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ABSTRACT

Bilateral excitotoxic lesions of the ventral hippocampus in neonatal rats resuit in

hyperlocomotion induced by dopamine agonists, and hyperresponsiveness to stress in

postpubertal animals. A cortical maldevelopment has been suggested to explain the

behavioral changes observed but direct evidence is lacking to support this assumption. We

studied possible alterations in excitatory amine acids receptor levels in this animal model

of schizophrenia. Ventral hippocampal lesion at postnatal day 7 (PD7) induced

significantly increased locomotor activity after a D-amphetamine injection (1 mglkg) in

PD56 and 6 month-old (pD 180) rats but not PD35 ones. In addition, behavioral deficits

were observed in postpubertal rats in the radial arm maze test. By using a ( I25I]-MK_80 1

receptor binding autoradiography protocol, neonatal ventral-hippocampal-lesioned rats

depicted significant postpubertal increased levels of N-methyl-D-aspartate (NMDA)

receptors in frontal cortical regions at ages PD56 and 6 month, but not prepubertally at

PD3 s. eHl-AMPA receptor binding levels were also found increased in 6-month oid rats,

while no signiticant changes in (3H]-kainate receptor binding levels were found at any of

the ages studied. Finally, metabotropic glutamate receptor levels rneasured by

eHl-glutamate binding were decreased in PD56 and PD180. Taleen together our results

suggest that cortical glutamate abnormalities observed in hippocampal-lesioned rats are of

enduring nature and may underlie sorne of the behavioral changes observed in these

animais.
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RÉsUMÉ

Une lésion excitotoxique néonatale de l'hippocampe ventrale chez le rat produit

une augmentation de l'activité locomotrice en réponse à l'administration d'agonistes

dopaminergiques chez l'animal adulte, ainsi qu'une réponse exagérée au stress. Des

déficits développementaux du cortex frontal ont été proposés pour expliquer les

changements comportementaux qui l'on observe dans ce modèle animal de la

schizophrénie. Dans ce memoire, nous avons donc étudié le rôle possible de la

transmission glutamatergique en utilisant une technique d'autoradiographie des récepteurs

des acides aminés excitateurs dans le cortex frontal des animaux lésés. Nos resultats ont

montré des niveaux élevés de récepteurs au NMDA dans le cortex frontal des animaux

lésés quand on avait les mesurés aux jours S6 et 180 après la naissance, mais non au jour

35, juste avant l'atteinte de la maturité sexuelle. Quant aux récepteurs de type AMPA, leur

densité est augmentée seulement au jour 180. Pour ce qui est des récepteurs métabotropes,

ils sont diminués aux jours S6 et 180 dans notre modèle. Aucun changement des

récepteurs au kainate n'a été observé chez les animaux lésés. Par ailleurs, 1Jactivité

locomotrice est augmentée suite à l'administration de la D-amphetamine (ImgIKg) chez

les animaux sexuellement matures, mais non chez les animaux immatures. De plus, les rats

lésés ont montrés des déficits d'apprentissage dans le labyrinthe radial. Dans leur

ensemble, nos résultats pourraient contribuer a mieux comprendre les changement

comportementaux et neurochimiques qui se produisent dans notre modèle lors de l'atteinte

de la maturité sexuelle.
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1- INTRODUCTION

Schizophrenia is a complex disorder of cognition and affect. The tirst serious intent

of medical description of the iIIness was made by Emil Kraepelin, a noted German

psychiatrist, in 1900. He named .dementia praecox' a chronic psychotic disorder with

onset in youth and deteriorating social funetion. In 1910, Eugene Bleuler, a Swiss

psychiatrist, changed the name of dementia praecox to .schizophrenia' to Mean split

intellect. He noticed in these patients disturbed thinking and the inabiHty to communicate

but preservation of memory and mathematical abilities. The introduction of neuroleptics in

the 1950s brought about sorne improvement in the treatment of these patients marking the

begjnnings of psychopharmacology, but the observations of Kraepelin of an ultimate

deteriorating course still hold troe. The disorder is characterized by the presence of

hallucinations, deIusions, disorganization of spontaneous speech, and loss of normal

affective expressiveness and represents perhaps the greatest public health eoneern in

psychiatry, affeeting approximately 1% ofthe general population.

The pathophysiology of schizophrenia is unknown. An anatomic origin of the

symptoms has not been determined; however, ventricular enlargement and thalamic

abnormalities in schizophrenies have been documented from both neuroimaging 1.2.3 and

post-monem studies 4,.5,6". Computed tomography and magnetic resonance imaging studies

have shown lateral ventricle and third ventricle enlargement, widened cortical sulei,

cerebellar atrophy, cerebral asymmetry, and decreased brain density eonsistently in Many

studies of schizophrenie patients 8.9. Using more dynamic measurements, changes have

been reported in the cerebral blood flow in the anterior frontal regions, the temporal

cortex, and the globus pallidus, as weIl as increased dopamine (DA) D2 receptor sites in

schizophrenies 10. Most of the above-described dysfunctions imply an abnonnality in the

funetional integration ofsensory and cognitive information in schizophrenia.

1.1.- Pharmacologieal Models Of Schizophrenia

As we know, there are two predominant drug models of schizophrenia: the

stimulant-induced psychoses and phencyclidine (pep) psychosis. The principal syrnptoms

of stimulant psychosis 11, induced by chronic amphetamine or cocaine abuse, include
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stereotypies, paranoid delusion and varied sensory hallucinations, with parasitosis (the

delusion that bugs or snakes are present on the skin) being one of the most prevalent.

However, these positive symptoms are manifested on a background of considerable anergy

and dysphoria. On the other band, PCP psychosis 27 presents an entirely different and even

more comprehensive set of schizophrenic-like symptoms such as (1) perceptual disorders,

especially changes in body image and feeling of unreality and depersonalization and an

inability to maintain the distinction between reality and fantasy; (2) thinking disorders and

intelleetual impairment (loose associations, disorganization and concreteness), (3)

hallucinatory experiences, (4) tlattened or bland affect; and (5) heightened evocation of

affectively charged personal experiences.

Compelling evidence suggests that non-competitive N-methyl-D-aspartate

(NMDA) receptor antagonists such as phencyclidine and ketamine May provide a more

complete model of psychosis than previously recognized, in that they mimie both

persisting symptomatology and neuroanatomical abnormalities. They can induce psychosis

in drug addicts and exaeerbate the syrnptoms of ehronic schizophrenics. The psychotic

symptoms these drugs induee mimic a variety of schizophrenie symptoms including

tlattened affect, dissociative thought disorder, depersonalization and catatonie states.

Dizoeilpine (MK-SO1), with simpler chemical structure than PCP or ketamine, has also

showed in animal studies neurotoxic effects on neurons of the posterior cingulate cortex 26.

It can also induce further degeneration in other limbic structures such as pirifom cortex,

posterior regions of the entorhinal cortex, dentate gyrus and ventral hippoeampus. PCP

was originally developed as an anesthetic but it was soon found to induce severe reactions

in up to 50% of the patients, eharaeterized by excitation, bizarre behavior, paranoïa,

depersonalization, concreteness of thought and hallucinations 43. Ketamine, a dissociative

anesthetic with phannacologjcal effects similar to PCP, also induces alteration in

perception and vigilance, disruption of delayed word recaIl and psychotomimetic

schizophrenic-like symptoms 43. In addition, ketamine significantly increases regional

cerebral blood Oow (rCBF) in anterior cingulate cortex but reduees flow in visual cortex

and hippocampus, suggesting abnormal g1utamatergic neurotranStmSSlon in

schizophrenia 12. The psychotomimetic mechanism of both compounds have been related

with the potentiation of acetylcholine release (inhibiting AchE and actions at muscarinic

and nicotinic receptors), increased dopamine release and blockade of dopamine reuptake,

increased serotonin levels and various effects at alpha-adrenoreceptor, sigma and

GABA/benzodiazepine receptors 13 • However, ooly three of these sites are recognized

with submicromolar affinity: the NMDA ion channel (at the so..caIled PCP binding site),

the sigma binding site, and the dopamine uptake site 14 .
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Traditionally, the most widely held hypothesis to explain posItIve

schizophrenie symptoms bas been the DA hyperactivity hypothesis. The most compelling

evidence for the DA hypothesis of schizophrenia is that DA receptor antagonists are at

least partially effective in ameliorating positive symptoms in many patients with

schizophrenia. In faet, the observation that in vitro neuroleptie binding to dopamine

receptors directly correlates with clinical potency in reducing psychotie symptoms 15a,I.5b

strengthens this view. The bioehemical data available, however, indicate that there may

not be absolute dopaminergic hyperactivity in the brain 16. The bioehemical abnormality in

schizophrenia may well be located in another neurotransmitter system which is somehow

linked to dopamine neurons. The dopaminergjc and glutamatergic systems are closely

linked to one another 17,18.19, thus possibly explaining the therapeutic action of neuroleptic

drugs 20• Dopamine functionally antagonizes the glutamatergic system; for instance,

activation of the dopaminergic system reduces glutamate release from cortico-striatal

terminais while neuroleptic drugs restore the glutamate release 21. Research into the

funetion of L.g1utamate in the central nervous system has led to the hypothesis that

decreased glutamatergic neurotransmission may play a role in the pathophysiology of

psychosis 22,23,16,24.25.26.2
7

. An important contribution to this hypothesis is the observation

that the psychotomimetic compound PCP acts at the NMDA receptor subtype of the

receptors activated by glutamate 28. Moreover, the psychosis evoked by PCP is regarded

to be the best current pharmacological model of sehizophrenia 29 because this drug

produces both positive psychotic symptoms and negative symptoms 30. It has been

reported that PCP blacks responses of central neurons to NMDA. It has become

increasingly elear that pep acts as an open channel blocker of the ~A receptor­

coupled ion channel and is, therefore, a non-competitive glutamate antagonist. Markers for

glutamatergic neurotransmission are particularly high in brain areas thought to he involved

in the pathogenesis of schizophrenia such as entorhinal cortex, frontal cortex and the

hippocampus 31. Developmental disturbances of the second neuronal layer of the entorhinal

region has been round in schizophrenie patients 32 suggesting a dysfunetion of the

glutamatergjc perforant pathway. A decreased release of glutamate has been observed in

the frontal and temporal cortex of schizophrenie patients 33 while increased NMDA

receptor density has been measured in hippocampus and frontal cortex 34. With regard to

other glutamate receptor subtypes, unehanged quisqualate receptor densities have been

found in the front~ temporal and parietal cortÎces 35 while kainate receptor binding is

increased in the frontal cortex 36 or unchanged 37, and decreased 38 in the hippocampus. In

the putamen, increased 23 or unaltered 34,39NMDA receptor densities have been reported.
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In addition to their psychotomimetie properties, these NMDAR-antagonist

compounds have neurotoxie effeets of their own. Olney et al 40 round a neurotoxic-like

effect of dizoeilpine in rats manifested as vacuolization of neuronal eytoplasm in posterior

eingulate cortex. Interestingly, Farber 41 could block this reaetion by administering high

doses of severa! antipsychotic drugs. Other anatomical studies of neurotoxicity of PCP 27

have revealed a pattern of degeneration that involve three interrelated systems: the

olfactory tubercle, the parahippocarnpal and hippoeampal regions (especially in ventral

CAJ and CA1 regjons and virtually no degenerating cells in dorsal hippocampus), and

posterior cingulate cortex. Cingulate, retrospleniaJ and entorhinal cortices were acutely

affected white parahippocampal, hippocampal and olfaetory regions were 50 only after

chronie exposition to these compounds.

Therefore, the glutamate hypothesis of schizophrenia unifies the structural

alterations found in the cerebral cortex of schizophrenie patients, the psychotomimetic

effects of phencyclidine and the therapeutic activity of dopamine antagonists in the

treatment of schizophrenia. It is possible to improve the explanatory power of either the

DA or glutamate hypothesis by incorporating the former into the latter. For example, since

one action of DA receptors is ta inhibit glutamate release 42, a primary defect in the DA

system that causes DA hyperaetivity could result in excessive suppression of glutamate

release at NMDA receptors, with the consequent hypofunction of the NMDA receptor

system as the basis of schizophrenie symptoms. Amelioration of schizophrenie symptoms

by DA receptor blockers could be explained in terms of the DA receptor blockade

disinhibiting glutamate release, thereby correeting glutamate hypofunction. On the other

hand, a role for glutamate on the developmental pathogenia of schizophrenia has been

suggested by both clinical evidence 43 supporting the use of ketamine as a safe pediatrie

anesthetic due to the lack of induction of psychotic symptoms in children, and

experimental evidence in rats reporting laek of sensitivity to neurotoxic effeets of NMDA

antagonist before puberty 44. Nevertheless, as an increase of dopaminergic activity may

contribute to the development of paranoid hallucinatory psychosis in schizophrenie

patients, and a dysfunction in glutamatergie aetivity has been postulated to be involved in

both the production of psychotic symptoms and anatomical changes; both dopamine

antagonist and glutamate agonist should therefore be of therapeutic benefit in these

conditions. By contrast, a loss of dopaminergic aetivity or glutamatergic hyperactivity May

result in akinesia 45 and therefore both neurotransrnitter systems appear to be involved in

motor funetion as weIl.
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1.2....The Neurodevelopmental Hypothesis of Schizophrenia

Feinberg 46 was among the earliest to suggest a developmental etiology of

schizophrenia and to propose that the disorder could be explained by a maturational failure

in normal pruning processes. Numerous controlled studies by cornputed tomography (CT)

of living schizophrenie patients have found quantitative evidence of brain pathology in the

fonn of enlarged third and lateral ventricles and cortical markings suggestive of reduced

gyral mass or atrophy especially in frontal and temporal cortices 41. The majority of CT

studies have not found a relationship between ventricular enlargement and duration of the

iIlness, a correlation that would be expected if the underlying pathologica1 changes were

active and progressive. The relationship of the lesion ta the pathogenesis of schizophrenia

is made even more obscure by the apparent distance between the occurrence of the lesion

and the onset of the psychosis. The information that bears most directly on this issue has

been obtained ftom postmortem studies where no signs of an ongoing neuropathologie

process such as reactive gliosis, dying neurons, inclusion bodies, or inflammation had been

found suggesting an early episode ofbrain damage. The data from CT studies aIso strongly

suggest that the lesion would be ancient and idle. Moreover, ventricular enlargement has

been reported in first-episode schizophrenie patients, a finding that implicates early

pathology, since ventricular enlargement would be unlikely to develop acutely during

adolescence without concomitant neurologie symptoms 48. The observation that the

ventricular size correlates with poor premorbid social adjustment and reports of a link

between perinatal complications aIso suggest that the pathology exits early in life 49.

There is evidence that brain abnormalities in schizophrenia oecur early in

development, long before there is any indication of clinical illness, perhaps during fetal

development. For example, minor physical abnormalities may be more frequent in

schizophrenies than in their healthy sibling. Schizophrenies appear to have early difficulties

in motor functioning. Hypotonicity, choreoathetoid movements, and abnonnal hand

postures were found in the first two years of life ~o of patients who later on developed

schizophrenia. In a hallmark epidemiological study of ail children barn in England in one

week in 1946 who were fol1awed prospectively for 40 years, Jones and colleagues 5
1

reported that the 30 children, who developed schizophrenia in adulthood, demonstrated

slightly delayed achievement of motor and linguistic milestones, coupled with slight but

significant IQ and academic achievement deficits when compared ta a matched sample

drawn from the entire cohort, therefore suggesting brain abnormalities early in

development.
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Using functional neuroimaging techniques frontal lobe hypometabolism ~2.'3,

temporal lobe abnormalities 54 and failures to aetivate motor regions " has been noted in

the brain of schizophrenies when compared to control subjects. Indeed, several regions of

the brain appear to be atfected in the disease, and this suggests a subtle but relatively

widespread structural brain abnormality. Thus, Weinberger and colleagues reported

hyperactivity of the hippocampus coupled with hypometabolism of the frontal cortex

during the performance of the Wisconsin Card Sorting Test 56. Although sorne studies

have found expected correlation of medial temporal lobe volumes and memory

performance ~7 and frontal lobe volumes with executive task performance 58, other studies

have found mixed results 59, such as temporal lobe structures correlated with frontal lobe

task performance, as weil as frontal lobe areas predieting memory performance. These

paradoxical findings probably reflect the integrative aetivity of wide areas of the brain; by

using this conneetional approach, a subtle change of one part of the brain in early

development could be tardily altering such integrative aetivity. This connectionistic

perspective has led to novel animal models of schizophrenia that incorporate the concept

of maldeveloped cortical conneetivity, a1teration of dopamine funetion and disturbances of

cognitive functions 60.

The concept of a neurodevelopmental origin of schizophrenia is based in part on

the nature of the microscopie data such as disoriented neurons, missing or abnormally

sized neurons or abnonnal patterns ofmyelination. Thus, Akbarian and colleagues 61 round

a significant decline in NADPH-diaphorase immunoreaetive neurons in the cortical gray

matter and the superficial white matter of the frontal lobe of five schizophrenies. This

cellular displacernent pattern has been interpreted as a defeet in the normal orderiy

migration of neurons toward the cortical plate; these changes in cell population

distributions considered Iikely to have serious consequences for the establishment of a

normal pattern of conical connections leading to a potential breakdown of frontal lobe

function in schizophrenies. A second study from the same group 62 reported a significantly

low numbers ofNADPH-d neurons in the hippocampal formation and in the neocortex of

the temporal lobe aceompanied by a significant increase of these neurons in the white

matter of the lateral temporal lobe and a tendency for an increase in parts of the

parahippocampal white matter. These data seems to extend the finding ta a more pervasive

and global developmental defeet. According to the timing for the migration of these

neurons in the developing brain of the rhesus, one would expeet the perturbation to have

occurred at some point in the middle to late part of the second trimester of gestation.

Current views of postnatal development hold that neurons retine and strengthen those

synaptic connections that provide the best fit of their genetically programmed attributes
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around that period of lire. If the out-of-position NADPH-d neurons were to have become

elements of dysfunctional circuits, unable to be appropriately modified by the subsequent

events of aetivity-dependent experience, one could expect signs during development in

addition to those that emerge later in the course ofthe disease. This has been corroborated

by series of developmental analysis of children at high risk of schizophrenia assessed by

Fish' s pandysmaduration index 63 but ignored from usual Medical examinations.

Maternai viral infections could account for this apparently global developmental

disturbances, but how a virus might produce such delaying event is unclear and the nature

of the virus remains undetermined. Other causative mechanisms could be considered, for

example, premature switching otT of genes responsible for trophic factors or their

receptors in response to fever, famine or stress could as weil affect the precise temporal

orchestration of the steps underlying cell migration, synapse formation and refining. In

faet, the genome of a given family tree might simply fail to maintain the expression of

genes required to complete the process of cortical neuronal migration, even in the absence

of external signais. A variety of cytoarchitectural abnonnalities have been described in

schizophrenies brains both in the limbic structures and in the frontal cortex. Abnonnal

orientation of hippocampal neurons 64, disturbed laminar organization of entorhinal 65 and

frontal cortîces 66 implying a failure of migration and settling of neurons inta their

appropriate target sites apprises that occurs during the second trimester on intrauterine

brain development 67, volume reduction of mesial temporal lobe structures 68,

misplacement of NADPH-diaphorase positive neurons in both temporal and frontal

cortices have all been related ta abnormal cortical development. Neuronal malconectivity

resulting from these anatomical defects have been proposed to he key factors in the

symptomatology of schizophrenia.

The hippocampal formation is also believed to be deeply involved in the

pathophysiology of schizophrenia 69.70. Recently bilateral reduced expression of

synaptophysin in subiculum and parahippocampal gyms 71 and microtubule-associated

protein MAP-2 and MAP-35 has been described in the hippocampus of postmortem

schizophrenies brains 72.
73

• In addition, a reduction in polysialic acid-neural cell adhesion

moleeule has been observed in the hilus region of schizophrenic hippocampi when

compared with control 74. Finally, another cell recognition molecule, LI antigen, has been

found deereased in the CSF of schizophrenie patients and a mutation of the molecule has

been characterized as a possible cause of mental retardation 75,76. Furthermore, magnetic

resonance imaging (MR.I) studies point toward a compromised prefrontal-hippocampal

network in schizophrenia 77, and the left parahippocampal gyrus has been the major braio

area linked to schizoprenic-symptom production (such as reality distortion and
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disorganized thinking) in PET studies of rCBF in schizophrenies 78 playing, maybe, a

critical role in the genesis of the syrnptoms 79,80. This critically dysfunctional network might

be making specifie contributions to the symptornatic and cognitive abnormalities in

schizophrenia 81.

1.3.- The Neonatal Bilateral Excitotoxic Ventral Hippocampus Lesion Model

In 1993 Lipska and colleagues described postpubertal hyperresponsiveness to

stress and to arnphetamine after neonatal excitotoxic damage of the ventral hippocampal

(VH) formation on 7th day after birth in rats. They suggested that the neonatal VH lesion

may affect functional development of the medial prefrontal cortex 60. They also related the

model with having most of the major phenomena associated with schizophrenia such as

postpubertal onset, congenital hippocampal damage, cortical functional deficits, limbic

dopamine dysregulation, and vulnerability to stress. Their results demonstrated that in rats

with neonatally induced excitotoxic VH lesions, behavioral indices consistent with

increased mesolimbic DA responsitivity to stressful and to pharmaeological stimuli emerge

only in early adulthood. They aIso suggested that homologous mechanisms rnight underlie

certain aspect of schizophrenia.

There have been many attempts to model diverse phenomenological aspect of

schizophrenia. Early neurobiological models have emphasized primary perturbations in

striatolimbic dopamine activity to account for the therapeutic effects of antidopamine

drugs 82,83,84 but without mimicking physiopathological mechanisms for the disease such as

cortical defeets or postpuberal anset. Other models have postulated the prefrontal cortex

as a regulatory structure for subcortical dopaminergic activity 8S,86,87,88,89. The VH lesion

models emerged later with the work of Lipska et al 1992 90,91 where they reported that an

excitotoxic lesion of ventral hippocampal formation in the adult rat enhanced spontaneous

exploration and amphetamine induced locomotion, while inducing opposite changes in DA

transmission in cortical (reduced DA aetivity in prefrontal cortex) and limbic ( increased

DA activity in nucleus accurnbens) fields innervated by the hippocampal formation. Lipska

et al. tested, then, the effeets ofdevelopment on the behavioral changes induced by the VH

lesion 60. Particularly they posited that the effeets of early hippoeampal lesions on limbic

DA systems would not be attenuated by maturation but would instead emerge with

maturation 60. In this work the motor aetivity of different lesioned and sham cohorts of

rats, that underwent excitotoxic destruction of the VH formation at postnatal day (PD) 7,

was measured at both prepubertal (PD35) and postpubertal (PD56) periods in three

ditferent conditions: after exposure to a novel environment, after saline, and after
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amphetamine injection. Dnly the postpubertal group showed an inerease in the locomotor

activity. One of these cohorts was additionally exposed to a swim test 2 weeks after the

last testing ( on PD70) ta further explore the etTects of stress in neonatally lesioned rats. In

this cohort only the lesioned group showed an increase in locomotor activity. An

additional group lesioned on PD42 was exposed to a swim test to compare their response

to stress to the neonatally lesioned group. In this case no difference between lesioned and

sham groups was seen. Another group of rats was treated for 3 weeks (trom PD35 until

PD56) with either vehicle or haloperidol to assess the effects of neuroleptic treatment on

hyperlocomotion. Here, neuroleptic treatment blocked the emergence of hyperaetivity in

the lesioned group, giving thus additional support to this model of schizophrenia based on

an early brain injury.

Although the developmental hypothesis of schizophrenia has a representative

animal model in Lipska et al. 's work , the etfect of VH lesion as a potential animal model

of schizophrenia has been explored by other authors as weil. Csernansky and col. 92 have

postulated an animal model of schizophrenia after Le.v. injection of kainic aeid that

combines decreased hippocampal neuronal number, increased dopamine receptor binding

in the nucleus accumbens and behavioral hyperactivity. Whishaw and col. 93 have also

reported an animal analogue of schizophrenia that involves hippocampal modulation of

locomotion.
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2- OBJECTIVES:

Since the neonatal VH lesion model bas been proposed as an animal model of

schizophreni~ we wanted to investigate the levels of ionotropic and metabotropic

glutamate receptors in ditTerent brain regions in order to search for a linkage between the

glutamatergic hypothesis of schizophrenia and the postpubertal behavioral manifestations

displayed in neonatal VH lesioned animais. We aIso wanted to investigate the long-term

consequences that the neonatal lesion would have on behavioral and neurobiological

markers. In particular we aimed to:

1- Determine wbether stress- and dopamine agonist- induced hyperlocomotion, observed

at PD56 after bilateral neonatal excitotoxic ventral hippocampus lesion, persists until 6

months ofage.

2- Test neonatal VH lesioned animals in paradigms that involve working and spatial

memory such as the radial arm maze.

3- Study changes of ex:pression of ionotropic excitatory amino acid receptors

(N-methyl-D-aspartate, AMPA and kainate receptors) in frontal cortex in neonatal VH

lesioned animais.

4- Measure the expression of metabotropic glutamate receptor as a possible mediator of

long-tenn changes in the neonatal VH lesion model.
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3... METHODS

3.1.- Animais.

Pregnant Sprague-Dawley rats were obtained at gestational day 14-15 from

Charles River Canada (St.Constant, Quebec, Canada). Animais were individually housed in

a temperature- and humidity- controlled environment on a 12 br lightldark cycle with free

access to standard laboratory chow and tap water until time of delivery. The day after

birth, litters of 6-10 male pups were formed, and on postnatal day 7 (PD7), corresponding

to a body weight of 15-17 gIn, each pup was assigned to either the sham or lesioned

group.

3.2... Materials.

Ibotenic acid, MK-SO1, quisqualate, L-glutamate and kainate were purchased from

Research Biochemicals (Natick, MA). D-amphetamine suiphate was obtained from Sigma

(St.Louis, MO). [1~I]-MK-801, [3H]-g1utamate, eH]-kainate and eHl-AMPA were

obtained from DuPont NEN (Boston, MA). 3H Hyperfilm and microscale tritium and

iodine standards were obtained from Amersham (Toronto, Ont, Canada). 2-methyl-butane

was purchased from BDH Chemicals (Montreal, Que, Canada) and gelatin was purchased

ftom Fisher Scientific (Montreal, Que, Canada).

3.3.-Surgical Procedures.

The method for performing neonatai ventral hippocampal lesions described by

Lipska 60 was followed with minor modifications. First, anesthesia by hypothermia was

obtained by placing the pups on wet ice for lOto 15 min. The pups were then positioned

and taped on a platform, tixed to a stereotaxic Kopf instrument. An incision was made

over the skull and 0.3 ~l ibotenic acid (7 ~g!J11) or an equal volume of the vehicle (0.1 M

phosphate-bufTered saline, pH 7.4) was injeeted in each ventral hippocampus over a 2

min. period through a 30..ga stainless steel cannula positioned at the following coordinates:

AP -3.0 mm, ML ± 3.5 mm and VD -5.0 mm fram the dura 60. The cannula remained in

place for 4 min following completion of the infusion. After this procedure, pups were

placed under a wanning lamp for recovery and then returned to their mothers. At PD21,

animaIs were weaned, grouped two or three per cage and housed as described above. Ali
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surgica1 procedures described in this study had been approved by McGill University

Animal Care Committee in accordance with the guidelines of the Canadian Council for

Animal Care.

3.4-Brain processing.

Rats were sacrificed by rapid decapitation after the last day of the locomotor

activity test, that is at PD39, PD60 or PD184, except for the PD56 group that underwent

the radial arm maze test that was killed at PD80. Brains were rapidly removed, frozen in 2­

methyl-butane maintained at between -20 and -40°C and stored at ..80 oC until use. Frozen

rat brains were sectioned at 20 flm thickness on the coronal plane using a Leitz cryostat.

Sections were collected on precleaned, gelatin-coated microscope slides (3

seetionslslides), thaw-mounted , desiccated under vacuum at 4 oC ovemight and then

stored at -80 oC until the day of the experiment. For assessment of lesion size, seriai

sections at the level of hippocampus were cut, stained with 0.5 % cresyl violet and

examined under microscope for lesion and probe placement visualization.

3.5.- Receptor Binding Autoradiography.

Brain sections taken at the level of the frontal cortex (plates 7 and 8), striatum

(plates 13 and 14) and cerebellum (plates 35 and 39) according to the atlas ofPaxinos and

Watson 94 were used in the following protocols (taken from Sakurai et al 95 for

[l~I]-MK-801; and Clark et al 96 for both [3H]-AMPA and [3H]-Kainate, and used with

minor modifications): For NMDA Receptor binding, slides were incubated for 60 min. at

room temperature with 200 pM (+)-3-[I25I]-~_801 (2,200 Cilmmol) in 50 mM PBS (pH

7.4) also containing 10 mM glycine and 30 mM glutamic acid. Non-specifie binding was

defined in adjacent sections by the addition of 5 v.M MK-SO1 to the incubation buffer.

Washing once (for 2 min) in room-temperature PBS and twice (for 15 min) in ice-cold

PBS followed the incubation period. After a final brier dipping in ice-cold distilled water to

remove salts, slides were dried at room temperature and apposed to [l~I]-Hypertilm

(Amersham, Toronto, Ontario) for 8 hours. For Kainate Receplor bi1Jding, brain sections

were preincubated in 50 mM Tris-citrate pH 7.0 first for 30 min at 4°C and tben for 10

min at 30°C. Sections were then incubated in the same buffer containing 20 nM [3H]-kainie

acid (58 Ci/mmol) for 30 min at 4°C. Non-specifie binding was determined on adjacent

brain sections by adding 50 JLM kainic acid to the binding buffer. Dipping slides in ice-cold

buffer four consecutive 5-second washes followed the incubation period. After dipping in
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iee-cold deionized water ta remove salts, slides were dried at room temperature and

apposed to [3H]-Hyperfilm (Amersham, Toronto, Ontario) for 5 weeks, in the presence of

[3H]-Microsca1es calibrated tritium standards (Arnersham, Toronto, Ontario). For AMPA

Receplor binding, tissue sections were preincubated in 50 mM Tris-acetate pH 7.2 for 30

min. at 4°C. Sections were then incubated for another 30 min. at 4°C with 50 nM

eH]-AMPA (53 Cilmmol) in 50 mM Tris-Acetate pH 7.2 containing 100 mM KSCN.

Non-specifie binding was determined on adjacent brain sections by adding 1 mM glutamic

acid. Four 4-second consecutive dippings in ice-cold incubation buffer followed the

incubation period. After quickly dipping in ice-cold deionized water, brain sections were

dried at room temperature and apposed to [3H]-Hyperfilm for 2 weeks. For metabotropic

glutamate receptor binding 97, brain sections were preincubated in 50 mM Tris-HCI, 2.5

mM CaCI ,30 mM KSCN, 100 f.1M NMD~ 10 ~M AMPA 7.2) for 30 min at 4°C. After
2

prewashing, sections were dried under a stream of cool air. Sections were then incubated

in the same buffer containing 110 nM L-eH]-glutarnate (41 Ci/mmol) for 45 min al 4°C .

Non-specifie binding was determined on adjacent brain sections by adding 2.5 flM

quisqualate. Four ice-cold buffer washing, followed by two 2.5% glutaraldehyde in

acetone, followed the incubation period. Slides were dried under a stream of hot air and

apposed to eHl-Hyperfilm (Amersham, Toronto, Ontario) for 8 weeks, in the presence of

[3H]-Microscales calibrated tritium standards (Amersham, Toronto, Ontario).

Following previously defined autoradiography exposure times, films were analyzed

with a computerized image analysis system (MCID-4, Imaging Research., Ste-Catherine,

Ontario). Ali frontal and striatal sections were divided in subregions aceording to Paxinos

and Watson atlas 98. Comparison between groups was achieved by applying two-way

repeated rneasures ANOVA with post hoc comparison between groups, p<O.05 being

considered significant.

3.6.- Behavioral tests.

3.6.1.- Locomotor activity test.

Four weeks (PD35), 7 weeks (P056) or 6 months (PD180) after surgery,

locomotor aetivity of sham and ibotenic acid-Iesioned rats was assessed in 2-photocell

aetivity boxes (30cm X 20cm X 20em) connected to an IBM computer equipped with a

software ("actanal") developed by Concordia University (Montreal, Québec). The

locomotor aetivity ofeach animal was assessed under three ditferent testing conditions: (1)

following exp0sure to a novel environment: unacclimatized rats were placed in activity
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boxes for a 60 min period while the locomotor activity score was recorded, (2) following

saline injection: after recording of locomotion in a novel environrnent, animaIs were kept in

the aetivity boxes for another 60 min period after being injected with 1 m1Ikg of O.90A»

NaCI (s.c.), and (3) following amphetamine injection: 1 mg/ml solution of D-amphetamine

sulphate dissolved in O.90.Ic. NaCI (1 mg of free baselkg, s.c.) was administered and the

locomotor activity was recorded for the next 120 min. Data were analyzed with two-way

ANOVA (with repeated measures) test.; p<O.OS being considered signiticant.

3.6.2.- Radial Arro Maze test

The radial maze used in this study had an hexagonal center platform with 8 arms

radiating from the center 99. The arms remained in the same location with respect ta

extramaze cues, and the same four arms were consistently baited for any one animal. The

room was welllighted and there were a number of distinctive extramaze eues (table, door,

two different pictures on the walls, panel of fluorescent Iights, rack of cages). Any one

animal had the same four ann baited from trial ta trial. The test was run using a computer

algorithm made to set up experiments according to design (number ofanimais tested: n =3

sham and n = 3 lesion; totaI time per trial: initially 10 min, and after criterion 5 min; total

number ofchoices per trial: initially 20 and after criterion 10; total number of ann baited: 4

out of 8, as well as their location in the arm Maze).

Preliminary training consisted of giving PD56 rats (3 days after the last locomotor

activity test) 1S min/day to explore the apparatus and no food was presented in the

apparatus during this time. Then all rat were placed on a food deprivation schedule to

bring body weights down to 85 % of ad lib. After one week of restrieted feeding, the

animais were placed individually on the center platform for a 10-min. period. The animais

were placed on the maze on each of 10 days. Since choice accuracy gradually improved

during the first days and then remained stable during the second 10 days 100, the data were

analyzed in 10-day blocks. During the second ten.day block training, each rat was given

two daily trials for 6 days per week. Each session consisted of two three trials separated

by intervals of60s, during which rime the subject was removed from the maze to a holding

cage. The order in which trials were given to a subject was altemated from day to day. A

trial consisted of baiting four of the correct arms with food bits and placing the rat in the

center of the platform. The animais remained on the Maze until all four reinforcements had

been received, until total number ofchoices per trial were made, or until total time per trial

had elapsed, whichever occurred tirst. Choices of anns and total running times were

recorded. The program also calculated reference errors (e.g. when an incorrect arm is
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chosen), working memory errors (e.g. when a correct ann is revisited), working memory

impairment errors (e.g. when an incorrect arm is revisited) and repeats (e.g. the sum of

working memory errors and working memory impairment errors). Correct choices was

calculated as the difference between total choices and reference errors. The four correct

arms for the place task were randomly chosen for each subject with the restriction that

there be no obvious pattern and no more than two adjacent correct. Training trials were

continued for 10 days by which time performance were stabilized. The data were analyzed

by an independent t-test for each variable; p<O.OS being considered significant.
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4-RESULTS

4.1.- Anatomical Evaluation of the Neonatal Lesion.

Anatomical evaluation of the neonatal lesion in the adult animaIs was done by

histological examination of cresyl violet-stained seriai coronal sections throughout the

hippocampal formation from plate 19 till plate 28 (paxinos and Watson, 1986) 98 of 11 rat

brains (3 sham and 14 lesioned). An example of a representative VH lesion is shown in

Figure 1. Neuronal loss, atrophy, and sorne cavitation was observed in the ventral part

(VH) of the lesioned group with the sparing of the most anterior (dorsal) aspects of the

hippocampal fonnation. The lesion affected the dentate gyrus and the a1veus of the

hippocampus. The parasubiculum, presubiculum and subiculum were also darnaged to a

variable extent. No other extrahippocampal injuries were observed in the examined brains

under optical microscopie analysis. In one of the lesioned animaIs, the lesion boundary

extended to the basal amygdaloid nucleus and amygdalohippocampal area. This animaI was

not excluded from the study sinee the behavioral data obtained from it showed no

difference with respect to those without extrahippocampal damage. The extent of the

lesion varied between animaIs with smaller lesions involving disruption of the cell body

layer of CAJ along with a decrease in the size of the ventral hippocampal area and larger

lesions showing complete destruction of normal hippocampal tissue along with residual

gliosis of the area. In some cases there was a slight asymmetry in the size of the lesion

when compared right and 1eR sicles. Overall, the ex1ent of ventral hippocarnpal damage as

weil as the slight asymmetry of the lesion did not appear to correlate with performance.

The lesion produced was comparable to that described in previous reports in which the

same surgical procedures were followed 60.101 •
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Figure 1. Representative histological sections of a VH lesion animal (left) and a sham­

operated one (right) for comparison. Note that the lesion produced neuronal 1055, atrophy,

and cavitation in the ventral part of the hippocampu5.
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4.2.-Bebavioral tests

4.2.1 Locomotor Activity.

Neonatal VH lesion effects on locomotor activity at three developmental stages are

illustrated in Figure 2. In ail age groups, either in sham or lesioned animais, active

exploratory behavior was the initial response of rats to novel environment. In the novel

exploration, 35-day old lesioned rats (n = 12) showed no significant difference with

respect to the aged matched sham group (0 = 7). However, 56-day old lesioned group

(0 = 11), as weil as the 6-month old lesioned group (0 = 10), showed statistically

significant increase of locomotor aetivity after novelty wheo compared to age-matched

shams (n =7). After one hour ofnovelty, saline injection (Imllkg s.e.) was administered to

rats and locomotor aetivity \\as recorded during the following 60 min. Similarly, 56-day

and 6-month old lesioned groups showed significant increase of locomotor activity after

saline injection when compared to aged-matched shams. The 35-day old lesioned group

did not show any significant difference with their age-matched shams. After 0­

amphetamine injection (lmglkg s.e.), both the 56-day old lesioned group and the 6-month

old lesioned group showed a significant increase in locomotor activity when compared to

matched age shams while the 35-day old lesiooed group did oot differ from age-matched

sham controls.

In summary, by using a two-way ANOVA (with repeated measures) test,

significant differences were found between lesion vs. sham animais at PD56 and PD180

but not at PD35, but no significant differences among lesioned groups ofPD56 and PD180

in any treatment; p<0.05 being considered significant. These results are in agreement with

other previous studies in the same animal model 60,101.

4.2.2- Radial Arm Maze.

Each rat was placed on a platform (25 cm in diameter) in the middle of an 8·arm

radial maze. After being placed on the central platform, the rat visited each arm and ate aIl

the 4 pellets.
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Figure 2. EtTeets of VH lesion on locomotor activity at PD35, PDS6 and PD180 (6 m)

during 60 min of placement in a novel environment (top), during 60 min after a saline

injection (middle), and during 120 min after a D-amphetamine (1 mglkg s.e.) injection

(bottom).
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The test animais leamed and memorized the 8-arm radial maze task using the

spatial relationship between their own location and the various objects in the background

environment. They learned not to re-enter an arm that had been previously visited during

the same test. A computerized program recorded frequency of arm visits, velocity of

walkin~ errors made and the time required to accomplish the task. The behavioraI

observation was discontinued after 5 min. even if the animal did not finish the task. The

performance of the animal in each session was assessed by the nurober of correct choices

and the number oferrors which was defined as a re-entry into an already visited ann.

A leaming curve based on the percentage of correct responses showed that the

animais continuously improved their performance and that by day 10 both groups had

reached 80% criteria which persisted thereafter.

Analysis of total running times revealed a very significant decrease in the time

required to accomplish the task in the lesioned group when compared with sham animais

as shown in Figure 3. This result is consistent with the data obtained from the locomotor

activity boxes and confirms hyperlocomotion in the lesioned group, but using a ditferent

paradigm.

It appears that the neonatal ventral hippocampus lesion did not affect the overall

performance of lesioned rats in this place-task radial 8-arm maze paradigm. However, it

must be noticed that during the first 5 days of training, when novelty was present, lesioned

animals showed poorer performance in the paradigm when compared to shams. An inverse

trend was observed thereafter. Reference errors were significantly reduced in lesioned rats,

when compared to sharns, once learning criteria was reached; this indicated that lesioned

rats tended to explore less arms and therefore revisited wrong arros.

As shown in Figure 3, correct choices were significantly reduced (p<O.OS) in the

lesioned group. Working memory impairment errors and repeats tended to be higher in the

lesioned group. We did not perform the cue task in tbis paradigm to accurately measure

working memory deficits in our model; however, it appears that lesioned animaIs have

more difficulty leaming a new task .and they also tended to revisit the same arms and did

not explore other arms.

This study provides additional evidence for the hypothesis that the hippocampus

plays a major role in mediating spatially organized behavior. It also indicates that spatial

deficits are not solely due ta dorsal hippocampus and fimbria lesions but involves Many

part of the hippocampal system as it is supported in other works 102•
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Figure 3. Etfects ofVH lesion on arm maze performance. Top left: Total running time was

reduced (p<O.OS) in the lesioned group. Top Right: The average number of repeats was

süghtly higher in the lesioned group. Bottom Left: Lesioned rats had more working

memory impairment errors. Bottom Right: Correct choice were reduced (p<O.OS) in the

lesioned.
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4.3.- Receptor binding autorradiography

4.3.1.- [3H}.rvn<-801 Binding

Specific [125I]_MK_801 binding sites were widely distributed in the brain of

prepubertal (PD3S), postpubertal (PD56), and adult (PDISO) rats. However, areas in

which [1~I]-MK-80l binding was coneentrated included the hippocarnpal formation and

cortex. Outer layers of the neocortex were richer in specifie [12SI]_MK_SO1 labeling than

inner layers. Moderate levels of specifie [12$I]-MK-801 binding were found in subcortical

areas such as the striatum. The total percentage of specifie binding for [1~I]-fvlK.801 was

about 90%.

As shawn in Table la, lb, and Figure 4, PD56 lesioned rats (n = 3) compared with

their age-matched sharns (0 = 3) showed statistically signifieant increases in [1~I]-~-801

binding in cortical areas such as frontal cortex-l, -2, -3 both ioner and outer layers;

cingulate cortex 1 and its outer layer; agranular insular cortex both inner and outer layers;

and lateral orbital cortex inner layer. The percentage of increase in significant cortical

region of lesioned vs sham in this group was about 38% (range=29-46%). Similarly, in

PD180 rats (n = 4) significant increases in cortical areas included: frontal cortex-l,2,3

bath inner and outer, cingulate cortex-! inner and outer, cingulate Cortex-3 inner,

agranular insular cortex inner, ventrolateral orbital cortex inner, lateraI orbital cortex both

inner and outer, and media! prefrontal cortex both inner and outer. In this group the

percentage of increase in significant cortical areas was about 30 % (range=21-39%).

Previous data has shawn that no ditference was found between lesioned and sham PD35
groups 103, with most of regions showing less than 5 % increase.
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• Table la. Quantitative analysis ofC~-MK-801Receptor Bhlding in S~day old rats

SRAM (n =3) LESION (0 = 3)
Regions MEAN±SD MEAN±SO %CHANGE

FRCX-t 18.63 1.09 33.62 1.56 44.59 *
FRCX-2 18.88 0.97 33.32 2.95 43.35 *
FRCX-3 19.21 1.33 30.46 3.00 36.96 *
FCXINN-l 15.72 1.03 26.39 2.16 40.43 *
FCXINN-2 16.09 1.29 25.89 1.57 37.87 *
FCXINN-3 15.38 0.60 24.76 2.97 37.88 *
FCXOUT-l 20.53 1.55 38.16 1.82 46.20 •
FCXOUT-2 20.08 0.90 36.39 3.88 44.82 *
FCXOUT-3 21.99 2.40 33.77 2.73 34.90 *
CG-l TOTAL 18.17 1.07 28.31 4.96 35.83 *
CG-3 TOTAL 18.52 1.38 24.86 7.16 25.50
CG-l INN 15.90 1.23 20.25 3.55 21.47
CG-3INN 17.19 0.38 21.58 6.84 20.34
CG-IOUT 19.58 1.50 31.57 5.83 37.99 •
CG-30UT 19.28 2.44 27.83 7.80 30.71
AGINCX 19.96 2.07 31.67 5.21 36.96 *
LOCX 18.08 2.12 25.92 4.07 30.25
VLO 18.07 1.58 25.09 5.16 27.97
INFRALIMBICX 17.26 2.32 22.78 5.75 24.24
DORSALPEDUNCX 18.60 2.99 24.60 4.23 24.37
INFRALIM-INN 15.80 0.85 21.16 5.48 25.32
INFRALIM-OUT 18.53 4.07 24.91 5.61 25.59
DORSALPEDU-INN 17.35 2.79 22.93 5.73 24.35
DORSALPEDU-OUT 18.98 3.27 23.90 5.05 20.58
AGINCX-INN 16.57 1.02 26.32 4.60 37.05 *
AGINCX-OUT 21.54 2.93 34.25 5.66 37.10 *
VLo-INN 16.07 0.39 22.30 5.04 27.93
VLo-OUT 20.68 2.91 28.60 4.40 27.67
LOCX-INN 15.83 0.78 22.18 3.26 28.65 *
LOCX-OUT 20.37 3.37 29.47 6.12 30.87
MPFC 18.15 1.71 24.74 7.20 26.64
MPFC-INN 16.75 0.31 22.00 7.31 23.85
MPFC-OUT 19.11 2.66 27.14 7.18 29.58

Receptor levels in finoVmg of wet tissue are expressed as mean and standard deviation of

specifie binding from individual pooled values obtained from triplicate. For brain regions

see Appendix.

• • :p<O.OS



•

•

34

Figure 4. Quantitative analysis of [12SI]-MK-SOl receptor binding at POS6 in

representative brain regions expressed as average (±SO) values in fmol/mg wet tissue. For
illustration representative autoradiograms ofspecifie binding [~2SI]-MK-SOI are shawn.
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• Table lb. Quantitative analysis of [12~]_MK_801 Receptor Binding in 6-montb old

rats

SHAM (0 =4) LESION (0 = 4)
Regions MEAN±SD MEAN±SO %CHANGE

FRCX-l 21.22 2.05 30.16 2.55 29.65 *
FRCX-2 21.74 1.78 30.02 1.39 21.57 *
FRCX-3 20.53 4.14 28.65 1.81 28.34 *
FCXINN-l 16.99 1.86 24.96 1.83 31.94 *
FCXINN-% 17.62 2.38 26.21 2.02 32.17 *
FCXINN-3 16.96 0.39 24.40 1.15 30.51 *
FCXOUT-l 23.57 2.14 32.45 2.39 27.36 *
FCXOUT-1 23.19 2.49 31.87 1.07 21.24 *
FCXOUT·3 23.31 0.69 31.82 2.57 26.76 *
CG-l TOTAL 21.61 0.88 28.81 1.50 25.00 •
CG-3TOTAL 21.90 1.75 29.38 1.82 25.48
CG-IINN 16.89 1.79 24.97 1.96 32.36 •
CG-3INN 18.79 0.88 26.68 1.42 29.56 •
CG-IOUT 23.88 1.48 31.05 1.37 23.09 •
CG-30UT 24.65 2.23 31.57 2.16 21.93
AGINCX 23.05 4.39 30.39 1.56 24.14 *
LOCX 19.17 2.97 28.09 3.69 31.76 •
VLO 20.53 2.85 29.54 2.17 30.50 •
INFRALIMBICX 21.32 3.59 28.72 2.02 25.79
DORSALPEDUNCX 23.64 4.32 30.33 2.56 22.05
~~IM-INN 18.45 2.68 25.93 2.00 28.83
INFRALIM-OUT 24.98 4.83 33.09 2.40 24.51
DORSALPEDU-INN 21.97 3.69 28.66 3.45 23.33
DORSALPEDU-OUT 24.22 4.59 31.05 2.47 21.98
AGINCX-INN 18.78 2.97 30.0& 3.59 37.56 •
AGINCX-OUT 25.24 1.28 32.49 5.97 22.32
VLo-INN 17.70 1.94 29.08 2.35 39.12 •
VLO-OUT 23.80 1.66 29.79 1.69 20.12
LOCX-INN 16.55 2.20 27.12 3.31 38.97 •
LOCX-OUT 22.21 2.04 32.12 3.90 30.86 •
MPFC 21.85 1.43 27.67 1.16 21.03 *
MPFC-INN 18.79 1.28 26.76 1.22 29.79 *
MPFC-OUT 24.58 1.72 31.04 1.05 20.81 *
Receptor levels in fmoVmg of wet tissue are expressed as mean and standard deviation of

specifie binding from individual pooled values obtained trom triplicate. For brain regions

see Appendix.* :p<O.OS
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Figure S. Quantitative analysis of (12'I]_MK_SOl receptor binding at PDlS0 (6 m) in

representative brain regions expressed as average (±SD) values in fmoVrng wet tissue. For

illustration representative autoradiograrns of specifie binding [12$I]_rvn<_SO 1 are shown.
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4.3.2-[3H]-AMPA Binding

Similar to ~A receptor binding, specifie eH]-AMPA binding sites were

widely distributed in the rat brain with higher densities in the hippocampal formation and

neocortex. Subcortical areas such as striatum were not as mueh enriched with specifie

[3H]-Al\1PA binding sites. The total percentage of specific binding for eHl..AMPA was

about 80%. As shown in Table II and Figure S, lesioned PD180 animals (n = 3) showed

significant increases of eH]-AMPA binding sites in the following cortical areas: frontal

cortex-l inner, frontal cortex-2 outer, agranular insular cortex inner when compared to

aged-matched shams. The percentage of increase of binding in significant cortical areas of

lesioned animais vs. shams was about 27%. This result in AMPA binding diverges from

our preliminary data 103 in which no difference was found in either PD35 and PD56,

however no [3H]-AMPA binding data on PD180 group is available for comparison.
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• Table O. Quantitative analysis of eH)...AMPA Receptor Binding in 6-month old rats

SHAM(n=3) LESION (n = 3)
Regions MEAN ±SD MEAN ±SO o~CHANGE

FRCX...1 142.7631.30 190.8646.83 25.20
FRCX-l 157.41 41.05 180.14 15.93 12.61
FRCX...3 128.3446.54 179.64 42.81 28.55
FCXINN-l 105.6620.65 150.80 11.63 29.93 *
FCXINN..1 134.1242.63 149.50 25.72 10.29
FCXINN-3 129.31 51.54 151.01 9.79 14.37
FCXOUT-I 150.81 18.32 211.83 62.07 28.81
FCXOUT-2 157.75 20.41 197.02 13.84 19.93 *
FCXOUT-3 150.6265.64 186.70 56.64 19.32
CG-l TOTAL 155.43 32.07 174.20 38.28 10.78
CG-3TOTAL 177.7567.02 194.9743.62 8.83
CG-IINN 133.26 59.45 146.29 24.29 8.91
CG-3INN 158.1043.47 178.48 32.91 11.42
CG-IOUT 174.1844.54 185.6741.25 6.19
CG-30UT 187.7465.47 206.73 53.08 9.18
AGINCX 148.90 33.97 184.05 39.60 19.10
LOeX 143.82 26.58 168.54 39.55 14.67
VLO 157.82 34.19 170.0934.21 7.21
INFRALIMBICX 174.25 33.33 199.5440.92 12.67
DORSALPEDUNCX 180.63 32.86 196.3448.58 8.00
INFRALIM..INN 133.41 27.57 180.58 34.05 26.12
INFRALIM-OUT 143.91 32.16 221.29 45.32 34.97
DORSALPEDU-INN 146.9730.48 187.55 34.74 21.63
DORSALPEDU-OUT 141.35 37.75 201.1751.46 29.74
AGINCX-INN 120.65 19.65 176.98 24.65 31.82 *
AGINCX-OUT 124.43 14.60 185.9744.74 33.09
VLO-INN 118.26 18.84 158.3723.07 25.33
VLo-OUT 123.91 27.42 185.2449.42 33.11
LOeX-INN 106.37 29.55 149.8421.60 29.01
LOCX-OUT 122.57 40.86 183.0845.81 33.05
MPFC 134.01 19.79 204.1044.03 34.34
MPFC-INN 130.9920.50 189.8635.42 31.01
MPFC-OUT 140.53 23.89 214.88 50.91 34.60

Receptor levels in finoVmg of wet tissue are expressed as Mean and standard deviation of

specifie binding from individual pooled values obtained from triplicate. For brain regions

see Appendîx.· :p<0.05
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Figure 6. Quantitative analysis of eHl-AMPA receptor binding at P0180 an

representative brain regions expressed as average (±SO) values in fmoVrng wet tissue. For

illustration a representative pair of autorradiograms of specifie binding (3H]-AMPA is

shown in Fig 7.
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4.3 .3-[3H]-Kainate Binding

The regional distribution of specifie [3H]-kainate binding sites was restrieted to the

hippoeampus, cortical areas, striatum and granule cell layers of the cerebellum. The total

percentage of specifie binding for eHl-kainate was about 70%. As shown in Tables ma
and Figure 6, no signiticant difference was found in (3H]-kainate binding in any cortical

region between lesioned (n = 3) and sham (n = 3) group at PD180. The percentage of

change between lesioned and shams was less than 5 % in this group. In our previous

preliminary data no difference was found between lesioned and shams for this receptor 103

at either PD35 or PD56.
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• Table IDa. Quantitative analysis of [1I)-KAINATE Receptor Binding in 6-mo old

rats

SRAM (0 ==3) LESION (0 = 3)
Regions MEAN±SD MEAN±SD %CHANGE

FRCX-I 27.89 0.69 26.59 1.83 -4.66
FRCX-% 28.99 1.01 27.11 0.68 -6.48
FRCX-3 29.30 2.83 26.65 3.18 -9.05
FCXINN-l 27.57 0.64 27.11 2.35 -1.67
FCXINN-2 28.84 1.77 27.40 0.53 -4.98
FCXINN-3 28.03 0.36 27.71 2.58 -1.14
FCXOUT-l 28.15 1.73 26.41 1.73 -6.21
FCXOUT-2 29.10 1.52 27.15 0.92 -6.69
FCXOUT-3 31.67 6.37 27.18 3.33 -14.18
CG-l TOTAL 31.28 1.58 28.76 0.49 -8.06
CG-3TOTAL 34.56 2.06 31.14 1.34 -9.92
CG-l INN 30.04 2.88 28.17 0.68 -6.24
CG-3INN 33.57 3.51 29.94 2.17 -10.80
CG-IOUT 31.80 3.11 29.08 0.65 -8.56
CG-30UT 35.10 2.35 32.29 0.47 -8.02
AGINCX 29.36 2.82 27.44 3.24 -6.54
LOCX 28.01 0.32 28.45 1.27 1.58
VLO 30.59 2.83 29.75 1.47 -2.73
INFRALIMBICX 35.12 3.37 31.76 1.95 -9.57
DORSALPEDUNCX 34.70 2.90 33.21 1.17 -4.29
INFRALIM-INN 34.02 3.62 30.32 3.21 -10.87
INFRALIM-OUT 36.18 2.82 32.77 0.61 -9.41
DORSALPEDU..!NN 35.21 3.93 32.55 1.97 -7.54
DORSALPEDU-OUT 34.82 2.81 34.01 1.02 -2.33
AGINCX-INN 27.71 1.24 26.26 1.85 -5.26
AGINCX-OUT 29.86 4.38 27.42 4.13 -8.18
VLo-lNN 30.37 2.90 28.85 1.49 -5.00
VLO-OUT 31.07 2.72 30.92 1.67 -0.51
LOCX-INN 28.25 0.21 28.55 0.81 1.06
LOCX-OUT 28.03 0.72 28.66 1.93 2.25
MPFC 35.13 1.73 31.20 0.63 -11.19
MPFC-INN 33.56 4.07 29.80 0.69 -11.22
MPFC-OUT 36.25 2.15 32.31 0.56 -10.85

Receptor levels in finoVmg of wet tissue are expressed as mean and standard deviation of

specifie binding from individual pooled values obtained from triplicate. For brain regions

see Appendix.· :p<O.05
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Figure 7. Quantitative analysis of eHl-kainate receptor binding at PD 180 in representative

brain regions expressed as average (±SO) values in fmoVmg wet tissue. For illustration a

representative pair ofautoradiograms of specifie binding eHl-kainate is shown.
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4.3.4- [3H]-mGLUR Binding

As shown in Tables IV and Figure 7, specifie [3H]-mGlur binding sites were widely

distributed in the rat brain with higher densities in hippocampal formation, outer layers of

various neocortical areas, and striatum. Cerebellar layers were not much enriched with

eHl-mGlu binding . The percentage of specifie eHl-mGlu binding was between 43 and

56% in MOst areas.

A significant decrease of about 60% in (3H]-mGlu binding sites of lesioned animais

(n = 3) when eompared to shams (n = 3) at PD180 were found in cortical areas such as:

frontal cortex-2 (total and outer) and cingulate cortex-l (total and outer). In our

preliminary data for the PD35 group the percentage ofchange between lesioned and shams

was Jess than 5% and for the PD56 group the pereentage of change ~Nas about 28% in

frontal areas.
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• Table IV. Quantitative analysis of [3H]-mGlu Receptor Binding in 6-month old rats•

SHAM(n=3) LESION (n = 3)
Regions MEAN±SO MEAN ±SD %CHANGE

FRCX-l-l 22.34 4.94 11.93 11.28 -46.62
FRCX-2 -2 23.18 2.07 8.45 4.59 -63.55 *
FRCX-3-3 19.71 2.18 12.99 12.17 -34.09
FCXINN-l-l 8.52 2.07 5.64 2.80 -33.82
FCXINN-2-1 11.25 3.76 4.61 2.90 -59.04
FCXINN-3-1 8.32 2.72 9.75 8.51 17.22
FCXOUT-l-l 28.97 8.41 12.92 12.64 -55.40
FCXOUT-2-1 28.35 2.50 10.11 5.31 -64.35 *
FCXOUT-3-1 23.22 4.73 13.97 13.66 -39.84
CG-l TOTAL - 2 23.17 5.75 9.37 4.97 -59.56 *
CG-3 TOTAL - 3 23.04 9.99 11.38 10.33 -50.63
CG-I INN-I 12.36 5.57 5.81 4.15 -53.02
CG-3 INN-I 17.29 8.35 7.63 10.29 -55.86
CG-IOUT-I 30.95 5.56 11.42 5.74 -63.10 *
CG-30UT-1 27.90 12.06 14.06 10.11 -49.62
AGINCX-2 14.57 4.70 9.53 12.13 -34.61
LOCX .. 2 16.19 6.96 12.30 15.02 -24.00
VLO-2 25.60 7.78 14.69 9.49 -42.61
AGINCX-INN - 1 10.60 3.94 6.25 11.86 -41.02
AGINCX-O'UT - 1 16.20 5.29 14.23 16.85 -12.12
VLO-INN -1 18.71 7.42 8.19 7.15 -56.25
VLO-OUT-l 32.81 8.56 20.33 Il.26 -38.04
LOCX-INN -1 12.29 8.03 9.63 13.47 -21.64
LOCX·OUT·I 20.48 5.10 15.38 17.59 -24.92

Receptor levels in finoVmg of wet tissue are expressed as mean and standard deviation of
specifie binding from individual pooled values obtained from triplicate. For brain regions
see Appendix.
* p<O.OS
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Figure 8.. Quantitative analysis of [3H]-mGLU receptor binding at PD 180 (6 m) in

representative brain regions expressed as average (±SD) values in fmoVrng wet tissue. For

illustration a representative pair of autoradiograms of specifie binding [3H]-mGLUr is

shown.
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5- DISCUSSION

5.1. Behavioral findings in the neonatal VH lesion mode}

5.1.1. Locomotor Activity

A new animal model of schizophrenia was developed in 1993 by Lipska et al 60

with the interesting feature ofpostpubertal emergence ofhyperresponsiveness to stress and

to D-amphetamine (measured as increased locomotor activity) after lesioning the ventral

hipppocampal formation at PD7 in rats. They found increased locomotor activity at PD56

but not PD35 in response to milder stressors such as both exposure to novel environment

or saline injeetio~ and to dopamine agonists such as D-amphetamine. Furthermore, these

behavioral responses that appear in early adulthood respond to neuroleptics.

Hyperlocomotion can he also found after a swim-stress test in neonataI lesioned animais.

More recently, using this model, Flores et al. 101 also found hyperlocomotion after a swim­

stress test, as weil as after D-amphetamine and apomorphine administration, in PD56

lesioned rats. In our present study locomotor hyperaetivity in response to milder stressors

such as both exposition to novel environment or saline injection, as weil as to dopamine

agonists such as D-arnphetarnine, were also found in necnatal lesioned animals at PD56

but not PD35.

One of the objectives of this thesis was to investigate whether these postpuberal

changes lasted over a longer period of time. Thus, a neonatally lesioned 6-month old

(pD180) cohort was tested in locomotor activity boxes in the three experimental

conditions previously applied to the PD35 and PD56 groups: novel environment, after

saline injection and after D-amphetamine injection. Indeed, as in the younger postpubertal

lesioned group (PD56), hyperlocomotor activity after novelty, saline and D-amphetamine

injection were evident in the aIder (pD180) lesioned group compared to the age-matched

sham group. A slight increase in locomotor aetivity after D-amphetamine was noticed in

this 6-month old neonatallesioned group when compared with the neonataIlesioned PD56

group, however this difference was not statistically significant.

Both novelty- and D-amphetamine-induced locomotion have been linked to

mesolimbic DA transmission 104,lOS. The faet that the emergence of hyperactivity cao be

blocked with antidopaminergic drugs, such as haloperido~ is also consistent with an

involvement of DA systems 106. Theo, an excitatory lesion of the neonataI VH lesion cao

provoke delayed emergence of behaviors that are suggestive of increased mesolimbic DA

responsiveness to environmental as well as to pharmacological stimuli. There are severa!



•

•

56

mechanisms by which Iirnbic-cortical regions May modulate mesolimbic DA transmission

and locomotion. Thus, glutamatergic projections from the subiculum of the VH formation

are believed ta he in close apposition to mesolimbic DA axons innervating cell bodies of

the nucleus accumbens 107 and have been strongly implicated in exploratory and in

D-amphetamine-elicited motor activity in the adult rat lOS. Recently preferential release of

dopamine in response to amphetamine has been reported in the shell region of the nucleus

accumbens as compared to dorsal striatum in an in vivo microdialysis study 109. The shell

of the nucleus accumbens corresponds to the region where microinjection of

D-amphetamine generates the greatest level of locomotion 110. In addition to the

dopaminergic input from the ventral tegmental area, the shell of the nucleus accumbens

receives projections from various Iimbic structures including basolateral amygdalély ventral

bippocampus, subiculum and entorhinal cortex as well as frontal cortex 111.112. AlI these

inputs are likely ta be glutamatergic and therefore excitatory in nature.

Isaacson and co-workers 113 were among the tirst to suggest that the hippocampus

is able to influence exploratory locomotion via its connection with nucleus accumbens, and

that disruption of this link underlies the enhancement in locomotion 113. Consistent with

this hypothesis, Yang and Mogenson 114 showed that NMDA infused into the ventral

subiculum lead to increased locomotion, and tbis effect could be prevented by the intra­

accumbens infusion of dopamine D2 antagonists. In addition, direct injection of glutamate

agonists (quisqualate, kainate, AMPA, NMDA) into the nucleus accumbens can aIso

induced hypermotility 115 whereas infusion of the broad spectrum glutamate antagonist

kynurenic acid suppress locomotion 116. Therefore, an up-regulation of NMDA receptors

in frontal cortex, like the one we found, would increase glutamatergic transmission toward

nucleus accumbens through prefrontal cortex even in the case of low glutamate release

from hippocampal afferent fibers.

The role of mesolirnbic DA terminais in the nucleus accumbens in the initiation of

locomotion in rats has been studied 117. Locomotor activity was initiated by activation of

the excitatory input from the ventral subiculum to the nucleus accumbens using NMD~

with mesolimbic DA terminais being essential to this activation 118. In addition, anatomical

studies have also shown that the hippocampal-accumbens projection terminates on

accumbens output neurons that also receives a mesolimbic DA input 107. The anatomical

convergence of these inputs, which is restrieted to the shell of the nucleus accumbens,

implies that its aetivity and hence its output is determined , at least in part, by a balance

between the excitatory limbic input and the presumably inhibitory dopaminergic input 119.

On the other hand, the nucleus accumbens receives excitatory inputs fram a

number of other limbic structures. The specification of their relative contribution to the
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regulation of locomotion and of their interaction with the ascending mesolimbic

dopaminergic projection has been a matter of debate. Wilkinson 120 has speculated that in

normal intact animais the subiculum-accumbens projection increases DA release through

presynaptic modulation and that hippocampus would inhibit dopaminergic transmission in

nucleus accumbens via an overall negative influence on subicular projection neurons.

Thus, lesion to the hippocampus would disinhibit the subicular projection to nucleus

accumbens thereby increasing DA release over and above the increase caused by

amphetamine.

The precise nature of glutamate-dopamine interaction at the limbic circuit still

remains controversial. The hippocampal formation a1so sends excitatory projection to the

prelimbic regions of the medial prefrontal cortex 121 which in tum cao affect both

neurochemical and behavioral indices of mesolimbic dopaminergic transmission 122,123.

Direct projections from Ammon' s horn to prefrontal cortex in the rat have been labeled

with higher number ofcells confined to the temporal (ventral) half of fields CA1 and CA2

which project to the infralimbic area of the prefrontal cortex by way of an unusual

subcortical route through the septal region 124.

Differentiai efferent projections from the ventral and dorsal hippocampus,

suggesting that both structures might have ditferent functional roles IlS, have also been

identified. Thus, ventral hippocampal fibers terminate in massive numbers in the lateral

septum and nucleus accumbens (a second afferent pathway from the ventral hippocampus

was traced trom the alveus to the subiculum) while dorsal hippocampus fibers terminate in

the medial septal nucleus, hypothalamic paraventricular nucleus and hypothalamic

posterior nucleus.

There are two well-defined locomotor systems in the brain; the first one points out

the relationship between basal gangHa structures (dorsal striatum, g10bus pallidum,

substantia nigra, subthalamic nucleus) and the mesencephalic locomotor region (including

the pedunculopontine nucleus). This circuit controls cortical motor areas of the cerebral

cortex in feedhack through the thalamic centromedial, ventrolateral and ventroanterior

nuclei 126,127. The second consist ofa parallel afferent system that involves limbic structures

such as pyriform and entorhinal cortices, ventral hippocampus, amydgala and ventral

tegrnental area as an input region to the nucleus accumbens 128 (which function as the

parallel ventral structure of the dorsal striatum) and then projeeting to ventral pallidum,

caudoventral central gray and peribranquial cuneifonn, substantia nigra, ventral tegmental

area and pedunculopontine nucleus.

The nucleus accumbens has been involved in influencing locomotor activity in

parallel with the striatum 127. The absence ofneocoetical input to the accumbens, compared
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to the striatu~ and the predominant limbic projection to the area suggest a raie for this

nucleus in locomotor behavior geared toward appetitive responses. The accumbens itself is

contained within a feedback loop system in which the accumbens exerts control over the

ventral pallidum which in tum sends excitatory projections to the dorsomedial (DM)

nucleus of the thalamus 129. The DM bas excitatory interconnections with the PFC which

supplies e"citatory input to the nucleus accumbens.

The neonatal VH lesion model has been described as a mode) of enhanced

mesolimbic DA transmission, behaviorally expressed as hyperlocomotion, and in that sense

it couId be considered an animaI model of schizophrenia. The aim of this study has been to

try to characterize and expand this feature in terms of the glutamatergic hypothesis. It

relies on the explanation ofhow an early lesio~ which is glutamatergic in nature, would be

aItering the function of the limbic locomotor circuit. In that respect, hippocampaI lesions

induced in adults rats are shown to display a DA turnover reduction in MPFC 90. In other

paradigms, primary reductions in DA aetivity in l\1PFC have been associated with

enhanced limbic DA transmission 8~. In arder to explain, in the neonataI VH lesion model,

how a primary lesion of this ventral structure which sends input (glutamatergic) to an

important locomotor·limbic nucleus (such as nucleus accumbens) could produce long-tenn

changes in the latter structure, we were tempted to postulate the mediation of the

prefrontal cortex. The early VH lesion could have disrupted the direct projection from

hippocampus to nucleus accumbens as weil as the more indirect hippocampus-prefrontal

cortex.. nucleus accumbens pathway. We postulate, then, that abnormal changes in the

latter structure can he perpetuated in the long-term by breaking up the circuit formed by

these structures (hippocampus, prefrontal cortex and nucleus accumbens). In that sense,

exploring prefrontal cortex changes in this model became a tantalizing idea.

Indeed, the increased locomotor aetivity displayed by neonatal VH lesioned

animaIs could be explained, first, in terms of specific connectivity to the nucleus

accumbens (directly or through the prefrontal cortex), and second, in tenns of

neurochemicaI changes such as the decreased expression of D3 dopamine receptors 101 in

the shell region of the accumbens that has been recentIy found in the model. Our results

(see section 4.3) in that sense appear to be more as a consequence of a glutamatergic

dysfunetion than an explanation for hyperlocomotion itself.

What is new in this study, however, is the faet that the 6-month (PD180) old

lesioned cohart depicted the sarne changes showed by the PDS6 lesioned cohort. This

could imply that once hyperlocomotion appears after puberty tbis altered mesolimbic

behavior remains aver time, at least until 6 months.
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5.1.2. Cognitive fonction in the neonatal VH lesion model

Since our work concemed an animal model of schizophrenia, we were interested

in testing cognitive funetions, especially those that involve frontal cortex and

bippocampus. This was the rational for using the radial arm maze in tbis model 99.100. We

tested a cohort at PDS6 mainly because the hippocampus is mature at this stage 130J and

any change observed in the paradigm might be attributable ooly to the neonatal lesion.

Our results in tbis paradigm strengthen the previously observed hyperlocomotion

of neonatal VH lesioned animais since a very significant decrease in total running time per

trial were found in neonatallesioned animais when compared to shams since the beginning

ofthe experiment. This result corroborates hyperlocomotion in the lesioned group by using

a different paradigm.

Another interesting result relates to the fact that neonatal VH lesioned animais

showed a significant deerease in the number of correct choiees. Lesioned animais showed

less reference error than shams but kept repeating and revisiting the already expJored arms.

Also, the analysis of the type of errors made by lesioned animais are in agreement with

other studies done on animais with different limbic Jesions 102. These data are consistent

with those demonstrating that, following hippoeampal destruction, animais have diffieulty

in inhibiting responses 131. Therefore, it seems that they have diffieulties exploring new

environments; 50 they tend to prefer the already explored arms and that preference

interferes with leaming the paradigm. Spatial working memory deficits 132, and interference

with cognitive tasks 133 have also been found in schizophrenies.

Lesioned animaIs tended to revisit incorrect arms more than correct ones. This is a

very interesting result since it would imply serious deficit in leaming at least in the place

task. This new task leaming deficit may involve failures in either acquisition, retrievement,

or both, but also may be due ta hyperresponsiveness to stress. Lesioned animais showed

statistically significant Jess correct choices (p< O.OS) per trial in the tirst four trials where

novelty to learn a new task would be present. These difficulties in exploring new arms

would lead animais to repeat the same choices, and thus prevent them from leaming the

arms in which the pellet was loeated. So they initially chose sorne arms randomly and

repeated them whether or not these arms were correct choices. It might suggest a

relationship between learning, in this case a spatial tas~ and hyperresponsiveness to stress.

Indeed, stress has been shown to impair long-term potentiation in CAl area of the

hippocampus and to interfere with behavioral tasks; both effeets being prevented by

NMDA antagonists before experiencing stress 99.
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Nevertheless it is important to notice that during the last two days of the

experiment, lesioned animaIs were choosing more correct arms than sharns, a1though this

was not statistically significant. Therefore, lesioned animais might be able to learn the

paradigm after the stressful situation is gone, but longer trials and reversai trials are

needed before drawing this kind ofconclusion.

This study also provides additional supporting evidence for the hypothesis that the

hippocampus plays a major role in mediating spatiaIly organized behavior 134. It also

indicates that spatial difficulties are not restrieted to interference in dorsal hippocampus or

fornh( but involve many part of the hippocampal system as it is supported in other

works 102. In addition, a selective gate that could be related to the hypothesized role of

hippocampus in regulating context sensitive eues has been recently proposed 13S. In tbis

hypothesis the tüppocampus May enable transit of information from PFC to nucleus

accumbens, playing therefore an important role in aIl task involving information

processing. Indeed, the hippocampus has been proposed to play a role in providing spatial

context frame of reference 136 as well as in the motivation to explore novel

environments 137. Recent studies have shown that, as with the hippocampal neurons, the

aetivity of a set of accumbens cells is correlated with the location of the animal in space

("place cells") 138. A disruption of this system, interfering with context-sensitivity , leading

to increased distraetibility ( inability to screen out irrelevant infonnation) 139 or increasing

the incidence ofperseverative error 140 would be present in schizophrenia.

As hippocampal afferents to the prefrontal cortex demonstrated NMDA receptor­

dependent long term potentiation 141, their disruption might affect learning and memory

tasks such as the radial arm maze task. AIso deficits in leaming and memory tasks

(reinforced alternation, radial arm maze and the position habit reversai test) with

dizocilpine in rats 142 and prefrontal cortex funetion inlpairments have been reported after

NMDA receptor antagonists 143. The latter group implicated the excitatory amine acid

transmission at the NMDA receptor as directly related with the capacity to perform

working memory-related tasks. Clinica1 studies have also showed phencyclidine impairing

the ability of individuals to use intemalized representation for problem-solving

strategies 144. Additional studies have also reported deficits in passive avoidance

learning 14~, prepulse inhibition of acoustic startle response 146, Morris water maze 147 and

8-arm radial maze 148 after NMDA antagonism. In that sense an alteration in glutamatergic

systems, as it is the case in our model, would be in correspondence with those cognitive

deficits explored using the radial arm Maze task.
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5.2. Changes in Excitatory Amino Acids Receptors

5.2.1. Ionotropic Glutamate Receptors

In preliminary experiments we reported an increase in NMDA receptor levels in

frontal cortex at PD56 but not at PD35 in animais that underwent a neonatal ibotenic acid

lesion of the ventral hippocampal formation 103• No statistically significant changes for

AMPA and kaïnate receptor binding were then round. We were interested to further

explore whether these changes of NMDA receptors in neonatal VH lesioned animais were

transient or long-lasting. Thus, a cohort of6 month (pD180) old neonatally lesioned and

sham-operated animais were behaviorally tested for their locomotor aetivity, and their

brains processed to assess possible changes in the expression of excitatory amino acid

(EAA) receptors. We also did the same with cohorts at PD35 and at PD56 in order to

replicate some ofour previous observations.

As in our previous results, we found an increase of about 30 % in NMDA receptor

binding in neonatally lesioned (PD56) rats with respect to sham-operated group.

Similarly, we aIso found an increase of about 30% in neonatally lesioned animais of the 6

month old group with respect to the age-matched sham. In spite of the small sample,

statistically significant changes in frontal corte" were found for NMDA and AMPA

receptors but not for kainate binding sites.

Research ioto the function ofL-glutamate in the central nervous system has lead to

the hypothesis that decreased glutamatergic neurotransmission may play a role in the

pathophysiology ofpsychosis 16.22. NMDA receptor antagonists can induce schizophrenia­

like psychosis but the role of NMDA receptor in the pathophysiology of schizophrenia

remains unelear. Our results are in agreement with receptor binding studies condueted on

human neocortex of schizophrenies that report 30-40% higher NMDA binding sites in

frontal cortex compared with parieto-temporal cortex 1..9. In addition, Akbarian et al found

sisnificant alterations of the NMDA receptor subunits in schizophrenies confined to the

prefrontal cortex l'0.

However, even though cortical NMDA receptor levels are increased, it does not

mean that glutamate as neurotransmitter or the glutamatergic tone are increased in this

model. Glutamate concentrations in frontal eortex at the different time points chosen need

to be determined. On the other band, increased NMDA receptor binding level do not

necessarily mean increase of fully functional NMDA receptors. Along with increased

levels, eleetrophysiological changes such as those described during development 15
1 might
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have occurred. The graduai replacement of the NR2B by the NR2A subunit during

postnatal development provoke changes in funetional properties of the ~A receptor

leading ta decreased synaptic plasticity during brain maturation. In that sense, as the VH

lesion at perinatal period rnight have modified the later development of the glutarnatergic

pathway and altered glutamate receptors postpubertally, the early lesion could have also

interfered with the normal developmental shift of the modulatory NR2B subunit and

altered their eleetrophysiological correlate. Interestingly, a shift in the relative proportion

orthe NR2 subunit family, with a 53% relative increase in expression of the NR2D subunit
bas been found in the frontal cortex of schizophrenie patients ISO.

Given that the NMDA receptor levels are increased in frontal cortex in neonatally

lesioned animais when compared to shams, we could postuIate that the glutamatergic

transmission would not be as effective, even in presence of nonnal levels of glutamate,

because the relative proportion offunetionally normal receptors might be diminished.

The finding of increased AMPA binding sites observed in the neonatally lesioned

animais of the 6-month old group, on the other band, coincides with electrophysiological

data showing AMPA receptor-mediated responses evoked in prefrontal cortex neurones by

hippocampal stimulation IS2. Thus, the hippocampus could modulate, at least during acute

excitatory transmission, the prefronto-accurnbens pathway via AMPA receptors. It aise

points to the glutamate-dopamine relationship since an inhibitory modulation of the

hippocampo-prefrontal path by the mesolimbic dopaminergic system has been

postulated IS3. In addition, AMPA receptors appear responsible for the response to

environmental stress since stress-induced increases in DA release in the prefrontai cortex

appear to be mediated by stress-activated glutarnatergic (through activation of AMPA

receptors) neurotransmission in this region IS4. However, anatomical work in the field bas

reported minimal changes in AMPA receptor binding 3S in frontal cortex from postmortem

brains of schizophrenies. Otber groups have found decreased expression of mRNAs

encoding AMPA-preferring non-NMDA glutamate receptor subunits GluRl and GluR2 in

medial temporal neurons in schizophrenia IS'. No significant changes in AMPA receptor

binding between lesioned and sham animaIs were found in either PD35 or PD56 groups in
our previous preliminary data 103.

We failed to find any significant change between lesioned and sham groups in

kainate receptor binding sites at PD180, and as previously reported 103, no changes were

found at PD35 or PD56 either. However, studies with postmortem tissue from

schizophrenie patients have shawn that kainate receptor binding either inereased 36 or

remained unchanged 37 in frontal cortex, and decreased 38 in hippocampus.
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5.2.2. Changes in mGlu Receptor Binding

We were interested in measuring the metabotropic glutamate (mGlu) receptor

since severa1 lines of evidence indicate that mGlu receptors are involved in neuronal
degeneration, synaptic plasticity and development 156. U7. mGlu receptor is not present in

target organs of the autonomous nervous system and therefore changes in its funetion
might underlie central nervous system disorders such as schizophrenia 151.

In our preliminary results we observed a trend for a decrease in the mGluR binding

levels as the animals get older. More interestingly, this decrease was even greater in PDS6

and PD180 lesioned animais when compared with aged-matched sham. On average the

decrease was about 36% , but especially remarkable was the decrease, up to 60%, in some
structures such as FXCX-2 and CG... l.

There is evidence for the role of mGluR in development !SI. Indeed, stimulation of

PI hydrolysis by excitatory amino acids is known to be particularly elevated early after
birth and then to decline progressively during postnatal deve10pment lS9,160. In that sense,

we could speculate that mGluR3 and mGluR5 subtypes would be the ones involved in our

case, since they are known to play an important role during both synaptogenesis and

maintenance of adult synapses, whereas other subtypes such as mGluR1, mGluR4, and
mGluR7 are involved in adult neurotransmission 161.

An inhibitory modulation by mGluR has been proposed at the level of the nucleus

accumbens where these receptors are known to inhibit dopamine release trom both the
mesoaccumbens DA tenninaIs and the phasic activation of the PFC 162. Therefore,

decreased levels of mG1u receptor may diminish the physiological inhibition on

mesocorticolimbic dopaminergic activation. On the other band, Rainnie at al. found a role

for glutamate as an inhibitory transmitter in basolateral amygdala during periods of mGluR
activation 163 • This observation seems to be in partial agreement with our locomotor data

since as we saw in session S.1.1, the basolateral amygdala nucleus is one component of the

limbic locomotor circuitry. Therefore the fact of having mGlu receptor levels decreased

postpubertally might give additional neurobiological support to behavioral features round

in our model. In that sense not ooly the postpubertally decrease found in D3 receptor

levels but in mGluR could be explaining in part the locomotor data.

The raie of mGluR in frontal cortex is relatively unknown. Nevertheless, as

discussed above, there is anatomical data indicating that g1utamatergic projections from

the prefrontal cortex would regulate the activity of dopaminergic neurons in the nucleus

accumbens via metabotropic glutamate receptors162. However, mGlu receptors could be

located at either postsynaptic dopaminergic terminal in the nucleus accumbens arising from
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mesencephalic areas or non doparninergic neurons such as those of corticostriatal

synapses162. Therefore, although indir~ sorne evidence exists for the role of mGluR in

hyperlocomotion.

Another key point refers to the interaction between NMDA and mOlu receptors

(Figure 8). A negative modulation of NMDA receptors on metabotropic glutamate

receptors in human cerebral cortex 165 bas been described. That point is aetually very

interesting since we found in our study an up-regulation of the NMDA receptor together

with a down-regulation of the mOlu receptor in the cortex. Furthennore, mOlu receptors

are shown to synergize with NMDA receptors in inducing neuronal damage 166. As mGlu

receptor, through PI hydrolysis, leads to mobilization of intracellular Ca2
+ and activation of

PKC, besides trophic support for developing neurons, these receptors would be potentially

toxic when combined with additional mechanisms that lead to a sustained increase in

intracellular calcium. In that sense, the ability of PKC to relieve the Mg2
+ blockade of

NMDA-gated ion channels has been proposed as one of the fundamental processes by

which activation ofgroup 1 mGlu receptors amplifies MvIDA toxicity 167. Furthermore, the

modulation of NMDA toxicity by mGlu receptors depends not only on the relative

proportion of facilitatory and inhibitory mGlu receptor subtypes, but also on the subunit

composition of NMDA receptors. However, the antagonism of these mGlu receptors has

been thought to be potentially neuroproteetive. Having lesser levels of mGlu receptors ( at

least of the type 1 ) could explain a glutamatergic dysfunetion without necessarily involving

hypofrontality. Similarly, the upregulation ofNMDA receptors might not necessarily cause

neurotoxicity iftheir molecular composition is being altered.
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Figure 9. Autoradiograms for NMDA and mGLU receptors binding. Note the increase in

the density of the NMDA and the decrease in the mGLU in the VH lesion animaIs.
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5.2.3. Prefrontal Cortex and the VH lesion model

Glutamate receptors in addition to mediating fast neurotransrnission in the brain,

play a key role in Many forms of neural plasticity such as leaming and memory, neural

ontogeny and functional compensation to tissue injury 168. Due to the faet that in this

particular model both hippocampal-accumbal and hippocampal-cortical projections are

destroyed earlyt a putative neurodevelopmental defect secondary to an early destruction of

the ventral hippocampus could have occurred. As we discuss above, since glutamate is the

principal neurotransmitter of the hippocampal etferents it could play a central raie to

explain the behavioral changes of this model. Glutamate has been shown to increase

dopamine release in the nucleus accumbens 169 and to have an effect on locomotor

aetivity mainly through NMDA receptor antagonism 164,170.

Since the VH lesion model of schizophrenia is a developmental model, the search

for a neurobiological basis of the delayed hyperactivity that appear after lesioning a Iimbic

structure in the neonatal period is a difficult enterprise. The developmental program of

behavior is far from being elucidated (see Section 5.5.). Postpubertal hyperaetivity

depicted from neonatally lesion animaIs is believed to involve an aIteration of the

mesolimbic and mesostriatal dopaminergic transmission 60, as it is the case for adult

lesioned animais, where a1terations of dopaminergic transmission at either prefrontal cortex

and subcortical structures 90 have been reported. The neonataI VH lesion appears to have

an effeet on the development ofcortical and subcortical connectivity which alters a variety

of dopamine related behaviors following puberal eclosion 91. Furthermore, the neonatal

VH lesion appears to combine effeets of both adult ventral hippocampus lesion and adult

prefrontocorticallesion on subcortical related behaviors 60.94,171.

Anatomical studies have documented direct projections from Ammon's horn ta the

prefrontal cortex in the rat 172.
1
73. A glutamatergic hippocampal..accumbens projection has

aIso been described 174. These projections are bath N?vIDA dependent and LTP

enduring 175. However, since the major inputs to the infraIimbic area arise from the ventral

subiculum, the basolateral nucleus of the amygdala, the piriform cortex, the

paraventricular-parataenial nuclei of the thalamus and the ventral tegmental area 122, it

seems likely that this prefrontal region is primarily involved in limbic system function. This

is consistent with the evidence that the synaptic organization of the prefrontal cortex is

immature prepubertally and continues to develop during adulthood 176. In addition, Carr et

al. recently described a presynaptic triadic complex between hippocampal excitatory

afferents, mesencephalic dopaminergic afferents and intrinsic pyramidal cells in the rat

prefrontal cortex 177. On the other hand, lesions of the prefrontal cortex in adult rats have
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also been reported to increase DA agonist-induced behavior 178, to affect subcortical

dopaminergic transmission 179 and to potentiate swim-stress induced locomotion 180.

Moreover, the rat medial prefrontal cortex exerts a predominantly inbibitory

influence on locomotor exploration Ill. Nonspecific ablative media! prefrontal cortex

lesions have been reported to augment locomotor aetivity 179 as weil as

hyperresponsiveness to novelty 182. Similarly, neonatally ventral hippocampus lesioned rats

display hyperlocomotion and hyperresponsiveness to swim stress when they reach

adulthood.

Disruptions of the medial prefontal cortex have been shown to alter subcortical

dopaminergic transmission 179 and potentiate swim-stress-induced locomotion 180. In our

study we round that the prefrontal cortex was affected by ventral hippocampal lesions.

These findings seem to show that the prefrontal cortex plays an important role in the

behavioral effects reported in this model.

5.3. The dopamine/glutamate relationship in the neonatal VH lesion model

The dopaminergic hypothesis of schizophrenia is based on the clinical observation

that dopaminomimetics generally worsen the symptoms of schizophrenia but also on the

finding that the potency of neuroleptics in binding to striatal dopamine receptors in vitro

directly correlated with their clinical potency in reducing psychotic symptoms lS••

Decreased dopamine activity in the prefrontal cortex has been linked to behavioral

evidence of prefrontal dysfunction in schizophrenia S2. On the other hand, animais studies

shows increase in PFC glucose metabolism following the administration of DA agonists 20.

A reciprocal relationship between cortical hypodopaminergia and subcortical

hyperdopaminergia had been proposed to underlie the pathophysiology of schizophrenia.

In the rat tbis peculiar state has been produced by a specifie lesion of the prefrontal

cortex 21. Thus, Pycock et al. showed that after selectively destroying DA atferents within

the PFC, chronic subeortical DA hyperactivity develops. Their results inc1uded both the

increased DA turnover (as judged by the levels of the Metabolite homovanilic acid) and

up-regulation of postsynaptic receptors, findings that are similar to the postmortem

neuroehernical data in schizophrenia. This landmark experiment suggested not only that

such a peculiar state can exits but also that mesocortical DA neurons affect PFC neurons

that exert feedback control ovec mesolimbic dopamine activity. Whatever the precise

physiology of the system, prefrontomesocortical projections seem to be essential to its

regulation. Additionally, the prefrontomesocortical pathways appear to play an important

role in response to stress (see Section 5.4).
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On the other hand, glutamatergic projections have increasingly been regarded

important for the funetion ofbehaviorallimbic circuitry in the rat. A differential regulation

of DA receptor expression in limbic areas after MK-SO 1 administration in rats has been
reported 113. Also, MK-SOI produces hyperlocomotion in mice 114, and this locomotor

stimulation can he inhibited by dopamine Dl and D2 antagonists although to lesser extent

than that induced by amphetamine 164. Moreover, it has also been reported that dopamine

Dl receptors seem to he more important than D2 receptors for MK-SOl-induced

hyperactivity 185. In this line, DA has been regarded as having a less crucial role than

formerly supposed in the regulation of psychomotor functions. Carlsson et al. have shown

a pronounced behavioral activation in mice following suppression of glutamatergic

neurotransmission even in the DA depleted mouse brain 184. This observation has given rise

to the possibility that a deficient activity within the corticostriatal glutamatergic pathway

may be an important pathophysiological component in sorne cases of schizophrenia 186. In

a broader perspective, schizophrenia may be looked upon as a syndrome induced by a

neurotransmitter imbalance in a feedback-regulated system, where DA and glutamate both

play crucial roles in controlling arousal and the processing of signais from the outer world
to the cerebral cortex via the thalamus 187.

In addition, non-NMDA glutamate receptor activation in the nucleus accumbens

has been shown to facilitate presynaptic DA function in that structure, and this dopamine­

glutamate interaction in nucleus accumbens is thought to control prepulse inhibition in rats,

a behavior that has been associated with schizophrenia 188.

Indeed, glutamate is an important modulator of subcortical DA funetion; the 10ss of

glutamatergic pathways have been shawn to affect subcortical dopaminergic transmission

in both the VTA and the nucleus accumbens 189.

Additionally, antipsychotics influence forebrain systems that utilize glutamate 190.

Fitzgerald et al. showed that cortical and subcorticaI glutamate receptor subunit expression

could be regulated by antipsychotic drugs. In this study, haloperidol increased NMDARI

subunit expression in the striatum while SCH23390, an Dl-antagonist, had the opposite

effeet. In contrast, clozapine had no effect at that level. On the other hand, bath

haloperidol and clozapine increased GluR1 levels in the medial prefrontal cortex while

SCH23390 treatment decrease GluRl levels. Clozapine but none of the other treatments

increased GluR2 levels in the frontaVparietal cortex, nucleus accumbens and hippocampus

in that study. This regionally distinct etTeet of various antipsychotic on the level of sorne

glutamate receptor suhunits is thought as an important mechanism to exert sorne of their

long-term effects on brain function. In addition, Yamamoto and Cooperman 191 have
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shown that the levels of DA and glutamate in striatum and prefrontal cortex are

differentially regulated by chronie treatment with typical or atypical neuroleptics.

The recently cloned dopamine 03 receptor has been proposed to play an important

role in schizophrenia and its treatment. 115 predominant localization in limbic brain areas
such as nucleus accumbens, olfaetory tubercle and islands of CalJeja 192.193 as weil as its

high affinity for antipsychotics suggest this role. In contrast to prototypic D2 antagonists,

D3 receptor-preferring antagonists increase spontaneous locomotor activity and potentiate

locomotion induced by D-amphetamine or apomorphine in rats 194. Similarly the selective

03 agonist '-OH-OPAT decreases spontaneous locomotor activity 195.

The D3 receptor inhibits locomotor activity. Indeed , Flores et al. lOt have

suggested that at least part of the hyperdopaminergic behavior displayed by postpubertal

neonatally VH-Iesioned animais could be related with the pattern of expression of D3

receptors in motor limbic areas. In this study, dopamine D3 receptor binding levels were

measured in various limbic brain regions, and marked reductions ofD3 receptor binding at

P062 but not at PD35 were documented in the shell of nucleus accumbens, olfactory

tubercle and islands of Calleja, along with an increase in Dl receptor in caudate-putamen.

Even though this postpubertal hypersensitivity is believed to involve an alteration of the

mesolimbic and mesostriatal dopaminergic transmission, the reduction of D3 binding can

hardly explain on its own such an intriguing postpuberal behavioral abnonnality. Thus~

adult VH lesion in rats affect dopaminergic transmission at either prefrontal cortex or

subcortical structures 90. Neonatal VH lesion seems to have developmental effeets on

cortical and subcortical connectivity, therefore, a variety of DA related behaviors may

appear aftec puberal ectosion 81. Additionally, neonatal VH lesions appear to combine

effeets of both adult ventral hippocampus lesion and adult prefrontal cortex lesion in

subcortical related behaviors 91.60. We think, though, that changes in dopamine D3

receptors may be related with the changes round in this study in EAA receptors. Thus, as
an excitatory amino acid projection from the medial prefrontal cortex to the anterior part

of the nucleus accumbens (considered to be the major prefrontal input to the nucleus

accumbens) bas been described 196, it is therefore conceivable that a glutamatergic

a1teration in preftontal cortex could affect the expression of 03 receptors in the nucleus

accumbens. Indirect support for the role of glutamate in this expression is the recent

finding that MK-SOl, a non-competitive NMDA antagonist, significantly decreases the

mRNA encoding for D3 dopamine receptors in the nucleus accumbens 183 .
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5.4. EAA and stress in the neonatal VH lesion model

Another interesting feature of this model relates to the influence of stress in the

emergence of the observed increased locomotor activity. It is noteworthy that behavioral

changes after neonatally lesioning the ventral hippocarnpus appear as hyperresponsitivity

to stress. Indeed, adult VH lesioned animais do not display this hyperresponsiveness to

stress 60,91. Neonatal endotoxin exposure has been suggested to increase hypothalamic­

pituitary-adrenal responsiveness to stress 197. Interestingly, Lipska et al. 60 have mentioned

the possibility that the neooatal VH lesion could be affecting the development of other

neural systems implicated in the mesolimbic response to stress, such as the MPFC 86.87.

Prefrontal function has been regarded as particularly important in organizing responses to

aversive stimuli and in regulating mesolimbic DA aetivity during stress 86.1U. In this

regard, lesions of the media! preftontal cortex in adult rats produce enhanced locomotion

after stressful situations (such as a saline injection or swim stress) 1~123. Prefrontal cortical

DA depletion enhances the responsiveness of mesolimbic dopaminergic neurons to

stress 198. Furthermore, the prefrontocortical-accumbens projection has been regarded as

the one being stress-sensitive in the whole mesocorticolimbic circuitry 91.

Henry et al. have recently shown that prenatal stress during late pregnancy (from

day 14 till day 21) induces long-lasting changes in DA receptors of the nucleus accumbens

as weil as in the capacity to develop amphetamine-induced sensitization in adulthood 199.

Adult offspring at PD90 showed DA receptor changes such as significant decrease in D3

receptor binding in the nucleus accumbens, a significant increase in D2 receptor binding in

the nucleus accumbens, and no significant change in Dl receptor binding in either striatum

or accumbens. This result agrees with the 03 dopamine receptor changes observed in adult

rats which underwent a neonatal lesion of the ventral hippocampus lOI. Interestingly,

maternaI stress effeets on the dopaminergic system of the offspring is discussed in terms of

an impaired control of corticosterone secretion. They postulated corticosterone released

during stress sessions in the mother affeeting the development of the hypothalamo­

pituitary-adrenal (HPA) axis in the fetus. Also prenatal maternai stress can also have an

effect on swim-stress test of the offspring 200. Decreased hippocampal glucocorticoid

receptor levels and prolonged corticosterone secretion have been found in prenatal­

stressed rat. Glucocorticoids promote sensitization to amphetamine in rats, mainly through

type n receptors. Since glucocorticoid receptors are present in dopamine neurons of the

ventral tegmental area projecting to the nucleus accumbens 201, and glucocorticoids

modulate DA release in the mesolimbic system 202, stress cao have an etfeet on the

mesolimbic system.
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On the other hand, structures such as the hypothalamic paraventricular nucleus

together with the hippocampus have been considered to be the prominent brain areas

affected by stress; changes in the hippocampus include increased mRNA expression of the

NMDA subunits NR2b in the CAJ region 151 and decreased RNA expression of GluRA

subunit ofAMPA receptor in CAJ and CA1 203. NR2b subunits seems to correlate with the

high plasticity of the developing brain. It has been hypothesized that a single stress

experience may result in an NMDA receptor assembly which is charaeteristic IS
1 for earlier

developmental stages of the brain. Whether these changes underlie an increased synaptic

efficiency, or altematively, an increased vulnerability of CAJ pyramidal neurons to

glutamate neurotoxicity, remains to be determined. In another study, stress was found ta

induce atrophy of apical dendrites of hippocampal CAJ neurons, and this required

corticosterone secretion together with activation ofNMDA receptors 204.

An early lesion could affect the response to stress in adulthood by both

developmentally altering prefrontal pathways (or receptors) involved in the stress

response, and/or inducing changes in the hippocarnpus (through glucocorticoid receptors

type 11). Prenatal administration of amphetamine (also regarded as a model of

schizophrenia) has been reported to increase locomotor aetivity in adult offspring 2OS, and

prenatal stress affects D3 receptor expression and locomotion in adult offspring. It is

noteworthy that changes in the level ofglucocorticoids simulate changes otherwise seen in

amphetamine sensitization or DA-mediated behaviors. Since the hippocampus (through

g1ucocorticoid receptor type II) has been regarded as the central structure governing

endocrinologic changes in response to stress, it might be that the early lesion of the

hippocampus could be dirninishing the total number, the funetional receptor capabilities, or

simply the developmental expression with maturation of glucocorticoid receptors in the

hippocampus in our model, and therefore the anset ofDA-related behavior.

An interesting inducer of behavioral changes in our model refers to swimming

stress. Independently, both Lipska et al. 60 and Flores et al. 101 have observed statistically

significant increased Iocomotor aetivity in neonatal-Iesioned animais after 15 min. of a

swim-stress test. Funhermore, Norwak at al. have found that this type of stress increases

the potency of glycine at the NMDA receptor 206 and, therefore, glutamatergic pathways

seems to be involved in the neurobiological response to stress. Indeed, swimming stress

appears to affect extracellular glutamate release in PFC 207 not in hippocampus or basal

gangHa. Moreover, Jedema et al. lS4 have demonstrated stress-induced increase in DA

release in the prefrontal cortex; this was mediated by stress-activated glutamate

neurotransmission (through the activation of AMPA/kainate receptors) in this region.

Therefore, NMDA receptors changes in frontal cortex might expIain sorne aspects of stress
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in this model. During stress, a elevated DA metabolisnl occurs in both MPFC and nucleus

accumbens, but the stress-induced increase in DA metabolism was solely observed in

frontal cortex after administration of a glycineINMDA receptor antagonist 208. Goldstein at

al. also found that the NMDA receptor complex and their associated glycine modulatory

sites play an important role in the afferent control of the mesoprefrontal cortical DA

system during stress 209. Stress also increases GluRl and ~ARI subunit levels in the

VTft... an important molecular mechanism by which long-term effects on mesolimbic DA

function would be exerted 210. In this sense, local changes of EAA receptors in frontal

cortex could be altering feedback pathways of this structure through its projection back to

VTA. Since a cellular convergence occurs in the prefrontal cortex from dopaminergic

projections coming from the VTA.. which are known to be inhibitory, and the excitatory

projections coming trom CA1 and tbe subiculum 121, an early change or malconnection of

the bippocarnpal projection could change via prefrontal cortex the responsiveness to stress

as it bas been suggested by Weinberger 81.

Recently it bas been shown that stress induced behavioral sensitization depends on

the secretion of glucocorticoids. Suppression of stress-induced corticosterone secretion

abolished locomotor etfects of intraccumbens amphetamine injection. These results

suggest that g1ucocorticoids control stress-induced sensitization by changing the sensitivity

of the mesencephalic dopaminergic transmission 211, But indeed a sort of feedback

configuration must exist since plasma levels of ACTH and corticosterone are increased by

amphetamine and amphetamîne is known to release CRF from median eminence 212. As we

have described above conditioned stress-induced increase in plasma corticosterone levels

can be regulated by the glycine site of the NMDA receptor complex 209.

5.5. Developmental issues in the neonatal VH lesion model

The absence of prepubertal motor changes is one of the most puzzling features of

this model. Changes in the pattern of neural projection, sprouting or rerouting after

lesioning the ventral hippocampal formation can not explain by their own the failure of

these mechanisms after puberty. Another aspect is the possibility of later developmental

influence of hippocampal formation in the consolidation of mesolimbic functions.

Therefore, the early lesion could be switching on or off sorne funetional genes related with

mesolimbic behaviors later on during developrnent. Indeed, dopaminergic systems and

hippocampal physiology are influenced by sexual maturation and honnonal changes 213,

Moreover, testosterone and its neural metabolites estradiol and 5-alpha-
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dihydrotestosterone enhance funetional activity of dopaminergic neurons 214. In addition,

estrogen and androgen receptors have been found on nerve terminaIs of the mesolimbic

system including septum, amygdala, olfactory tubercle and nucleus accumbens. It bas also

been reported that estrogen increases locomotor responses to amphetamine and to

apomorphine in castrated rats 21S. Nevertheless, gonadal hormones appear not ta influence

the emergence ofpostpubertal changes in enhanced DA-related behaviors in this model as
Lipska at al. found by castrating neooatal VH lesion animais at PD21 216.

Another very interesting finding made by Farber et al. 41 is that fetal rats and

postnataI rats younger than 1 1/2 months (roughly puberty in the rat) were totally

insensitive to the neurotoxic action ofNMDA antagonists. Thus, between puberty (age, 1

112 months) and full adulthood (ages, 3 and 4 months), rats gradually become fully

sensitive to this toxic mechanism, and remain so until at least 10 months of age. Similarly,

the incidence of emergence reaetions assoeiated with ketamine-induced anesthesia, is age­

dependent with the reaction oceurring rarely, if ever, in prepubertal children but is

manifested in nearly 50% of young to middle-aged adults. For this reason , ketamine is

currently used much more frequently in pediatrie than in adult medicine. Case reports that

have indicated a lack of suseeptibility of ehildren to the psychotic etfects of

phencyclidine 61 suggest a similar age-dependency profile for this entire class of

psycbogenic agents. Sa, rats have a graduai onset of susceptibility to NMDA receptor

hypofunetion in late adolescence 25. 44, just as humans become susceptible to NMDA

receptor (ketamine or phencyclidine)-induced psychosis and to the symptomatic

expression ofschizophrenia in late adolescence.

It logically follows from the above age-dependency that a lesion that has a NMDA

receptor hypofunetion potential could he present in the developing human brain at birth,

but the psychopathologica1 or neuropathologieal proeesses would not occur until late

adolescence, at which time the lesion presumably would spontaneously begin to trigger

schizophrenia-like psychotic symptoms.
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APPENDIX

The anatomical nomenclature that appears throughout this text was taken from the

atlas ofPaxinos and Watson 94 ,

•

FRCX-l
FRCX-2
FRCX-3
CG-l
CG-3
AGINCX
LOCX
VLO
INFRALIMB
DORSALPEDUNC
:MPFC
INN
OUT

Frontal corte~ area 1

Frontal corte~ area 2

Frontal corte~ area 3

Cingulate corte", area 1

Cingulate corte", area 3

Agranular insular cortex

Lateral orbital cortex

Ventrolateral orbital cortex

Infralimhic cortex

Dorsal peduncular cortex

Medial prefrontal cortex

Innerlayers

Outer layers



•

•

76

REFERENCES

1. GeorgietfN (1995) Les neurosciences: cerveau et pensée schizophrénique. In: La

Schizophrénie, Dominos: Flammarion, France, pp 56-69

2. Seiman U (1984) Schizophrenia and brain dysfunction: An integration of receot

neurodiagnostic findings. Psychol Bull 94:195-235

3. Shelton Re, Weinberger DR (1986) X-Ray computerized tomograplly studies of

schizophrenia: A review and synthesis. In: The Neurology of Schizophrenia.

Amsterdam, Elsevier Science, pp 207-250

4. Brown R, Calter N, Corsellis JAN, Crow TJ, Frith CD, Jargoe R, Jonhstone EC,

Marsh L. (1986) Postmortem evidence of structural brain changes in schizophrenia.

Arch.Gen Psychiatry 43:36-42

5. Kovelman JA, Scheibel AB (1984) A neurohistological eorrelate of schizophrenia.

Biol. Psychiatry 19:1601-1621

6. Lesch A, Bogerts B (1984) The diencephalon in schizophrenia: Evidence for

reduced thickness of the periventricular grey matter. Eur Arch Psychiatry Neurol Sei

234:212-219

7. Benes FM, Davidson J, Bird ED (1986) Quantitative cytoarchitectural studies of the

cerebral cortex of schizophrenies. Arch Gen Psychiatry 43:31-35

8. Nyback H, Berggren BM, Hindmarsh T (1982) Computed tomography of the brains

in patients with aeute psychosis and in healthy volunteers. Acta Psychiatr Scand

65:402-414

9. Schultz SC, Koller MM, Kishore P (1983) Ventricular enlargement in teenage

patients with schizopbrenia spectrum disorder. Am J Psychiatry 140:1592-1595



•

•

77

10. Wong DF, Wagner HN Jr, Tune LE, Dannals RF, Pearlson GD, Ravert HT, Links lM,

Tamminga CA, Broussolle EP, Wilson AA. Thomas Toung JI(, Malat J, Williams JA..

O'Tuama LA, Snyder Sa Kuhar Ml, Gjedde A (1986) Positron emission reveal!
elevated D2 dopamine receptors in drug-naive schizophrenies. Science 234:1558-1563

Il. Kokkinidis L, Annisman H (1980) Amphetamine model! of paranoid

schizophrenia: an ovenriew and elaboration of animal experimentation. Psychol Bull

88:551-579

12. Lahti AC, Holcomb fŒI, Tarnminga CA. (1995) Ketamine activates psychosis and

alter Iimbic blood Dow in schizophrenia. Neuroreport 6:869-872

13. Domino E. (1964) Neurobiology of phencyclidine (seryl), a drug with an uousual

spectrum of pharmacologica. activity. Int Rev Neurobiol 6:303-347

14. Vignon J, Pinek V, Cerruti C, Kamenda J and Chicheportiche R .(1988)

eH] N-1-2-benzo-b-thiophencylcyclohexyl-piperidine eH] BTCP: a new

phencyclidine analog selective for the dopamine uptake complex. Eur J Pharmacol

148:427-436

1Sa. Creese 1, Burt DR, Synder SH (1976) Dopamine receptor binding predicts clinical

and pharmacologieal potendes of antischizophrenic drugs. Science 192:481-483

15b. Seeman, P, Lee, T, Chan-Wong, M and Wong K (1976) Antipsychotic drug doses

and neuroleptic/dopamine recepton. Nature 261:717-721

16. Kornhuber J (1990) Glutamate and sebizophrenia. TIPS 11:219-20

17. Sesack SR, Pickel VM (1990) In the rat medial nucleus aeeumbens, hippocampal

and eatecholaminergic terminais converge on spiny neurons and are in apposition to
eacb other. Brain Res 527:266-271

18. Totterdell S~ Smith AD (1989) Convergence of hippoeampal and dopaminergic

input ooto identified neurons in tbe nucleus aceumbeRs of tbe raL J Chem Neuroanat

2:285-298.



•

•

78

19. Carr DB and Sesack SR (1996) Bippoeampal alTerents to the rat prefrontal cortex:

Synaptic targets and relation to dopamine terminais. J Comp NeuroI369:1-15.

20. Fredd J (1989) An hypothesis regarding the antipsychotic effect of neuroleptic

drugs. Pharmacol Biochem Behav 32:337-45

21. Kornhuber J.~ Kornhuber ME (1986) Presynaptic dopaminergic modulation of

cortical input to the striatum. Lire Sciences 39:669-74

22. Kim JS, Kornhuber HH, Schmid-Burgk W, Holzmuller B (1980) Low cerebrospinal

Ouid glutamate in sehizophrenia patients and a new hypothesis of schizophrenia.

Neurosci Lett 20:379-382

23. Kornhuber J, Mack-Burkhardt F, Riederer P, Hebenstreit OF, Reynolds OP, Andrews

HB, Beckman H (1989) 3B MI{...801 binding sites in postmortem brain regions of

schizophrenie patients. J Neural Transm 77:231-6

24. Olney JW (1989) Excitatory amino acids and neuropsychiatrie disorders. Biol

Psychiatry 26:505-525

25. Olney JW, Farber NB (1995) Glutamate receptor dysfunction and schizophrenia.

Arch Gen Psychiat 52:998-1007.

26. Olney lM, Labruyere J, Price MT (1989) Pathologieal changes induced in

cerebrocortieal neurons by phencyelidine and related drugs. Science 244: 1360-1362.

27. Ellison Gaylord (1995) The N-methyl-D-Aspartate antagouists phencyclidine,

ketamine and dizocilpine as both behavioral and anatomical models of the dementias

Brain Res Rev 20:250-267.

28. Anis NA, Berry SC, Burton NR, Lodge D (1983) The dissociative anaesthetics,

ketamine and phencyelidine seleetively reduce excitation of central mammalian

neurODS by N-methyl...aspartate. Br J Pharmaco179:565...75

29. Allen R, Young S (1978) Pheocyclidine induced psychosis. Am J Psychiat

135:1081-1084



•

•

79

30. Petersen RC, Stillman RC (1979) The paradoI of phencyclidine (pep) abuse. Ann

Intem Med 90:428-30.

31. Fagg GE, Foster AC (1983) Amino acids neurotrasmitters and their pathway in

the mammalian central nervous system. Neuroscience 9:701-19

32. Jacob H , Beckmann H (1986) Prenatal developmental disturbances in the Iimbic

allocortex in schizophrenies. l Neural Trans 65:303-326

33. Sherman AD, Hegwood TS, Bamah S, Wazuri R ( 1991) Deficient NMDA-mediated

glutamate release from synaptosomes of schizophrenics. Biol Psychiatry 30: 1191-8

34. Kornhuber J, Mack-Burkardt F, Riederer P, Hebenstreit GF ,Reynolds GP, Andrews

RB, Beckmann H (1989) 3B -MK-SOI binding sites in postmortem brain regions of

schizophrenie patients. J.Neural Transm 77:231-236.

35. Kurumaji A. Ishimura M, Toru M (1992) a-[3H]-amino-3-hydroxi-5­

methylisoxazol-4-propionic-acid binding to human cerebral cortical membranes:
minimal changes in postmortem brains of chronic schizophrenies. J Neurochem

59:829..837

36. Nishiwaka T, Takashima M, Toro N, (1983) Increase 3B -Kainic acid binding in

the prefrontal cortex in sehizophrenia. Neurosci.Lett 40:245-250

37. Deakin JF, Slater P, Simpson MO, Gilchrischt AC, Skan WJ, Royston MC, Reynolds

GP, Cross Al (1989) Frontal cortical and left temporal glutamatergic dysfunction in

sehizophrenia. l Neurochem 52:1781-6

38. Kerwin R, Patel S, Meldrum B (l990) Quantitative autoradiographie analysis of

glutamate binding sites in the hippocampal formation in normal and schizophrenie
brain postmortem. Neuroscience 39:25-32

39. VIas J, Cotman C (1993) Excitatory amino acid reeeptors in schizophrenia. Schiz

Bull 19:10S-117



•

•

80

40. Olney lM, Labruyere J, Wang G, Sesma MA, Wozniak OF, Price MT. (1991) NMDA

antagonist neurotoxicity: mechanism and protection. Science 245:1515-1518.

41. Farber NBy Priee MT, Labruyere 1, St Peter ~ Wozniak OF, Olney JW. (1993)

Antipsychotic drugs block phencyclidine-receptor mediated neurotoxicity. Biol

Psychiat 34:119-121.

42. Maura G, Barzziza A, Lottero P, Raiteri M (1990) The excitatory amino acid

releasing nerve terminal in rat striatum possesses D2 receptors mediating inhibition

of release. Neurochern Int 16(suppl 1):53

43. Marshall BE, Longneeker DE (1990) General Anesthetics In: Godman LS and

Gilman A, eds. The Pharmacological Basis of Therapeutics, Elmsford NY Pergamon

Press, pp 285-310.

44. Farber NB, Priee MT, Labruyere J, Fuller, TA, Olney JW (1992) Age dependency of

NMDA antagonists neurotoxicity. Soc Neuros Abstr 18: 1148

45. Riederer P, Lange KW, Kornhuber 1, Danielczyk (1992) Glutamatergic­

dopaminergic balance in the brain. Arzneim.-Forsch./ Drug Res. 42:265-272

46. Feinberg 1 (1982) Schizophrenia: caused by a (ault in programmed synaptic

elimination during adolescence? J Psychiat Res 17:319-334

47. Kirch DG, Weinberger DR (1986) Anatomical neuroanatomy in schizophrenia:

postmortem findings, In: The Neurology ofSchizophrenia. Amsterdam, Elsevier Science

Publishers, pp 207-250

48. Weinberger DR (1987) Implications of normal brain development (or the

pathogenesis of schizopbrenia. Arch Gen Psychiat 44:660-669

49. Turner SW, Toone BK, Brett-Jones JR (1986) Computerized tomographie scan

changes in early schizophrenia. Psychol Med 16:219- 225

50. Walker E, Savoie T, Davis D (1994) Neuromotor precursor of schizophrenia.

Schizophr Bull 20:441-45 1



•

•

81

5t. Jones P, Rodgers B, Murray R, Marmot M (1995) Child development risk factors

for adult schizophrenia in the British 1946 cohort. Lancet 344: 1398-1402.

52. Berman ~ Torry E, Weingberger 0 (1992) Regional cerebral blood flow in

monozigotic twins discordant and concordant for schizophrenia. Arch Gen Psychiat

49:927-934.

53. Andreasen N, Rezai K, Atliger R,O'Leary D (1992) Hypofrontality in neuroleptic

naive patients with chroDic schizophrenia. Arch Gen Psychiat 49:943- 958

54. Petty RG, Barta PE, Pearlson GD, McGilchrist II<, Lewis RW, Tien AV, Pulver A,

Vaughn DO, Casanova MF, Powers RE (1995) Reversai of asymmetry of the planum

temporale in schizophrenia. Am J Psychiat 152:715- 21

55. Sullivan EV, Shear PK,Lim KO,Zyrpursky RB, Pfefferbaum A (1996) Cognitive and

motor impairments are related to gray matter volume deficits in schizophrenia. Biol

Psychiatry 39:234-40

56. Weinberger DR, Berman, KF, Ostrem, IL, Abi-Dargharn, A and Torrey, EF (1993)

Disorganization of prefrontal-hippocampal connectivity in schizophrenia: a PET

study ofdiscordant twins Soc Neurosci Abstr 19:7

57. Saykin Al, Gur RH, Gur RE, Mozley PD, Mozley LfL Reesnick SM, Kester DB,

Statiniak P (1991) Neuropsychologital function in schizophrenia. Selective

impainnent in memory and leaming. Arch Gen Psychiat 48:618- 624

58. Goldberg TE, Berman KF, Mohr E, Weinberger DR (1990) Regional cerebral blood

Dow and cognitive function in Huntington"s disease and schizophrenia. A

comparison oC patient matched for performance on a prefrontal-type task Arch

Neuro147:418-22

59. Sherban G, George A, Siegel S, Deleon M, Gaffuey M (1990) Computed

tomography scans and negative symptoms in schizophrenia: chronic schizophrenies

with negative symptoms and nonenlarged lateral ventricles. Acta Psychiatr Scand

81:441-7



•

•

82

60. Lipska BK. Jaskiw GE, Weinberger DR (1993) Postpubertal emergence of

hyperresponsiveness to stress and to amphetamine after neonatal excitotoxâc

bippocampal damage: A poteotial animal model of schizophrenia.

Neuropsychopharrnacology 9:67-75.

61. Akbarian S, Bunney WE jr, Potkin SG, Wigal SB, Hagman JO, Sandman CA, Jones

EG (1993) Altered distribution of nicotinamide-adenine dinucleotide phosphate­

diaphorase cells in frontal lobe of schizophrenies implies disturbances of cortical

development. Arch Gen Psychiat 50:227-230

62. Akbarian S, Vinuela A, Kim Il, Potkin SG, Bunney WE jr, Jones EG (1993) Altered

distribution of nicotinanlide-adenine dinucleotide phosphate-diaphorase cells in

frontal lobe of schizophrenies implies disturbances of cortical development. Arch Gen

Psychiat 50:227-230.

63. Fish B, Marcus l, Hans SL, Auerbach JG, Perdue S. (1992) Infants at risk of

schizophrenia: sequela of a genetic neurointegrative defect. Arch Gen Psychiat

49:221-235

64. Conrad Al, Abebe T, Austin R, Forsythe S, Scheibel AB (1991) Hippocampal

pyramidal cell disarray in schizophrenia as a bilateral phenomenon. Arch Gen

Psychiat 48:413-417

65. Arnold SE, Hyman BT, VanHoesen GW, Damasio AR (1991) Sorne

cytoarchitectural abnonnalities of the eotorhinal cortex in schizophrenia. Arch Gen

Psychiat 48:625-632

66. Benes FM, McSparren 1, Bird ED, SanGiovanni JP, Vincent SL (1991) Deficits in

small intemeurons in prefrontal and dogulate cortices of schizophrenies and

schizoatTective patients. Arch Gel1 Psychiat 48:996-1001

67. Rakic P (1988) Specification of cortical cerebral areas. Science 241:170-176.

68. Suddath RL, Christison GW, Fuler Torrey E ,Casanova MF, Weinberger DR (1990)

Anatomical abnormalities in the brain of monozygotic twins discordant for

schizophrenia. New Eng J Med 322:789-794.



•

•

83

69. Venables PH (1992) Bippocampal function and schizophrenia. Experimental

psychologicsl evidence. Ann NY Acad Sci 658: 111-127

70. Scheibel AB, Conrad SA (1993) Hippocampal dysgenesis in mutant mouse and

schizophrenie man: is there a relationship? Schizoph Bull 19:21-33

71. Eastwood SI , Burnet PW and Harrison P1. (1995) Altered synaptophysin

expression as a marker of synaptie pathology in schizophrenia. Neuroscienee

66:309-319

72. Arnold SE, Lee VMY, Trojanowski JQ (1991) Abnonnal expression of two

microtubule associated proteins (MAPl and MAPS) in specilic lields of the

hippocampal formation in schizophrenia. Proe Nad Acad Sei USA 88: 10850-10854

73. Weinberger DR , Faith Berman, Suddath RL, Fuler Torrey E (1992) Evidence of

dysfunction of a prefrontal-limbic network in schizophrenia:An MRI and rCBF

study of discordant monozygotic twins. Am J Psychiat 149:890-897

74. Barbeau D, Liang J 1, Robitaille Y, Quirion R, Shrivastava LK (1995) Decreased

expression of the embryonic form of the cell adhesion molecule in schizophrenie

brains. Proc Nad Acad Sei USA 92:2785-2789

75. Wong EV, Kenwriek S, Willems P, Lemmon V (1995) l\-Iutations in the cell

adhesion molecule LI cause mental retardation. TINS 18:168-172

76. Poltorak M, Khoja l, Hemperly Il, Williams JR, El..Mallakh R, Freed WJ (1995)

Disturbances in cel! recognition molecules (N-CAM and LI antigen) in the CSF of

patients with schizophrenia. Exp Neurol 131 :266-272

77. Mednick SA,Machon RA Huttunen MO Bonett D (1988) Adult schizophrenia

following prenatal exposure to an innuenza epidemic. Arch Gen Psychiat 45:189-192.

78. Liddle P, Friston K, Hirsh S, Jones T, Fraekowiak (1992) Patterns of cerebral FloW'

in Schizopbrenia. Br JPsychiat 160:179-186



•

•

84

79. Friston K, Liddle P, Fristh C , Hirsh S, Frackowiak (1992) The lert medial temporal

region and scbizophrenia. Brain 115:367-382

80. Shenton ME, Kikinis R, Jolesz FA, PoDak SO, LeMay M, Wible CG, Koharna H,

Martin J, Metca1f D, Coleman M (1992) Abnormalities of the lert temporal lobe and

though disorder in schizophrenia. A quantitative magnetic resonance imaging study.
N Eng J Merl 327:604-12

81. Weinberger D.R. Lipska BK (1995) Cortical maldevelopment, antipsychotics

drogs, and schizopbrenia: a search for common ground. Schizophr Res 16:87-110

82. Borison RL, Havdala HS, Diamond BI (1977) Chronic phenyethylamine stereotypy

in rats: a new animal model ofschizophrenia? Lire Sci 21:117-122

83. Kokkinidis L, Annisman H (1980) Amphetamine models of paranoid

schizophrenia: an overview and elaboration of animal experimentation. Psychol Bull

88:551-579

84. Komestsky C, Markowitz R (1978) Animal models of schizophrenia. In: Lipton

MA, Di Mascio A, Kilian KF Psychopharmacology: A Generation ofProgress, New York,

Raven Press pp 583-593

85. Pycock CJ, Kerwin RW, Carter Cl (1980) Elfect of lesion of cortical dopamine

terminais on subcortical dopamine recepton in rats. Nature 286:74-77

86. Deutch AY, Roth RH (1990) The determinants oCstress-induced activation of the

prefrontal cortical dopamine system. Prog Brain Res 85:376- 403

87. Deutch AV, Clark WA (1990) Prefrontal cortical depletion enhances the

responsiveness oC mesolimbic dopamine neurons to stress. Brain Res 521 :311- 315

88. Carlson JN, Visker IŒ, Keller RW, Glick 50 (1996) Left and right

6-hydroxy-dopamine lesions of the medial prefrontal cortex difTerentially alter
subcortical dopamine utilization and the behavioral response to stress. Brain Res

711 :1-9



•

•

85

89. LeMoal M, Simon H (1991) Mesocorticolimbic dopaminergic network: Functional

and regulatory role. Physiol Rev 71: 155- 234

90. Lipska BK, Jaskiw GE, Chrasputa S, Karoum F, Weinberger DR (1992) Ibotenic

acid lesion or the ventral hippocampus differentially aITects dopamine and its

metabolites in the nucleus accumbens and prefrontal cortex in the rat. Brain Res

585: 1-6.

91. Lipska BK, Jaskiw GE, Weinberger DR (1994) The efTects or combined prefrontal

cortical and hippocampal damage on dopamine-related behaviors in rats. Pharmacol
Biochem Behav 48: 1053-1057

92. Bardgett ME, Jackson JL, Taylor GT, Csemansky JO (1995) Kainic acid decreases

hippocampal neuronal Bumber and increases dopamine receptor binding in the

nucleus accumbens: an animal model of schizopbrenia. Behav Brain Res 70: 153-64

93. Mittleman G, LeDuc PA, Whishaw IQ (1993)The role of Dl and D2 receptors in the

heightened locomotion induced by direct and indirect dopamine agonists in rats

with hippocampal damage: an animal analogue of schizophrenia. Behav Brain Res

55:253-67

94. Paxinos G and Watson C (1982) The rat brain in stereotaxie coordinates.

Academie Press, New York.

95. Sakurai SV, Cha JH, Penney JB and Young AB 1991 Regional distribution and

properties of [JH]-MK-SOI binding sites determined by quantitative

autoradiography in rat brain. Neuroscience 40, 533-543.

96. Clark AS, Magnunsson KR, Cotman CW (1992) In vitro autoradiography of

bippocampal elcitatol1' amino acid binding in aged Fisher 344 rats: relationship to

performance on the Morris water maze. Behav Neurosci 106:324-335.

97. Tallaksen-Greene SI, Young AB, Penney JB, Beitz AI (1992) Excitatory amino acid

binding sites in the trigeminal principal sensory and spinal trigeminal nuclei of the

rat. Neurosci Lett 141:79-83



•

•

86

98. Paxinos G and Watson C (1986) The rat brain in stereotaxie eoordinates. 2nd ed.

Academie press, New York.

99. Jarrard LE, Okaichi H. (1984) On the role of hippocampal connections in the

performance of place and cue tasks: comparisons with damage to hippocampus.

Behav Neurosci 98:946-954

100. Olton OS, Samuelson RI (1976) Remembrance or places passed:spatial memory

in rats. J Experim PsychoI2:96-116

101. Flores G, Barbeau D, Liang JJ, Quirioo ~ Srivastava L (1996) Deereased binding

of dopamine D3 recepton in Iimbic subregions after neonatal bilateral lesion of the

rat hippocampus. J Neurosci 16:2020-2026.

102. Olton OS, Walker JA and Gage F (1978) Hippocampal connections and spatial

discrimination. Brain Res 139:295-308

103. Alba Z, Flores G, Barbeau D, Quirion ~ Srivastava LK (1995) Cortical NMDA

receptor levels are increased in adult rats following neonatal excitotoxic lesions of the

ventral hippocampus. Soe Neurosc Abstr 21: 1145

104. Pijenburg Al, Roning WM, Van Rossum JM (1975) Inhibition of d-amphetamine

induced locomotor activity by injection of haloperidol into nucleus accumbens of the

rat. Psychopharmacologia 41 :87-95.

105. Sharp T, Zetterstrom T, Ungerstedt U (1987) A direct comparison of

amphetamine-induced behavion and regional brain dopamine release in the rat

using intracerebral mycrodialysis. Brain Res 401 :322-330

106. Costall B, Naylor RL (1976) A comparison of the abilities of typical neuroleptic

agent and of thioridazin~ clozapine, sulpiride, and metoclopramide to antagonize

the hyp~ractivity indueed by dopamine applied intracerebrally to areas of the

extrapyramidal and mesolimbic system. Eur l Pharmacol 40:9-18



•

•

87

107. Sesack S~ Pickel VM (1990) In the rat medial nucleus aecumbens, hippocampal

and catecholaminergic terminais converge on spiny neurons and are in apposition to

each other. Brain Res 527:266-271

108. Mogenson GJ, Nielsen MA (1984) A study of the contribution of hippocampal­

accumbens..subpallidal projections to locomotor activity. Behav Neural Biol 42:38-51

109. Di Chiara G, Tanda G, Fray R, Carboni E. (1993) On the preferential release of

dopamine in the nucleus accumbens by amphetamine: further evidence obtained by

vertically implanted concentric dialysis probe. Psychopharmacology 112:398- 402

110. Essam WD, McGonigle P, Lucki 1 (1993) Anatomieal dilTerentiation within the

nucleus accumbens of the locomotor stimulatory actions of selective dopamine

agonist and D-amphetamine Psychopharmacology 112:233-241.

Ill. Brog J8, Salyapongse A, Deutch AY, Zahm OS (1993) The patterns of afferent

innervation of the core and shell in the accumbens part of the striatum:

immunohistochemical detection of retrograde transported nuoro-gold. J Comp

NeuroI338:255-278.

112. Kelly AE, Domesick VB (1982) The distribution of the projection from the

hippocampal formation to the nucleus accumbens in the rat:an anterograde and

retrograde HRP study. Neuroscience 7:2321-2335

113. Isaacson RL (1984) Hippocampal damage: etTects on dopaminergic systems of

tbe basal ganglia. Int Rev NeurobioI25:339-359

114. Yang CR,Moggenson OJ (1987) Hippocampal signal transmission to the

pedunculopootine nucleus and its regulation by dopamine 02 receptors in the

nucleus accumbens: an electrophysiological and bebavioral study. Neuroscience

23:1041-1055

115. Donzanti BA, Uretsky NJ (1983) EfTects of excitatory amino acid on locomotor

activity after bUateral microinjection into the rat nucleus accumbens: possible

dependence on dopaminergic mechanism. Neurophannacology 22:971-981



•

•

88

116. Pennartz CMA., Kitai ST (1991) Bippocampal inputs to identified neurons in an

in vivo slice preparation of the rat nucleus accumbens: evidence for feed-forward

inhibition. J Neurosci Il :2838..2847

117. Clarke PBS, lacubovic A, Fibirger HC (1988) Anatomical analysis involvement of

mesolimbocortical dopamine in the locomotor stimulant actions of D-amphetamine

and apomorphine. Psychopharmacology 96:511-520

118. Wu, M, Brudzynski SM (1995) Mesolimbic DA terminais and locomotor activity

ioduced from thesubiculum. Neuroreport 6:1601-4

119. Caer DB and Sesack SR (1996) Hippocampal afTerents to the rat prefrontal

cortex :synaptic target and relation to dopamine terminais l Comp NeuroI369:1-15

120. Wilkinson LS, Mittleman G, Torres E, Humbly T, Hall FS, Rabbins TW. (1993)

Enhancement of amphetamine-induced locomotor activity and dopamine release in

nucleus accumbens following excitotory lesions of the hippocampus. Behav Brain Res

55: 143-150

121. Iay T and Witter MF (1991) Distribition of hippocampal CAl and subicular

etTerents in the prefrontal cortex of the rat studied by nleans of anterograde

transport ofphaseolus vulgaris-Ieucoagglutinin. J Comp NeuroI313:574-586

122. Iaskiw GE and Weinberg DR (1992) Ibotenic acid lesions of the medial

prefrontal cortex augment swim-stress-induced-locomotion. Phanncol Biochem

Behav 41:607-609

123. Iaskiw GE, Karoum F, Freed WI, Phillips l, Kleinman JE, Weinberg DR (1990)

ElTect of ibotenic acid lesions of the medial prefrontal cortex on amphetamine­

induced locomotion and regional brain catecholamine concentration in the rat. Brain

Res 543:263-272

124. Swanson LW (1981) A direct projection from Ammon's horn to prefrontal

cortes in the rat. Brain Res 217:150-154



•

•

89

125. Siegel A and Tassoni JP (1971) Differentiai efferent projections from the ventral

and dorsal hippocampus orthe cat. Brain Behav EvoI4:185-200

126. Garcia-RiO E (1994) The basal ganglia and that locomotor regions. Brain Res

Rev Il :47-63

127. Groenewegen Hl, Berendse HW, Meredith GE, Harber SN, Voom, Wolters and

Lohman AHN (1991) FURctional anatomy of the ventral, limbic system-innervated

striatum. In The Mesolimbic Dopamine System, Chapter two. Edited by Willner and

Scheel-Kruger.

128. Zah DS (1989) The ventral striatopallidal parts of the basal gangUa in the rat.

Compartmentation orventral pallidal efTerents. Neuroscience 30:33-50

129. Lavin A., Grace AA (1994) The modulation of donal thalamic cell activity by the

ventral pallidum: its role in the regulation of thalamocortical activity in the basal

gaDglia. Synapse 18:104-127

130. Cerbone A, Sadile AG (1994) Behavioral habituation to spatial

novelty:interference and non interference studies. Neurosci Bio Behav Rev 18:497­

518

131. lsaacson RL (1974).The limbic system. Plenun Press New York pp 309-15

132. Paris S, Holzman P (1992) Schizophrenies show spatial working memory deficits.

Arch Gen Psychiat 49:975-982

133. de Silva WP, Hemleys DR (1977) The inDuence of context on language

perception on schizophrenia. Br J Clin Soc Psychol 16:337..345

134. Amsel A (1993) Hippocampal function in the rat:cognitive mapping or vicarious

trial and error? Hippocampus 3:251- 256

135. O'DonneU P and Grace AA (1995) Synaptie interaction among eleitatory

afrerents to nucleus accumbens neurons: hippocampal gating of prerrontal cortical

input. J Neurosci 15:3622-3638



•

•

90

136. Wilson~ McNaughton BL (1993) Dyoamics of the bippocampal ensemble

code for space. Science 261:1055-1058

137. Jarrard LE (1968) Behavior of hippocampal lesioned rats in home cage and

novels situations. Physiol Behav 3 :65-70

138. Lavoie AM, Mizumori SN (1994) Spatial, movement- and reward-sensitive

discharge by medial ventral striatum neurons in rats. Brain Res 638:157-168

139. Mysles-Worsley M, Johnston WA, Wender PH (1991) Spontaneous selective

attention in schizophrenia. Psychjat Res 39: 167-179

140. Fey ET (1951) The performance of young schizophenics on the Wisconsin Card

Sorting Test. J Consult PsychollS:311-319.

141. Jay TM, Burette F, Laroche S (1995) NMDA receptor-dependent long term

potentiation in the hippocampal afferent fibre system to the prefrontal cortex in the

rat. Eur J Neurosci 7:247-250

142. Wozniak DF, Olney, JW, Kettinger, L 3d, Price, M, Miller, JP (1990) Behavioral

effects ofMK-SOl in the rat. Psychopharmacology 101:47-56

143. Verma, Anita, Moghaddam B (1996) NMDA Receptor antagonists impair

prefrontal cortex function as assessed via spatial delayed alternation performance in

rats: modulation by dopamine. JNeurosci 16:373-379

144. Javitt D, Zukin S (1991) Recent advances in phencyclidine model of

schizophrenia. Am l Psychiat 148:1-10

145. Uchilhashi Y, Kuribara H, Isa Y, Morita T, Sato T (1994) The disruptive effects of

ketamine on pasive avoidanee leaming in miee:involvement of dopaminergic

mechanism. Psychopharmacology 61 :40-44

146. Parada-Turska J, Turski W (1990) Excitatory amino acid antagonist and memory:

etTect of drugs acting at NMDA receptors in leaming and memory tasks•

Neuropharrnacology 29:1111-6



•

•

91

147. Wesierska ~ Macias-Gonzalez ~ Bures J (1990) DilTerential etTect of ketamine

on the reference and working memory versions of the Morris water maze task. Behav

Neurosci 104:74- 83

148. ShapiroM, Caramano Z (1990) NMDA antagonist MX-SOI impairs adquisition

but not performance of spatial working and reference memory. Psychobiology

18:231- 243

149. Ishimaru M, Kurumaji A,Toru M (1994) Increases in strychnine-insensitive

glycine binding sites in frontal cortex of chronic schizophrenies: evidence for

glutamate hypothesis. Biol Psychiat 35:84- 95.

150. Akbarian S, Sucher NJ, Bradley D, Tafazzcli, Trinh D, Hetrick WP, Potkin SG,

Sandman CA, Bunney WE, Iones EG (1996) Selective alterations in gene expression for

NMDA receptor subunits in prefrontal cortex ofschizophrenia. I Neurosci 16:19-30

151. Sheng M, Cummîngs J, Roldan LA, Jan YN and Jan LV (1994) Changing subunit

composition of heteromeric NMDA receptors during development of the rat cortex.

Nature 368:144-147

152. Jay TM, Burette F, Laroche S (1995) N1\'lDA receptor-dependent long term

potentiation in the hippocampal aITerent fibre system to the prefrontal cortex in the

rat. Eur l Neurosci 7:247-250

153. Jay TM, Glowinski J and Thierry AM (1995) Inhibition of hippocampo-prefrontal

cortex excitatory responses by mesolimbic DA system. Neuroreport 6: 1845-1848

154. Jedema HP, Moghaddam B (1994) Glutamatergic control of dopamine release

during stress in the rat prefrontal corteL J Neurochem 63 :785-8

155. Eastwood SL, McDonnald B, Burnet PWJ, Kerwin RW, Harrison PI (1995)

Decreased expression of mRNAs encoding non-NMDA glutamate recepton GluRl

and GIuR2 in medial temporal neurons in schizophrenia. Molec Brain Res 29:211-223

156. Baskys A (1992) Metabotropic receptors and slow excitatory actions of

glutamate agonists in the hippocampus. TINS 15:92-96



•

•

92

157. Schoepp D.O and Conn P.l (1993) Metabotropic glutamate receptor in brain

function and patbology. TlPS 14, 13-19

158. Nieoletti F, Bruno V,Copani ~ Casaboan, Knopfel T (1996) Metabotropic

glutamate receptors: a new target for the therapy of neurodegenerative disorden?

TINS 19:267- 271

159. Nicoletti F, Iadarola Ml, Wroblewski JT, Costa E (1986) Excitatory amino acid

recognition sites coupled with inositol phospbolipid metabolism: developmental

changes and interaction with alpha l-adrenorecepton. Proc Nad Acad Sei USA

83: 1931-1935

160. Schoepp DO, Salhoff CR, Hillman CC, Omstein PL (1989) CGS-197SS and MK­

SOI selectively prevent rat striatal cholinergie and gabaergic neuronal degeneration

induced by N-methyl-D-aspartate and ibotenate in vivo. J Neural Transm 78: 183-193

161. Catania MY, Landwehrrneyer GB, Standaler DG, Penney JB, Young AB (1994)

Metabotropic glutamate receptors are dilTerentially regulated during development.

Neuroscience 61 :481-495

162. Taber MT, Fibiger, He (1995) Electrical stimulation of the prerrontal cortex

increases dopamine release in the nucleus accumbens or the rat: modulation by

metabotropic glutamate receptor. 1 Neurosci 15:3896-3904

163. Rainnie DG, Holmes KR Schinnick-Gallagher P (1994) Activation of postsynaptic

mglur by trans ACPD hyperpolarizes neurons of the basolateral amygdala.

1 Neurosci 14:7208-20

164. Ouagazzal A, Nieoullon A, Amalric M, (1993) ElTects of dopamine Dl and D2

receptor blockade on MK-SOI-induced hyperlocomotion in rats. Psychopharmacology

111:427-34

165. Morari M, Calo G, Antonelli T, Gaist G, Acciarri N, Fabrlzi A, Bianchi C, Beani L

(1991) Inhibitory efTect of NMDA receptor activation on quisqualate-stimulated

phosphatydilinositol turnover in the human cerebral corteL Brain Res 5S3: 14-17



•

•

93

166. McDonnald JW and Schoep DD (1992) The metabotropic excitatory amino acid

receptor agonist 15,3R-ACPD selectively potentiates N-methyl-D-aspartate-induced

brain injury. Eur JPharmaco1215:353-3S4

167. Bruno V, Copani A, Knopfel T, Kuhn ~ Casabona G, Dell'Albani P, Condorelli DF,

Nicoletti F (1995) Activation of metabotropic glutamate receptors coupled to inositol

phospholipid hydrolysis amplifies NMDA-induced neuronal degeneration in

cultured cortical eells. Neurophannacology 34: 1089-1098

168. Collingridge GL and Singer W (1990) Esdtatory amino acid reeepton and

synaptie plasticity. TIPS Il :290-299

169. Youngren ID, Daly D~ Moghaddam B (1993) Distinct actions of endogenous

excitatory amino acids on the outnow of dopamine in the nucleus accumbens.

J Phann Exp Ther 264:289-93

170. Kelley AE (1992) NMDA receptor mediates the behavioral elTects of

amphetamine infused ioto the nucleus aecumbens. Brain Res Bull 29:247-254

171. Lipska, B~ Jaskiw, GE, Weinberger, DR (1994) The effects of combined

prefrontal cortical and hippocampal damage on dopamine-related behaviors in rats.

Pharmacol Biochem Behav 48:1053-1057

172. Swanson LW (1981) A direct projection from Ammon"s hom to prefrontal

cortex in the rat. Brain Res 21 7: 150-154

173. Jay T and WitterMP (1991) Distribition of hippocampal CAl and subieular

etTerents in the prefrontal cortex of the rat studied by means of aoterograde

transport of phaseolus vulgaris-Ieucoagglutinin.l Comp Neuro1313:574-S86

174. Mogenson, OJ, Nielsen, MAA (1984) A study of the contribution of the

hippocampal-accumbens-subpallidal projections to locomotor aetivity. Behav Neural

Biol 42:38-51



•

•

94

175. Feasey KJ Bruggencate G (1994) The NMDA receptor antagonist CPP

suppresses long tenu potentiation in rat hippocampal-accumbens pathway in vivo.

Eur J Neurosci 6:1247-1254

176. Kalsbeek A, Voom P, Buijs aM, Pool Vyling HBM (1988) Development of the

dopaminergic innervation in the prefrontal cortex of the rat. l Comp Neurol

269:56..72

177. Carr DB, Sesack SR (1996) Hippocampal alTerent! to the rat prefrootal cortex:

Synaptic targets and relation to dopamine terminais. J Camp NeuroI369:1-15

178. Braun AR, Jaskiw GE, V1adar ~ Sexton R, Kolachana B, Weinberger, DR (1993)

ElTects of ibotenic acid lesions of medial prefrontal cortex on dopamine agonist­

related behavion in the rat Pharmacal Biochem Behav 46:51-60

179. laskiw GE, Karoun F, Freed WJ, Phillips l, KIeinrnan JE, Weinberger DR (1990)

EtTects of ibotenic acid lesions on the medial prefrontal cortex on amphetamine­

induced locomotion. Brain Res. 534:263-272

180. Jaskiw GE, Weinberger, DR (1992) Ibotenic acid lesions of medial prefrontal

cortex augment swim-stress-induced locomotion. Pharmacol. Biochem. Behav.

41:607-9

181. Jaskiw GE, Karoun F, Weinberger DR (1990) Penistent elevation or dopamine

and its metabolites in the nucleus accumbens after mild subchronic stress in rats

with ibotenic acid lesions orthe medial prefrontal cortex. Brain Res 53:321-323

182. Raison RR, Walker C (1986) Mesial prerrontal cortical lesions and timidity in

rats D. Reactivity to novel stimuli. Physiol Behav 37:231-238

183. Realy 01, Meador-Woodruff 18 (1996) Differentiai regulation , by MK-SOl, of

dopamine receptor gene expression in rat nigrostriatal and mesocorticolimbic

systems. Brain Res 708:38-44

184. Carlsson M, Carlsson A (1989) The NMDA antagonist MK-SOI causes marked

locomotor stimulation in monoamine-depleted mice. J Neural Transm 75:221-226



•

•

95

185. Martin P, Svensson A, Carlsson A, Carlsson ML (1994) On the roles of dopamine

Dl vs. Dl recepton for the hyperactivity response elicited by MK-SOI. J Neural

Transrn 95:113-21

186. Carlsson M, Carlsson A (1990) Interactions between glutamatergic and

monoaminergic systems within the basal gangUa-implications for schizophrenia and
Parkinson's. TINS 13:272-6

187. Carlsson M, Carlsson A (1990) Scbizophrenia: a subcortical neurotransmitter

imbalance syndrome? [Reviewl. Sehizophrenia Bull 16:425-32

188. Wan Fj, Geyer MA, Swedlow NR (1995) Presynaptic dopamine-glutamate

interactions in the nucleus accumbens in the nucleus accumbens regulate

sensorymotor gating. Psychopsychology 120:433-41

189. Burns L, Robbins, TW, Everitt, BJ (1993) DilTerential elTects of excitotoxic lesions

oC the basolateral amygdala, ventral subiculum and medial prerrontal cortex on

responding with conditioned reinCorcement and locomotory activity potentiated by
intra-accumbens infusion ofD-amphetamine. Behav Brain Res 55:167-183

190. Fitzgerald LW, Deutch AY, Gasic Gregory, Heinemann SF, Nestier EJ (1995)

Regulation of cortical and subcortical glutamate receptor subunits expression by

antipsychotics drugs. J Neurosci 15:2453..2461

191. Yamamoto BK, Cooperman MA (1994) Differentiai etTects or chronic

antipsycbotic drug treatment on extracellular glutamate and dopamine
concentrations. JNeurosci 14:4159-66

192. Levesque D, Diaz J, Pilon C, Martes MP,Giros B,Souil B, Morgat JL,Sehwartz JC

(1992) Identification, characterization and localization orthe dopamine D3 receptor

in the rat brain bsing 7-3U-hydroxy-N-N-di-n-propyl-2-aminotetralio. Proe Nat!

Acad Sei USA 89:8155-8159

193. Larson ER, Ariano MA (1995) D3 and Dl dopamine receptors: Visualization of

cellular expression patterns in motor and limbic structures. Synapse 20:325-337



•

•

96

194. Waters N, Svensson K, Haadsma-Svensson Smith MW, Carlsson A (1993) The

Dopamine D3 receptor: a postsynaptic receptor inhibitory on rat locomotor activity.

l Neural Transm 94: 11-19

195. Svensson K, Carlsson A, Waters N (1994) Locomotor inhibition by the DJ ligand

R-(+)-7-0H-DPAT is independent of changes in dopamine release. J Neural Transm

95:71-76

196. Christie Ml, James LB, Beart PM (1985 ) An excitant amino acid projection from

the medial prefrontal corte~ to the anterior part of the nucleus accumbens in the rat.

l Neurochem 45:477-482

197. Shanks N, Larocque S, Meaney Ml (1995) Neonatal endotoxin exposure alten

the development of the hypothalamic..pituitary..adrenal axis:early iUness and later

responsiveness to stress. J Neurosci 15:376-384.

198. Deutch AI, Clark WA, Roth RH (1990) Prefrontal cortical dopamine depletion

enhanees the responsiveness of mesolimbic dopamine neurons to stress. Brain Res

521 :311-315

199. Henry C, Guegant G, Cador~ Arnauld E, Arsaut J, LeMoal~ Demotes J (1995)

Prenatal stress in rats facilitates amphetamine-induced sensitization and induces

long-lasting changes in dopamine receptors in the nucleus accumbens. Brain Res

685: 179-186

200. Alonso SI, Arevalo D, Afonso D, Rodriguez M (1991) ElTects of maternai stress

during pregnaocy 00 forced swimming test of the ofTspring. Physiol Behav

50:511-517

201. Reul lM, De Kloet ER (1985) Two receptor systems for corticosterone in the rat

brain: microdistribution and difTerential occupation. Endocrinology 117:2502-2511



•

•

97

202. Wolkowitz 0, Sutton., M Koulu M, Labarca R, Wilkinson L, Doran A, Haugher R,

Pickar D, Crawley, J (1986) Chronic ,:orticosterone administration in rats: behavioral

and biochemical evidence or increased central dopaminergic activity. Eur J Pharmacol

122:329-338

203. Bartanusz V, Aubl) .lM, Pagluisi S, Jezova D, Baff J and Kiss JZ (1995) Stress­

induced cbanges in mRNA levels or NMDA and AMPA receptor subunits in

selected regions or nt bippocampus and hypothalamus. Neuroscience 66:247-252

204. Magarinos AM and McEven BS (1995) Stress induced atrophy or apical dendrites

or hippocampal neurons: involvement or glucocorticoid secretion and EAA

receptors. Neuroscience 69:89-98

205. Lyion M , McClure WO. (1994) Investigations of fetal development models for

prenatal drug exposure and schizophrenia. Prenatal d-amphetamine efTects upon

early and late juvenile behavior in the rat. Psychopharmacology 116:226·236

206. Nowak G, Redmond A, McNamara M, Paul lA (1995) Swim stress iocreases the

potency or glycine al the NMDA receptor comples. J Neurochem 64:925-7

207. Moghaddam B (1993) Stress preferentially inereases extraneuronal level of

excitatory amino acids in the prefrontal cortex: comparison to hippocampus and

basal ganglia. J Neurochem 60: 1650-7

208. Morrow BA, Clark WA, Roth RH (1993) Stress activation of mesocorticolimbic

dopamine neurons: etTects of a glycineJNMDA receptor antagonist. Eur J Phannacol

238:255-62

209. Goldstein L.E., Rasmusson A.M. Bunney B.S. Roth R.H. (1994) The NMDA

glycine site antagonist (+)- HA-966 selectively regulates conditioned stress-induced

metabolic activation of the mesoprefrontal cortical dopamine but not serotonin

systems: a bebavioral, neuroendocrine, and neurochemieal study in the rat.

l Neuroscience 14:4937-50



•

•

98

210. Fitzgerald LW, Ortiz 1 Hamedani AG, Nestier El (1996) Drugs of abuse and stress

increase the espression of GluRl and NMDARI glutamate receptor subunits in the
rat ventral tegmental area: common adaptations among cross-sensitizing agents.

1 Neurosci 16:274-282

211. Derroche V, Marinelli M,Maccari S, Le Moal M, Simon H, Piazza PV.(1995) Stress­

induced sensitization and glucocorticoids. Sensitization of dopamine-dependent

locomotor efTects of amphetamine and morphine depends on stress-induced

corticosterone secretion. JNeurosci 15:7181-8

212. Swerdlow NR, Koob GF, Cador M, Lorang M, Hauger RI (1993) Pituitary adrenal

asis responses to acute amphetamine in the rat. Pharmacol Biochem Behav 45:629-37

213. Juraska JM (1991) Ses ditTerences in ' cognitive' regions of the rat brain.

Psychoneuroendocrinology 16: 105-120

214. Alderson LM and Baum Ml (1981) Differentiai etTects of gonadal steroids on

dopamine metabolism in mesolimbic and nigrostriatal pathway of male rat brain.

Brain Res 218: 189- 206

215. Menniti FS,BaumMJ (1981) DitTerential etTetts of estrogen and androgen on

locomotor activity induced in castrated male rats by amphetamine, a novel

envirooment , or apomorphine. Brain Res 216:89-107

216. Lipska BL Weinberger DR (1994) Gonadectomy does not prevent novelty or

drug-induced motor hyperresponsiveness in rats with neonatal hippocampal

damage. Develop Brain Res 78:253-258



,. , . --
IMAljt. EVÂLUÂTiû··

TEST TARGET (QA_
N
3)

1
10 ~ 12.8 12.5
• W - -

~ ~ III"~ Il 2.2

L;,;,~ -

1.1 ~ ~ ~ IIIII~.....
111111.8

111111.25 111111.4 11111.6

L.
.J
1
.......--

- lS0mm -- --.J....

6" ------~~'.....,
1

APPLIED ~ IIVlAGE 1_ . ne
~ 1653 East Main Street
~~ Rochester, NY 14609 U-=---= Phone: 7161482.Q300 SA

__ Fax: 7161288-5989

C 1993. AppIied lma08. lne.. AlI Aights Reserved


