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Aan mijn ouders

I maintain there is much more wonder in science than in pseudoscience.

And in addition, to whatever measure this term has any meaning, science

has the additional virtue, and it is not an inconsiderable one, of being true.

Carl Sagan (1934 - 1996)
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1.1. The amygdala lesion model: tool of investigation

1.1.1. The amygdala

The amygdala (fig. 1), which has recieved its name from its close resemblance to the

shape of an almond, is a structure in the medial temporal lobe of all vertebrates. The

amygdala, not a nucleus in the strictest sense, is a collection of distinct, yet intercon-

nected nuclei and cortical areas. In the rat, the amygdala complex consists of seven

major nuclei: the lateral, basolateral, basomedial, central, medial, cortical, and interca-

lated nucleus (Paxinos and Watson, 1998).

The amygdala complex is highly connected and shares reciprocal connections with var-

ious cerebral structures: i.e. basal forebrain, cingulate cortex, frontal cortex, hypothal-

amus, hippocampus, insular cortex, occipital cortex, olfactory cortex, orbital cortex,

11
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Fig. 1. The amygdaloid complex and its relative location inside the rat brain (figure derived from Paxinos

and Watson, 1998). Anterior cortical amygdaloid nucleus (ACo); basolateral amydaloid nucleus, anteri-

or part (BLA); basomedial amygdaloid nucleus, anterior part (BMA); central amydaloid nucleus, capsu-

lar part, lateral division, medial division (CeC, CeL, CeM); cortex-amygdala transition zone (CxA); inter-

calated nuclei of the amygdala (IM); lateral amygdaliod nucleus, dorsolateral part (LaDL); medial amyg-

daliod nucleus, anterodorsal part (MeAD).
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striatum, temporal cortex, and thalamus (Amaral and Cowan, 1980; Amaral et al.,

1982; Amaral and Price, 1984; Amaral, 1986; Amaral and Insausti, 1992; Amaral et

al., 2003; Sah et al., 2003) (fig. 2).

1.1.2. The amygdala during development

Because the amygdala is such a highly interconnected structure, it has been postulat-

ed that this structure is important for the development of its projection areas

(Wolterink et al., 2001; Bouwmeester et al., 2002). Indeed neonatal lesions in the baso-

lateral amygdala likely result in morphological changes in the medial prefrontal cortex

(mPFC) in adult life, and likely not in the nucleus accumbens (Acb) nor the mediodor-

12
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Fig. 2. Schematic representation of the amygdaloid nuclei and their connections (for extensive review

see Sah et al., 2003). LA: lateral amygdaloid nuclei, CE: central amygdaloid nuclei, BLA: basolateral

amygdaloid nuclei, ME: medial amygdaloid nuclei, CLN: cortex-like amygdaloid nuclei.
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sal thalamic nucleus (MDT) (Bouwmeester et al., 2002). Thus, the basolateral amyg-

dala is critically important, but selective, for the development of its target structures.

1.1.3. The amygdala as center for stress and emotion

The amygdala is the neural structure most intimately tied to emotion. It has long been

known that damage to the amygdala produces profound disturbances in emoti o n a l

behavior, in particular when negative emotions related to fear and anxiety are involved

(Davis, 1992). It also mediates the impact of emotion on learning an memory (Kesner

et al., 1992). With the development of functional imaging techniques, this role of the

amygdala in mediating the response to fear related stimuli and the regulation and

interpretation of emotions has been made more visible in humans (Birbaumer et al.,

1998; Posse et al., 2003; Sander et al., 2003). Studies support the consensus role of the

amygdala, i.e. connecting internal and external stimuli and appraise them in their

environmental context. Anatomically, the amygdala is directly and indirectly connect-

ed to other brain structures that cope with stress, among them the hyp o t h a l a m u s

(Wallace et al., 1992). The amygdala may therefore act as a feedforward device that gen-

erates responses in anti c i p a tion of stress, f.i. the sympathetic and endocrine stress

response.

1.1.4. The amygdala in relation to developmental psychopathological disorders: 

schizophrenia

Amygdalar dysfunction has been postulated to be related to behavioral abnormalities

in several psychopathologies, among which schizophrenia (for a detailed discription of

schizophrenia, see box 1). Behavioral disturbances in schizophrenia, i.e. blunted/inap-

propriate affect, social withdrawal, difficulty identifying the emotional status of people

(Bellack et al., 1992; Cramer et al., 1992), and paranoid delusions (Epstein et al., 1999),

have all been connected, in some way, to limbic (amygdaloid) disturbance. Due to its

size and location in the human brain, it has been difficult to assess the amygdala of

s chizophrenic patients using in vivo imaging techniques (Lawrie et al., 1999). Po s t -

mortem studies in schizophrenic patients failed to find significant differences in

amygdalar volume (Chance et al., 2002). Yet, with advancing techniques, amygdalar

volume reduction has been found in schizophrenia (Gur et al., 2000; Hulshoff Pol et

al., 2001; Anderson et al., 2002).

Ho w e v e r, as important as anatomical data is evidence based on functional data.

derived from pharmacological and lesion studies linked to the amygdala, that may

mimick part of the schizophrenic syndrome.

13
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Box 1: Schizophrenia

In 1896 Emile Kraepelin (1856-1926) was the first to describe a specific set of symp-

toms, consisting of long-term cognitive and emotional deterioration, combined

with hallucinations and delusions. He called this illness, which seemed to affect

young people in the prime of their life, ‘dementia praecox’ as opposed to the ‘late

onset’ dementia described by the contemporary neurologist Alois Alzheimer

(1864–1915). The term ‘schizophrenia’ was first used by Eugen Bleuler (1857-1939) in

1908. He used this term to replace ‘dementia preacox’ because of the striking

schism he saw between rational thought, emotion and behaviour in these patients.

Since 1952, when the American Psychiatric Association’s Committee on

Nomenclature and Statistics published the first edition of the Diagnostic and

Statistical Manual of Mental Disorders (DSM), the criteria to diagnose schizophre-

nia have been consistently refined. The syndrome is currently defined as a chronic

psychiatric disorder that is characterized by psychotic episodes with hallucinations

and/or delusions, and a marked decline in social and occupational functioning. The

criteria for the diagnosis of schizophrenia are listed in the DSM-IV (APA, 1994). The

core symptoms for schizophrenia are divided into three distinct categories: positive,

negative, and cognitive symptoms (Carpenter and Buchanan, 1994). The positive

symptoms constitute florid psychotic symptoms, like hallucinations and delusions,

whilst the negative symptoms constitute the absence or diminuation of behavior,

like social withdrawal, poverty of speech/psychomotor activity, and affective flatten-

ing. The cognitive symptoms consist of formal thought disorder, memory impair-

ments, and impaired executive functioning (McKenna et al., 1990; Saykin et al.,

1991).

One of the most intriguing aspects of the disease is its epidemiologic profile. It

occurs only after puberty (except for a rare form of ‘childhood schizophrenia’

(Nicolson et al., 2000)), with males being at the highest risk for developing the dis-

ease between the age of 15-25, and females being at the highest risk between the age

of 20-35 (Hafner et al., 1998). The late onset of the disease symptoms is of interest

to our studies, for the profile suggests a developmental/maturational component

(Walker and Bollini, 2002). This is also an essential part of the postnatal day 7 amyg-

dala lesion model used in this thesis.

Etiology

Neuronanatomical abnormalities have been found from early on in the develop-

ment of the disease (Schulz et al., 1983), suggesting a neurodevelopmental origin of
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the syndrome. At the same time, the clinical symptoms and concurrent neu-

ropathology seem to be progressive (Gur et al., 1998), supporting the neurodegen-

erative hypothesis of schizophrenia first formulated by Emile Kraepelin. Based on

this neuroanatomical evidence it is believed that schizophrenia is a progressive neu-

rodevelopmental disorder (Weinberger, 1987; Woods, 1998), with elements of both

neurodevelopment and neurodegeneration contributing to the syndrome (for

review, see Shenton et al., 2001).

The lifetime prevalence of schizophrenia is approximately 1% for the general popu-

lation, but the risk for developing the disease increases with the degree of kinship

(monozygotic twins have a concordance rate of 50%). Genetic research into schizo-

phrenia suggests multiple genes to be involved in its etiology rather than a single

gene (McGuffin et al., 1994). Also environmental components seem to contribute to

the risk of developing schizophrenia. For instance, infection or nutritional deficien-

cy during pregnancy, and obstetric complications during birth increase the risk of

the infant to develop schizophrenia in later life (O’Callaghan et al., 1992; Sham et al.,

1992; Susser and Lin, 1992). Also, the existence of life events may have their impact

on the development of the disease, as is expressed in the ‘vulnerability-stress model’

(Yank et al., 1993; Nuechterlein et al., 1994). It describes schizophrenia as a disease

originating from a combination of both a strong biological basis and environmental

influences. In this model, individuals ‘at risk’ have a certain vulnerability to develop

the disease, yet stressful environmental factors contribute to the development of the

actual symptoms of the disease. Although evidence suggests the vulnerability-stress

model to have merit, it remains a hypothesis that is difficult to prove, since in

prospect no determinants for vulnerability can be identified as yet.

1.2. Animal models of schizophrenia

Various animal models for schizophrenia have been put forward, but all of them have

been met with skepticism because of the gap between animal physiology and behavior,

and complex human mental disorders such as schizophrenia (Lipska and Weinberger,

2000). There have been many pharmacological approaches, mainly focussing on

either the dopamine (Gambill and Kornetsky, 1976; Nielsen et al., 1983; Weiner et al.,

1984; Swerdlow et al., 1998; Suzuki et al., 2002) or the glutamate system (Ja vitt and

Zukin, 1991; Noda et al., 1995; Linn et al., 1999). Also morphological approaches have

been put forth, trying to mimic structural deficits seen in schizophrenia, predominan-

ly using lesions of the prefontal cortex (Lipska et al., 1998; Brake et al., 2000; Lacroix

et al., 2000), hippocampus (Lipska et al., 1993; Lipska et al., 1995; Lipska and
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We i n b e r g e r, 1995; Chambers et al., 1996; Lipska et al., 2001; Goto and O’Donnell,

2002; Lipska et al., 2002a), and recently the amygdala (Wolterink et al., 1998; Daenen

et al., 2001; Wolterink et al., 2001; Daenen et al., 2002a; Daenen et al., 2003a) .

Although also lesions of other limbic structures, e.g. the nucleus basalis magnocellu-

laris, have been investigated in relation to schizophrenia (Schauz and Koch, 1999),

other approaches have been either genetic, using receptor knockout mice (Clifford et

al., 2000; Gainetdinov et al., 2001), or environmental, using maternal deprivation as a

model of aspects of schizophrenia (Geyer et al., 1993; Ellenbroek et al., 1998).

1.2.1. Pharmacological models

1.2.1.1. Dopaminergic agonists

The involvement of the neurotransmitter dopamine (DA) in schizophrenia was based

on the observation that dopamine agonists, e.g. amphetamine and apomorphine, are

able to elicit positive schizophrenic symptoms (Kapit, 1977), and that these symptoms

are treated succesfully with DA antagonists, e.g. haloperidol (Creese et al., 1976). It

was therefore hypothesized that schizophrenic patients suffer from an excess of

dopaminergic acti vity (Meltzer and Stahl, 1976). Currently the DA hypothesis postu-

lates that hyperactivity of  dopaminergic neurons in the ventral tegmental area (VTA)

contributes to the emergence of psychotic symptoms, and hypoactivity of mesocortical

dopaminergic neurons contributes to the cortical hyp o f u n c tion and the negati v e

symptoms.

There are two types of DA receptors: D1-like (D1, D5) and D2-like (D2, D3, and D4)

(Civelli et al., 1993; Gingrich and Caron, 1993). Research has shown that the antipsy-

chotic actions of neuroleptic drugs are mediated via the mesolimbic D2 receptors, and

that the extrapyramidal side effects of those drugs are related to blockade of the nigros-

triatal DA system (Deutch, 1993). To which extent other DA receptor subtypes are

involved in schizophrenia remains to be seen, due to the lack of highly selective lig-

ands. However, recent data suggest that at least the D3 receptor is potentially interest-

ing for schizophrenia (Schwartz et al., 2000; Joyce, 2001), since atypical neurolepti c

drugs have affinity for this receptor subtype. Typical neuroleptc drugs, like haloperi-

dol, mainly bind to D2 receptors, whilst atypical neuroleptic drugs, like clozapine, show

a lower occupancy of striatal D2 receptors, despite their high affinity for this receptor

(Altar et al., 1986). The binding profiles of the atypical neuroleptic drugs show that

they also have high affinity for other than DA receptors, e.g. serotonin (5-HT) and nora-

drenalin (NA) receptors) (Altar et al., 1986; Kahn et al., 1993; Glavin and Hall, 1994;

Kahn et al., 1994; Kalkman and Loetsch e r, 2003), which demonstrates that the DA

hypothesis is not complete in this respect.

16
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Although the pathophysiology of schizophrenia proved to be seriously more complex

than the DA hypothesis postulated, the use of aspecific dopaminergic agonists have

remained a valid disease model, despite the fact that other than the positive symptoms

of the disease can not be elicited via this route. Moreover, dopaminergic agents can be

used to validate other (non-pharmacological) models. 

1.2.1.2. Glutamatergic antagonists

P h e n cyclidine (PCP) was developed as an anesthetic drug in the 1950’s. It soon

became a drug of abuse known as ‘angel-dust’. The PCP model for schizophrenia was

formulated in the 1970’s when a syndrome emerged, often (mis)diagnosed as schizo-

phrenia, that could be attributed to PCP. PCP-induced psychosis strongly resembles

acute paranoid schizophrenia with classic symptoms like bizarre behavior, catatonia,

paranoid delusions, delusions of being controlled by others, grandiosity and violence

(Allen and Young, 1978). Important in this respect is that symptoms can persist for

days to several weeks, suggesting prolonged alteration of the neurotransmitter sys-

tems involved. PCP is one of various glutamate receptor antagonists. There are three

different subtypes of glutamatergic receptors each named after their preferred agonist:

N - Methyl-D-Aspartate (NMDA), kainate, and quisqualate (α- a m i n o -3 - h y d r o xy - 5 -

m e t h y l - 4-isoxalepropionic acid (AMPA)). NMDA-receptor antagonists (PCP, keta-

mine, dextrorphan) mimick schizophrenic symptoms in healthy human volunteers

(Allen and Young, 1978; Krystal et al., 1994; Oranje et al., 2002). In animals, PCP

induces prefrontal cortical dopaminergic and cognitive deficits (Je n t s ch et al., 1997;

Sams-Dodd, 1997) and therefore constitutes an appealing animal-model of sch i z o-

phrenia. NMDA-receptor antagonists induce the following symptoms: 1) hyp e r l o c o-

m o tion in reaction to novelty-stress, the stress of a saline injection or amphetamine

administration, 2) prefrontal cognitive dysfunctions, and 3) prepulse-inhibition (PPI)

deficits to an acoustic-startle-response.

1.2.2. Lesion models

1.2.2.1. Prefrontal lesions

Because patients suffering from schizophrenia display cognitive deficits attributed to

d y s f u n c tion of prefrontal cortical areas (Berman et al., 1988; Andreasen et al., 1992;

Castellon et al., 1994; Knable and Weinberger, 1995), lesions of the prefrontal cortex in

animals have been studied with great interest. Cortical lesions in non-human primates

and in rats result in cognitive dysfunctions pertaining to planning, strategy, and goal-

directed behaviors (Robbins, 1990; Joel et al., 1997; Collins et al., 1998), similar to

those seen in schizophrenia. Neonatal cortical lesions in rats result in post-pubertal

17
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increased locomotor activity to a novelty stressor or a dopaminergic agonist (Flores et

al., 1996), and an enhanced DA release in the accumbens nucleus (Acb) after stress

(Brake et al., 2000). All in all, lesions in the prefrontal cortex are able to mimic some

important defects seen in schizophrenia.

1.2.2.2. Lesions in limbic structures (hippocampus and amygdala)

Based on evidence from functional, pharmacological, imaging and lesion studies lim-

bic structures have been implicated in schizophrenia. For example, imaging studies in

s chizophrenic patients have shown volume reductions in several limbic structures

(e.g. hippocampus, amygdala) (Bogerts et al., 1985; Rossi et al., 1994; Hulshoff Pol et

al., 2001). Together with the evidence from functional and pharmacological studies,

lesioning limbic structures (i.e. nucleus accumbens, amygdala, hippocampus, and

nucleus basalis magnocellularis) has been an approach that has received much atten-

tion. 

In rats these lesions result in a grossly similar syndrome, mimicking several aspects of

schizophrenia (Swerdlow et al., 1986; Lipska et al., 1992; Lipska et al., 1993; Lipska and

We i n b e r g e r, 1993; Wolterink et al., 1998; Schauz and Koch, 1999; Hanlon and

Sutherland, 2000; Daenen et al., 2001; Wolterink et al., 2001; Daenen et al., 2002a;

Lipska et al., 2002b; Lipska and We i n b e r g e r, 2002; Daenen et al., 2003a). These

include, but are not limited to: disturbed PPI, changed mesolimbic dopamine func-

tion, enhanced sensitivity to dopaminergic agonists, disturbed social behavior, and dis-

turbed behavioral performance in place navigation and spatial tasks. 

a. Hippocampal lesions

Structural pathology in schizophrenia is most reliably observed in the hippocampal

region (Bogerts et al., 1985; Jakob and Beckmann, 1986; Hulshoff Pol et al., 2001). The

hippocampal formation is thought to participate in the regulation of the mesolimbic

DA system, which is affected in schizophrenia (Yang and Mogenson, 1985;

Groenewegen et al., 1987; Csernansky et al., 1988; Sesack and Pickel, 1990). Lesions

in the hippocampus are therefore thought to constitute a dysregulation of the

mesolimbic DA system. Several lesion studies in animals have indeed shown symp-

toms bearing resemblance to positive and negative symptoms in sch i z o p h r e n i a

(Lipska et al., 1992; Lipska et al., 1993; Lipska et al., 1995; Sams-Dodd et al., 1997;

Wood et al., 1997; Lipska et al., 2002b; O’Donnell et al., 2002).

Lesions in the ventral hippocampus of neonatal rats have shown some remarkable

similarities to symptomatology in schizophrenia (Chambers et al., 1996). The symp-

toms observed are: hyp e r r e s p o n s i vity to the stimulant effects of amphetamine,

18
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impaired grooming, disrupted social interactions, and impaired spatial learning and

m e m o r y. Moreover these symptoms emerge during adolescence, which is also a pat-

tern seen in schizophrenia (Hafner et al., 1998).

b. Amygdala lesions

On the basis of lesion studies it has recently been suggested that lesions in and adja-

cent to the amygdala may have a role in schizophrenia (Fudge et al., 1998). Whether

disturbances in brain structures or function found in patients are of developmental

nature or due to the presence of the disease itself, remains subject of ongoing debate

(Shenton et al., 2001). To mimic a neurodevelopmental process in the animal model,

chemical lesions in the rat amygdala where made on postnatal day 7 (D7 AMX) and

postnatal day 21 (D21 AMX). The lesions on postnatal day 7, but not postnatal day 21,

are associated with symptoms that become manifest after puberty and bear resem-

blance to symptoms found in schizophrenia: i.e. impaired PPI, impaired behavi o r a l

response to stress, impaired social behavi o r, and increased sensiti vity to PCP

( Wolterink et al., 1998; Daenen et al., 2001; Wolterink et al., 2001; Daenen et al.,

2002a; Daenen et al., 2003a; Daenen et al., 2003b).

1.2.3. Other models

Various other models have been investigated including environmental models where

rats have either been reared in isolation, or maternally deprived (Geyer et al., 1993;

Varty and Higgins, 1995; Domeney and Feldon, 1998; Ellenbroek et al., 1998). These

models have shown disturbances in PPI, albeit not consistently (Lehmann et al.,

2000). Another model showing disturbed PPI constitutes rats genetically selected for

their locomotor hyper/hypo responsiveness to apomorphine (Ellenbroek et al., 1995).

Genetic approaches consist mainly of knockout mice showing behavioral deficits with

relevance to schizophrenia. Examples are mice lacking the MAO-A/B gene (Shih and

Chen, 1999), the cathechol-o-methyltransferase gene (Gogos et al., 1998), the

dopamine transporter gene (Gainetdinov et al., 2001), dopamine receptors (Clifford et

al., 2000), or NMDA receptor subunits (Miyamoto et al., 2001). 

Based on the observation that schizophrenia may be related to aberrant neurodevelop-

ment during pregnancy (DeLisi et al., 1988; Sham et al., 1992; Davis et al., 1995), in

utero exposure to pharmacological agents has been investigated in rats (Talamini et al.,

1998; Fiore et al., 1999; Talamini et al., 1999). These studies revealed morphological

changes similar to those found in post mortem studies in schizophrenia, and several

aberrant behaviors suggesting abnormal reactivity to external stimuli.

19
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1.3. Stress responsivity

1.3.1. What constitutes stress?

One of the most common but vague definitions of stress was made in 1914 by Walter

B. Cannon (1871–1945). He introduced the term homeostasis and postulated that sig-

nificant aversive emotional events, which he called stress, would be able to disturb this

biophysiological balance (Cannon, 1929; Cannon, 1935) He observed that when this

balance was threatened various physiological systems are activated, i.e. the sympathet-

ic-adrenomedullary system and the hypothalamic-pituitary-adrenal axis, to preserve

this balance. In 1936 the concept of stress was extended by Hans Selye (1907–1982),

who discovered a nonspecific reaction to noxious stimuli which he called the ‘General

Adaptation Syndrome’ (Selye, 1936). Later, Selye modified his view on stress, and stat-

ed that both occurence and size of the inherently nonspecific stress response are

dependent on characteristics of the stimulus and of the subject. Although a clear-cut

definition has not been made, recent views on stress include notion that stress is not

necessarily harmfull, but serves to trigger an organism to adapt itself to new environ-

ments (Hu e t h e r, 1996). The term allostasis, the ‘ability to achieve stability through

change’, was introduced to describe the plasticity of this adaptational process: the abil-

ity of an organism to re-set his/her homeostatic set point to adapt to a novel situation

(McEwen, 1998). Whatever the term used, recent views on stress all include the con-

cepts of adaptation, learning and habituation. Research has shown that the more con-

trollable a stimulus is, the less stressful it is appraised (Dess et al., 1983; Gannon and

Pardie, 1989; Kushner et al., 1992). 

Therefore, a stimulus is a stressor only when the subject appraises it as (a) uncontrol-

lable, and (b) emotionally and/or physically aversive. Besides the behavioral response,

the stress response has traditionally included two read-out systems (Hu e t h e r, 1996):

the sympathetic-adrenomedullary system (SAM), and the hyp o t h a l a m i c - p i t u i t a r y -

adrenal system (HPA). Heart rate, blood pressure and peripheral (nor)adrenalin secre-

tion are often taken as an index of SAM activity, and ACTH and cortisol secretion as an

index of HPA-axis activity.

1.3.2. Substrates 

For a short discription of neurotransmitters related to stress responsivity see box 2.

1.3.2.1. The prefrontal cortex

The prefrontal cortex and the mesocortical dopaminergic system play a pivotal role in

the interpretation of and response to stressful stimuli. Planning and strategy manage-

20
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Box 2: Neurotransmitters related to stress

Dopamine (DA): the involvement of the DA system in stress responsivity has been

established by various lines of research (Thierry et al., 1976; Deutch et al., 1990; Puri

et al., 1994; Cabib et al., 1998; Giardino et al., 1998; Sasaki et al., 1998). Specifically,

the meso-cortical and meso-limbic DA systems contribute to the heightening of

attention in response to a stressful stimulus (Thierry et al., 1976; Sawaguchi et al.,

1990).

Serotonin (5-HT): the 5-HT system seems to reduce fear and inhibit the heightening

of attention in response to a stressful stimulus, thereby having a modulating role

(Aston-Jones et al., 1991; Engberg, 1992; Graeff et al., 1996; Carrasco and Van de Kar,

2003).

Noradrenalin (NA): the noradrenalin system seems to serve the purpose of raising

the level of vigilance or attention to environmental stimuli (Foote et al., 1983; Aston-

Jones, 1985; Jacobs et al., 1991; Cole and Robbins, 1992). It has an excitatory effect

on both the DA and 5-HT systems, and is inhibited by activity from 5-HT, GABA and

opioid neurons.

G l u t a m a t e: the glutamate system has been implicated in the regulation of stress

induced dopamine release (Enrico et al., 1998; Feenstra et al., 1998; Kulagina et al.,

2001). Glutamate is one of the major excitatory neurotransmitters in the CNS

( Collingridge and Lester, 1989; Dori et al., 1989). Glutamatergic neurons have an

important role in cognition, learning and memory (Morris et al., 1986; Collingridge,

1987), neural plasticity of synaptic connections (Kaczmarek et al., 1997), pain per-

ception (Klepstad et al., 1990), information processing (Daw et al., 1993) and the

regulation of neuroendocrine secretion (Brann and Mahesh, 1994).

ment are among the main functions, as has been shown in animals (Thierry et al.,

1976; Herman et al., 1982).  In patients, it has been suggested that failure of prefrontal

cortical activation during a cognitive challenge, as measured by in vivo imaging, is the

result of dopaminergic dysfunction in that area (Weinberger et al., 1988; Daniel et al.,

1989; Daniel et al., 1991; Dolan et al., 1995; Weinberger and Berman, 1996). To further

support the central role of the mesocortical dopamine system in stress responsiveness,

there is evidence that in animals, dopamine dysfunction in this area leads to limbic

h yp e r s e n s i ti vity to stress (Carter and Pycock, 1980; Leccese and Lyness, 1987;

Haroutunian et al., 1988; Deutch et al., 1990).
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Fig. 3. Schematic representation of the sympathetic-adrenomedullary (SAM) axis. LC: locus coeruleus,

PGi: nucleus paragigantocellularis (for details see text).
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1.3.2.2. The limbic system

Arousal through fear or anxiety, a prerequisite for the activation of the general stress

response (Mason, 1971; Burchfield, 1979; Huether, 1996), leads to an activation of the

limbic system. This system consists of a number of circumscribed brain regions: the

h ypothalamus, septum, hippocampus, accumbens, ventral striatum and amygdala.

The amygdala plays a pivotal role in the arousal of fear and anxiety by integrating the

input of its numerous afferents, and hence in the acti v a tion of the neuroendocrine

stress response (Sarter and Markowitsch, 1985; Davis, 1992). The amygdala is thought

to be concerned with the attribution of affective qualities to the relevant stimuli. The

septum and the nucleus accumbens are thought to be important for the inhibition or

selection of behavioral response (Albert and Walsh, 1984; Huether, 1996).

1.3.2.3. The sympathetic-adrenomedullary (SAM) axis

The central noradrenergic system, comprising  the locus coeruleus (LC) and several

medullary nuclei (A1/A2 and C1/C2) (fig. 3), plays a pivotal role in the initi a tion and

prolongation of the stress response (Huether, 1996). It has a potentiating and reinforc-

ing effect on both the generation of fear and anxiety, and the activation of the HPA axis.

The central noradrenergic system recieves input from the associative (prefrontal) cor-

tex, amygdala, hippocampus, paraventricular nucleus of the hypothalamus (PVN), and

nucleus paragigantocellularis (Aston-Jones et al., 1986; Ennis and Aston-Jones, 1988;

Buchanan et al., 1994b; Van Bockstaele et al., 2001). The LC is widely regarded as the

center of both central and periferal noradrenergic ativity. In reaction to a stressful stim-

ulus, afferents to the LC provoke noradrenalin release. Centrally this release exerts a

reinforcing effect of the afferent CRH input into the LC, especially from the amygdala,

thus constituting a positive feedback loop (Huether, 1996). Peripherally, noradrenalin

is released from postganglionic neurons to their target organs. The central and periph-

eral release of noradrenaline leads to arousal and peripheral adaptation of bodily func-

tions to prepare the subject for the altered demands of the environment.

1.3.2.4. The hypothalamic-pituitary-adrenal (HPA) axis

The PVN plays a central role in the regulation and activation of the HPA axis (fig. 4). It

receives afferent information from various systems in the brain (e.g. vi s u a l ,

s o m a tic/special sensory, circumventricular, intrahypothalamic and limbic (Hu e t h e r,

1996), and functions as a regulator of pituitary ACTH secretion (Gaillet et al., 1991). It

does so by secreting CRH which can be potentiated by the secretion of other peptides

(e.g. arginin-vasopressin (AVP), oxytocin, vasoacti v e - i n t e s ti n a l - p o l yp e tide (VIP),

angiotensin II), that by themselves are not strong secretagogues of ACTH (Rivier et al.,

1984; Antoni, 1986; Plotsky, 1987; Familari et al., 1989; Scaccianoce et al., 1991). Both
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in animals and in humans, this acti v a tion of the HPA-axis is stimulus dependent

( Romero and Sa p o l s k y, 1996). ACTH subsequently stimulates the synthesis and

release of glucocorticoids from the adrenals. Glucocorticoids reach their target organs

and tissues via the systemic circulation. Because prolonged exposure to high levels of

glucocorticoids is detrimental to many processes, negative feedback inhibition of cor-

ticosteroid release is effectuated at the level of the adrenal, pituitary, hyp o t h a l a m u s
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Fig. 4. Schematic representation of the hypo-

thalamic-pituitary-adrenal (HPA) axis. PVN:

paraventricular nucleus of the hypothalamus,

CRH: corticotrophin releasing hormone, AVP:

ariginine vasopressin, ACTH: adrenocorti-

cotrophic hormone (for details see text).
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(PVN) and hippocampus. The role of the HPA stress response is to restore homeosta-

sis and turn-off those processes that have been set in motion by the primary response

systems, such as the sympathethic- and immune systems.

1.3.3. Stress responsivity in schizophrenia

There is evidence that schizophrenic patients are more vulnerable to stress than

healthy subjects (Yank et al., 1993). Stressful life events and ‘expressed emotions’, i.e.

the ‘propensity of the family to become critical or over-involved with the patient at

times of trouble’, increase the risk of a psych o tic relapse (Brown and Birley, 1968;

Birley and Brown, 1970; Rabkin, 1980; Lukoff et al., 1984; Day et al., 1987;

Nuechterlein et al., 1992; Norman and Malla, 1993; Nuechterlein et al., 1994; Doering

et al., 1998). Even the number of daily stressors has been implicated in the number of

schizophrenic symptoms (Norman and Malla, 1994).

The impact of stress on disease is a very well known concept, but the mech a n i s m s

underlying this phenomenon remain enigmatic. It has been shown that schizophrenic

p a tients have a diminished HPA response to a cold pressor stimulus (Albus et al.,

1982), the anti c i p a tion of lumbar puncture (Breier et al., 1988), a surgical procedure

(Kudoh et al., 1997), and a public speaking stressor (Jansen et al., 1998; Jansen et al.,

2000a). This suggests that stress responsivity is impaired in schizophrenia. This is the

case predominantly for (psycho)social stimuli, since the response to a physical or

metabolic stimulus appears unaltered from that of controls (Kathol et al., 1992; Jansen

et al., 2000a). Although it has been suggested that neuroleptic treatment might ham-

per the stress response in schizophrenic patients via its acti vity at the hyp o t h a l a m i c

level (Keim and Sigg, 1977; Me a d o r - Woodruff et al., 1990), medication-naive first-

episode schizophrenic patients already exhibit a stress response deficit (Van Venrooij

et al., In Preparation). It thus appears that impairments in the stress response may be

intrinsic to the (progression of the) disease. The explanation has been sought in the

fact that schizophrenic patients cope differently with their environment, have an

altered cognition and may not interpret stimuli as healthy indivuals do, and are thus

not well adapted. Part of these defects also run in families of schizophrenic pati e n t s

(Van den Bosch et al., 1992; Jansen et al., 2000a; Malaspina et al., 2000; Johnson et

al., 2003). Both the prefrontal cortex and the limbic system are thought to be involved

in these cognitive deficits (Beatty et al., 1993).

1.4. Aim and outline of this thesis

The aim of this thesis is to investigate the stress response in an animal model that has

relevance to schizophrenia, and to hypothesize on the role of the amygdala in the
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process of stress responsivity, given its crucial role in mediating the response ‘stress-

full/negative’ stimuli.

In chapter 2 we therefore investigated the stress response in the amygdala lesion

model, using rats lesioned on postnatal day 7 or 21, and their sham operated controls.

We speculated that results might shed light on the developmental nature of lesion

effects on the stress response, and on the role of the amygdala and its developmental

target structures in this respect.

To probe the mechanisms undelying the HPA hyporesponsiveness found in chapter 2,

we further investigated the phasic and tonic regulation of the HPA axis in the neona-

tally (day 7) lesioned animal in chapter 3. The sensitivity of the pituitary for CRH (feed-

forward) was tested, as well as the sensitivity of the pituitary to glucocorticoid feedback,

and the circadian secretion of corticosterone.

For its role in the regulation of HPA axis acti vi t y, and the notion that noradrenergic

transmission in the brain is altered in the amygdala lesion model (Bouwmeester,

2002), we further investigated the central noradrenergic system in chapter 4. To that

end, we used in vitro autoradiography of the α1- and α2-adrenoreceptors in brain areas

involved in the stress response; namely the medial prefrontal cortex (mPFC), accum-

bens nucleus (Acb), caudate putamen (CPu), paraventricular nucleus of the hypothal-

amus (PVN), and locus coeruleus (LC).

For its relevance to the schizophrenic syndrome in humans, we investigated in chap-

ter 5 whether the impaired stress response found in chapter 2, could be influenced by

chronic neuroleptic treatment. Based on the knowledge that neuroleptic treatment in

schizophrenia is of paramount importance to treat the symptoms, but also to prevent

relapse, the atypical neuroleptics (e.g. clozapine) being preferential over the typ i c a l

n e u r o l e p tics (e.g. haloperidol), we hypothesized that clozapine, but not haloperidol,

would exert its protective advantage through alteration of cerebral systems involved in

stress processing
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Abstract

Day 7 amygdala-lesioned (D7 AMX) rats have been proposed as a model for neurode-

velopmental psychopathological disorders, such as schizophrenia. Patients with schiz-

ophrenia are sensitive to stress and show an impaired hypothalamic-pituitary-adrenal

response to certain stressful stimuli. Therefore, we investigated neuroendocrine and

b e h a vioral stress responses in the D7 AMX lesion model. Plasma concentrations of

ACTH, corticosterone, and catecholamines were measured in response to foot shock

and novelty in D7 and D2 1 lesioned (AMX) and non-lesioned (SHAM) animals.

Behavior was recorded and analyzed afterwards. D7 AMX rats, unlike other rats, had a

reduced ACTH response to foot shock and showed less active behavior in response to

novelty. Neurodevelopmental dysfunction of target structures of the amygdala is asso-

ciated with disturbed endocrine and behavioral responses to stress. These data accord

with the notion that the D7 amygdala-lesioned rat can function as a neurodevelopmen-

tal model with relevance to schizophrenia.
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Introduction

A number of animal models have been described that are believed to mimic deficits

seen in schizophrenia (Lipska et al., 1993; Hanlon and Sutherland, 2000). Recently, it

was found that rats that had received an amygdala lesion on postnatal day 7 (D7 AMX)

showed a number of deficits that are also seen in schizophrenia, for example, an

impaired prepulse inhibition, impairments in social behavior, stereotyped hyperactiv-

i t y, and an increased sensiti vity to phencyclidine and apomorphine (Wolterink et al.,

1998; Daenen, 1999; Wolterink et al., 2001). These deficits were not observed in

sham-operated rats (D7 SHAM) or in rats in which the amygdala was lesioned later, on

postnatal day 2 1 (D 2 1 AMX). Rats bearing an amygdala lesion made on day 7 h a v e

therefore been proposed as a model for neurodevelopmental psychopathological disor-

ders such as schizophrenia (Wolterink et al., 2001). Patients with schizophrenia seem

to be particularly vulnerable to stressful stimuli, because the severity of symptoms in

these patients is related to the amount of perceived stress (Nuechterlein et al., 1992;

Norman and Malla, 1994). There is also evidence that the response of the hypothala-

mus-pituitary-adrenal (HPA) axis, a system crucially involved in stress adaptation, to

various types of stressful stimuli is impaired in schizophrenia (Breier et al., 1988;

Kudoh et al., 1997; Jansen et al., 1998; Kudoh et al., 1999; Jansen et al., 2000a) .

Moreover, morphological abnormalities in brain areas that are involved in stress pro-

cessing, for example a reduced amygdala volume, have been observed in the brains of

schizophrenic patients (Wright et al., 2000; Hulshoff Pol et al., 2001).

Abnormalities in HPA axis responsiveness have been described in amygdala-lesioned

rats (Beaulieu et al., 1986; Beaulieu et al., 1987; Roozendaal et al., 1991a; Prewitt and

Herman, 1994; Marcilhac and Siaud, 1996; Dayas et al., 1999), and it is thought that

the central and medial nuclei of the amygdala play a role in the potentiation of the HPA

axis and the sympatho-adrenal response to stress (Roozendaal et al., 1991a). Data avail-

able so far, however, only concern the (sub)acute effects of lesions in adult rats. To our

knowledge, the effects of amygdala lesions made early in life on responsiveness to

stress later in life have not been studied.

In view of the above, we set out to investigate the responsiveness to stress in the amyg-

dala lesion model. Two stress paradigms were used: exposure to foot shocks and to

novelty. The levels of ACTH and corticosterone in plasma were measured as indices of

HPA axis function, and those of adrenaline and noradrenaline as indices of sympatho-

adrenal function. Attention, rearing, and grooming were monitored as indices of

a c tive behavi o r, and immobility as an index of passive behavi o r. The following two

hypotheses were tested: (1) D7 AMX rats respond to stress differently from D21 AMX

rats, and (2) D7 AMX rats show a diminished HPA axis response to stress compared to

D7 SHAM rats.
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Experimental procedures

All procedures were performed in accordance with the guidelines established by the

Committee for the Ethical Treatment of Animals Ut r e cht (DEC Ut r e cht), The

Netherlands, and the Society for Neuroscience Po l i cy on the Use of Animals in

Research.

Animals and housing

Pregnant female Wistar rats [U:WU] were obtained at day 1 8 of gestation and were

housed individually in Macrolon
®

Type III cages with sawdust bedding. After delivery,

male and female pups were separated; male pups were randomized and returned to a

nest. All nests contained at least two female pups and up to seven male pups. Ma l e

pups were operated on on postnatal day 7 or 2 1 and were weaned at 2 1 days. After

weaning, all operated rats were housed socially (3 to 4 rats per cage) in Macrolon
®

Type

III cages, with sawdust bedding, until they reached adulthood (approximately 13

weeks, average weight 369.7 ± 40.6 g). Thereafter all rats received a chronic jugular

vein cannula and were allowed to recover for two weeks in individual transparent

Perspex™ cages measuring 25 × 25 × 34 cm (l × w × h) with sawdust bedding. During

this recovery period, the cannulas were flushed regularly and the rats were habituated

to the blood sampling procedure. The rats were given standard chow (Hope Fa r m s
®
,

standard laboratory animal food) and water ad libitum. They were weighed daily after

surgery until they reached their pre-surgical weight and were then weighed weekly. A

12-hour light/dark cycle was used, with lights on from 07.00 to 19.00. Ambient temper-

ature was held constant at 21 ± 1 ˚C with humidity at 50 ± 10%.

Surgical procedures and histology

The lesioning procedure (fig. 1) was performed according to the technique described

by Wolterink et al. (2001). Male Wistar rats were anesthetized with fentanyl
®

(4 µg/rat,

s.c. for D7) or Hypnorm
®

(0.1 µg/kg, i.m. for D21). The heads of the D7 rat pups were

placed in a specially constructed head mould to enable stable fixation of the head. The

coordinates for the positioning of the needles for the amygdala lesions were 3 . 8 m m

lateral to the midline, 1.0 mm posterior to bregma, and 6.0 mm below the surface of

the skull, at an angle of 4˚. The tip of the needles was aimed at the basolateral nucleus

of the amygdala (BLA). The heads of the D21 rat pups were secured in a David Kopf
®

stereotaxic apparatus with the incisor bar at horizontal zero. The coordinates for the

positioning of the needles for the amygdala lesions were 4.0 mm lateral to the midline,

2 mm posterior to bregma, 6 . 8 mm below the surface of the skull, at an angle of 0˚.

Lesions were made by bilateral infusion of ibotenic acid (3 µg /0 . 3 µl phosphate-

buffered saline [PBS] for D7 or 4 µg/0.3 µl PBS for D21) over two minutes, using an
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infusion pump. After infusion, the needles were left in place for 4 minutes. SHAM-

lesioned rats received the corresponding amount of vehicle. 

Within two weeks after the end of the experiments, all rats were killed with an overdose

of intravenous pentobarbital. After decapitation, the brains were collected individually

in formaldehyde-containing vials and were then sectioned (5 0 µm) and stained wi t h

hematoxylin and eosin. Histological evaluation showed that AMX lesions in fourteen

rats (approximately 15% of the lesions) were either too big or entirely outside the BLA

(Paxinos and Watson, 1986), and data from these animals were discarded (table 1).
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Fig. 1. Micrographs of representative amygdala lesions. Highlighted, after histological evaluation, are

the relative locations of the basolateral amygdala. A: D7, B: D21. C: anatomical drawing of the important

amygdala nuclei, BLA: basolateral nucleus of the amygdala, LA: lateral nuclei of the amygdala, CE: cen-

tral nuclei of the amygdala (figure derived from Paxinos and Watson, 1997)

A B C

Table 1. Number of rats per group after histological analysis

day 7

day 21

footshock

13

6

novelty

15

4

footshock

17

10

novelty

15

10

AMX SHAM

Stress test-procedure and radioimmunoassays (RIAs)

All animals were attached, in their home cage, to the sampling cannula 9 0 m i n u t e s

before stress exposure (t= - 90 minutes). A basal blood sample was taken at t = - 10 min-

utes, and the animals were transferred from their home cage to the novel test cage at 

t = 0 minutes. The test started at t = 0, and consisted of a 1 0-minute period during
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which foot shocks or no foot shocks (novelty) were given. Blood samples were taken at

t = 5, 10, 20, 30 and 60 minutes. A total of ten individual foot shocks with a current of

0.25 mA and lasting 1 second were given at 1:00, 1:40, 2:40, 4:00, 4:40, 5:40, 7:00, 7:40,

8:40, and 9:30 minutes after the start of the test. Behavior was videotaped for later

analysis. At the end of the test, a blood sample was collected in heparin/EDTA-contain-

ing vials and the animals were put back into their home cage. Samples were kept on ice

and were centrifuged within four hours of sampling, and plasma was stored at - 80 ̊ C.

Corticosterone was determined using an ImmuChem
® 125I RIA kit (ICN Biomedicals,

Inc.), and ACTH with an in-house 125I RIA using the S-5 230676 antibody as described

p r e viously (Van Oers and Tilders, 1991). Ca t e cholamines were determined using an

in-house method with high-performance liquid chromatography separation and elec-

trochemical detection (Nijsen et al., 1998).

Behavioral analysis

B e h a vior was analyzed with Observer
®

software (Noldus Information Te ch n o l o g y,

Wageningen, The Netherlands). The ethogram consisted of four behavioral parame-

ters: attention (sitting while head and whiskers are moving), locomotion, rearing

(front paws are of the ground, head lifted up), immobility (includes freezing), and

grooming (cleaning head or body with tongue or paws).

Experiments

Two experiments were performed. To test the first hypothesis, 47 male pups were oper-

ated on postnatal day 7 (D7): 25 received an amygdala lesion (AMX) and 22 were

SHAM (SHAM) operated. A split-litter design was used and AMX and SHAM pups

were evenly distributed over the litters. At 21 days of age, the pups were weaned and

housed socially, with AMX and SHAM rats being evenly distributed. After a 3-month

maturation period, a jugular vein cannula was implanted in all rats. Several rats were

lost during or after surgery, or due to problems with the patency of the cannula. After

a two-week recovery period, the remaining t h i r t y rats were tested and blood samples

were obtained.

In the second experiment, we sought to replicate the results of the first D7 experiment

and test whether D7 AMX rats differ from D21 AMX rats in responsiveness to stress

(second hypothesis). For this study, 91 male pups underwent surgery. The groups con-

sisted of 27 D7 AMX, 20 D7 SHAM, 30 D21 AMX, and 23 D21 SHAM pups. At 21 days,

the pups were weaned and housed socially (3 to 4 per cage), with AMX and SHAM rats

being evenly distributed. After a three-month maturation period, a jugular vein cannu-

la was implanted in all rats. Several rats were lost during or after surgery, or due to
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problems with patency of the cannula. After a two-week recovery period, the remain-

ing 74 animals were tested and blood samples were obtained.

Statistical analysis

St a ti s tical analysis (ANOVA, repeated measures) revealed that the data for D7 AMX

and D7 SHAM groups from the first and second experiments were not statistically dif-

ferent. All results are therefore presented as for a single experiment (table 1). No differ-

ence was found in pretest weight between the AMX and SHAM groups; however, the

21-day-old rats were significantly heavier than the 7-day-old rats (p = 0.002). Endocrine

data were analyzed using repeated measures analysis of variance with weight as covari-

ate (ANCOVA, SPSS 10.0 for Macintosh
®
). The analysis included the within subjects

factor ‘time’ (the endocrine response over time; six levels: t= –10, 5, 10, 20, 30, and 60

minutes) and the between subjects factors ‘day’ (two levels: D7 and D21) and ‘lesion’

(two levels: AMX and SHAM). When relevant, post-hoc analyses were performed

using an ANCOVA repeated measures. Behavioral data were analyzed using multivari-

ate analysis of variance (MANOVA, SPSS 10.0 for Ma c i n t o s h
®
). Significance was

reached when p ≤ 0.05. Results are given as means ± SEM.

Results

Histological evaluation showed that the size and location of the AMX lesions (fig. 1)

were not different from those previously described by Wolterink et al. (2001).

Responses to foot shock stress

Plasma ACTH (fig. 2A)

An interaction was found between lesion × day × time (table 2). Post hoc analysis

revealed a difference between the D7 AMX and D21 AMX subgroups (F(1,17) = 14.406,

p < 0.001), and between the D7 AMX and D7 SHAM subgroups (F( 1 , 2 8 ) = 6.690, p <

0.001). However, there was no difference between the D7 SHAM and D21 SHAM sub-

groups, or between the D21 AMX and D21 SHAM subgroups. These data indicate that

D7 AMX rats had an attenuated ACTH response to foot shock compared with that of

the other experimental groups.

Plasma corticosterone (fig. 2C)

There was no difference over time between the D7 and D21 groups, or between the

AMX and SHAM groups. The between subjects analysis revealed a difference between

the D7 and D21 rats (table 2): the total amount of corticosterone released was lower in

the D7 subgroups than in the D21 subgroups.
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Fig. 2. Hypothalamus-pituitary-adrenal axis response to a 10-minute foot shock session (black bar), 

A: ACTH to foot shock, B: ACTH to novelty, C: CORT to foot shock, D: CORT to novelty.

within subjects analysis

time

day × time

lesion × time

day × lesion × time

between subjects analysis

day

lesion

day × lesion

F(5,210)

153.15

8.21

1.96

2.61

F(1,41)

6.31

0.31

4.40

p

0.000

0.000

0.086

0.026

p

0.016

0.576

0.042

F(5,210)

157.74

1.95

1.84

1.19

F(1,41)

13.05

0.07

0.82

p

0.000

0.087

0.107

0.316

p

0.001

0.793

0.371

F(5,135)

300.18

0.94

2.65

0.83

F(1,26)

10.08

0.34

0.00

p

0.000

0.460

0.026

0.529

p

0.004

0.565

0.987

F(5,135)

254.87

0.43

1.03

0.48

F(1,26)

9.98

0.60

2.75

p

0.000

0.827

0.400

0.793

p

0.004

0.445

0.109

footshock

ACTH CORT NA A
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Plasma catecholamines(table 3)

An interaction was found between lesion × time for the noradrenaline, but not the

adrenaline, response (table 2): the AMX subgroups released less noradrenaline in

response to foot shock than did the SHAM subgroups. Between subjects analysis

revealed a difference between D7 and D21 groups in both the noradrenaline response

and the adrenaline response (table 2): the D7 subgroups released less catecholamines

in response to foot shock than did the D21 subgroups.

Behavior (table 4)

There was a main effect of lesion (F(10, 32) = 2.252, p = 0.040). Contrasts (table 5) revealed

effects on attention, locomotion, and immobility. AMX rats showed more active behav-

iors and less immobility in response to foot shock than did SHAM animals.

Response to novelty stress

Plasma ACTH (fig. 2B):

An interaction was found between lesion × time (table 2). The lesioned groups (D 7

AMX and D21 AMX) had a lower ACTH response to novelty than did the SHAM

groups. 
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within subjects analysis

time

day x time

lesion x time

day x lesion x time

between subjects analysis

day

lesion

day x lesion

Table 2: Statistical analysis of the endocrine data (ANCOVA repeated measures). time = endocrine

response over time, lesion = AMX vs SHAM, day = day 7 vs day 21, NA= Noradrenaline, A = Adrenaline 

F(5,200)

34.37

0.64

5.59

0.50

F(1,39)

0.74

7.38

0.07

p

0.000

0.668

0.000

0.773

p

0.394

0.008

0.79

F(5,200)

48.80

1.27

4.58

1.26

F(1,39)

0.42

5.96

0.67

p

0.000

0.277

0.001

0.284

p

0.52

0.019

0.417

F(5,125)

112.16

0.48

2.53

0.46

F(1,24)

1.03

1.89

0.05

p

0.000

0.790

0.032

0.808

p

0.320

0.182

0.819

F(5,125)

73.07

0.42

1.73

0.45

F(1,24)

0.00

0.83

0.41

p

0.000

0.835

0.132

0.814

p

0.946

0.371

0.529

ACTH CORT NA A

novelty
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footshock

novelty

footshock

novelty

D7

D7

D21

D21

D7

D7

D21

D21

D7

D7

D21

D21

D7

D7

D21

D21

AMX

SHAM

AMX

SHAM

AMX

SHAM

AMX

SHAM

AMX

SHAM

AMX

SHAM

AMX

SHAM

AMX

SHAM

52 ± 3

63 ± 4

72 ± 4

63 ± 5

57 ± 5

64 ± 4

59 ± 4

63 ± 3

77 ± 4

78 ± 3

80 ± 4

83 ± 7

75 ± 3

77 ± 4

77 ± 1

83 ± 3

118 ± 13

133 ± 11

141 ± 17

161 ± 10

111 ± 15

151 ± 18

125 ± 9

126 ± 12

140 ± 18

146 ± 7

160 ± 17

148 ± 10

125 ± 13

153 ± 9

136 ± 16

139 ± 12

227 ± 25

289 ± 11

299 ± 21

294 ± 16

207 ± 31

275 ± 28

210 ± 16

219 ± 21

284 ± 34

270 ± 18

315 ± 21

288 ± 13

215 ± 26

249 ± 15

211 ± 16

256 ± 21

419 ± 60

455 ± 18

466 ± 24

472 ± 26

255 ± 45

321 ± 45

259 ± 39

292 ± 35

417 ± 28

416 ± 18

442 ± 42

469 ± 9

276 ± 45

326 ± 35

275 ± 28

339 ± 35

266 ± 45

317 ± 19

311 ± 25

352 ± 27

183 ± 40

186 ± 19

197 ± 24

193 ± 18

253 ± 28

281 ± 17

269 ± 25

348 ± 13

184 ± 29

172 ± 14

199 ± 6

215 ± 18

123 ± 18

125 ± 15

148 ± 14

137 ± 9

125 ± 26

104 ± 7

114 ± 8

101 ± 7

117 ± 16

135 ± 10

149 ± 14

154 ± 11

120 ± 22

93 ± 8

110 ± 11

118 ± 7

Table 3: Mean values ± SEM of the catecholamine response per timepoint.

Table 4: Mean values ± SEM of the behavioral response to the 10 minute stress test. 

FR = frequency (per 10 minutes), DR = duration (in seconds).

adrenaline (pg/ml)

group -10 min 5 min 10 min 20 min 30 min 60 min

noradrenaline (pg/ml)

group -10 min 5 min 10 min 20 min 30 min 60 min

behavior

attention FR

attention DR

locomotion FR

locomotion DR

rearing FR

rearing DR

immobility FR

immobility DR

grooming FR

grooming DR 

49.9

265.5

41.9

82.5

20.8

110.7

19.7

97.0

1.4

8.3

D7 AMX

±

±

±

±

±

±

±

±

±

±

4.2

34.3

5.6

18.8

2.4

31.8

4.7

18.6

0.5

3.9

40.1

145.3

27.6

49.6

21.1

157.8

18.

239.1

0

0

D7 SHAM

±

±

±

±

±

±

±

±

±

±

3.0

13.7

2.8

10.5

2.8

23.9

2.0

24.7

0

0

68.3

311.7

42.5

46.8

28.0

144.7

16.7

96.6

0.3

0.3

D21 AMX

±

±

±

±

±

±

±

±

±

±

5.7

47.5

5.2

3.5

5.3

32.2

3.7

29.9

0.3

0.3

54.3

250.0

29.8

34.0

22.9

124.5

12.3

188.1

0.6

3.5

D21 SHAM

±

±

±

±

±

±

±

±

±

±

5.5

43.3

2.8

4.7

5.0

27.4

2.5

50.5

0.4

2.6

footshock

36
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behavior

attention FR

attention DR

locomotion FR

locomotion DR

rearing FR

rearing DR

immobility FR

immobility DR

grooming FR

grooming DR 

52.1

363.5

37.5

66.0

15.8

46.6

11.1

82.0

3.8

41.8

D7 AMX

±

±

±

±

±

±

±

±

±

±

4.0

25.5

4.5

14.2

2.5

9.2

3.1

23.3

0.5

6.3

67.0

341.6

43.5

56.3

28.5

108.2

10.1

45.6

4.9

43.7

D7 SHAM

±

±

±

±

±

±

±

±

±

±

2.8

20.5

2.7

5.2

1.7

12.0

2.0

7.4

0.9

9.9

74.0

391.3

47.3

43.4

28.0

118.8

6.8

36.1

1.8

10.5

D21 AMX

±

±

±

±

±

±

±

±

±

±

9.1

32.0

3.5

7.7

5.2

22.8

2.7

12.6

0.9

5.1

63.4

409.5

38.9

36.2

22.4

68.4

6.9

54.9

3.9

31.0

D21 SHAM

±

±

±

±

±

±

±

±

±

±

3.1

15.0

3.5

4.5

2.2

8.7

1.5

13.5

0.5

4.9

novelty

37

Plasma corticosterone (fig. 2D)

As for ACTH, an interaction was found between lesion × time (table 2). The lesioned

groups (D7 AMX and D21 AMX) had a lower corticosterone response to novelty than

did the SHAM groups.

Plasma catecholamines (table 3)

An interaction was found between lesion × time for noradrenaline, but not for adren-

aline (table 2). The lesioned groups (D7 AMX and D21 AMX) had a lower noradrena-

line response to novelty than did the SHAM groups (data not shown). 

Behavior (table 4)

A day × lesion interaction was found (F(10, 29) = 2.512, p = 0.026). Contrasts (table 5)

revealed an effect on some, but not all, active behaviors measured. Attention (frequen-

cy) and rearing (frequency and duration) were attenuated in D7 AMX rats as compared

to D21 AMX rats, while these behaviors were increased in D21 AMX versus D21

SHAM rats.

Discussion

Our results show that day 7 amygdala-lesioned rats (D7 AMX) differ from D21 AMX

rats in that they have a significantly diminished HPA axis response to foot shock.

Behaviorally, they can be distinguished from D21 AMX rats in that they exhibit more

a c tive behavior in response to foot shock and more passive behavior in response to

novelty. D7 AMX rats had a smaller HPA axis response to both foot shock and novelty
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than day 7 sham-operated rats (D7 SHAM). Ho w e v e r, they displayed more acti v e

b e h a vior during foot shock stress and more passive behavior in response to novelty

than D7 sham-operated rats. 

The difference in the ACTH response to stress between D7 AMX and D21 AMX rats

suggests that the absence of normal amygdala function is not the most critical factor in

the stress response, because this structure was lesioned in both groups. Rather, the

results suggest that different structures are impaired in D7 AMX rats and in D21 AMX

rats and contribute to the difference in HPA axis function. These differences between

the D7 AMX and D21 AMX rats provide support for the neurodevelopmental hypoth-

esis that has been proposed for this animal lesion model (Wolterink et al., 1998;

Wolterink et al., 2001). This hypothesis proposes that at a certain stage in development

an intact amygdala is required for trophic stimulation of other developing brain areas

(e.g. prefrontal cortex, striatal areas, and thalamus (Bouwmeester et al., 2002)).

Damage to the amygdala during this period may lead to maldevelopment of those tar-

get areas. When the target areas have matured beyond a certain point (D21), trophic

stimulation is no longer required for their normal development, and amygdala dam-

age then results in a different type of deficit (a lesion of the amygdala accompanied by

a developmental disorder (D7 AMX) versus solely a lesion of the amygdala (D21

AMX)). 

The finding that lesioning of the amygdala lowered the noradrenaline response to both

foot shock and novelty stress is consistent with previously published data, and sup-
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Table 5: Statistical analysis of the behavioral data (Multivariate Analysis). Lesion = AMX vs SHAM, 

day = day 7 vs day 21, FR = frequency (per 10 minutes), DR = duration (in seconds)

attention FR

attention DR

locomotion FR

locomotion DR

rearing FR

rearing DR

immobility FR

immobility DR

grooming FR

grooming DR 

F(1,41)

6.75

7.51

8.70

2.38

0.40

0.18

0365

12.56

2.37

0.93

footshock

lesion

novelty

day × lesion

p

0.013

0.009

0.005

0.131

0.533

0.673

0.425

0.001

0.132

0.341

F(1,38)

0.23

0.00

0.07

0.48

1.55

0.16

0.02

0.19

3.66

1.30

p

0.008

0.475

0.117

0.918

0.003

0.000

0.842

0.182

0.533

0.348
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ports the notion that the amygdala is important for the interpretation of environmen-

tal stimuli (Roozendaal et al., 1991b). Thus, the amygdala-lesioned animals could be

less aroused, and therefore have an attenuated noradrenaline response to stress. On

the basis of this finding and the observation that the catecholamine response of both

lesioned groups (D7 AMX and D21 AMX) was similar, we assume that the stimuli were

experienced similarly by both lesioned groups. Thus the two groups of lesioned ani-

mals can be distinguished by their endocrine and behavioral responses to stress, and

not by their catecholamine response to stress. The discrepancy between the ACTH and

corticosterone responses to foot shock can be explained in terms of the corticosterone

response already being maximal at about 3 0 0 pg/ml ACTH in our rats (Nijsen et al.,

2000). 

The HPA axis is considered to mediate the adaptation of an organism to ch a n g i n g

environmental circumstances, and therefore its response to stress (Huether, 1996). As

patients with schizophrenia have a more passive coping style than healthy individuals,

patients with schizophrenia may be less able to adapt to changing environmental cir-

cumstances (Gispen-de Wied, 2000; Jansen et al., 2000a). In our experiment, D 7

AMX rats showed an attenuated response to stress not unlike the response seen in

s chizophrenic patients. D7 AMX rats also displayed a decrease in habituation and

adaptation of locomotor activity to an open-field stimulus compared to D7 SHAM rats

(Daenen, 1999), suggesting an inability to cope with a new environment. 

The present data support the idea that the amygdala is not only critical in stress

processes per se but is also vital for trophic input to its target structures (e.g. prefrontal

cortex, striatal areas, and thalamus) in early life. Furthermore, the data highlight the

similarity in deficits found (an attenuated stress response) in this animal model and in

s chizophrenic patients. These data therefore accord with the notion that the day 7

amygdala lesion in rats might be a neurodevelopmental model with relevance to schiz-

ophrenia. Further research should focus on the possible relationship between amyg-

dala function in schizophrenic patients, their responsiveness to stress, and the effect

of treatment on the responsiveness of the HPA axis, for which this animal model

might offer a novel approach.
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Abstract

Adult rats with amygdala lesions made on postnatal day 7 (D7 AMX rats) have been

proposed as a model for neurodevelopmental psychopathological disorders such as

schizophrenia. Recently, we found that the responsivity of the hypothalamus-pituitary-

adrenal (HPA) axis to stress is impaired in these rats (Terpstra et al., 2003).  Here we

i n v e s tigated the mechanism underlying this deficit, particularly the involvement of

reduced sensitivity to CRH and of increased sensitivity to negative feedback actions of

g l u c o c o r ticoids. To that end, we determined (a) the plasma corticosterone (CORT)

response following  i.v. injection of graded doses of ovine CRH (oCRH: 0, 0.3 or 0.9

µg/kg), (b) the effect of pretreatment with a low dose of CORT on the plasma CORT

response induced by novelty stress, and (c) the basal circadian plasma CORT profile.

As compared with D7 SHAM rats, D7 AMX rats displayed a reduced CORT response

to 0.9 µg/kg oCRH. The inhibitory effect of CORT pretreatment on the plasma CORT

response induced by novelty stress was similar in D7 AMX and SHAM rats, suggest-

ing that glucocorticoid feedback mechanisms were unaltered in D7 AMX rats. These

data suggest that hyporesponsiveness to CRH of the pituitary corticotrophs underlies

the previously observed deficit of D7 AMX rats in HPA responding to stress. In addi-

tion, D7 AMX rats displayed elevated basal plasma CORT levels, particularly during

the nocturnal phase of the circadian cycle, that is when rats are awake and active. In

absence of changes in glucorticoid feedback, this may suggest increased arousal. The

present data add to evidence that amygdala lesions early in life may lead to develop-

mental deficits in stress responsive systems in the rat. These deficits may be of rele-

vance for neurodevelopmental disorders such as schizophrenia.
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Introduction

Adult rats with amygdala lesions made on postnatal day 7 after birth (D7 AMX rats)

have been proposed as a model for neurodevelopmental psychopathological disorders

s u ch as schizophrenia (Daenen et al., 2001; Wolterink et al., 2001; Daenen et al.,

2002a). In contrast to rats with amygdala lesions made on day 21 after birth, D7 AMX

rats show a number of deficits that are also seen in schizophrenia, for instance

impaired pre-pulse inhibition, impaired social behavior, stereotyped hyperactivity, and

increased sensitivity to phencyclidine and apomorphine (Daenen, 1999; Daenen et al.,

2002b; Daenen et al., 2003a; Daenen et al., 2003b). Recently we found that the respon-

siveness of the HPA axis to stress is impaired in D7 AMX rats (Terpstra et al., 2003),

thus adding another feature shared by the amygdala lesion model with schizophrenic

p a tients. Indeed, it has been reported that schizophrenic patients display a blunted

response to surgical stress (Kudoh et al., 1997; Kudoh et al., 1999), lumbar puncture

stress (Breier et al., 1988), and psychosocial stress (Jansen et al., 1998; Jansen et al.,

2000a).

In addition to aberrant stress responses, the tonic regulation of the HPA axis also

appears to be affected in schizophrenia. Although a clear phase shift in the circadian

rhythm of cortisol thusfar has not been established (Van Cauter et al., 1991; Rao et al.,

1995; Lee et al., 2001), there is evidence that chronic schizophrenic patients display an

irregular diurnal cortisol profile (Kaneko et al., 1992) and higher overall circulati n g

cortisol levels during the nocturnal phase of the circadian cycle (Van Cauter et al., 1991;

Monteleone et al., 1992). This evidence suggests a role of the stress-adaptive HPA sys-

tem in schizophrenia, and underscores the relevance of further exploration of the D7

AMX model to elucidate the mechanisms underlying these deficits.

To investigate the mechanism underlying the blunted HPA axis response to stress of

D7 AMX versus D7 SHAM rats, we assessed in these animals (1) the sensitivity of the

pituitary-adrenal system to corticotrophin-releasing hormone (CRH) by testing the

corticosterone (CORT) response following i.v. injection of synthetic ovine CRH (feed-

forward test), and (2) the sensitivity of the HPA axis to glucocorticoid feedback by test-

ing the inhibitory effect of CORT pretreatment  on the novelty-stress induced CORT

response (feedback test). In addition, we determined a complete circadian plasma

CORT profile in D7 AMX and D7 SHAM rats under resting conditions to establish

possible changes in the tonic regulation as a consequence of the amygdala lesions.
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Experimental procedures

All procedures were performed in accordance with the guidelines established by the

Committee for the Ethical Treatment of Animals of Ut r e cht University and of the

Society for Neuroscience Policy on the Use of Animals in Research.

Animals and housing

Pregnant female Wistar rats (GDL, Utrecht, The Netherlands [U:WU]) were obtained

at either day 17 or day 18 of gestation and were housed individually in Macrolon
®

Type

III cages with sawdust bedding. After delivery, male and female pups were separated,

and male pups were randomized among nests. All nests were made to consist of nine

pups and contained at least two female pups and up to seven male pups. Male pups

were lesioned on postnatal day 7 and were weaned at 21 days of age. Thereafter they

were housed socially (2 to 3 rats per cage) in Ma c r o l o n
®

Type III cages with sawdust

bedding. At the age of approximately t h i r t e e n weeks a chronic jugular vein cannula

was surgically implanted and the rats were individually housed in transparent

Perspex™ cages measuring 25 × 25 × 34 cm (l × w × h) with sawdust bedding, and were

allowed to recover for two weeks. During this recovery period, the cannulas were

flushed regularly and the rats were habituated to the blood sampling procedure. The

rats were weighed daily after surgery until they reached their pre-surgical weight and

were then weighed weekly. They were given standard chow (Hope Farms BV, Woerden,

The Netherlands) and water ad libitum.  A 12-hour light/dark cycle was used, wi t h

lights on from 07.00h to 19.00h. Ambient temperature was kept constant at 21 ca. 1 ̊ C,

humidity at 50 ca. 10%.

Surgical procedures and histology

In total, sixty male pups were lesioned as described previously (Wolterink et al., 2001).

The pups were anesthetized with fentanyl (0.3 mg/kg, s.c.), and placed with their head

in a specially constructed head mould to enable stable fixation. The coordinates for

positioning of the needles for the bilateral amygdala lesions were 3.8 mm lateral to the

midline, 1.0 mm posterior to bregma, and 6.0 mm below the surface of the skull.

Needles were placed at an angle of 4˚ with the tip aimed at the basolateral nucleus of

the amygdala (BLA). Lesions were made by infusion of ibotenic acid (a total of 3 µg/0.3

µl infused over a two minute period), using a microinfusion pump (Harvard apparatus

22). After infusion, the needles were left in place for 4 minutes. SHAM-lesioned rats

received the corresponding volume of vehicle (0.1 M phosphate-buffered saline (PBS),

pH 7.4). Three months after the operation all animals were sugically provided with a

permanent jugular vein cannula, to facilitate repeated blood sampling. Surgery was

performed under 0.1 ml/100 g i.m. fentanyl/fluanisone anaesthesia (Hyp n o r m
®
,
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Janssen Parmaceutica, Beerse, Belgium). Within two weeks after the end of the exper-

iments rats were killed with an overdose of intravenous pentobarbital. Brains were col-

lected in formaldehyde-containing vials, sectioned (5 0 µm) and stained with hema-

t o xylin and eosin. Histological evaluation showed that AMX lesions in five rats

(approximately 13% of the lesions) were either too large or  outside the BLA (Paxinos

and Watson, 1997), and data from these animals were discarded.

Experimental Design

Feedforward test

To investigate the pituitary-adrenal response to corticotrophin releasing hormone

(CRH), groups of D7 AMX and D7 SHAM rats were injected (i.v.) with ovine CRH

(oCRH: American Pe p tide Comp., Su n n yvale, CA, USA; dissolved in a sterile saline

s o l u tion) or a similar volume of vehicle (Veh). Two doses of oCRH were used: 0 . 3

mg/kg and 0.9 mg/kg (Buwalda et al., 1999; Kamphuis et al., 2002). After the two-

week recovery period following the jugular vein cannulation, the rats were divi d e d

among six groups: AMX/0.3 µg/kg CRH (n = 4), AMX/0.9 µg/kg CRH (n = 6), AMX/

Veh (n = 6), SHAM/0.3 µg/kg CRH (n = 7), SHAM/0.9 µg/kg CRH (n = 5), SHAM/Veh

(n = 5). All rats were tested in the home cage under resting conditions, and hooked up

to the blood-sampling cannula 90 minutes prior to the first blood sample. At t = -5 min-

utes (before start of the experiment) a blood sample (ca. 150 µl) was taken through the

jugular vein cannula to assess basal HPA axis activity. At t = 0 minutes oCRH or vehi-

cle was injected (i.v.), using a separate long line (rinsed with CRH solution before use)

hooked up to the jugular vein cannula. After the infusion, the blood-sampling line was

reconnected and blood samples (ca. 150 µl) were taken on t = 5, 10, 20 and 30 minutes

to monitor the pituitary-adrenal axis.

Feedback test

To investigate the sensitivity of the HPA axis to glucocorticoid feedback, groups of D7

AMX and D7 SHAM rats were pretreated with a subcutaneous injection of 0.1 mg/kg

corticosterone (CORT: Sigma, St Louis, Mo, USA; dissolved in ethanol:saline solution

1 : 9) or an equal volume of vehicle (Veh), using a previously published protocol

(Kamphuis et al., 2002).

Two weeks after the Feedforward (FF) test the animals were divided among four

groups: AMX/CORT (n = 7), AMX/Veh (n = 5), SHAM/CORT (n = 8), SHAM/Veh 

(n = 9). Animals received an 0.25 ml injection (s.c.) of either CORT or vehicle 3 hours

before the start of the test. All rats were hooked up to the blood-sampling cannula 90

minutes prior to the first blood sample. At t = -5 minutes (before start of the test) a
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blood sample (ca. 1 5 0 µl) was taken through the jugular vein cannula to assess HPA

axis activity prior to the test. On t = 0 minutes the animals were transported from the

home cage to the test cage (a novel box with grid-floor measuring 32 × 30 × 38 cm)

where they remained for the duration of the experiment. Blood samples (ca. 150 µl )

were taken at t = 10, 20 and 30 minutes to monitor the HPA axis response to the nov-

elty stress.

Circadian corticosterone profile

Two weeks after the feedback (FB) test the animals (7 AMX rats, 10 SHAM rats) were

submitted to scheduled bloodsampling every 2 hours for one 24 hour cycle. All rats

were hooked up to the blood-sampling cannula 90 minutes prior to the first blood sam-

ple. Blood samples (ca. 50 µl) were taken via the jugular vein cannula under resti n g

conditions in the home cage.

Analysis of corticosterone

Blood samples were collected in heparin/EDTA-containing vials and kept on ice, cen-

trifuged, and plasma was stored at -8 0˚C until determination of hormones.

Corticosterone was determined using an ImmuChem
® 125

I RIA kit (ICN Biomedicals,

Inc.).

Statistical analysis

The data were analyzed using repeated measures analysis of variance (ANOVA, SPSS

10.0.8 for Macintosh
®
). The analysis of the feedforward (FF) data included the within

subjects factor ‘time’ (the CORT response over time; five levels: t= –5, 5, 10, 20 and 30

minutes), ‘treatment’ (three levels: 0.3 µg/kg oCRH, 0.9 µg/kg oCRH and vehicle) and
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Fig. 1. 

Panel A: Micrograph of a brain sec-

tion from a D7 AMX rat showing a

representative amygdala lesion.

Highlighted, after histological eval-

uation, is the location of the baso-

lateral amygdala. 

Panel B: Anatomical map of several

amygdala nuclei. BLA: basolateral

nucleus of the amygdala, LA: lateral

nuclei of the amygdala, CE: central

nuclei of the amygdala (figure

derived from (Paxinos and Watson,

1997).
A B
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‘lesion’ (two levels: AMX and SHAM). The analysis of the feedback (FB) data included

the within subjects factor ‘time’ (the CORT response over time; four levels: t = –5, 10,

20 and 30 minutes), ‘treatment’ (two levels: 0.1 mg/kg CORT and vehicle) and ‘lesion’

(two levels: AMX and SHAM). The analysis of the circadian data included the within

subjects factor ‘time’ (the circadian profile over time; thirteen levels: t = 16:00, 18:00,

20:00, 22:00, 24:00, 02:00, 04:00, 06:00, 08:00, 10:00, 12:00, 14:00 and 16:00(2) hours),

and ‘lesion’ (two levels: AMX and SHAM). When relevant, post-hoc analyses were per-

formed using an ANOVA repeated measures. Significance was reached when p ≤ 0.05.

Results

Histological evaluation showed that the size and location of the amygdala lesions (fig.

1) were similar to those previously described (Wolterink et al., 2001).

Feedforward test (fig. 2)

The within subjects analysis of the CORT response in the feedforward test revealed an

effect of ‘time’, and ‘lesion × time’, ‘treatment × time’, and ‘lesion’ × ‘treatment’ ×
‘ time’ interactions (table 1). D7 AMX rats showed a less pronounced response to the

highest dose of oCRH (0.9 µg/kg) compared to D7 SHAM rats. The between subjects

analysis revealed an effect of ‘treatment’, indicating that the oCRH-induced CORT

response was dose dependent.
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Fig. 2. Panel A: Feedforward test. Plasma CORT response (µg/dl) induced by i.v. injection of oCRH (0.3

µg/kg, 0.9 µg/kg) or vehicle (Veh). Open symbols represent SHAM animals, closed symbols AMX ani-

mals. Squares represent 0.3 µg/kg CRH, triangles 0.9 µg/kg CRH, and circles Veh.

Panel B: Feedback test. Plasma CORT response (µg/dl) induced by novelty stress (black bar) three hours

following pretreatment with CORT. Open figures represent CORT pretreated, closed figures Veh pre-

treated rats. Squares represent AMX, triangles SHAM animals.
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feedforward test

within subjects effects

time

lesion × time

treatment × time

lesion × treatment × time

between subjects effects

lesion

treatment

lesion × treatment

F(4,108)

71.391

4.618

F(8,108)

24.520

3.139

F(1,27)

0.831

F(2,27)

54.734

0.191

CORT

p

0.000

0.002

p

0.000

0.003

p

0.370

p

0.000

0.827

feedback test

within subjects effects

time

lesion × time

treatment × time

lesion × treatment × time

between subjects effects

lesion

treatment

lesion × treatment

F(3,75)

16.667

0.924

2.107

0.135

F(1,25)

0.001

7.881

0.154

CORT

p

0.000

0.433

0.106

0.939

p

0.980

0.010

0.698

circadian rhythm 

within subjects effects

time

lesion × time

between subjects effects

lesion

F(12,180)

17.007

1.099

F(1,15)

8.038

CORT

p

0.000

0.364

p

0.013

Table 1: Statistical analysis of the

corticosterone (CORT) response

induced in D7 AMX and D7

SHAM rats by i.v. injection of

oCRH (ANOVA repeated meas-

ures). Time = endocrine response

over time, lesion = AMX vs. Sham,

and treatment = 0.3 µg/kg oCRH

vs. 0.9 µg/kg oCRH vs. Saline.

Table 2: Statistical analysis of the

corticosterone (CORT) response

induced in D7 AMX and D7

SHAM rats by novelty stress fol-

lowing pretreatment with CORT

or vehicle (Veh) (ANOVA repeated

measures). Time = endocrine

response over time, Lesion = AMX

vs. Sham, and Treatment = 0.1

mg/kg CORT vs. Veh.

Table 3: Statistical analysis of the

circadian profile of basal plasma

corticosterone  (CORT) concen-

trations in D7 AMX and D7 SHAM

rats (ANOVA repeated meas-

ures). Time = circadian rhythm,

Lesion = AMX vs. Sham.
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Feedback test (fig. 2)

The within subjects analysis of the CORT results from the feedback test (table 2)

revealed an effect of ‘time’, indicating that the novelty stress induced a CORT

response. The between subjects analysis revealed an effect of ‘treatment’, indicati n g

that the CORT pretreatment led to a lower novelty-induced CORT response. 

Circadian corticosterone profile (fig. 3)

The within subjects analysis of the basal circadian CORT profile revealed an effect of

‘time’ (table 3), indicating a biphasic circadian rhythm. The between subjects analysis

revealed an effect of ‘lesion’, indicating higher basal levels of CORT in D7 AMX than

in SHAM rats. Post-hoc between subjects analysis of the nocturnal part of the circadi-

an curve (from 20:00 until 06:00) revealed an effect of ‘lesion’ (F(1,15) = 5.231, p = 0.037),

indicating that basal CORT levels are higher in D7 AMX than in SHAM rats during the

nocturnal phase of the circadian cycle.
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Fig. 3. Circadian profile of basal plasma corticosterone (CORT) concentrations (µg/dl). Open symbols:

D7 SHAM rats. Closed symbols: D7 AMX rats. Black bar represents the nocturnal period (lights off from

19:00 to 7:00).
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Discussion

We have shown previously that D7 AMX rats display a reduced HPA response to stress

as compared to D7 SHAM rats. Here, we investigated the possible involvement in this

phenomenon of reduced responsivity of the pituitary-adrenocortical axis to CRH and

enhanced negative glucocorticoid feedback.

D7 AMX rats showed a lower CORT response after i.v. injection of oCRH than D7

SHAM rats, suggesting reduced signalling at the level of CRH receptors. It has been

shown that peripherally adminstered oCRH does not cross the blood brain barrier

(Martins et al., 1996), but can easily reach the pituitary corticotrophs, the main targets

of hypothalamic CRH in regulating pituitary-adrenocortical activity. In addition, it can

r e a ch CRH receptors located at other peripheral sites that might be relevant in the

present context. There is evidence, for instance, that stimulation of CRH receptors in

the adrenal cortex, adrenal medulla and sympathetic ganglia can enhance adrenocorti-

cal sensitivity to ACTH (Udelsman et al., 1986; Willenberg et al., 2000), thereby alter-

ing the CORT/ACTH ratio. However, using the data on the ACTH and CORT respons-

es to novelty from our previous study (Terpstra et al., 2003; Chapter 2), we found no

difference in the CORT/ACTH ratio between D7 AMX and D7 SHAM rats (fig. 4),

i n d i c a ting normal adrenocortical sensiti vity for corticotropin in D7 AMX rats. The

present data therefore suggest that the mechanism underlying the reduced responsiv-

ity of the HPA axis to stress in D7 AMX rats likely involves reduced responsivity of the

pituitary corticotrophs to CRH. 
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Fig. 4. CORT/ACTH ratio calculated from the area under the curve (AUC) of the plasma ACTH and CORT

response to novelty (data from (Terpstra et al., 2003); Chapter 2). Statistical analysis (univariate

ANOVA) of the CORT/ACTH ratio on the fixed factor ‘lesion’ (AMX vs SHAM) showed no effect (F(1,16) =

0.155, p = 0.699).
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The possibility that the reduced HPA response of D7 AMX rats to novelty stress

involves increased sensitivity to glucocorticoid feedback was tested using rats pretreat-

ed with a dose of CORT that has previously been established in our lab as threshold-

dose for inhibition of the novelty induced HPA response in rats of the same Wistar

strain as used in the present study (Kamphuis et al., 2002). CORT-pretreated D7 AMX

and D7 SHAM rats showed similar relative reductions of the stress induced plasma

CORT response (AMX: 53+/-15%, SHAM: 49+/-10%), suggesting that negative feed-

back mechanisms were not affected by the neonatal amygdala lesion.

The CORT responses of vehicle pretreated D7 AMX and D7 SHAM rats following nov-

elty stress were also similar, which seems to be at variance with our previous observa-

tions (Terpstra et al. 2003; Chapter 2). It should be noted, however, that the rats used

in the present feedback experiment were not naïve, as were the ones in our previous

study (Terpstra et al., 2003), but had been subjected to extensive handling and testing

in the feedforward experiment. It has been reported (Daenen et al., 2001) that D7 AMX

rats do not habituate to environmental stimuli to the same extend as D7 SHAM rats.

The experimental procedure used in the feedback experiment may therefore have rep-

resented a stronger stimulus for the AMX than for the SHAM rats, thus masking the

deficit in HPA responding to stress of D7 AMX rats.

F i n a l l y, we determined the basal plasma CORT concentration in D7 SHAM and D7

AMX rats throughout a complete circadian cycle. Plasma CORT levels were found to

be higher in D7 AMX than D7 SHAM rats during the peak, but not during the trough

of the circadian cycle. Circulating CORT controls HPA axis acti vity by negative feed-

back action on brain and pituitary via interaction with mineralocorticoid receptors

(MR) and glucocorticoid receptors (GR) located along the axis, in the hippocampus

(MR, GR), hypothalamus (GR) and anterior pituitary (GR). MR possess high affinity

for CORT and are almost saturated even during the circadian trough, while GR have

r e l a tively low affinity for CORT and only become operational at higher CORT levels,

e.g. during the circadian peak and during stress (Reul and de Kloet, 1985; de Kloet et

al., 2000; Sapolsky et al., 2000). It is unlikely, however, that the elevated nocturnal

CORT levels in D7 AMX relate to a deficit in either of these mechanisms, since we

found normal CORT levels in D7 AMX rats during the circadian trough, and intact

negative feedback when CORT levels were high due to novelty stress.

Rats are nocturnal animals, and the increased plasma CORT levels of D7 AMX rats

were found only during the phase of the circadian cycle when rats are awake and active.

It has been shown that D7 AMX rats are more active than D7 SHAM rats in open field

tests, and do not habituate to novelty when tested repeatedly (Daenen et al., 2001,

2002a), suggesting a deficit in processing of and adaptation to environmental stimuli.

We therefore speculate that the increased nocturnal plasma CORT levels of D7 AMX
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rats reflect a state of increased arousal during wakefulness, although data concerning

spontaneous home cage behaviour of D7 AMX rats during the dark phase of the circa-

dian cycle are lacking.

D7 AMX rats have been proposed as an animal model of schizophrenia, since they

share a number of deficits with the disease that include impaired HPA responses to

stress. Interestingly, there are literature data suggesting that basal glucocorticoid lev -

els may be increased in unmedicated schizophrenic patients in a similar vein as in D7

AMX rats. Thus, Lee and coworkers found higher cortisol levels compared to healthy

controls during the waking stage but not during sleep (Lee et al., 2001). Others found

normal cortisol levels during wakefulness, but elevated levels during the first four

hours after sleep onset, suggesting a relationship with the abnormally long sleep laten-

cies of the patients (Van Cauter et al., 1991).

In conclusion, our present data indicate that the impaired HPA response to stress of

D7 AMX rats are, at least in part, due to hyporesponsiveness of the pituitary corti-

cotrophs to CRH. In addition, the elevated nocturnal basal CORT levels might reflect

hyperarousal of D7 AMX rats during the active phase of the circadian cycle.
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Abstract

In an animal model for neurodevelopmental disorders, in which the effects of an early

neonatal (postnatal day 7 (D7)) basolateral amygdala lesion are compared to the effects

of a lesion later in life (D21), it was observed that the noradrenalin (NA) transmission

in particular brain regions of adult rats was reduced. To further investigate the distur-

bances in brain NA systems, the present study focused on NA receptor density in the

model. Animals were lesioned in the basolateral amygdala at D7 or D21, and compared

to sham operated animals. Autoradiography was performed with [3H ] Prazosin and

[3H]UK14.304, ligands specific for α1- and α2-adrenoceptors respecti v e l y, on coronal

c r y o s e c tions of adult rat brains, using saturating radioligand concentrations to esti-

mate Bm a x. As brain regions of interest were analyzed the medial prefrontal cortex

(mPFC), the nucleus accumbens (Acb), the caudate putamen (CPu), the paraventricu-

lar nucleus of the hypothalamus (PVN), and the locus coeruleus (LC). 

No difference in specific α1- and α2-adrenoceptor binding between the experimental

groups was observed, indicating there was no difference in adrenoceptor density. The

α1/α2-receptor balance was: α1 > α2 in the mPFC and CPu, α1 = α2 in the Acb, and α1 <

α2 in the PVN and LC. Although the NA receptor density and the NA transmission

were apparently not changed simultaneously, further investi g a tions are needed

addressing dynamic changes over time and the various adrenoceptive subtypes, before

definite conclusions can be drawn about functional changes in brain NA systems as

related to the observed behavioural and endocrine deficits in this model.
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Introduction

Neonatal excitotoxic amygdala lesions in rats have been put forward as a neurodevelop-

mental animal model of some aspects of schizophrenia (Wolterink et al., 2001). Adult

rats, with basolateral amygdala lesions made on postnatal day 7 (D7 AMX) show a

number of deficits that are also seen in schizophrenia, for instance an impaired pre-

pulse inhibition, impaired social behaviour, stereotyped hyperactivity, increased sensi-

tivity to phencyclidine and apomorphine, and a blunted HPA axis response to stress-

ful stimuli (Daenen et al., 2002b; Daenen et al., 2003a; Daenen et al., 2003b). These

deficits, except the impaired social behaviour, were not observed when similar lesions

were made on postnatal day 21 (D21 AMX), indicating that neurodevelopmental dis-

turbances with functional implications may underly the observed deficits.

Neuroanatomical studies have revealed that the adult-like reciprocal connecti o n s

between the basolateral amygdala and the medial prefrontal cortex occurred around

D9 / D11. Thus, the lesions made on D7 may have interfered with the physiological

development of the medial prefrontal cortex.

Recently it was found that dopamine metabolism and dopamine receptor levels in

meso(cortico)limbic projection regions of adult rats were affected following neonatal

amygdala lesions (Bouwmeester, 2002). The dopamine (DA) turnover was increased,

and the density of D1- and D2-like receptors decreased in the mesolimbic, but not in the

nigrastriatal DA system. In addition, decreased concentrations of noradrenalin (NA)

and its metabolite 3-methoxy-4-hydroxyphenylglycol (MHPG) were found in the medi-

al prefrontal cortex (mPFC), the nucleus accumbens (Acb), and the caudate putamen

(CPu) indicating a reduced NA neurotransmission in these brain structures. To fur-

ther investigate the disturbances in brain NA systems, the present study focusing on

NA receptor density was performed.

The cerebral NA system utilizes several receptor subtypes (α1, α2, β1, and β2), of which

the α1- and α2-adrenoceptors are the most abundant. Although several studies have

focused on specific adrenoreceptor subtypes and their distribution in various brain

regions (Jones et al., 1985; Nicholas et al., 1993; Pieribone et al., 1994; Scheinin et al.,

1994), the distribution of both α1- and α2-adrenoceptors in a single study has hardly

been measured (Young and Kuhar, 1980; Chamba et al., 1991). This approach could be

important, since α1- and α2-adrenoceptors have been shown to mediate opposite

effects in mPFC (Birnbaum et al., 1999; Li et al., 1999), Acb (Nurse et al., 1984;

Tuinstra and Cools, 2000), and paraventricular nucleus of the hypothalamus (PVN)

(Brooks et al., 1986), suggesting that  the balance between the two receptors may be of

functional importance. The locus coeruleus (LC), known to regulate its own NA activ-

ity via α2 autoreceptors (Washburn and Moises, 1989), has been shown to contain also
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α1-adrenoceptors (Jones et al., 1985; Chamba et al., 1991), although their cellular local-

ization and specific function remains largely unknown (Chamba et al., 1991).

Based on the reported alterations in NA neurotransmission in the mPFC, Acb and

CPu, and the attenuated plasma NA response to stress in D7 AMX rats (Bouwmeester,

2002; Terpstra et al., 2003), we hypothesized a change in the α1/α2-adrenoreceptor bal-

ance to be involved in the deficits observed at the endocrine and behavioral levels in the

neonatal amygdala lesioned animals. As regions of interest were selected the mPFC,

Acb, CPU and, in addition, the PVN and the LC. The PVN is pivotal in the regulation

of the HPA axis (Gaillet et al., 1993) and its NA innervation, originating from a small

group of neurons located in the brainstem (A1/A2 nuclei), plays an important role in

the control of the PVN (Day et al., 1985; Cunningham and Sa w chenko, 1988; Day,

1989; Plotsky et al., 1989). The locus coeruleus (LC) was included, since it is the origin

of the vast majority of NA projections in the central nervous system including those to

the mPFC, Acb, and CPu (Dahlstrom and Fuxe, 1964).

Qu a n ti t a tive receptor autoradiography of the α1- and α2- a d r e n o r e c e p t o r, uti l i z i n g

[3H ] Prazosin and [3H ] U K1 4 . 3 0 4 r e s p e c ti v e l y, has shown to be a highly sensiti v e

method for discerning quanti t a tive differences in receptor binding, whilst provi d i n g

information on anatomical localization (Morien et al., 1999; Diaz-Cabiale et al., 2000).

Therefore, specific [3H]Prazosin and [3H]UK14.304 binding was determined on coro-

nal cryosections of adult animals (sham) lesioned in the basolateral amygdala at post-

natal day 7 or 21, using saturating radioligand concentrations to estimate Bmax in the

brain regions of interest.

Materials and methods

All procedures were performed in accordance with the guidelines established by the

Committee for the Ethical Treatment of Animals Ut r e cht (DEC Ut r e cht), The

Netherlands, and the Society for Neuroscience Po l i cy on the Use of Animals in

Research.

Animals and housing

Pregnant female Wistar rats [Harlan, HsdCpb:WU] were obtained at either day 17 or

day 18 of gestation and housed individually in Macrolon
®

Type III cages with sawdust

bedding. After delivery, male and female pups were separated, and male pups were

randomized among nests. All nests contained nine pups (at least two female pups and

up to seven male pups). Male pups were lesioned on postnatal day 7 or 21 and weaned

at 21 days of age. Thereafter they were housed socially (2 to 3 rats per cage) in

Macrolon
®

Type III cages with sawdust bedding, until they reached adulthood (approx-

imately 1 3 weeks). They were given standard chow (Hope Farms BV, Woerden, The
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Netherlands) and water ad libitum.  A 12-hour light/dark cycle was used, with lights on

from 07.00 to 19.00. Ambient temperature was kept constant at 21 ± 1 ˚C and humidi-

ty at 50 ± 10%.

Surgical procedures and histology

In total, forty male pups randomly assigned to day of surgery and to actual or sham

lesion, were lesioned as described previously (Wolterink et al., 2001). The pups were

a n e s t h e tized with fentanyl (0 . 3 mg/kg, s.c. (Janssen Pharmaceutica, Beerse,

Belgium)). D7 pups were placed with their head in a specially constructed head mould

to enable stable fixation. The coordinates for positioning of the needles for the bilater-

al amygdala lesions were 3.8 mm lateral to the midline, 1.0 mm posterior to bregma,

and 6.0 mm below the surface of the skull. Needles were placed at an angle of 4˚ with

the tip aimed at the basolateral nucleus of the amygdala (BLA). D21 pups were placed

with their head in a David Kopf
®

stereotaxic apparatus with the incisor bar at horizon-

tal zero. The coordinates for positioning of the needles for the bilateral amygdala

lesions were 4.0 mm lateral to the midline, 2 mm posterior to bregma, and 6.8 mm

below the surface of the skull. Needles were placed at an angle of 0˚ with the tip aimed

at the basolateral nucleus of the amygdala (BLA). Lesions were made by constant infu-

sion of ibotenic acid (with an infusion rate of 0 . 1 5 µl/min over a two minute period,

constituting a total of 3 µg ibotenic acid/0.3 µl phosphate-buffered saline (PBS) for D7,

or 4 µg ibotenic acid/0.3 µl PBS for D21), using a micro infusion pump (Harvard appa-

ratus 22). After infusion, the needles were left in place for 4 minutes. SHAM-lesioned

rats received the corresponding volume of vehicle (0.1 M PBS, pH 7.4). Three months

after the AMX procedure all animals were killed by decapitation. Brains were rapidly

removed from the skull, and immediately frozen at - 40˚C in isopenthane and stored at

- 80 ˚C until sectioning. Coronal sections (20 µm thick), starting from the prefrontal

cortex and terminating after the cerebellum, were made on a cryostat, and thaw-

mounted on gelatin-coated slides in series of fourteen consecutive slides. Se c ti o n s

were stored at - 80 ˚C until autoradiography. Per rat, one series of sections containing

the amygdala was stained with hematoxylin and eosin for histological evaluation of the

lesions. In one rat the lesions were too large and largely outside the BLA (Paxinos and

Watson, 1997), and data from this animal were discarded.

Quantitative receptor autoradiography

The autoradiographic procedures were based on previously published protocols

( K i t chen et al., 1997; Morien et al., 1999; Diaz-Cabiale et al., 2000; Lesscher et al.,

2003). Briefly, sections were preincubated for 30 minutes at room temperature in a 50

mM Tris HCl buffer (pH 7.4) containing 0.9% NaCl. Subsequently the sections were
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incubated for 60 minutes at room temperature in a 50 mM Tris HCl buffer (pH 7.4)

containing either 5 nM [3H ] Prazosin (KD = 0.28 nM, Bm a x ≈ 2-4 nM (Greengrass and

Bremner, 1979); Amersham, Buckinghamshire, UK), or 5 nM [3H]UK14.304 (KD ≈ 3

nM, Bm a x ≈ 5-10 nM ( D i a z - Cabiale et al., 2000); Pe r k i n - E l m e r, Boston, MA, USA).

Saturating ligand concentrations were chosen to assess Bmax, in order to obtain an indi-

cation of receptor density. Non-specific binding was determined on adjacent sections,

and defined as radioligand binding in the presence of excess unlabelled Phentolamine

(Sigma-Aldrich, Steinheim, Germany). The excess concentration of Phentolamine was

100 µM for non-specific [3H ] Prazosin binding, and 10 µM for [3H]UK14.304. After

i n c u b a tion, the sections were washed three times for five minutes in an ice-cold 50

mM Tris HCl rinse buffer, pH 7.4, and air-dried. The dried sections were stored in an

airtight container filled with anhydrous calcium sulphate drying agent (Fluka Chemie,

Buchs, Germany). For autoradiography, the sections were apposed to tritium-sensitive

BAS-IP-TR2040 phosphor-imager plates (Fuji Photo Film Co., Japan) for approximate-

ly 72 hours. The highly sensitive plates were shielded from environmental background

radiation with a lead casing (3 mm thick).

Computer-assisted image analysis

After exposure, the BAS-IP-TR2040 plates were scanned in a Fuji film FLA-5000 scan-

ner with a 635 nm laser, at 8 bit (256) grey depth and 25 µm resolution. The digital files

produced were converted to 8 bit TIFF images using the Advanced Image Data

Analyzer (AIDA) version 3.11.002 (Raytest Isotopenmeßgeräte, Germany). Brain

regions of interest (medial prefrontal cortex (mPFC), accumbens nucleus (Acb), cau-

date-putamen (CPu), paraventricular nucleus of the hypothalamus (PVN), and locus

coeruleus (LC)) were analyzed using the ImageJ image analysis program version 1.29

(by Wa yne Rasband , Re s e a r ch Se r vices Branch, Na tional Institute of Mental He a l t h ,

Bethesda, Maryland, USA). 3H-labeled polymer microscale strips (Amersham

microscale, UK), were included with each plate, and were used to calculate standard

curves and convert grey values into fmol/mg binding values. For each brain region,

two to four quantified measures were taken from both hemispheres, yielding a total of

four to eight measurements (freehand drawing). Brain regions were identified accord-

ing to The Rat Brain Atlas (Paxinos and Watson, 1997).

Statistical analysis

For statistical analysis of the data SPSS 11.0 for Macintosh
®

was used. The α1 and α2-

adrenoceptor data were analyzed separately by multivariate analysis of variance

( M A N O VA), with ‘day’ (D7 vs. D21) and ‘lesion’ (AMX vs. SHAM) as fixed factors.

Since we used saturating radioligand concentrations, specific binding approach e d
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Bmax, and could be used as an indication of receptor density. The regional α1- and α2-

adrenoceptor balance was post-hocanalyzed using a multivariate analysis of variance

(MANOVA), with ‘receptor’ (α1 vs. α2) as a fixed factor. Significance was accepted at p

≤ 0.05. Data are presented as mean ± SEM.

Results

Histological evaluation showed that the size and location of the AMX lesions were sim-

ilar to those previously described (Wolterink et al., 2001) (fig. 1.). The α1- and α2-ligand

binding resulted in a high foreground and low background (fig. 2).

α1-adrenoceptor autoradiography: specific [3H]Prazosin binding

Quantitative analysis of α1-radioligand binding in the mPFC, CPu, Acb, PVN and LC

did not reveal effects of ‘lesion’ (mPFC: F(1,28) = 3.144, p = 0.087; CPu: F(1,28) = 1.011, p =

0.323; Acb: F(1,28) = 1.834, p = 0.186; PVN: F(1,28) = 0.773, p = 0.387) or ‘day’ (mPFC: F(1,28) =

0.545, p = 0.466; CPu: F(1,28) = 1.550, p = 0.223;  Acb: F(1,28) = 0.469, p = 0.499; PVN: F(1,28) =

0.870, p = 0.359), indicating that there were no differences between the experimental

groups in α1-adrenoceptor density in these brain regions (fig. 3A) .

α2-adrenoceptor autoradiography: specific [3H]UK14.304 binding

Qu a n ti t a tive analysis of α2-radioligand binding in the mPFC, CPu, Acb, PVN and LC did

not reveal effects of ‘lesion’ (mPFC: F(1,27) = 1.751, p = 0.197; CPu: F(1,27) = 0.165, p = 0.688;

Acb: F(1,27) = 0.549, p = 0.465; PVN: F(1,27) = 1.590, p = 0.218) or ‘day’ (mPFC: F(1,27) = 0.619,

p = 0.438; CPu: F(1,27) = 0.185, p = 0.670;  Acb: F(1,27) = 0.211, p = 0.650; PVN: F(1,27) = 0.527,
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A B C

Fig. 1. Micrograph of a representative amygdala lesion. Highlighted, after histological evaluation, is the

relative location of the basolateral amygdala. A: D7 AMX, B: D21 AMX, and C: anatomical drawing of sev-

eral amygdala nuclei, BLA: basolateral nucleus of the amygdala, LA: lateral nuclei of the amygdala, CE:

central nuclei of the amygdala (figure derived from Paxinos and Watson, 1997).
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Fig. 2. Representative autoradiographs. 

Column A: left hand side: α1 [3H]Prazosin binding; right hand side: corresponding background staining.

Column B: left hand side: α2 [3H]UK14.304 binding; right hand side: corresponding background staining.
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Fig. 3. Specific receptor binding (fmol/mg) of adrenoceptors in adult animals lesioned in the basolater-

al nucleus of the amygdala (AMX) at postnatal day 7 (D7) or postnatal day 21 (D21) as compared to

sham operated animals (SHAM). A: α1 [3H]Prazosin binding, B: α2 [3H]UK14.304 binding. Depicted is

the receptor binding in the regions of interest: medial prefrontal cortex (mPFC), caudate putamen

(CPu), accumbens nucleus (Acb), paraventricular nucleus of the hypothalamus (PVN), and locus

coeruleus (LC).

A

B
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p = 0.474), indicating that there were no differences between the experimental groups in

α2-adrenoceptor density in these brain regions (fig. 3B).

α1- and α2-adrenoceptor balance

Post-hoc analysis of α1- versus α2-radioligand binding revealed differences in the mPFC

( F(1,47) = 20.907, p < 0.001), CPu (F(1,47) = 6.941, p = 0.011), PVN (F(1,47) = 61.141, p < 0.001),

and LC (F(1,47) = 50.802, p < 0.001). The density of the α1-adrenoceptor was higher than

the density of the α2-adrenoceptor in the mPFC and the CPu, and the density of the α2-

adrenoceptor was higher than the density of the α1-adrenoceptor in the PVN and LC.

There was no difference between α1- and α2-binding in the Acb (F(1,47) = 3.584, p = 0.065).

Discussion

In the present study, no differences in specific α1- and α2-adrenoceptor  binding were

observed between the experimental groups (D7 AMX, D7 SHAM, D21 AMX and D21

SHAM), suggesting that the adrenoceptor density was not different across the groups.

Since saturating ligand concentrations were selected, the specific receptor binding

measured is a fairly accurate indication of the Bmax or receptor density. The lack of a dif-

ference in α1- and α2-adrenoceptor density was found despite previous results of our

group, showing a lower NA neurotransmission in the mPFC, Acb and CPu of D7 AMX

as compared to D7 SHAM rats (Bouwmeester, 2002). Prolonged exposure to altered

levels of endogenous or to exogenous adrenoceptor ligands has been shown to alter

adrenoceptor expression (Grimm et al., 1992; Flugge et al., 2003). We therefore

expected receptor densities in mPFC, Acb and CPu to be changed. Given the relatively

small within group variance in our data, it is unlikely that receptor density changes of

any significance in the D7 AMX model would have escaped detection due to lack of

power.

Little is known about changes in transmitter systems and receptors during life after

neonatal disturbances in these systems. For example, neonatal (D5) 6-hydroxy -

dopamine lesioning in rats resulted in motor hyperactivity at D25, but not at D37 or 60,

a reduction in DA transporter binding at D25, D37 and D60, an increase and decrease

in D4 receptor levels in the caudate-putamen and nucleus accumbens, respectively at

D25, but not at D37 or D60, and minor changes in D1- and D2-receptor binding

(Zhang et al., 2001). Thus, depletion of dopamine early in life, leads to adapti v e

changes in the DA receptor systems, which resulted in marked differences depending

on the developmental stage of the animal. Thus, the discrepancy between the NA

transmission and the NA receptor density may be due to adaptations that occurred in

the time between the lesion (D7) and the assessment (adult).

Further, it should be kept in mind that there exist a variety of subtypes of the α1- and
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α2-adrenoceptors (i.e. α1A-D and α2A-C (Bylund et al., 1994)), that may be involved in dif-

ferent processes (Han et al., 1987a, b; Han and Minneman, 1991; Scheinin et al.,

1994). In the mPFC, for instance, the α2A-adrenoceptor subtype, predominantly but

not exclusively located on the presynaps, is most abundant (Aoki et al., 1994; Scheinin

et al., 1994). Yet, the cortically less abundant α2C-adrenoceptor, which is reported to be

present postsyn a p tically (Aoki et al., 1994), is preferentially targeted by atypical neu-

roleptic drugs (Kalkman and Loetscher, 2003). The α2C-adrenoceptor is able to signifi-

cantly influence behavior (Bjorklund et al., 1999). In the basal ganglia (CPu and Acb),

the α2C-adrenoceptor is the predominant receptor subtype, while the α2B-adrenoceptor

is almost exclusively present in the thalamus (Scheinin et al., 1994). It can thus not be

excluded that changes had occurred in D 7 AMX rats, but only in (a) subtype(s) of

adrenoceptors. 

The presently found α1- and α2-adrenoceptor  balance in the PVN (α1 < α2) is in line

with a previous report (Plotsky et al., 1989). The α1- and α2-receptor binding in the LC

(α1 < α2) apparently conflicts with previously published results (Chamba et al., 1991),

but it should be noted that Chamba and co-workers used ligand concentrations that did

not approach saturation of the binding sites, and their data therefore cannot be accept-

ed as indicative of receptor density. Our data on the α1- and α2-receptor balance in the

mPFC (α1 > α2), CPu (α1 > α2) and Acb (α1 = α2) are novel. They may be of functional

importance, because the α1- and α2-receptors have been shown to mediate opposite

effects in mPFC (Birnbaum et al., 1999; Li et al., 1999), Acb (Nurse et al., 1984;

Tuinstra and Cools, 2000), and PVN (Brooks et al., 1986).

Our data revealed that the α1- and α2-adrenoceptor density is not changed in the

mPFC, Acb, CPu, PVN, and LC in the D7 AMX rats, even though previous results have

indicated altered NA signaling in brain regions of such animals. However, more infor-

mation is needed, e.g. on receptor density changes over time and differences between

the various subtypes, before definite conclusions can be drawn about the relati o n

between the two observations and their significance for the disturbed behaviors found

in this neurodevelopmental model.
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Abstract

Adult rats with amygdala lesions made on postnatal day 7 after birth (D7 AMX), are

considered a representative model for neurodevelopmental psychopathological disor-

ders such as schizophrenia. Beyond other similarities with schizophrenia, these rats

display a diminished hypothalamic-pituitary-adrenal axis (HPA) response to stress. An

impaired stress response has been hypothesized to underlie increased stress sensitiv-

ity. Neuroleptics are to some extent protective to the effects of stress in schizophrenic

patients. In this, atypical neuroleptics are in advantage over typical ones. We investigat-

ed the stress response in D 7 AMX rats before and after chronic treatment wi t h

haloperidol or clozapine, at the level of behavior and endocrinology.

Adult rats (D7 AMX, D7 SHAM) were treated with daily s.c. injections of haloperidol,

clozapine or saline for 14 consecutive days. A small open field (SOF) test was used to

follow behavior during the treatment period. Blood samples were taken for the assess-

ment of baseline HPA axis activity, and during footshock-stress (FS) on day 14.

D7 AMX rats displayed a blunted HPA response to footshock-stress compared to D 7

SHAM rats, which agrees with previous results. Ne u r o l e p tic treatments did not

change the level of the stress response in D7 AMX rats, nor did they hamper a normal

stress response in SHAM lesioned rats. Yet, in rats chronically treated with clozapine

the peak of the ACTH response occurred earlier after the footshock stress than in

haloperidol and saline treated rats, irrespective of lesion status.

At the behavioral level, D7 AMX rats appeared to be more active in the SOF, and less

responsive to the footshock stress than D7 SHAM rats. These effects were not affected

by neuroleptic treatment.

It can be concluded that clozapine alters the physiology of the HPA axis response, and

that this may have some bearing upon the way atypical neuroleptics, such as clozapine,

exert their stress protective effect.
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Introduction

Adult rats with bilateral amygdala lesions made on day 7 after birth (D7 AMX rats) have

been proposed as a model for neurodevelopmental psychopathological disorders such

as schizophrenia (Daenen et al., 2001; Wolterink et al., 2001; Daenen et al., 2002a). D7

AMX rats show a number of deficits that are also seen in schizophrenia, for instance

impaired pre-pulse inhibition, impaired social behavior, stereotyped hyperactivity, and

increased sensitivity to phencyclidine and apomorphine (Daenen, 1999; Daenen et al.,

2001; Daenen et al., 2002a; Daenen et al., 2003a). Since these deficits are not present

in adult rats with amygdala lesions made on postnatal day 21 (D21 AMX), they are not

dependent on the amygdala lesions per se, but likely result from a disruption of amyg-

dala-dependent neurodevelopmental processes that occur beyond postnatal day 7 but

are completed at postnatal day 21. Indeed, recent studies on the development of neu-

ral projections from the amygdala to other brain regions have demonstrated that early

lesions of the amygdala may affect the development of prefrontal cortical areas in the

rat (Bouwmeester et al., 2002). 

Recently we have shown that adult D7 AMX rats display a blunted hypothalamus-pitu-

itary-adrenal (HPA) axis response to footshock stress. Also in this respect, D 7 A M X

rats appeared to differ from adult D21 AMX rats, that showed an HPA axis response

similar to SHAM operated controls (Terpstra et al., 2003). Interesti n g l y, this feature

adds to the relevance of the D7 AMX rat as a neurodevelopmental model of schizophre-

nia, since it has been reported that schizophrenic patients and children at high risk for

schizophrenia display a blunted HPA response to stress (Albus et al., 1982; Breier et

al., 1988; Kudoh et al., 1997; Jansen et al., 1998; Jansen et al., 1999; Jansen et al.,

2000a; Jansen et al., 2000b).

Schizophrenic patients have difficulties with the interpretation of environmental stim-

uli, and this cognitive impairment might relate to the fact that they are probably not

well adapted and may not respond properly to stressors (Gispen-de Wied, 2000).

Neuroleptics are in some way protective against stress, since they are able to reduce the

risk of decompensation as a result of stress. Treatment with atypical neuroleptics, like

clozapine, is more effective in this respect than treatment with typical neurolepti c s ,

like haloperidol (Kane et al., 1988a; Kane et al., 1988b). No t a b l y, clozapine has more

cognition enhancing properties than haloperidol (Buchanan et al., 1994a; Gallhofer et

al., 1996; Fujii et al., 1997; Murphy et al., 1997; Schall et al., 1998; Grabe et al., 1999;

Ma n s chreck et al., 1999; Galletly et al., 2000), and may therefore be more effecti v e

than haloperidol in improving the interaction of patients with their environment, and

thus their adaptation.

In the present study, the effect of chronic neuroleptic treatment on footshock stress

was investigated in D7 AMX animals. The reasoning was twofold. When neuroleptic
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treatment would restore the impaired stress response, this might explain their pur-

ported stress reducing properties in patients. Conversely when neuroleptics would

hamper a proper stress response in rats, the results would lend support to the often-

proposed explanation that neuroleptic treatment causes impaired stress responsivi t y

in schizophrenic patients. Several reports in the literature indicate that neurolepti c

treatment (acute, chronic) can interfere with basal HPA-axis acti vity in experimental

animals (Keim and Sigg, 1977; Meador-Woodruff et al., 1990). Few studies have dealt

with the effects of chronic neuroleptic treatment on the responsivity of the axis. It was

shown that chronic clozapine treatment attenuated the HPA axis response to seroton-

ergic agents (Sebens et al., 2000), and haloperidol treatment reduced the response to

restraint stress (Keim and Sigg, 1977). For their different mode of action, and the

assumed preference of the atypical neuroleptics, chronic treatment with these two

neuroleptics was used to investigate their effect on footshock stress in D7 AMX rats. 

Experimental procedures

All procedures were performed in accordance with the guidelines established by the

Committee for the Ethical Treatment of Animals Ut r e cht (DEC Ut r e cht), The

Netherlands, and the Society for Neuroscience Po l i cy on the Use of Animals in

Research.

Animals and housing

Pregnant female Wistar rats [U:WU] were obtained at day 1 8 of gestation and were

housed individually in Macrolon
®

Type III cages with sawdust bedding. After delivery,

male and female pups were separated; male pups were randomized among nests. All

nests contained at least two female pups and up to seven male pups (all nests were

made to consist of nine pups). Male pups were lesioned on postnatal day 7 and were

weaned at 21 days. After weaning, all male rats were housed socially (two to three rats

per cage) in Macrolon
®

Type III cages, with sawdust bedding, until they reached adult-

hood (approximately 13 weeks). Thereafter a chronic jugular vein cannula was surgi-

cally implanted and the rats were individually housed in transparent Perspex™ cages,

measuring 25 × 25 × 34 cm (l × w × h) with sawdust bedding, and were allowed to recov-

er for two weeks. During this recovery period, the cannulas were flushed regularly and

the rats were habituated to the blood sampling procedure. The rats were weighed daily

after surgery until they reached their pre-surgical weight and were then weighed week-

ly. They were given standard chow (Hope Farms, standard laboratory animal food) and

water ad libitum.  A 12-hour light/dark cycle was used, with lights on from 07.00 to

19.00. Ambient temperature was held constant at 21 ± 1 ̊ C with humidity at 50 ± 10%.
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Surgical procedures and histology

The lesioning procedure was performed according to the technique described by

Wolterink (Wolterink et al., 2001). 60 Male Wistar rats were anesthetized with fentanyl

(4 µg/rat, s.c.). The heads of the D7 rat pups were placed in a specially constructed head

mould to enable stable fixation of the head. The coordinates for positioning of the nee-

dles for the amygdala lesions were 3.8 mm lateral to the midline, 1.0 mm posterior to

bregma, and 6.0 mm below the surface of the skull, at an angle of 4˚. The tip of the nee-

dles was aimed at the basolateral nucleus of the amygdala (BLA). The lesions were

made by bilateral infusion of ibotenic acid (3 µg/0.3 µl phosphate-buffered saline) over

two minutes, using an infusion pump. After infusion, the needles were left in place for

four minutes. SHAM-lesioned rats received the corresponding amount of vehicle.

Three months after the AMX procedure all animals were given a jugular vein cannula

to facilitate repeated blood sampling. 

Within two weeks after the end of the experiments all rats were killed with an overdose

of intravenous pentobarbital. After decapitation, the brains were collected in formalde-

hyde-containing vials, sectioned (50 µm) and stained with hematoxylin and eosin.

Histological evaluation showed that AMX lesions in six rats (approximately 21% of the

lesions) were either too large or  outside the BLA (Paxinos and Watson, 1997), and data

from these animals were discarded.

Experimental design

After the two-week recovery period following the jugular vein cannulation, the animals

were divided among six groups (AMX/haloperidol; SHAM/haloperidol; AMX/clozap-

ine; SHAM/clozapine; AMX/saline; SHAM/saline). Animals were given equal vol-

umes of either 0.5 mg/kg haloperidol (standard 5mg/ml injection fluid containing lac-

tic acid as a solvent, Janssen-Cilag BV, Tilburg, The Netherlands), 10 mg/kg clozapine

(standard 5mg/2ml injection fluid containing laurinic acid as a solvent, No v a r ti s

Pharma Sweiz AG, Bern, Switzerland), or saline s.c. once daily for 14 days. All tests

were performed between 10.00 and 14.00 to avoid effects of circadian rhythmicity.

Novelty testing

Prior to the start of drug treatment all animals were tested in a Small Open Field (SOF;

30 cm in diameter) for three minutes to assess baseline behavior. One day after start of

the treatment, and one hour after the last dose, the animals were again tested in a SOF

to assess the acute effects of medication. Two weeks after the start of the treatment, and

one hour after the last dose, the animals were again tested in a SOF to assess the chron-

ic effect of treatment. All behavior was videotaped for later analysis.
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Baseline ACTH

Blood samples (250 µl) for the assessment of basal plasma ACTH concentrations were

taken on: T = -1, T = 1, T = 7 and T = 14 (T in days; start of treatment on day 0). Time

points for sampling were chosen in such a manner that acute and chronic effects of

treatment could be discriminated. All samples were taken before treatment and testing

procedures and in the home cage.

Footshock testing

Two weeks after the start of the medication-period, and twenty hours after the last dose,

all animals were submitted to a 10-minute footshock (FS) procedure. The procedure

was as follows: all animals were attached, in their home cage, to the sampling cannula

90 minutes before stress exposure (t = -90 minutes). A basal blood sample (250 µl) was

taken at t = -10 minutes, and the animals were transferred from their home cage to the

novel footshock-test cage (measuring 31 × 32 × 45; l × w × h) at t = 0 minutes. The test

started at t = 0 minutes, and consisted of a 10-minute period during which a total of ten

i n d i vidual footshocks with a current of 0.25 mA and lasting 1 second were given (at

1:00, 1:40, 2:40, 4:00, 4:40, 5:40, 7:00, 7:40, 8:40, and 9:30 minutes). Blood samples (250

µl) were taken at t = 5, 10, 20 and 30 minutes. At the end of the 10-minute test, a blood

sample was collected (t = 10 min), and the animals were put back into their home cage. 

Analysis of ACTH concentration

Samples were collected in heparin/EDTA-containing vials and kept on ice, centrifuged

within four hours of sampling, and plasma was stored at -80˚C.  ACTH concentration

was assessed with an in-house 125I RIA using the S-5 230676 antibody as described pre-

viously (Van Oers and Tilders, 1991).

Behavioral analysis

B e h a vior was analyzed with Observer
®

software (Noldus Information Te ch n o l o g y,

Wageningen, The Netherlands). The  SOF ethogram consisted of four behavi o r a l

parameters: ambulation (hind-paws are rotated 180˚), locomotion, immobility

(includes freezing), and attention (sitting while head and whiskers are moving). The

FS ethogram consisted of three behavioral parameters (both frequency and duration):

l o c o m o tion, immobility (includes freezing), and attention (sitting while head and

whiskers are moving).

Statistical analysis

ACTH data were analyzed using repeated measures analysis of variance (ANOVA ,

SPSS 10.0.8 for Macintosh
®
). The analysis of the basal sample data included the with-
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in subjects factor ‘time’ (the endocrine response over time; four levels: T = -1, 1, 7 and

14 days), ‘treatment’ (three levels: Haloperidol, Clozapine and Saline), and ‘lesion’ (two

levels: AMX and SHAM). The analysis of the footshock data included the within sub-

jects factor ‘time’ (the endocrine response over time; five levels: t = -10, 5, 10, 20 and 30

minutes), ‘treatment’ (three levels: Haloperidol, Clozapine and Saline), and ‘lesion’

(two levels: AMX and SHAM). When relevant, post-hoc analyses were performed

using an ANOVA repeated measures. Significance was reached when p ≤ 0.05.

B e h a vioral SOF data were analyzed using analysis of variance (ANOVA, SPSS 10.0.8

for Macintosh
®
). The analysis included the within subjects factor ‘time’ (the behavioral

response over time; three levels: T = -1, 1 and 14 days), ‘treatment’ (three levels:

Haloperidol, Clozapine and Saline), and ‘lesion’ (two levels: AMX and SHAM).

Significance was reached when p ≤ 0.05. Two post-hoc analyses were performed using

ANOVA repeated measures. The first analysis was performed to look at ‘acute’ effects,

and included the within subjects factor ‘time’ (the behavioral response over time; two

levels: T = -1 and 1 days), ‘treatment’ (three levels: Haloperidol, Clozapine and Saline),

and ‘lesion’ (two levels: AMX and SHAM). The second analysis was performed to look

at ‘chronic’ effects and included the within subjects factor ‘time’ (the behavi o r a l

response over time; two levels: T = -1 and 14 days), ‘treatment’ (three levels: Haloperi-

dol, Clozapine and Saline), and ‘lesion’ (two levels: AMX and SHAM). Cutoff for statis-

tical significance was set at p ≤  0.025 (Bonferroni correction). Behavioral FS data were

analyzed using a multivariate analysis of variance (MANOVA, SPSS 10.0.8 for

Macintosh
®
). Significance was reached when p ≤ 0.05. All results are given as means ±

SEM.

Results

Histological evaluation showed that the size and location of the AMX lesions (fig. 1)

were similar to those previously described (Wolterink et al., 2001).

Responses to footshock stress

ACTH response: Two weeks after the start of the treatment (90 minutes after the last

saline or drug injection), rats were subjected to the 10 minutes footshock stress (FS),

and ACTH was determined in blood samples taken 10 minutes before, and 5, 10, 20

and 30 minutes after the start of the FS procedure. The results are shown in figure 2.

St a ti s tical analysis of the data (table 1) revealed no ‘lesion × treatment’ interacti o n

effects. In accord with our previous results (Terpstra et al., 2003), we found a ‘lesion ×
time’ interaction effect, due to an attenuated ACTH response in D7 AMX as compared

to SHAM rats. In addition, there was a ‘treatment × time’ interaction, and post hoc

analysis revealed a difference between clozapine and saline treated rats (F(4,92) = 3.422,
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Fig. 1. Micrograph of a representative amygdala lesion. Highlighted, after histological evaluation, is the

location of the basolateral amygdala. A: D7 AMX, B: anatomical drawing of the important amygdala

nuclei, BLA: basolateral nucleus of the amygdala, LA: lateral nuclei of the amygdala, CE: central nuclei of

the amygdala (figure derived from Paxinos and Watson, 1997).

A B

footshock

within subjects effects

time

lesion × time

treatment × time

lesion × treatment × time

between subjects effects

lesion

treatment

lesion × treatment

F(4,132)

29.166

3.536

2.990

0.673

F(1,33)

16.018

0.113

0.108

ACTH

p

0.000

0.009

0.004

0.715

p

0.000

0.893

0.898

Table 1: Statistical analysis of the

ACTH response (pg/ml) to foot-

shock-stress (ANOVA repeated

measures). Number of rats per

group: AMX/Saline = 5, AMX/Ha-

loperidol = 5, AMX/Clozapine = 7,

SHAM/Saline = 7, SHAM/Halo-

peridol = 7, SHAM/Clozapine = 8.

Time = endocrine response over

time, Lesion = AMX vs. Sham, and

Treatment = Haloperidol vs. Clo-

zapine vs. Saline.
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p = 0.012), and between clozapine and haloperidol treated rats ( F( 4 , 1 0 0 ) = 4.983, p =

0.001), but not between haloperidol and saline treated rats (F(4,88) = 0.679, n.s.). These

data indicate that the ACTH response to FS peaked at an earlier time point in rats treat-

ed with clozapine than in haloperidol or saline treated rats (fig. 2).

Behavioral response: The behavioral results are shown in table 2. Statistical analysis of

the behavioral response during the FS procedure (table 3) revealed no ‘lesion × treat-

ment’ interaction or main ‘treatment’ effects. Main effects of ‘lesion’ were due to more

locomotion (frequency, duration) and attention (frequency, duration), and less immo-

bility (frequency, duration) in D7 AMX than SHAM rats. Thus, in line with our previ-

ous observations, D7 AMX rats showed less immobility to FS than SHAM rats.

Basal plasma ACTH

Basal plasma ACTH concentrations were determined in blood samples taken 1 day

before, and 1, 7 and 14 days after the start of drug treatment. The results are shown in

figure 2. Within subjects analysis and between subjects analysis revealed no differ-

ences. This indicates that there is no change in basal ACTH levels over time, no differ-

ence between D7 AMX and D7 SHAM rats in basal ACTH levels, and no effect of treat-

ment on basal ACTH levels within this experimental context.
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locomotion FR

locomotion DR

immobility FR

immobility DR 

attention FR

attention DR

39.4

21.2

87.6

43.7

8.6

12.8

65.0

173.0

56.9

33.5

401.7

220.0

AMX

SHAM

AMX

SHAM

AMX

SHAM

AMX

SHAM

AMX

SHAM

AMX

SHAM

S

±

±

±

±

±

±

±

±

±

±

±

±

4.9

1.5

14.2

4.2

2.8

1.5

32.1

21.6

3.7

2.3

24.1

26.7

35.7

20.3

95.5

45.1

11.0

14.1

131.5

240.3

47.5

32.1

330.3

214.1

H

±

±

±

±

±

±

±

±

±

±

±

±

7.1

1.6

23.8

2.3

2.2

1.2

38.6

6.7

4.8

2.6

30.5

28.3

31.0

16.1

71.0

40.1

7.4

12.3

137.3

234.6

40.4

32.6

346.3

218.1

C

±

±

±

±

±

±

±

±

±

±

±

±

7.4

1.9

17.1

5.0

1.6

1.0

76.2

29.6

7.8

3.9

59.6

21.9

footshock

Table 2: Means ± SEM of behavioral elements during Footshock. FR = frequency (per 10 minutes), 

DR = duration (seconds), S = saline, H = haloperidol, and C = clozapine.
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Fig. 2. A: Baseline plasma ACTH concentration (pg/ml) in SHAM rats over the 14 day treatment period,

B: Plasma ACTH response (pg/ml) in SHAM rats to a 10-minute footshock session (black bar), C:

Baseline plasma ACTH concentration (pg/ml) in AMX rats over the 14 day treatment period, D: Plasma

ACTH response (pg/ml) in AMX rats to a 10-minute footshock session (black bar).

Table 3: Statistical analysis of the

behavioral response to a foot-

shock stimulus (MANOVA ,

between subject effects). A M X /

Saline = 7, AMX/Haloperidol = 6,

AMX/Clozapine = 7, SHAM/Sali-

ne = 6,  SHAM/Haloperidol = 7,

SHAM/Clozapine = 8. Lesion =

AMX vs. Sham, FR = frequency

(per 10 minutes), DR = duration

(seconds).

locomotion FR

locomotion DR 

immobility FR

immobility DR

attention FR

attention DR

F(1,35)

17.9

15.5

7.7

9.8

16.7

25.3

footshock

lesion

p ≤
0.000

0.000

0.009

0.003

0.000

0.000
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ambulation FR

locomotion FR

locomotion DR

immobility FR

immobility DR

attention FR

attention DR

day

AMX

SHAM

AMX

SHAM

AMX

SHAM

AMX

SHAM

AMX

SHAM

AMX

SHAM

AMX

SHAM

-1

1

14

-1

1

14

-1

1

14

-1

1

14

-1

1

14

-1

1

14

-1

1

14

-1

1

14

-1

1

14

-1

1

14

-1

1

14

-1

1

14

-1

1

14

-1

1

14

6.5

2.3

2.6

4.4

2.0

1.6

14.3

11.9

12.9

11.3

9.6

8.3

44.8

34.3

29.1

39.1

24.1

21.1

3.2

2.7

2.7

2.1

2.1

3.0

12.7

22.7

22.1

11.7

16.6

18.7

13.5

15.4

15.4

14.1

12.6

12.7

67.3

73.6

77.3

50.3

60.1

75.1

1.6

0.7

0.6

0.8

0.4

0.4

1.1

1.4

2.1

1.2

1.0

1.1

6.8

4.4

5.4

4.9

2.5

3.4

1.1

1.1

0.6

0.8

0.6

1.2

4.5

12.5

11.2

6.1

10.8

9.8

1.2

0.9

2.2

0.6

0.9

2.0

6.8

9.8

8.2

5.7

10.1

11.5

S

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

5.1

0.6

1.7

4.7

0.1

0.4

11.1

3.4

8.6

9.7

3.7

7.6

42.5

10.4

25.4

28.6

10.1

17.9

5.3

4.0

5.0

1.0

5.9

3.3

41.1

133.4

50.9

3.0

82.7

11.0

14.8

5.0

14.9

12.9

10.1

14.4

66.8

36.1

87.1

66.0

70.3

74.3

1.1

0.4

0.5

1.0

0.1

0.3

2.0

1.1

1.6

0.9

0.7

1.0

8.3

4.5

5.5

3.9

2.4

2.6

1.0

0.7

1.1

0.4

0.8

0.9

15.2

15.4

13.8

1.5

9.2

3.7

1.2

1.0

2.5

1.0

1.2

0.9

6.3

12.0

9.1

5.8

8.4

6.3

H

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

7.4

3.1

2.4

4.2

1.8

0.9

13

10.7

10.1

10.9

8.8

6.1

49.3

39.0

25.9

33.8

22.8

15.4

3.4

4.6

4.1

1.3

4.0

4.3

12

43.3

44.3

3.7

32.6

28.8

15.3

13.1

16.0

12.1

13.4

12.4

70.3

65.7

71.1

56.5

72.1

75.5

2.0

0.9

1.3

0.5

0.7

0.3

1.3

2.0

3.0

0.9

1.7

1.1

8.9

7.9

7.5

3.8

4.7

2.7

1.0

0.8

1.5

0.2

0.9

1.3

4.7

18.8

18.8

1.4

8.6

9.7

1.7

1.7

2.4

1.4

1.4

0.6

11.9

8.2

8.7

7.8

7.1

7.3

C

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

±

Table 4: Means ± SEM of behavioral elements in a Small Open Field (SOF) test during treatment. 
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ambulation FR

locomotion FR

locomotion DR

immobility FR

immobility DR

attention FR

attention DR

ambulation FR

locomotion FR

locomotion DR

immobility FR

immobility DR

attention FR

attention DR

F(1,39)

57.307

31.085

25.949

6.047

52.081

6.443

0.128

F(1,37)

53.393

17.164

65.274

4.536

10.250

0.685

10.686

p ≤
0.000

0.000

0.000

0.018

0.000

0.015

0.723

p ≤
0.000

0.000

0.000

0.040

0.003

0.413

0.002

F(1,39)

1.681

0.312

0.160

9.538

0.232

1.505

4.298

F(1,37)

0.610

0.687

0.521

5.464

0.077

0.673

0.122

p ≤
0.202

0.580

0.691

0.004

0.635

0.227

0.045

p ≤
0.440

0.413

0.475

0.025

0.783

0.417

0.729

F(2,39)

0.728

4.271

1.405

1.777

15.003

6.105

2.504

F(2,37)

0.120

0.692

1.537

0.993

2.461

0.158

0.591

p ≤
0.489

0.021

0.257

0.183

0.000

0.005

0.095

p ≤
0.888

0.507

0.228

0.380

0.099

0.854

0.559

F(2,39)

0.325

0.061

0.304

4.643

0.019

3.626

1.282

F(2,37)

0.599

0.059

0.132

0.452

0.132

0.525

1.105

p ≤
0.724

0.941

0.740

0.016

0.981

0.036

0.289

p ≤
0.554

0.943

0.876

0.640

0.876

0.596

0.342

acute (day -1 vs day 1)

time time × lesion time × treatment

time × lesion ×
treatment

chronic (day -1 vs. day 14)

time time × lesion time × treatment

time × lesion ×
treatment

Table 5: Behavioral effects of base-

line (day -1) small open field

(SOF) behavior (ANOVA repeated

measures, within subject effects).

Number of rats per group: AMX/

Saline = 7, AMX/Haloperidol = 8,

AMX/Clozapine = 7, SHAM/Sali-

ne = 7, SHAM/Haloperidol = 7,

SHAM/Clozapine = 10. FR = fre-

quency (per three minutes), DR =

duration (seconds), Lesion =

AMX vs SHAM.

ambulation FR

locomotion FR

locomotion DR 

immobility FR

immobility DR

attention FR

attention DR

F(1,44)

4.071

4.416

6.339

13.678

6.413

2.118

2.192

baseline (day-1)

lesion

p ≤
0.050

0.041

0.016

0.001

0.015

0.153

0.146
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Behavioral responses in the Small Open Field

Effects of lesion: To assess the effects of the lesion on novelty-induced behavior, all ani-

mals were subjected to a Small Open Field test (SOF) one day before the start of the

treatment. The results are presented in table 4. Univariate analysis (table 5) revealed

lesion effects on ambulation (frequency), locomotion (frequency, duration), and

immobility (frequency, duration). This is due to the fact that, in accord with previous

results (Daenen et al., 2001; Terpstra et al., 2003), D7 AMX rats showed more ambula-

tions, locomotion (frequency, duration) and immobility (frequency, duration) in the

novel environment.

Effects of neuroleptics: On days 1 and 14 of the treatment, the rats were again tested in

the SOF to assess the acute and chronic effects of neuroleptic treatment respectively.

The results are presented in table 4. Combined statistical analysis of the results of the

three SOF tests revealed effects of ‘time’ on all behavioral elements except attenti o n

duration (p ≤ 0.035 – p ≤ 0.001), a ‘time × lesion’ interaction effect on immobility fre-

quency (p ≤ 0.009), and ‘time × treatment’ interaction effects on locomotion frequen-

cy, immobility duration and attention frequency (p ≤ 0.025 – p ≤ 0.001). Post-hoc sta-

ti s tical tests were performed to further analyze the acute and chronic effects of the

treatments.

Acute effects: Post hoc analysis of the behavioral response on day 1 of treatment versus

that on the day before treatment (table 6) revealed a ‘time × lesion × treatment’ interac-

tion effect on immobility frequency, due to the fact that neuroleptic treatment lead to

more frequent bouts of immobility in SHAM rats but not in D7 AMX rats. There also

were ‘time x treatment’ interaction effects on locomotion frequency, immobility dura-

tion and attention frequency, due to the fact that treatment with haloperidol resulted in

b e h a vioral inacti v a tion in both SHAM and D7 AMX rats. Finally, there were main

effects of ‘time’ on ambulation frequency and locomotion duration, due to a decrease

in these active behaviors across treatment groups, possibly reflecting habituation to

the SOF as a result of repeated testing.

77

effect of chronic neuroleptic treatment on stress responsiveness

Table 6, page 76 below: Behavioral effects of Acute and Chronic neuroleptic treatment (ANOVA repeated

measures, within subject effects). Cutoff for significance was set at 0.025 (Bonferroni correction).

Number of rats per group in the Acute analysis: AMX/Saline = 7, AMX/Haloperidol = 7, AMX/Clozapine =

7, SHAM/Saline = 7, SHAM/Haloperidol = 7, SHAM/Clozapine = 10. Number of rats per group in the

Chronic analysis: AMX/Saline = 7, AMX/Haloperidol = 7, AMX/Clozapine = 7, SHAM/Saline = 7, SHAM/

Haloperidol = 7, SHAM/Clozapine = 8. FR = frequency (per three minutes), DR = duration (seconds),

Time = endocrine response over time, Lesion = AMX vs. Sham, and Treatment = Haloperidol vs.

Clozapine vs. Saline. Significant effects are indicated in bold.
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Chronic effects: Post hoc comparison of the behavioral response in the SOF test on day

14 with that on the day before treatment (table 6) revealed a ‘time × lesion’ interaction

effect on immobility frequency, due to the fact that SHAM rats showed an increase in

this behavioral element compared to AMX rats. In addition, there were main effects of

‘ time’ on ambulation and locomotion frequency, and locomotion, immobility and

a t t e n tion duration, indicating a decrease in active, exploratory behaviors across all

experimental groups, pointing to habituation to the test.

Discussion

In accord with previous results (Terpstra et al., 2003) we found that D7 AMX rats, as

compared to D7 SHAM rats, displayed a blunted ACTH response to footshock-stress.

This difference between D7 AMX and D7 SHAM rats remained present after chronic

treatment with haloperidol or clozapine. Thus, chronic neuroleptic treatment appar-

ently did not restore stress responsivity in D7 AMX rats, but did also not interfere with

normal stress responsivity in D7 SHAM rats. This notion is supported by our finding

that there were no appreciable differences between D7 AMX and SHAM rats in the

chronic effects of neuroleptics on the behavioral response in the SOF, a test employing

novelty as a mild stressor.

Yet, we found that clozapine treatment affected the dynamics of the ACTH response to

footshock stress irrespective of lesioned state of the rats. In particular we found that

peak ACTH levels occurred earlier during the response of rats chronically treated with

clozapine than of those treated with haloperidol or saline. Although this is rather spec-

ulative at present, this may point to adaptational effects induced by clozapine in brain

mechanisms involved in the regulation of HPA-axis activity during stress, and should

be investigated much more thoroughly.

In accord with our previous findings (Terpstra et al., 2003), D7 AMX rats displayed less

immobility when submitted to the footshock stimulus than D7 SHAM rats D7 AMX

rats share this deficit with D21 AMX rats, indicating that it is likely caused by the

absence of a functional amygdala per se, and not developmental in nature. However,

D 7 AMX rats also showed more ambulations in the SOF test, in line with previ o u s

findings (Daenen et al., 2002a; Terpstra et al., 2003), and this effect was not found in

D21 AMX rats. It therefore is likely caused by disturbed development and function of

targets of the amygdala. Impaired behavioral and endocrine stress responses are thus

consistently found in D7 AMX rats. To attribute these findings to the array of abnor-

malities in the amygdala lesion animal model that mimic aspects of schizophrenia is

therefore justified.

Clozapine did not specifically affect the behavioral parameters tested in the SOF.

Mo r e o v e r, neither haloperidol, nor clozapine affected behavior during the footshock
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stress.  Thus, chronic neuroleptic treatment does not seem to alter stress related behav-

ior in the paradigms used.

Pr o t e c tion against stressful events has been employed as therapy in sch i z o p h r e n i a .

Although no studies have specifically focused on the stress-protective effects of neu-

roleptics, those effects are assumed to exist (Johnson, 1977; Strachan, 1986; Leff et al.,

1994; Liberman, 1994). The effect of clozapine that we found in our present study

( s h i f ting the ACTH response forward) may have some bearing upon the idea that

interference with stress-responsivity could be one of the mechanisms whereby atypi-

cal neuroleptics exert stress protective properties. It suggests that the animals could

have been more alert in responding to the aversive stimulus. Ho w e v e r, there was no

r e l a tion between the endocrine and behavioral findings to support this idea. Fu t u r e

studies relating physiology and behavior both in the animal and human experiment

should therefore be performed to further explore this issue.
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The aim of the research described in this thesis was to investigate the stress response

in adult rats with amygdala lesions made on postnatal day 7 (D7 AMX), a putative ani-

mal model for schizophrenia, and generate new hypotheses and insights that may ben-

efit future (pre)clinical research.

Chapter 1 p r o vides an introductory review of literature relating to the subject of this

thesis. The project was initiated based on two lines of recent evidence. Firstly, evidence

indicates that schizophrenic patients have an adaptational deficit. Not only do life

events appear to increase the risk of psych o tic relapse and the number of daily life

stressors relate to the number of schizophrenic symptoms (Norman and Malla, 1994),

but schizophrenic patients also have a diminished HPA response to a variety of stress-

ful stimuli (Kudoh et al., 1997; Jansen et al., 2000a). In addition, cognitive-emotional

deficits in schizophrenia, that involve the prefrontal cortex and the limbic system, run

in families (Johnson et al., 2003). This indicates that heritable factors are involved that

likely affect brain development and functions.

Secondly, evidence indicates that rats bearing lesions of the amygdala made on postna-

tal day 7 (D7 AMX) model aspects of neurodevelopmental psychopathologies, such as

schizophrenia (Wolterink et al., 2001). Thus, adult D7 AMX rats display impaired pre-

pulse inhibition, impaired behavioral responses to stress, impaired social behavi o r,

and increased sensiti vity to phencyclidine. These symptoms become manifest after

puberty, as is the case in schizophrenic patients, and are not observed in rats in which

the amygdalae are lesioned on postnatal day 21 (D21 AMX), suggesting altered devel-

opment of brain structures that are innervated by the amygdala under normal condi-

tions. Indeed, during normal development, major reorganization of the innervation of

the prefrontal cortex by the amygdala was found to occur after postnatal day 7

(Bouwmeester et al., 2002).

In chapter 2 experiments are reported that were conducted to investigate the effects of

neonatal amygdala lesions on stress responsivity later in life, and assess the neurode-

velopmental nature of these effects. To that end, we compared the endocrine, sympa-

t h e tic-adrenomedullary and behavioral responses to footshock stress and novelty

stress in groups of D7 AMX and D7 SHAM rats with those of D21 AMX and D21

SHAM rats. 

In both stress paradigms, the HPA axis response of D7 AMX was found markedly

reduced, while D21 AMX rats only showed moderately blunted ACTH and corti c o s-

terone (CORT) responses to novelty stress. In addition, D7 AMX rats showed an even

less active behavioral response to novelty than D21 AMX. The plasma noradrenalin
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response was similarly reduced in both lesioned groups, while the adrenaline response

was not affected.

Thus, both D7 AMX and D21 AMX rats showed attenuated behavioral, endocrine and

s y m p a t h e tic stress responses. This hyp o r e s p o n s i vity of AMX rats accords with the

general notion that the amygdala plays a critical in cognitive-emotional processes and

adaptational responses to environmental stimuli inducing fear and anxiety. However,

the effects of the amygdala lesions, in particular the effects on HPA axis responses,

were much more pronounced in D7 than D21 AMX rats. This indicates that, in addi-

tion to the damage to the amygdala itself, developmental deficits in target structures of

the amygdala likely contribute to the stress hyporesponsiveness of D7 AMX rats. These

results add to the validity of the D7 AMX rat as an animal model for neurodevelopmen-

tal psychopathologies, such as schizophrenia.

In chapter 3, we investigated the mechanism underlying the blunted HPA axis response

to stress of D7 AMX versus D7 SHAM rats. To that end, we assessed the sensitivity of

the pituitary-adrenal system to corticotrophin-releasing hormone (CRH) in those rats

by monitoring the CORT response following i.v. administration of syn t h e tic ovi n e

CRH (oCRH). In addition, we assessed the sensitivity of the HPA axis to glucocorticoid

feedback by testing the inhibitory effect of pretreatment with a low dose of CORT on

the novelty induced CORT response. Finally, we determined the basal plasma CORT

concentration throughout a complete circadian cycle.

D 7 AMX rats displayed a reduced CORT response to oCRH, whereas the inhibitory

effect of CORT pretreatment on the novelty-induced HPA response was similar in D7

AMX and D 7 SHAM rats. These data suggest normal glucocorticoid feedback, and

indicate that impaired CRH signaling, most likely at the level of the pituitary, underlies

the deficit of D7 AMX rats in HPA responding to stress. In addition, D7 AMX rats dis-

played elevated basal plasma CORT levels, particularly during the nocturnal phase of

the circadian cycle, when rats are awake and active. In absence of changes in glucocor-

ticoid feedback, this might suggest increased arousal during wakefulness. These data

add to evidence that amygdala lesions early in life lead to deficits in stress responsive

systems in the rat.

Re c e n t l y, the concentrations of noradrenalin (NA) and its metabolite 3 - m e t h o xy - 4-

h y d r o xyphenylglycol were found decreased in the medial prefrontal cortex (mPFC),

nucleus accumbens (Acb), and caudate putamen (CPu) of D 7 AMX rats, indicati n g

reduced NA neurotransmission in these brain structures (Bouwmeester, 2002). In

view of these findings and the known role of NA in the regulation of the HPA axis, we
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further investigated the disturbances in brain NA systems focusing on NA receptor

density (chapter 4). To that end, the density of α1- and α2-adrenoreceptors was deter-

mined by in vitro autoradiography of brain slices incubated with saturating concentra-

tions of the α1- and α2-specific radioligands [3H]Prazosin and [3H]UK14.304. The study

focused on brain regions known to be involved in the stress response, namely the

mPFC, Acb, CPu, paraventricular nucleus of the hypothalamus (PVN), and locus

coeruleus (LC).

The density of α1- and α2-adrenoreceptors varied considerably between the brain

regions studied, as expected based on the literature. We found no differences in bind-

ing between D7 AMX and D7 SHAM rats. This indicates that the density of NA recep-

tors and NA transmission were apparently not altered at the same time in D7 A M X

rats. Before definite conclusions can be drawn, however, further research is needed

addressing the dynamics over time of the various adrenoceptor subtypes.

A n ti p s y ch o tics are to some extent protective to the effects of stress in sch i z o p h r e n i c

p a tients, and atypical neuroleptics are advantageous over typical ones in this respect

(Kane et al., 1988a). Since D 7 AMX rats share, amongst a number of other deficits,

stress hyporesponsiveness with schizophrenic patients, we investigated the effect of

chronic treatment with a typical (haloperidol) or an atypical neuroleptic (clozapine) on

the stress response in D7 AMX compared with D7 SHAM rats (chapter 5). 

Rats were treated daily with haloperidol, clozapine or saline. Before and during the

treatment, basal plasma ACTH levels were determined, and behavior was monitored

using a ‘small open field’ test. Footshock stress induced endocrine and behavi o r a l

responses were determined after two weeks of treatment.

Neuroleptic treatment did not restore HPA hyporesponsiveness in D7 AMX rats, nor

did it affect the behavioral deficits in the small open field and footshock tests.

Irrespective of the lesion status of the rats, however, chronic treatment with clozapine

altered the dynamics of the HPA response, yielding ACTH responses peaking at an

earlier point in time after the stressor. From these results it is concluded that chronic

treatment with clozapine alters processes, possibly in the brain, that are involved in

generating the HPA axis response to stress. This may have some bearing upon the way

atypical neuroleptics exert their stress protective effect in schizophrenic patients.

The results presented in this thesis highlight the importance of the amygdala for adap-

t a tional responses to environmental stimuli. They indicate that dysfunction of the

amygdala in early life, for instance as a consequence of trauma, can result in disturbed

development and function of the HPA axis, one of the organism’s major adaptational
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systems. In view of the similarities in symptoms between the D7 AMX rat model and

schizophrenia, the results call for further research on the role of the amygdala complex

and the HPA axis in this disease.
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Schizofrenie is een ernstig psychiatrisch syndroom dat zich bij ongeveer één procent

van de bevolking voordoet. Het syndroom kenmerkt zich door zijn chronisch verloop,

waarbij met name de psych o ti s che episodes (met wanen en/of hallucinaties) en de

duidelijke afname in het sociaal-maatschappelijk functioneren op de voorgrond staan.

De amygdala (ofwel amandelkern) is een een amandelvormige structuur in de mediale

temporaalkwab van de hersenen van alle vertebraten (gewervelde dieren), die veron-

dersteld wordt betrokken te zijn bij regulatie van emoties (met name negati e v e

emoties, zoals angst). Feitelijk is de amygdala geen ‘echte’ kern maar een verzameling

van verschillende, doch onderling nauw verbonden, kerngebieden en corti c a l e

gebieden (ook wel het amygdala-complex genoemd). Omdat de amygdala wederkerige

verbindingen met vele hersengebieden heeft, is gepostuleerd dat een intacte amygdala

belangrijk is voor de normale ontwikkeling van de gebieden waarnaar deze projecteert.

Ratten waarvan de amygdalakernen (waaronder in ieder geval de basolaterale nucleus

van de amygdala, die wederkerige verbindingen heeft met de mediale prefrontale cor-

tex) zeven dagen na de geboorte zijn geledeerd (D7 AMX), vertonen op latere leeftijd

een aantal stoornissen die ook waargenomen worden bij patiënten met schizofrenie.

Het gaat hierbij om stoornissen in pre-puls inhibitie, stress-gerelateerd gedrag en soci-

aal gedrag, en een verhoogde gevoeligheid voor phencyclidine. Deze stoornissen

o n t wikkelen zich pas na de pubertijd, hetgeen ook het geval is bij patiënten met

schizofrenie, en worden niet waargenomen bij ratten waarvan de amygdala niet op dag

7, maar pas op dag 21 na de geboorte is geledeerd (D21 AMX). Dit suggereert dat een

verandering in de ontwikkeling van de hersenen, met name van structuren die door de

amygdala worden geïnnerveerd, een rol belangrijke speelt bij het ontstaan van deze

stoornissen. De D7 AMX rat vormt aldus een interessant diermodel voor aspecten van

psychiatrische hersenontwikkelingsstoornissen, zoals schizofrenie.

In hoofdstuk 1 wordt onder andere een overzicht gegeven van de literatuur aangaande

het onderwerp van dit proefschrift, te weten ‘stress-responsiviteit bij neonataal amyg-

dala geledeerde ratten, en de relevantie hiervan voor schizofrenie’. Met name worden

hierin de twee belangrijkste waarnemingen uit de literatuur die de basis vormden voor

het in dit proefschrift beschreven onderzoek naar voren gebracht. De eerste van die

waarnemingen is dat patiënten met schizofrenie zich slecht kunnen aanpassen aan

veranderende omstandigheden. Belangrijke, stressvolle gebeurtenissen (‘life events’)

vergroten bij dergelijke patienten de kans op psych o ti s che decompensatie, en  de

hoeveelheid dagelijkse stress (‘daily life stress’) is gecorreleerd met het aantal schizo-

frene symptomen. Ook zijn er bij patiënten met schizofrenie cognitieve en emotionele
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stoornissen gevonden die gerelateerd zijn aan (dys)functies van de prefrontale cortex

en het limbisch systeem (waaronder de amygdala). Tenslotte hebben patiënten met

s chizofrenie een verminderde respons van de hyp o t h a l a m u s - h yp o f y s e - b i j n i e r a s

(HHB), een voor stress-adaptatie zeer belangrijk hormonaal systeem. De tweede waar-

neming is, dat D 7 AMX ratten een aantal stoornissen vertonen die ook zijn waarge-

nomen bij patiënten met schizofrenie. Recent onderzoek bij dergelijke dieren sug-

gereert dat hieraan mogelijk een uitrijpingsstoornis van de prefrontale cortex ten

grondslag ligt die zou kunnen ontstaan als gevolg van de door de lesie verstoorde

innervatie van de prefrontale cortex vanuit de amygdala.

In hoofdstuk 2 worden de resultaten van een experiment gepresenteerd waarin de

stress-responsiviteit van volwassen ratten met neonatale amygdala lesies werd onder-

zocht. De vraag die in dit experiment gesteld werd was, of de stress-responsiviteit bij

ratten met neonatale amygdala lesies net als bij patiënten met schizofrenie is vermin-

derd, en in hoeverre een verandering in de ontwikkeling van de hersenen daarbij een

rol speelt. Om dit te onderzoeken werden de HHB-respons (plasma adreno-corti-

cotrophic-hormone [ACTH] en corticosteron [CORT]), de sympati c o - a d r e n o m e d u l-

laire-respons (noradrenaline [NA] en adrenaline [A]) en de gedragsrespons op een

‘footshock’ en een ‘novelty’ stress in kaart gebracht bij groepen geledeerde en schijn-

geopereerde (SHAM) dieren, te weten D7 AMX, D7 SHAM, D21 AMX en D21 SHAM. 

De resultaten van deze studie lieten zien dat de HHB respons bij D7 AMX ratten in

beide stressparadigmata verlaagd was, terwijl de HHB respons bij D21 AMX alleen in

de ‘novelty’ stress test, en dan nog slechts in geringe mate, verlaagd was. Bovendien

toonden de D7 AMX ratten minder actief gedrag in de ‘novelty’ stress test dan de D21

AMX ratten. De sympatico-adrenomedullaire respons was in beide amygdala geledeer-

de groepen gelijkelijk verminderd.

D7 en D21 AMX ratten lieten dus verminderde gedrags-, endocriene- en sympathische

responsen zien op stress. Dat is in overeenstemming met de essentiële rol die de

amygdala volgens de literatuur speelt in cognitief-emotionele processen en adaptieve

responsen op stressvolle stimuli. Echter, het effect van de amygdala lesies op de HHB

respons was veel sterker bij D7 AMX ratten dan bij D21 AMX ratten. Dit wijst erop dat,

naast een effect van de amygdala lesie zelf, ook stoornissen in de ontwikkeling van

hersenstructuren die door de amygdala worden geïnnerveerd naar alle waarsch i j n-

lijkheid bijdragen aan de verminderde HHB respons van D7 AMX ratten.

Onze huidige bevinding dat D7 AMX ratten een verminderde HHB respons op stress

laten zien voegt een element toe aan de stoornissen die zij delen met sch i z o f r e n e

p a tiënten, en versterkt daardoor de validiteit van de D7 AMX rat als diermodel voor

psychiatrische hersenontwikkelinggsstoornissen, zoals schizofrenie.
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In hoofdstuk 3 werd onderzocht welke mechanismen mogelijk ten grondslag zouden

kunnen liggen aan de verstoorde HHB respons van D7 AMX ratten, zoals die in hoofd-

stuk 2 werd beschreven. De vraag die in dit experiment gesteld werd, was of neonatale

amygdala lesies leiden tot een verstoring in de fysiologie van de HHB. Derhalve werd

enerzijds de gevoeligheid van de HHB voor corticotrophin-releasing-hormone (CRH),

en anderzijds de gevoeligheid van de as voor de negatieve feedback door CORT

getoetst. Allereerst werd daartoe ovine CRH (oCRH) intraveneus ingespoten bij twee

groepen ratten (D7 AMX en D7 SHAM), en de daaropvolgende plasma CORT respons

gemeten. Vervolgens werden de twee groepen dieren voorbehandeld met een lage

dosis CORT waarna ze werden blootgesteld aan ‘novelty’ stress. De daaropvolgende

plasma CORT respons werd gemeten. Tenslotte  werden van beide groepen gedurende

een volledige  24-uurs cyclus de basale plasma CORT spiegels gemeten.

De resultaten lieten zien dat de door oCRH geïnduceerde plasma CORT response bij

D7 AMX ratten verminderd was ten opzichte van die bij D7 SHAM dieren,  terwijl het

effect van CORT voorbehandeling op de ‘novelty’ geïnduceerde plasma CORT respons

bij beide groepen niet verschilde. Dit wijst erop dat de in hoofdstuk 1 gevonden ver-

storing van HHB respons op stress waarschijnlijk (mede) het gevolg is van een ver-

minderde gevoeligheid van de hypofyse voor CRH, en niet van een versterkte glucocor-

ticoïd-feedback. Uit de 24-uurs basale CORT registratie kwam naar voren dat D7 AMX

ratten gedurende de donker-fase van de cyclus (de actieve fase van de rat) een ver-

hoogde basale plasma CORT spiegel hebben. Gezien het feit dat deze verhoging

gepaard gaat met een ongestoorde glucocorticoïd-feedback, zou dit kunnen wijzen op

een verhoogdestaat van arousal tijdens waken. De bevindingen uit dit experiment

geven verder inzicht in het niveau waarop neonatale amygdala lesies leiden tot verstor-

ing van de stress responsiviteit.

In een recente studie werd aangetoond dat de concentraties van de neurotransmitter

noradrenaline (NA) en de belangrijke NA metaboliet 3 - m e t h o xy - 4 -h y d r o xyp h e n y l g l y-

col verlaagd zijn in de mediale prefrontale cortex (mPFC), nucleus accumbens (Ac b )

en caudate putamen (CPu) van D7 AMX ratten. Dit wijst op een verminderde NA neu-

rotransmissie in deze hersenstructuren. Omdat NA een belangrijke rol speelt bij de

regulatie van de HHB werd een experiment gedaan (hoofdstuk 4) om de NA receptor

dichtheden te analyseren in hersengebieden die betrokken zijn bij de stress-respons.

Daarvoor werd in vitro autoradiografie van α1- en α2-adrenoceptoren toegepast op

hersencoupes, waarbij gekeken werd naar de mPFC, Acb, CPu, paraventriculaire kern

van de hypothalamus (PVN) en de locus coeruleus (LC). Voor de analyse van de α1-

adrenoceptor werd gebruik gemaakt van het α1- s e l e c tieve radioligand [3H ] Pr a z o s i n .

Voor de analyse van de α2-adrenoceptor werd gebruik gemaakt van het α2- s e l e c ti e v e
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radioligand [3H]UK14.304. Hoewel de α1- en α2-adrenoceptor dichtheden, in overeen-

stemming met de literatuur, verschilden per hersengebied, werd er geen verschil in

radioligand-binding tussen D7 AMX en D7 SHAM ratten gevonden. Dit wijst erop dat

de NA receptor dichtheid en de NA neurotransmissie klaarblijkelijk niet gelijkti j d i g

verstoord zijn bij D 7 AMX ratten. Voordat er echter definitieve conclusies getrokken

kunnen worden uit deze bevindingen, dient de dynamiek van de verschillende sub-

t ypen van de α1- en α2-adrenoceptoren over de tijd bij D 7 AMX ratten onderzocht te

worden.

De effecten van stress op patiënten met schizofrenie kunnen voor een deel bestreden

worden door behandeling met antipsychotica. Atypische antipsychotica, zoals clozap-

ine, lijken daarbij beter te  werken dan typische (ofwel klassieke) antipsychotica, zoals

haloperidol. Daar D 7 AMX ratten, naast de eerder in de literatuur beschreven stoor-

nissen, ook een verminderde stress-respons gemeen hebben met patiënten die lijden

aan schizofrenie, werd het effect van langdurige behandeling met een typisch en een

a t yp i s ch anti p s y ch o ticum op de stress-responsiviteit van D 7 AMX ratten onderzoch t

(hoofdstuk 5). Daartoe werden D 7 AMX en D 7 SHAM ratten twee weken lang dage-

lijks behandeld met haloperidol, clozapine of een fysiologische zoutoplossing. Vóór en

tijdens aanvang van de behandeling werden basaalwaarden van ACTH en de gedrags-

respons in een ‘klein open veld’ test gemeten. Aan het einde van de behandelperiode

van twee weken werden de door footshock-stress geïnduceerde ACTH- en gedragsre-

sponsen bepaald.

De resultaten uit deze studie lieten zien dat behandeling met anti p s y ch o tica de ver-

minderde endocriene stressrespons van D 7 AMX ratten niet herstelt. Ook werd de

gedragsrespons van D7 AMX ratten op stress niet door de behandeling beïnvloed. Wel

veranderde langdurige behandeling met clozapine de dynamiek van de HHB respons

bij zowel D 7 AMX als D 7 SHAM ratten (dus onafhankelijk van lesie). Bij clozapine

behandelde ratten trad de piek van de ACTH respons eerder op. Hieruit kan gecon-

cludeerd worden dat behandeling met clozapine, mogelijk op het niveau van het cen-

trale zenuwstelsel, fysiologische processen verandert die betrokken zijn bij de aanstur-

ing van de HHB tijdens stress. Deze bevinding zou mogelijk relevant kunnen zijn voor

de manier waarop atyp i s che anti p s y ch o tica hun stress-beschermende werking bij

patiënten teweeg brengen.

Conclusie

De in dit proefschift gepresenteerde resultaten benadrukken eens te meer dat de

amygdala een belangrijke rol speelt bij adaptatie van het organisme aan zijn omgeving.

Ze tonen bovendien aan, dat wanneer de amygdala vroeg in het leven wordt besch a-
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digd, dit leidt tot een ontwikkelingsstoornis die ook de HHB, één van de belangrijkste

adaptieve systemen van een gewerveld organisme, betreft. Gezien de overeenkomsten

tussen het D 7 AMX model en schizofrenie, onderstrepen de in dit proefsch r i f t

beschreven resultaten het belang van verder onderzoek naar de rol van de amygdala en

de HHB bij schizofrenie.
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nam, bleef je zeer betrokken. Ook al werd het onderzoek steeds pre-klinischer, je bleef

je inzetten om met mij de ‘brug naar de kliniek’ te blijven behouden. Jouw enthousi-

asme was enorm aanstekelijk en ik heb een groot respect voor het geduld dat je deze

afgelopen jaren met mijn eigenwijsheid hebt gehad. Jouw laatste AIO gaat nu daad-

werkelijk promoveren, en ik denk dat je trots kunt zijn op het werk dat jij verricht hebt

de afgelopen jaren op het gebied van stress en schizofrenie, waar dit proefschift slechts

een klein onderdeel van is. Victor, als eerste promotor was ook jij vanaf het begin

betrokken bij het ontstaan van het project. Jouw oog voor detail en wetenschappelijke

s cherpzinnigheid is volgens mij onovertroffen. Dit was onmisbaar tijdens de weten-

s chappelijke maandagochtend-besprekingen, waar protocollen en data nauwkeurig

tegen het licht werden gehouden, en essentiëel tijdens het laatste deel van mijn pro-

motietraject waarin ik de data aan het papier moest toevertrouwen. Dankzij jou heeft

deze eenvoudige dokter een meer wetenschapelijke houding kunnen ontwi k k e l e n .

Mijn sch r i j f s tijl was niet optimaal, maar is mede dankzij jouw kriti s che correcti e s

aanzienlijk verbeterd. Jan, hoewel jij pas in een later stadium als promotor in beeld

kwam, kon ik vanaf het begin bij jou terecht voor advies. Ik heb jouw encyclopedische

kennis en laagdrempelig advies enorm gewaardeerd. René, jij hebt bij aanvang van het

project een deel van de wetenschappelijke begeleiding voor jouw rekening genomen,

ik heb de samenwerking altijd als prettig ervaren en ik hoop deze, nu jij mijn opleider

bent, de komende jaren voort te zetten.
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Mijn studenten, Aysun, Babs, Maarten en Souad, jullie hebben een belangrijke bij-

drage geleverd aan de experimenten, waarvan de data in dit proefschrift zijn

opgenomen. Hoewel niet alles altijd volgens plan verliep, zoals dat nu eenmaal gaat in

de wetenschap, hebben jullie alle lof verdiend.

Verder wil ik natuurlijk mijn collega AIO’s en OIO’s bedanken voor de gezellige

samenwerking, de mogelijkheid tot het delen van het AIO-leed en niet te vergeten de

l e g e n d a r i s che AIO-uitjes in Tivoli de afgelopen vier jaren. Mijn oud-kamergenoten

Johanneke, Femke en Roelof, wat hebben we gelachen.  Ik geloof dat onze kamer een

tijd lang bekend heeft gestaan als ‘de disco’, vanwege de gezamelijk aangeschafte get-

toblaster, die het AIO leed aanzienlijk verzachtte. Johanneke, buuv, jou en Robert (suc-

ces in New York jongen, ga ervoor!) zien wij gelukkig nog geregeld omdat jullie achter

ons wonen. Femke en Roelof, jullie zie ik helaas minder vaak, en ik zal julie missen.

(Oud-)stressgroepers van het RMI, Patrick (wanneer kom je nou ‘ns trainen), Teus-Jan,

Rianne, Mark, Ank, Henk, Leon, Bo en Hugo. Nieuwe kamergenoten, Gert-Jan (koop

nou ‘ns een echte computer) en John (ik hoop dat je een geweldige wereldreis gehad

hebt en ik wil er alles van horen). Verder Heidi, Leontien, Hans, Inge, Annemarie,

Suzanne van de groep van Van Ree, reuze bedankt voor de fijne samenwerking. (Oud-)

AIO’s van de 4e, Jildau en Joost, van de verhuisde groep van Mathijs, ik vind het fijn dat

wij elkaar nog geregeld zien (dat moeten we zeker zo houden), Marjan wij zien elkaar

gelukkig nu dagelijks (als jullie huis af is dan mogen we het vast bekijken), Ineke,

Caroline, Daniel, Patrick, Lars, Simone en Cornelle bedankt. Marijke, Ria, Jetty, Sjaak,

Ma r tin, Marco, Leo, Wout, Bert en alle andere RMI’ers. Verder natuurlijk de stress-

groepers van psychiatrie Lucres, Sjoerd, Janine, Annemieke en Bob. Oud kantoortuin

I-ers Wouter, Melanie, Astrid, Nienke, Indrag, Mechteld, Iris, Martijn en alle anderen

die ik vergeten ben bij naam te noemen.

Mijn ouders, jullie hebben mij altijd gestimuleerd en het mogelijk gemaakt al die din-

gen te doen waarvan ik droomde. Betere ouders zijn er gewoon niet, echt niet! Mijn

paranimfen Guido en Remco, ik ben blij dat ik jullie vriendschap heb en dat jullie mij

terzijde willen staan. Remco, naast je paranimfschap heb je ook nog de layout van het

proefschrift verzorgd, en mij aldus bijgestaan in de stress rondom de laatste fase van

de afronding. Wij hebben een lange geschiedenis met elkaar en onze vriendschap is

voor mijn gevoel uniek, dank je dat je er ook nu weer voor mij bent.
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Daniëlle, mijn liefste, zoals beloofd een aparte alinea alleen voor jouw, dat heb je wel

verdiend. Jij hebt me als geen ander gesteund, en waar nodig een schop onder de kont

gegeven, en daar ben ik je eeuwig dankbaar voor, je bent de liefste.

dankwoord
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curriculum vitae

Jeroen Terpstra werd op 19 januari 1974 te Heemskerk geboren. In 1992 haalde hij

het gymnasiumdiploma aan het Gymnasium Felisenum, te Velsen-Zuid. Hierna

volgde hij de propedeuse en het eerste doctoraal jaar Bewegingswetenschappen aan

de Vrije Universiteit Amsterdam. In 1993 begon hij met de studie Geneeskunde aan

de Universiteit van Amsterdam (UvA). In 1994 haalde hij zijn propedeuse-examen

en liep hij een wetenschappelijke stage bij het SLICC/Haemorheologie laboratori-

um. Daar onderzocht hij onder leiding van dr. M. Hardeman en emeritus prof. dr. J.

Vreeken ‘de rheologie van het bloed in klinisch isch a e m i s che extremiteiten’. Ook

volgde hij een bijvak Neurale Netwerken aan de Faculteit der Wiskunde, Infor-

m a tica, Natuurkunde en Sterrenkunde van de UvA, en legde het tentamen met goed

gevolg af. Hij liep een extra wetenschappelijke stage aan het Nederlands Insti t u u t

voor Hersenonderzoek, onder leiding van dr. R.W.H. Verwer en A.A. Sl u i t e r, met als

onderwerp ‘Cyt o chroom-oxidase immunocyt o chemie in paraffine coupes en in-situ

h y b r i d i s a tie in cryostaat coupes van de humane hersenen in relatie tot de ziekte van

Alzheimer’. In 1997 haalde hij zijn doctoraal-examen Geneeskunde en begon hij

aan zijn co-schappen. In 1998 begon hij in de functie van onderzoeksassistent aan

de voorbereiding van zijn promotieonderzoek bij de afdeling Ps y chiatrie van het

Rudolf Magnus Instituut voor Ne u r o w e t e n s chappen (RMI) onder leiding van C.C.

Gispen-De Wied. In 1999 haalde hij het arts-examen, waarna een aanstelling volgde

als assistent in opleiding bij de afdeling Farmacologie & Anatomie en de afdeling

Ps y chiatrie van het RMI. De resultaten van het promotieonderzoek dat hij daar

u i tvoerde onder begeleiding van C.C. Gispen-De Wied, prof. dr. V.M. Wiegant, prof.

d r. J.M. van Ree en prof. dr. R.S. Kahn, staan beschreven in dit proefschrift. Si n d s

september 2003 is Jeroen Terpstra in opleiding tot psychiater aan het Un i v e r s i t a i r

Me d i s ch Centrum Ut r e ch t .
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