequent, nursing bouts induced by the manipulation. In the wild, a more

demanding environment may require dams to leave the nest more often and/or for longer periods

(e.g. for foraging). Thus, variation in the temporal pattern of nest excursions might serve as a

primary source of information to the pups about the characteristics of their future environment.

Indirect evidence supporting this hypothesis stems from a study by Meaney et al. (2000), in

which thyroid hormone mediated adenylyl cyclase activity and hippocampal cAMP levels were

studied in EH and NH adult offspring. Adenylyl cyclase activity and hippocampal cAMP levels

correlated with increased ascending serotonergic pathways activation and hippocampal GR

density. This elevation was more pronounced in EH compared to NH offspring and was

independent of total levels of active maternal care (for a discussion see Chapter II and Pryce and

Feldon, 2003). Thus, instead of total levels of maternal care, it could also be the temporal

distribution of mother-offspring separations that plays the crucial role in the effects of neonatal

manipulations on the adult offspring's stress and fear responses (see also Pryce and Feldon, 2003,

Chapter I).

However, my findings also indicate that adverse life conditions may up-regulate later

emotionality, and that this up-regulation occurs independently of maternal care. Present evidence

indicates that MS may affect later stress reactivity through a general dysregulation of the pups'

internal milieu (see also Pryce et al., 2001; Ruedi-Bettschen et al., 2004). As already discussed in

Chapters I and III, during MS, pups' physiology undergoes a number of alterations that might

contribute to the observed phenotypic effects, including reduced body temperature, food

restriction (Levine, 2001), reduced excretory function (Hofer, 1996) and a disruption of the

diurnal distribution of nursing bouts (Ohta et al., 2003). Thus, adverse early conditions might
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affect pups' development directly via alterations in the pups' homeostasis or indirectly via

changes in the dams' physiology (see Chapter II for a discussion). For example, maternal food

restriction can induce a short-term increase in the offspring's adrenal sensitivity to ACTH

(Stanton and Levine, 1988; Rosenfeld et al., 1992; Rosenfeld et al., 1993; Levine, 2001), and

moderate hypercotisolism can reduce GR expression in adult male rats (Sutanto et al., 1996; see

also Rots et al., 1996 for a discussion).

Based on these considerations, I propose a modified version of the maternal mediation

hypothesis (Fig. 2). This model implies that (at least) two independent variables in the early

environment mediate the development of stress and fear responses in the offspring (see Fig. 2):

maternal behaviour and environmental adversity, both dependent on the degree of environmental

demands. While moderately challenging conditions are proposed to stimulate active maternal

care and, consequently, to reduce offspring emotionality, more challenging environments might

have adverse (pathologic?) effects on the pups directly, or indirectly via the dam. As already

discussed, adverse effects are likely to depend on physiological factors, and might reflect a

situation in which individual adaptive capacity is overtaxed. Thus, since maternal care and

adverse effects both vary with environmental demands, and both may affect the development of

defensive neural systems, the adult offspring's phenotype can only be predicted by integrating

these two factors (Fig. 2).
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Functional significance

The critical question that still remains unanswered concerns the potential functional significance

of these plastic changes. Thus, the questions to be answered are: is it more adaptive to show high

or low stress reactivity in a demanding environment? And conversely, what kind of stress

reactivity is most adaptive under highly stable and safe conditions?

According to Meaney and colleagues (see e.g. Meaney, 2001; Francis et al., 1999 and

Zhang et al., 2004), rats reared by dams facing a challenging environment should up-regulate
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their emotionality: "Under conditions of increased environmental demand, it is commonly in an

animal's interest to enhance its behavioural (e.g. vigilance, fearfulness) and endocrine (HPA and

metabolic/cardiovascular) responsivity to stress. These responses promote detection of potential

threat, avoidance learning, and metabolic/cardiovascular responses that are essential under the

increased demands of the stressor" (Meaney, 2001). Furthermore, mild acute stressors have been

shown to enhance the formation of both implicit and explicit memories in humans and rodents

(Sapolsky, 2003).

However, although a transient activation of the stress system is adaptive in the presence

of threat, its frequent activation has also costs. As already discussed (see General Introduction),

frequent and/or prolonged activation of the stress system is likely to result in pathological

outcomes, like psychiatric disorders (Nestler et al., 2002a), type-2 diabetes, obesity and heart

disease. Furthermore, increased activation of the stress response reduces the resistance of

organisms to infection with pathogènes (Barnard et al., 1996) and increases the risk to develop

immune system related pathologies. Chronic exposure to glucocorticoids has also been shown to

persistently modify HPA response and hippocampal morphology. McEwen (2000) cogently

summarized the effects that sustained stressors have at the level of the hippocampus. Elevated

levels of glucocorticoids can suppress the neurogenesis of dentate gyrus granule neuron and, in

turn, affect fear-related learning and memory because of the anatomic and functional connections

between the dentate gyrus and the amygdala. Second, they orchestrate remodelling (shortening

and debranching) of dendrites in the CA3 region of the hippocampus, thus resulting in cognitive

impairment in the learning of spatial and short-term memory tasks (McEwen and Sapolsky,

1995). Third, they influence the magnitude of long-term potentiation, and produce long-term

depression in hippocampal neurons (DeKloet et al., 1998; McEwen and Sapolsky, 1995).

Together with these chronic effects, a massive stress response in a situation of repeated

threats might imply an additional disadvantage: while serving an adaptive function (increased

vigilance and prompt fight-or-flight reactions), the HPA response also uses up energy stores.

Under conditions of frequent HPA activation, rats may thus need to compensate for increased

energy expenditure by increasing foraging time, which in turn increases their prédation risk.

Taken together, in an environment in which threats are rare, increased stress reactivity

might be advantageous and affordable, whilst in an environment in which threats are more

frequent, a highly reactive stress system might be unaffordable due to the adverse consequences
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of its frequent and prolonged activation. In contrast to Meaney, I thus propose that reduced stress

and fear reactivity is advantageous under challenging conditions, whereby stress reactivity might

result from a trade-off between having a highly effective stress system and avoiding costs in

terms of energy expenditure and HPA dependent pathology. This hypothesis is consistent with

the phenotype of EH and EC compared to NH and NC adult offspring respectively. However, as

already discussed above, environmental demands above a certain level might exceed the animals'

adaptive capacity, resulting in non-adaptive (i.e. pathological) outcomes. This is consistent with

the stress and fear responses exhibited by MS and IEC compared to EH and EC respectively.

5.3 Implications: animal welfare and experimental validity

Based on the theoretical framework outlined above, the results presented in this thesis may have

important implications for the assessment of the welfare of experimental animals and the validity

of animal experiments. The maternal mediation hypothesis (Smotherman and Bell, 1980)

suggests that rat pups adjust their neural systems on the basis of certain cues encountered early in

life. Just like wild rats, that may respond to the characteristics of the early habitat, so also

laboratory rats may adjust their effectors to the laboratory enviromnment. Thus, a newborn rat

pup faced with the stable and safe environment typical for breeding units may "expect" to live in

a stable and safe environment also later in life. However, as a laboratory rat, it may be raised

under false pretences since the safety and stability of its early life will later turn into the

challenging life of an experimental animal. The sources of stress and fear of laboratory rats

derive from husbandry routines (e.g. weaning, cage maintenance, housing conditions) as well as

experimental manipulations (e.g. transport, food restriction, test procedures, application of

substances). Based on the results presented in this thesis, standard rearing conditions may result

in elevated stress reactivity and fearfulness compared to more challenging rearing conditions. The

stress reactivity and fearfulness of standard reared laboratory rats may thus represent a form of

phenotypic mismatch, arising from the inconsistency between the early environment predicting

safety and stability later in life, and the challenging nature of the adult environment. This has two

important implications. First, increased stress reactivity and fearfulness in the presence of

frequent stressors as is typical for laboratory animals is likely to have detrimental effects on the

well-being of these animals and, secondly, stress and fear are major confounds in most animal
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experiments and may have detrimental effects on the scientific validity of animal experiments

(Wiirbel, 2001).

These considerations underscore the need for a better understanding of the effects of

housing and husbandry factors on developmental plasticity of stress and fear responses in

laboratory animals. However, it is important to note that, despite the global strive for

standardisation in laboratory animal science (Wiirbel, 2002), husbandry standards vary greatly

across laboratories. For example, some laboratories strictly change cages weekly, while others

tend to minimize nest disturbance by leaving dams with a litter completely undisturbed during the

first one or two weeks postnatally. Pryce and Feldon (2003) demonstrated that standard animal

facility rearing (AFR), involving a weekly cage change, was sufficient to reduce the offspring's

response to an acute stressor to similar extents as early handling (EH). However, with repeated

testing, AFR rats showed elevated CORT and ACTH responses compared to EH. Thus, there

seems to be a "dose-dependent" down-regulation of stress reactivity, depending on the degree of

environmental challenge during early infancy. This may offer the possibilty to devise more

stimulating housing and/or husbandry regimes that should attenuate stress reactivity and

fearfulness of the animals through the stimulation of active maternal care. This would be

beneficial in terms of both the welfare of experimental animals and the scientific validity of

animal experiments.

5.4 Future directions

There are still many aspects that warrant further investigation. First, much of what we know

about the neural mechanisms underlying variations in stress reactivity and fearfulness in response

to variations in maternal care stems from research into individual differences in maternal

behaviour and postnatal manipulation studies. Thus, it remains to be seen whether these findings

apply also to the effects of more natural variations in maternal environment. Second, research on

the effects of individual differences in maternal behaviour on offspring phenotype suggests that

total levels of active maternal care may be the primary factor mediating environment-dependent

down-regulation of stress reactivity and fearfulness. However, some of the results presented in

this thesis strongly question this hypothesis, indicating that other aspects of maternal behaviour

(e.g. the temporal distribution of nursing bouts) may be more important. Thus, further research

should aim at clarifying which aspects of maternal behaviour best predict the adult offspring's
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phenotype. Finally, and most importantly, any discussion about the adaptive significance of

variation in offspring phenotype in response to variation in early environment remains essenially

speculative, unless we start to study the fitness consequences of this variation under varying

environmental conditions. Thus, the acid test of the framework presented in this thesis would be

to raise rats under differentially challenging conditions and expose them as adults to conditions

that are either the same as or different from those under which they had been reared. The

predictions would be that rats raised under safe and stable consitions would fare best in safe and

stable conditions, while rats raised under more challenging conditions would fare better in a more

challenging environment. However, in order to guarantee construct validity, such studies may

need to be carried out with wild rats under natural conditions.
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ACTH

ANOVA

ANS

AVP

CORT

CRH (CRF)

EC

EH

GR

HPA-Axis

IEC

LG-ABN

MS

MSEH

MSMS

NC

NH

NHEH

NISD

ORMT

PLSD

PND

PVN

usv

Adreno-Cortico-Tropic Hormone

Analysis of Variance

Autonomic Nervous System

Arginine Vasopressin

Corticosterone

Corticotropin Releasing Hormone

Exploration Cage

Early Handling

Glucocorticoid Receptor

Hypothalamic-Pituitary-Adrenal Axis

Intermittent Exploration Cage

Licking Grooming-Arched Back Nursing

Maternal Separation

Maternal Separation/Early Handling

Maternal Separation/ Maternal Separation

Nest Cage

Non Handling

Non Handling/Early Handling

Novelty Induced Suppression of Drinking

Object Recognition Memory Test

Protected Least Significance Difference

Post Natal Day

Paraventricular Nucleus

Ultra Sonic Vocalization

128



Appendix II: Nomenclature of patterns of maternal behaviour

Appendix II: nomenclature of patterns of maternal behaviour

In this thesis I analysed in details many aspects of maternal behaviour in rats: to

familiarize the reader with the terms used, below I provide a list and a definition of the specific

behavioural patterns studied, some of which are not mutually exclusive:

Maternal behaviour/Maternal care: With these terms (used as synonyms) I include all the

parameters reported below.

Licking: The dam is hovering over the pups and holding one pup in the paws, performing

repetitive licking movements, proceeding from the pup's head to trunk to anogenital region.

High kyphosis: The dam is immobile in high upright dorsal arch posture supported by

rigid fore- and hind-limbs, the head is depressed, the trunks and limbs are bilaterally

symmetrical, and pups are attached to the nipples.

Low/partial kyphosis: The dam is over the pups relatively immobile, bilaterally

symmetrical, with the head not depressed and in low dorsal arch posture supported by rigid fore-

and hind-limbs (low kyphosis), or in low dorsal arch posture supported by rigid fore-limbs or

rigid hind-limbs (partial kyphosis).

Active nursing: licking, high kyphosis and low/partial kyphosis were combined into this

single behavioural category.

Prone nursing: The dam lies flat on top of the pups with little or no limb support.

Supine nursing: The dam lies on her side or back with some of the pups attached to the

nipples.

Passive nursing: This category includes prone and supine nursing.

Self-maintenance: the dam is not in any form of physical contact with her pups. This

behavioural category comprised feeding and drinking, active behaviour outside the nest, resting

and self-grooming (licking, scratching and washing of the head and body).

Contact with pups: The dam is in physical contact with the pups.

Nest attendance: The temporal (frequency and duration) distribution of presence of the

dam inside the nest area (including the time spent in physical proximity to the pups but not

necessarily in contact with them).
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