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This second volume of the Biovalley Monographs would never have been

published without the generous financial support of Dr. Georg Endress. Dr.

Endress is the father of the Biovalley concept. More than 10 years ago, he

launched the great adventure which consisted in creating a network of universi-

ties, scientists, companies, financial and political institutions to promote the

development of biotechnologies in the Upper Rhine Area. As you certainly

know, the Biovalley is located in the quadrilateral delimited by Basel, Freiburg

im Breisgau, Strasbourg and Mulhouse, and concentrates in a rather narrow

space major pharmaceutical firms, prestigious universities and numerous small

and middle companies involved in biotechnologies (in the pharmaceutical,

environmental as well as in medical or alimentary fields).

The idea of Dr. Endress was to give life to a network of cooperating actors

decided to share their knowledge and know-how and to create the first interna-

tional biotechnology cluster in Europe and possibly in the world. Ten years after

the launching of this project, Dr. Endress can be proud. The Biovalley is no

longer a dream but a living reality. In France, the Région Alsace has got the

label of ‘Pôle de Compétitivité à Vocation Internationale’ in ‘Innovations

Thérapeutiques’; Basel continues to welcome in its bio-incubators numerous

start-ups and spin-offs; Mulhouse has gained an international visibility in

ecopharmacology (environmental remediation), fine chemistry and biometry;

Freiburg can pride itself on developing innovative tissue engineering techniques

or green biotechnologies. Moreover, cooperative scientific programs could be

developed between teams from the Louis Pasteur University and Albert Ludwig

University, or between Basel, Louis Pasteur and Albert Ludwig Universities.
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Regularly, international conferences are held in our golden quadrilateral; the

next will take place in Colmar (8th and 9th of November) and will be devoted to

‘The new RNA frontiers’, in the frame of the now classical Colmar Symposia.

Certainly we should intensify the trinational cooperation and give up our

natural tendency to national chauvinism. But the publication of the

Monographs, the papers of which were written by scientists working in the

Biovalley, obviously proves that we have progressed toward the settlement of a

friendly and efficient cluster. We are indebted for this to Dr. Endress and his

somewhat prophetic vision.

Thank you again, Dr. Endress.

Philippe Poindron, Strasbourg
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Theoretical Considerations on 
Animal Models

Philippe Poindrona, Noëlle Callizot b, Pascale Piguet c

aLaboratoire de Pathologie des Communications entre Cellules Nerveuses et

Musculaires, Faculté de Pharmacie, Université Louis-Pasteur, Strasbourg, France;
bNeuropharmacology, Phytopharm plc, Godmanchester, UK; cPharmazentrum,

University of Basel, Basel, Switzerland

Abstract
Aimed at studying human diseases, animal models emerged in the 1800s and under-

went a real boom during the last century. Whether isomorphic or homologous – a categoriza-

tion based on the extent of similarities between human and animal diseases –, animal models

have led to tremendous progress in therapeutics. Following an introduction about history and

ethical issues of animal models, this article describes their main features. What are the dif-

ferent kinds of animal models? What characterizes induced (experimental) disease, sponta-

neous disease, transgenic disease, negative disease and orphan disease models? What are the

limits and pitfalls of animal models? What parameters should be taken into consideration for

a better predictivity of the models? Various examples taken in the discipline of neuroscience,

and even psychiatry, illustrate the difficulties, success and concerns of animal modelling.

Copyright © 2008 S. Karger AG, Basel

Animal Models: Definition and Aims

Every researcher acts in a determined framework and according to an

experimental scheme supposed to give a satisfying representation of the studied

phenomenon. This material is indeed the model. The model has to be as close as

possible to the system it represents; it is used under conditions which mimic as

best as possible naturally occurring conditions. Importantly, it is not necessary

that a model possesses all the properties of a system, since, precisely, modelling

aims to create a simplified and useful representation. As mentioned by Segev

[1], ‘a model is something simple made by scientists to help them in under-

standing something complicated. A good model is one that succeeds to reduce



Poindron/Callizot/Piguet 2

the complexity of the modelled system while preserving its essential features’.

Of course, what is most often meant by ‘animal models’ is indeed the modelling

of humans. The official definition adopted by the American Research Council

Committee on Animal Models for Research and Aging states that ‘in biomed-

ical research, an animal model is a model in which normative biology or behav-

ior can be studied, or in which a spontaneous or induced pathological process

can be investigated, and in which the phenomenon in one or more respects

resembles the same phenomenon in humans or other species of animal’.

Animal models of human diseases offer the advantage – over biochemical

(enzymes, receptors) or biological (cell cultures, organites) models – to pos-

sess when appropriately chosen a higher degree of isomorphism (see below)

with the represented system, namely the human affected by a specific disease.

In fact, animals are organisms, just like humans, and a disease concerns an

organism in its integrity. If it is a mammal, it is easy to identify, as in the

human, homologous subsystems represented by the tissues and organs. When

an animal model is validated (even though validation should regularly be

reconsidered), it may be used for preclinical studies of new molecules. An

example is given by the pmn mouse [see also the article on amyotrophic lateral

sclerosis models by Echaniz-Laguna et al., this vol., pp. 11–38] which

develops a disease analogous to the Charcot-Marie type 2 disease, namely a

rapidly lethal axonopathy [2]. This mouse has been used to study the effects of

a new molecule, xaliproden, which delayed significantly the disease progress

[3] and is currently assessed for marketing authorization in the USA, Europe as

well as Japan for the treatment of sporadic as well as familial amyotrophic

lateral sclerosis.

A Few Words of History

Modelling – physiological, pathological or even technological processes –

has been a recurrent strategy developed by scientists in order to understand and

hopefully planify putative future events. In biology, the use of animal models

rose rapidly after 1800 when the scientific thought process recognized that

there was little hope of healing human disorders until it was first known how

living healthy systems function. The famous physiologist Claude Bernard pub-

lished in 1865 a book which addressed the physical induction of disease in

experimental situations. Other famous advocators of the experimental use of

animals, Louis Pasteur in France and Robert Koch in Germany, made their

tremendous contribution to the history of medicine. The number of laboratory

animal models increased gradually during the last century, to undergo recently

a real boom with the emergence of genetic models.
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Animal Models and Ethics: Defining the Necessities

Today, animal models are used virtually in every field of biomedical

research: based on ethical matters of testing in humans, this phenomenon, of

course, also raises the concern of finding alternatives to the use of animals.

Unfortunately, such real substitutes are not yet available to the scientific com-

munity in the majority of cases: studies with tissue cultures request a donor

organism in order to grow the living cells. Tumorous cell lines play an impor-

tant role in many studies, but only specific questions can be addressed in a liv-

ing support endowed with many modified and altered properties. Unforeseen

side-effects of inadequately tested new drugs have proven the need for exten-

sive tests before a safe licensing for human applications can be released:

thalidomide is a notorious illustration of an insufficient testing in Europe.

Studies with inferior organisms such as bacteria provide useful information on

cell functioning but cannot of course address the complexity of a network’s

activity. Such a network’s functioning can be advantageously studied using

computer simulation: nevertheless, a comparison between computer-generated

traces and living activity is necessary in order to validate the correctness of the

model. How to assess behaviour other than in living animals? Thus, final effec-

tive and reliable results request merging data from all the disciplines described

above. It would be unfair not to mention that scientists and other people con-

cerned with animal welfare have worked together to include refinement in test-

ing procedures in order to cause less stress to the animals and to reduce the

number of animals used in tests, while maintaining reliable data. No doubt that

this tendency will develop in parallel with the progress of science, and that ani-

mal welfare remains at the centre of every experimenter’s concern.

Identifying Pitfalls

When aimed to understand a biological – normal or not – mechanism, a

model is called exploratory. There may also be developed so-called explanatory

models: in that case, it is aimed to understand a biological problem, and such

models may even be mathematical. Finally, predictive models are used in order

to assess the impact of a treatment. The anatomy or morphology of the model

structure may be important in all 3 of these model systems.

The assumption that Homo sapiens is identical to other animals in his/her

bodily functions has however led to a number of errors in the history of medi-

cine. Galen, the Greek physician and philosopher (2nd century AD) studied

anatomy almost entirely in apes and pigs, but performed interspecies extrapo-

lation that was not critical enough and resulted in some errors. The prohibition
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by the church of post-mortem dissections of the human body conserved these

errors well into the 16th century. Animal models display their limits: a good

knowledge of these limits, together with careful choices and extrapolations, is

necessary at all steps of a scientific study. The extent of resemblance of the

biological structure in the animal with the corresponding structure in humans

is called fidelity. Even though a high-fidelity model with close resemblance

may seem advantageous, it is important to remember that the discriminating

ability may be even more fundamental, e.g. in predictive models. Thus, a

model developed to assess the carcinogenicity of a substance should of course

be addressed in a species thought to respond in a manner predictive of the

human response.

Isomorphism and Homology

Isomorphism
An important distinction has led to the classification of animal models into

‘isomorphic’ or ‘homologous’. For an animal model to fulfill the isomorphic

criterion, it must show the totality or at least a part of the clinical signs and

associated signs (anatomopathological, biochemical, electrophysiological)

observed in the humans affected by the disease of relevance. An animal model

is considered isomorphic if the animal signs are similar but their cause differs

between human and model. An example illustrates how much the use of this cri-

terion is both important and delicate. There is a line of mice presenting a spon-

taneous mutation for the dystrophin gene. If it was a good model of Duchenne

muscular dystrophy (DMD), this line, the mdx mouse [4, 5], should show clini-

cal signs of dystrophy: pseudohypertrophy, motor disorders, myogenic muscu-

lar atrophy for example. Moreover, the same anatomopathological and

biochemical modifications should be observed in the muscles of this animal as

in the ones of children affected by DMD (important fibrosis, fat infiltrations,

massive attack of fibres, increase in the serum creatine kinase). This is not the

case of the mdx mouse. Indeed, mdx mice present a certain hypertrophy of mus-

cles, but this sign is not accompanied by the fibrosis which is always associated

with the degeneration of human muscle [6, 7]. Moreover, the mouse motor dis-

orders are always very inconspicuous, even if they are more pronounced during

the weaning period when animals show an increased muscle activity. At this

time, a necrosis of muscular fibres may appear, together with an inflammatory

disorder and signs of hypercontraction of these fibres. Thus, as for human mus-

cles, the muscles of mdx mice deteriorate when used [8]. But mdx mice escape

from the irreversible muscular degeneration which affects human muscles,

thanks to a continuous regeneration [9, 10] revealed by the centronucleation
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phenomenon (central position of the nuclei within muscular fibres). In mice

aged 3 months and more, 80–90% of muscular fibres display central nuclei

indicative of an anterior regeneration. Regeneration is always superior to the

muscular degeneration resulting from the absence of expression of dystrophin.

Thus, the mdx mouse does not fulfill the criterion of isomorphism whereas it

partly fulfills the homology criterion which concerns causes, but also mecha-

nisms (see below).

Homology
The criterion of homology includes both causes and pathophysiology of

the disease. An animal model may be considered homologous if the signs

shown by the animal and the cause of the disease are identical to those of

humans. A good animal model is the one which develops a disease analogous to

the corresponding human disease, for the same reasons and based on the same

mechanism. Rabies would be a good example. As exemplified above, the mdx
mouse presents a mutation in the dystrophin gene, a mutation which induces in

humans DMD or a less severe form, Becker muscular dystrophy; the mdx
mouse thus fulfills a part of the homology criterion, and it appears legitimate to

attribute to the mutation the disorder the mice develop and which does not

affect congenic non-mutated animals. But in the case of this mouse line, the cri-

terion of homology is not strictly fulfilled since apparent causes do not have the

same effects at all.

In fact, most models are neither homologous nor isomorphic but often

termed ‘partial’. Even though these models do not mimic the entire human

disease, they may be used to study certain aspects of treatment of the human

disease.

Classification of Animal Models

Laboratory animal models can be categorized into 5 groups, namely

induced (experimental) disease models, spontaneous disease models, trans-

genic disease models, negative disease models and orphan disease models.

Induced Models
Induced models correspond to healthy animals in which the condition

under investigation has been experimentally provoked. Cerebral ischaemia

induced by a mechanical treatment is an example [see the chapter by Cam et al.,

this vol., pp. 52–65] of such an experimental disease model, which is indeed the

only group that theoretically allows a free choice of species. Care must however

be taken in this choice of species, as demonstrated by the lack of effectiveness
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of the chimpanzee models in immunodeficiency syndrome research.

Schistosomiasis (mansoni) infection may be studied in experimentally infected

mice but not in rats, whose immune system is able to fight the infection effec-

tively [11]. Most induced models are partial or isomorphic because the aetiol-

ogy of an experimentally induced disease is often different from that of the

corresponding disease in humans.

The Specific Case of Psychiatric Disorders

A very interesting and particular case illustrating the complexity to create

appropriate experimental models in the field of neuroscience is the one of

psychiatric disorders. Psychiatry has proven to be one of the most difficult

disciplines to penetrate for the development of satisfactory in vivo model sys-

tems for evaluating novel treatments. During the last century, important

advances were made in the study of animal behaviour thanks to the develop-

ment of ethology (Konrad Lorenz) and comparative psychology (Burrhus

Friederich Skinner), which have paved the way to a much better understanding

of animal behaviour. If there is no possibility to evaluate depression or schiz-

ophrenia in rodents, it is however possible to assess typical behaviours sup-

posed to be characteristic of normal or pathological emotions. In animal

investigations of psychiatric disorders, signs suggested to correspond to

human symptoms are looked for in animals, and replace the human symptoms

(such as anxiety, hallucinations…) which cannot be assessed by definition. In

rats, the neonatal ventral hippocampal lesions model is used to simulate some

aspects of the symptomatology of schizophrenia: it induces behavioural

abnormalities in adulthood [12]. Importantly, varied paradigms exist in schiz-

ophrenia (and other psychiatric disorders) research, which give the possibility

to compare different protocols. For example, the pharmacological model of

phencyclidine injections is known to produce schizophrenia-like symptoms in

humans and may as well be applied to animals [13]. Other abnormalities may

be looked for, such as deficits in eye tracking or prepulse inhibition, which are

thought to mimic some disturbances observed in schizophrenics [12, 14].

Nowadays, about 80 different mutant lines have been reported to display phe-

notypes interpreted as abnormal ‘depression-related’ or ‘anxiety-related’

behaviour [15]. In some cases, previous knowledge about the role of a gene or

gene product was indeed predictive of a given phenotype presenting emotional

disturbances.

To conclude, experimental models in psychiatry are particularly reminis-

cent of the overall properties of models in general: in no way may these models

pretend to be perfect ones, which would ideally reproduce all aspects of a

human disease. However, each model is useful to approach at least one side of

the disorder and is characterized by strict limits in its potential use.
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Spontaneous Models
Spontaneous animal disease models refer to conditions naturally present

in animals and identical to human diseases. Hypertension and type I diabetes

are good examples. These models are based on naturally occurring genetic

mutants, which exist in high numbers: hundreds of strains of animals with

hereditary diseases have been characterized and conserved in specific collec-

tions available to researchers. A famous example is Snell’s dwarf mouse which

lacks a functional pituitary gland or the pmn and wobbler mouse models which

display respectively a defect in tubulin assembly and a degeneration and loss

of spinal motor neurons [see the chapter by Echaniz-Laguna et al., this vol.,

pp. 11–38]. The spontaneous models are often isomorphic, displaying pheno-

type similarity between the disease in the animal and the corresponding disease

in the human, a similarity which often extends to similar reactions to treatment.

However, notable exceptions such as the spontaneously mutated mdx mouse

(see above) have been described, and such examples should always be kept in

mind.

Transgenic Models
When the object of a study is to define the possible genetic causes of a spe-

cific disorder, then comparable genomic segments involved in the aetiology of

the disease are a requirement. In transgenic models, the genome of animals has

been modified by inserting foreign DNA, replacing or neutralizing (knock-out

models) some genes. To be taken into account is however the existence of com-

pensatory mechanisms which may differ between humans and the animal

species.

Negative Models
Negative models are provided by species or strains in which a certain dis-

ease does not develop. One famous example investigated in the recent past is

the shark, well known for developing cancer with a very low incidence rate.

Such a property has led to clinical trials of the anticancer effects of shark carti-

lage in human patients: although the treatment was ineffective [16], this scien-

tific approach may reveal interesting properties of atypical species. Negative

models are mostly related to infectious diseases, which are pathologies often

restricted to a limited number of susceptible species: unresponsive species may

therefore provide insights into the pathogenic mechanisms and mechanisms of

resistance.

Orphan Models
Orphan model diseases correspond to functional disorders observed in

non-human species but not yet described in humans, and which are recognized
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when a similar human disease is later identified. Bovine spongiform

encephalopathy is such an example.

Choosing the Appropriate Model

As mentioned by Kinter et al. [this vol., pp. 39–51], ‘…several differ-

ent models of experimental autoimmune encephalomyelitis were developed,

which differ in the immunological reaction, inflammatory processes and the

neuropathophysiology in the CNS… Each model shares similarities to multiple

sclerosis but also differs in some aspects. Therefore, the proper selection of the

most valuable model is essential and strongly depends on the scientific ques-

tion being addressed’. As mentioned, different types of animal models are

endowed with different advantages and drawbacks. Once determined that the

use of laboratory animals is necessary, great attention must be paid to the selec-

tion of species, breed and strain. Vertebrates, especially mammals, provide

essential models for many specific human disease processes. Rats, mice,

guinea pigs and hamsters have been favoured because of their small size, ease

of handling, short life span and high reproductive rate. Criteria for selection or

rejection of particular animal models must take into account varied parameters

that might complicate results, such as special physiological features of the ani-

mal. Once they are generated, experimental results must be validated with

respect to the human.

One of the simpler extrapolation processes is illustrated by the determina-

tion of safe levels of exposure in people using toxicity data in animals. Of

higher complexity is the extrapolation of metabolic patterns and speed: then,

body size must be considered. For example, the metabolic rate of small animals

is much higher that that of large animals. Given that their organ size expressed

as percentage of body weight is similar to humans, this implies an increase in

heart frequency in small animals. Thus, scaling is an important factor to con-

sider, and achieving equal concentrations of a substance in the body fluids will

not request the same calculation of dosage as achieving a given concentration

over a certain time period [17].

The Criterion of Predictivity

Even so, qualitative extrapolation requests many more questions to be

answered before relying on comparative data. An important parameter is the cri-

terion of predictivity, which concerns reactivity to the treatments used to fight

disease in humans. An animal model is predictive of a human illness if it reacts
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the same way as humans to treatments effective in humans. Thus, L-dihydrox-

yphenylalanine is the treatment of choice of Parkinson’s disease: an animal

model of Parkinson’s disease must improve when treated with this molecule. 

L-Dihydroxyphenylalanine, in this precise case, is used as a reference com-

pound: every new molecule must be evaluated in comparison with the former.

Although the predictive value of animal studies may seem high if they have

been conducted thoroughly and have included several animal species, uncritical

reliance on the results may be dangerous. Notorious examples remain of drugs

developed by large pharmaceutical companies and which produced damage to

health in humans. What is noxious or ineffective in non-human species can be

innoxious in humans and reciprocally. Thalidomide, which crippled 10,000

children, does not cause birth defects in rats or many other species, but does so

in primates. The validity of extrapolation is further complicated by the genetic

diversity in humans, which raises the question of possible heterogenous aetiolo-

gies of the same disease in humans.

A number of different models may be used in complementarity to study a

biological phenomenon, and precise questions should be addressed in order to

integrate the limits of each model. It is not our aim in this monography to

review all animal models of human neurological diseases, but to supply the

reader with a few new models, well studied by their authors and susceptible to

be used in preclinical research.
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Applications, Limits and Future Challenges
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Abstract
Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder of unknown origin

affecting primarily motor neurons. The observation that point mutations in the copper/zinc

superoxide dismutase (SOD1) gene are present in some patients with autosomal dominant

familial ALS (FALS) has led to the generation of transgenic mice expressing various forms of

SOD1 mutants. The transgenic mouse models overexpressing high levels of mutant SOD1
develop motor neuron disease, and the toxicity of mutant SOD1 seems to be unrelated to cop-

per-mediated catalysis but rather to the tendency of a fraction of mutant SOD1 proteins to

form misfolded protein species and toxic aggregates. Involvement of cytoskeletal components

in ALS pathogenesis is supported by several mouse models of motor neuron disease with neu-

rofilament abnormalities and with genetic defects in microtubule-mediated transport.

Implication of vascular factors in ALS is supported by mouse models of motor neuron disease

with defects in the vascular endothelial growth factor gene. Mutations in the ALS2 gene are

responsible for autosomal recessive forms of FALS, and Als2 knockout mice exhibit motor

dysfunction and deficits in endosome trafficking. This review focuses on the applications, lim-

its and prospects of mouse models with motor neuron defects as tools for understanding ALS.

Copyright © 2008 S. Karger AG, Basel

Amyotrophic lateral sclerosis (ALS) is a devastating adult-onset human

disease of unknown origin in which degeneration of the spinal cord and cortical

motoneurons leads to paralysis, respiratory depression and death. The causes

for most cases of ALS are unknown, and the clinical course is highly variable,

suggesting that multiple factors underlie the disease mechanism.
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Approximately 10% of ALS cases are familial (FALS). The discovery in 1993

of point mutations in the gene coding for the Cu/Zn superoxide dismutase 1

(SOD1) in some FALS cases directed most ALS research to elucidating the

mechanism of SOD1-mediated disease. Surprisingly, unraveling the mecha-

nisms of toxicity of SOD1 mutants has proved to be extremely difficult.

Nevertheless, many neuronal death pathways have been revealed through

approaches with transgenic mice expressing SOD1 mutants. A key question in

understanding ALS is to determine to what extent cytoskeletal abnormalities

such as intermediate filament (IF) accumulations, a hallmark of the disease,

actively participate in the neurodegenerative mechanism. Transgenic mouse

models have been used to clarify the role of IF proteins in motor neuron death

with mixed results, but there is growing evidence that genetic defects in com-

ponents of the microtubule-based transport might be implicated in the degener-

ation of motor neurons. Recently, mutations in the ALS2 gene encoding a

protein with guanine nucleotide exchange factor (GEF) homology domains

have been demonstrated in autosomal recessive forms of FALS. This discovery

has led to the generation of transgenic Als2 knockout mice which exhibit motor

dysfunction and deficits in endosome trafficking. The latter observation has

opened new exciting research avenues in the field of motor neuron degenera-

tion. Surprisingly, genetic experimentally generated defects in the vascular

endothelial growth factor (Vegf) gene have been shown to provoke a motor neu-

ron disease mimicking ALS in a transgenic mouse model, suggesting that

chronic vascular insufficiency and/or lack of VEGF neuroprotection may be

involved in the degeneration of motor neurons in ALS. This review focuses on

the mouse studies that contributed to the understanding of the pathogenic path-

ways of motor neuron disease, and on the limitations of these models. The most

studied mouse models with motor neuron dysfunction are shown in table 1.

The Genetics of Familial Amyotrophic Lateral Sclerosis

A genetic basis has been determined for some FALS (table 2).

Approximately 20% of FALS are caused by dominantly inherited mutations in

the SOD1 gene [1]. The pathological and clinical similarities between familial

and sporadic disease have triggered hope that the animal models based on

mutant SOD1 might provide insight into physiopathological mechanisms com-

mon to both ALS and FALS. However, to date, there is no direct evidence vali-

dating this assumption. Using gene mapping methods, two research groups

have simultaneously identified a new gene linked to a rare, recessively inherited

juvenile- or infantile-onset form of ALS that progresses slowly [2, 3]. The gene,

localized on chromosome 2, encodes a 184-kDa protein (named ALS2 or alsin)
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with 3 putative GEF domains. Small GTP-binding proteins of the Ras super-

family act as molecular switches in signal transduction, affecting cytoskeletal

dynamics, intracellular trafficking and other important biological processes.

GEFs catalyze the dissociation of the tightly bound GDP from the small G pro-

tein in response to upstream signals. Although widely expressed, the ALS2 pro-

tein is enriched in nervous tissue, where it is peripherally bound to the

cytoplasmic face of endosomal membranes, an association that requires the

amino-terminal RCC1-like GEF domain [4]. The G protein(s) controlled by

ALS2 GEFs are still unknown, although a report has shown that ALS2 can act

Table 1. Mouse models with motor neuron defects

Mouse Neuropathology References

Protein misfolding
Mutant SOD1 Loss of spinal motor neurons 14, 16–18, 44, 45

Synuclein mutant IF and SOD1 aggregates, perikaryal 142

inclusions and spheroid-like inclusions 

in motor neurons

Intermediate neurofilament
abnormalities

Human NF-H or NF-L Perikaryal accumulation of NF and 76, 77

overexpressor axonal atrophy

Mutant NF-L Massive degeneration of spinal motor

neurons 80

NF-L knockout Developmental loss of 20% motor 66, 72, 73

neurons

Peripherin overexpressor Loss of spinal motor neurons 82

Microtubule abnormalities
p50 dynactin subunit Loss of motor axons 95

(dynamitin)

overexpressor

KIF5A knockout NF accumulations 93

Dynein mutations Loss of motor neurons 96

pmn mouse Motor neuron degeneration 100, 101

Short tau overexpressor Loss of motor axons 103

Other models
VEGF �-HRE Late-onset loss of motor neurons 106

Als2 knockout Late-onset degeneration of Purkinje cells 115, 116

wobbler mouse Loss of spinal motor neurons 110

NF-H, NF-L � Neurofilament, heavy and light subunits; HRE � hormone response ele-

ment.
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in vitro as an exchange factor for Rab5a, a small G protein implicated in the

control of endosomal trafficking [5]. All of the disease-causing mutants are

highly unstable, leading to the conclusion that early-onset motor neuron disease

is caused by loss of activity of one or more of the GEF domains of this endoso-

mal GEF [4]. More recently, researchers have identified other genes associated

with FALS, including senataxin (SETX), vesicle-associated membrane pro-

tein/synaptobrevin-associated membrane protein B (VAPB) and angiogenin

(ANG) [6–8]. These findings will undoubtedly lead to the discovery of new

molecular pathways implicated in motor neuron death. To achieve this goal,

transgenic Setx, Vapb and Ang mouse models will almost certainly be generated

in the near future. International efforts to find new genes linked to the remain-

der of FALS cases are under way, and rapid identification of several new genes

is anticipated in the near future.

Animal Models of Motor Neuron Disease

Many animal models of motor neuron disease have been described,

ranging from aluminum motor neuron toxicity in nonhuman primates to spinal

Table 2. Genetics of FALS

Disease Gene Chromosomal Inheritance Onset References

location

ALS1 SOD1 21q22.1 dominant adult 1

ALS2 ALS2 (alsin) 2q33 recessive adolescence 2, 3

ALS3 – 18q21 dominant adult 143

ALS4 SETX (senataxin) 9q34 dominant adolescence 7

ALS5 – 15q15.1 recessive adolescence 144

ALS6 – 16q12 dominant adult 145

ALS7 – 20ptel–p13 dominant adult 146

ALS8 VAPB (vesicle-associated 20q13.33 dominant adult 8

membrane protein/synaptobrevin

associated membrane protein B)

ALS ANG (angiogenin) 14q11.2 4 families adult 6

ALS-FTD DCTN1 (dynactin) 2p13 1 family adult 98

ALS-FTD – 9q21 dominant adult 147

ALS-FTD – 9p13.2–21.3 dominant adult 148

ALS-FTD CHMP2B (charged multivesicular 3 2 patients adult 149

body protein 2B)

FTD � Frontotemporal dementia.
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muscular atrophy in cows and horses [9–11]. Each of these models may provide

important information about the motor neuron and may therefore be relevant to

ALS. However, given the close resemblance of the mouse models to human dis-

ease, this review focuses exclusively on transgenic mouse models of ALS and

their general use in the field of ALS research.

Transgenic Mouse Models Expressing Familial-Amyotrophic-Lateral-
Sclerosis-Linked SOD1 Mutants

SOD1 Toxicity Is Not Related to Copper-Mediated Catalysis
More than a hundred different mutations have been discovered in the

SOD1 gene [1, 12]. SOD1 is an abundant and ubiquitously expressed protein.

Because of its normal function in catalyzing the conversion of superoxide

anions to hydrogen peroxide, it was first thought that the toxicity of different

SOD1 mutants could result from a decreased free-radical-scavenging activity.

However, different SOD1 mutants showed a remarkable degree of variation

with respect to enzymatic activity. Mice expressing mutants SOD1G93A or

SOD1G37R developed motor neuron disease despite elevation in SOD1 activity

levels [13]. Surprisingly, the SOD1G86R mutant is devoid of enzymatic activity

but transgenic mice develop motor neuron disease [14], suggesting that the

toxic gain of function is not related to the enzymatic dismutase activity.

Moreover, SOD1 knockout mice did not develop motor neuron disease [15].

The conclusion from these combined results was that the mutations in SOD1
generate a gain of new toxic properties. Unlike transgenic mice overexpressing

the wild-type SOD1, the mice bearing the SOD1G93A, SOD1G37R, SOD1G85R or

SOD1G86R mutants developed a motor neuron disease with many pathological

changes reminiscent of human ALS [14, 16–18]. The major histological hall-

marks found in the motor unit are presented in figure 1.

Both the nature of the toxicity of SOD1 mutants and the reason for the sus-

ceptibility of motor neurons are not fully understood. Initially, studies have

focused on aberrant copper-mediated catalysis as potential source of toxicity.

One hypothesis was that SOD1 mutations enhanced the ability of the enzyme to

use hydrogen peroxide as substrate to generate toxic hydroxyl radicals that can

damage cellular targets including DNA, protein and lipid membranes [19].

Another hypothesis was that the misfolding of SOD1 induced by mutations

would allow the access of abnormal substrates such as peroxynitrite to the cat-

alytic site leading to the nitration of tyrosine residues [20]. However, neither the

peroxidase activity nor peroxynitrite hypotheses were supported by transgenic

mouse studies except one [21]. The absence of endogenous SOD1 or the addi-

tion of wild-type SOD1 did not affect disease progression in mice expressing
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Fig. 1. Histological hallmarks of ALS in motor units of SOD1G86R mice. Symptomatic

G86R mice display characteristic features of motor unit degeneration. In the ventral horn of

the lumbar spinal cord (A–E), the number of motor neurons is decreased, and hyperchro-

matic pycnotic perikarya of motor neurons (A, arrows) corresponding to dying neurons are

seen. Motor neurons exhibit a strong p53 immunoreactivity in the nucleus (B, arrows) as well 
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mutant SOD1G85R [22]. Moreover, the gene knockout for the copper chaperone

for SOD1 that delivers copper to the SOD1 catalytic site had no effect on dis-

ease progression in mutant SOD1 transgenic mice [23, 24]. Finally, transgenic

mice overexpressing a mutant form of SOD1 lacking 2 of the 4 histidine

residues coordinating the binding of the Cu2� at the catalytic site still developed

motor neurodegeneration despite a marked reduction in SOD1 activity [25].

Thus, both studies show that SOD1 mutants cause motor neuron disease

through the gain of a new function that appears independent of the enzymatic

activity involving the copper catalytic site.

Toxicity of SOD1 Mutants Is Related to Misfolded Mutant SOD1 Protein
Species and Aggregates
To date, the prevailing view is that the toxicity of SOD1 mutants is related

to the propensity of mutant SOD1 to form noxious misfolded protein species

and aggregates [22, 23, 25–27]. However, the toxicity of these protein aggre-

gates is poorly understood. Deleterious effects could result from the coseques-

tering of essential cellular components and from overwhelming the capacity of

the protein folding chaperones and/or of the ubiquitin proteasome pathway to

degrade important cellular regulatory factors [28–30]. In cultured neurons,

increasing levels of heat shock protein 70 decreased formation of SOD1 mutant

aggregates and toxicity [29]. However, increasing heat shock protein 70 levels

by 10-fold did not affect disease pathology in mice expressing SOD1 mutants

[31].

Analysis of transgenic mice expressing various SOD1 mutants suggests

that the motor neuron death pathways are complex and involve multiple cas-

cades of events including oxidative damage, excitotoxicity, alterations in cal-

cium homeostasis, caspase activation, changes in Bcl-2, BclxL/S, Bax and p53

levels, mitochondrial defects and activation of the Fas transduction pathway

[32–35]. Studies on mice expressing mutant SOD1G37R also revealed a deregu-

lation of cyclin-dependent kinase (Cdk) 5 and Cdk4 activities in the spinal cord

[36–39]. However, recent studies do not support a role for Cdk5 in the patho-

genesis caused by SOD1 mutants [40]. As a matter of fact, the knockout of the

as aggregates of ubiquitin (C, asterisks) and SOD1 (D, arrows) in the cell body. These neu-

ronal modifications are correlated with a strong astrogliosis (E) visualized with an antibody

directed against glial fibrillary acidic protein. In the sciatic nerve (F), typical wallerian

degeneration of myelinated fibers is found (circles) and on the corresponding muscle, end

plates (G), visualized with rhodamine-�-bungarotoxin, are fragmented, attesting to a dener-

vation process. This process is accompanied by muscular atrophy visible in the gastrocne-

mius muscle as confirmed by the presence of degenerative fibers (arrows) and fibers with

reduced diameter (H). A–F Scale bar � 25 �m. G Scale bar � 5 �m. H Scale bar � 50 �m.
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p35 gene did not affect disease onset and progression in the SOD1G93A mice

[40]. Furthermore, the elimination by gene targeting of the neurofilament

medium subunit (NF-M) and heavy subunit (NF-H) tail domains containing the

Cdk5 phosphorylation sites conferred protection in SOD1G37R mice, rather than

deleterious effects anticipated from a loss of phosphorylation sink for Cdk5

activity [41]. One possible explanation for the benefit of removing the neurofil-

ament tail domains may be an enhancement of anterograde transport as defects

in axonal transport have been detected at early stages of disease in mice

expressing mutant SOD1 [41–43].

Several transgenic mice have been generated in which ALS-linked SOD1
mutants of different biochemical properties were expressed. Based on mRNA

expression levels, the rate of synthesis of mutant SOD1 in the widely used

mouse strain SOD1G93A with survival of approximately 130 days corresponds to

40 times the normal synthesis rate of mouse SOD1 [44]. For many other trans-

genic strains (G85R, D90A and G127X) with later-onset disease, the synthesis

rates correspond to approximately 20-fold the synthesis rate of endogenous

SOD1 (table 3). Thus, very high levels of mutant SOD1 mRNAs seem to be

required for the development of ALS-like phenotypes within the short life span

Table 3. SOD1 mRNA and protein levels in mice expressing various mutant SOD1
transgenes

Mouse strain Human SOD1 Human spinal Life span References

mRNA levels cord SOD1 days

relative to mouse protein levels

SOD1 relative to mouse

n-fold SOD1

n-fold

In vivo stable SOD1 mutants
G93A 40 17 124 44

D90A 20 20 407 44

G37R line 29 – 5 365 17

G37R line 42 – 12 154 17

In vivo unstable SOD1 mutants
G85R 17 0.90 345 18, 44

G127X 25 0.45 250 44

L126Z high low 210 45

Mice expressing 120 14

the murine
SOD1G86R mutation
(humanG85R equivalent)
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of mice. Moreover, the life span of the ALS mice is inversely proportional to

gene dosage. For instance, in the SOD1G127X strain, the survival times in hem-

izygous mice was twice as long as in mice homozygous for the transgene [44].

Yet, the steady-state levels of mutant SOD1 proteins in spinal cords may differ

widely between transgenic mouse strains. The level of human SOD1 protein in

the young G93A strain is 17-fold higher than the normal mouse SOD1 level,

whereas the young G85R and G127X mice exhibit levels that are only 90 and

45% of the mouse SOD1 level [44]. Transgenic mice expressing the mutant

SOD1L126Z with mRNA levels comparable to other ALS mouse models also

exhibited very low levels of mutant SOD1 proteins [45]. Such widely different

steady-state protein levels probably reflect different stabilities and degradation

of the various human SOD1 mutants. It is of interest that despite low human

SOD1 protein levels in the young G85R, G127X and L126Z mice, their life

span remains similar to the G37R or G93A mice that express similar human

SOD1 mRNA levels but much higher steady-state protein levels at early stages.

Nonetheless, the mutant SOD1 mice (G85R, G127X and L126Z) with low

steady-state protein levels showed similar amounts of detergent-insoluble

aggregates in the spinal cord at the end stage of disease [18, 44, 45]. To sum-

marize, the motor neuron disease may be caused by long-term exposure to nox-

ious misfolded mutant SOD1 species with propensity to aggregate. However,

the exact mechanism of toxicity of the misfolded SOD1 species is still elusive.

Nonneuronal Cell Types Are Involved in the Pathogenesis of SOD1-Linked
FALS
Detailed histological analyses of SOD1G93A mouse neuromuscular junc-

tions, ventral root and spinal cord at various ages revealed that motor neuron

pathology most probably begins at the distal axon and progresses in a ‘dying

back’ pattern [46]. Thus, the SOD1G93A mice show end plate denervation a long

time before ventral root axon loss and motor neuron loss. The failure to detect

mutant SOD1L126Z proteins in distal nerve fibers of transgenic mice suggests

that direct damage to axons by mutant SOD1 is not a requirement for such an

axonal dying back mechanism [45]. This observation might be indicative that,

at this anatomical level, other cell types, distinct from the motor neuron, initiate

the course of the disease. Studies performed on transgenic mouse models have

provided evidence that skeletal muscle may also contribute to neurodegenera-

tion in ALS. Indeed, early upregulation of mitochondrial uncoupling protein 3

and overexpression of genes involved in glucide and lipid metabolism have

been demonstrated in skeletal muscle in mice expressing SOD1 mutants [47,

48]. Interestingly, an attenuation of muscular hypermetabolism with a high-

energy diet extended the life span of ALS mice, suggesting that skeletal muscle

may be able to modulate motor neuron degeneration in SOD1-linked ALS [48].
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Besides the involvement of motor neurons, there is now compelling evi-

dence that nonneuronal cells might contribute to the pathogenic process in mice

expressing SOD1 mutants. In transgenic mice or rats expressing mutant SOD1,

there is a reduction in levels of the astroglial glutamate transporter excitatory

amino acid transporter 2 (EAAT2) that may provoke a glutamate-induced exci-

totoxicity [18, 49]. Glutamate in excess can cause neuronal death via abnormal

activation of glutamate receptors, allowing Ca2� entry into the cell and altering

cytosolic free Ca2� homeostasis. Moreover, microglial activation may be

involved in the neurodegenerative process. Strong nuclear factor �B activity

and expression of proinflammatory cytokines and chemokines were detected by

in situ hybridization in spinal cords of SOD1G37R mice [50]. The chronic induc-

tion of innate immunity by intraperitoneal injection of lipopolysaccharides

exacerbated disease in SOD1G37R mice, suggesting that inflammation may con-

tribute to neurodegenerative processes [51]. Conversely, an attenuation of neu-

roinflammation by minocycline or cyclooxygenase 2 inhibitors extended the

longevity of ALS mice [52, 53].

To determine which cell types produce the deleterious effects leading to

motor neuron death, transgenic mice expressing SOD1 mutants under astro-

cyte- or neuron-specific gene promoters have been generated (table 4).

Expression of the SOD1G86R mutation under the glial fibrillary acidic protein

promoter produced astrocytosis but no motor neuron disease [54]. Recently,

transgenic mice expressing a SOD1G37R cDNA under the prion gene promoter

were reported to develop motor neuron disease [55]. This demonstrates that

expression of mutant SOD1 in the neuromuscular unit is sufficient to cause dis-

ease, and that expression of mutant SOD1 in microglia is not required to trigger

disease. Surprisingly, neuron-specific expression of SOD1 mutants with NF-L

or Thy1 gene promoters in mice did not induce motor neuron disease [56, 57].

However, the possibility remains that the level of transgene expression during

aging was below the threshold necessary to provoke disease. This concern has

subsequently been addressed by the generation of chimeric mice comprised of

mixtures of normal and SOD1-mutant-expressing cells [58]. These chimeric

mouse studies with SOD1 mutants have demonstrated that neurodegeneration is

delayed or eliminated when motor neurons expressing mutant SOD1 are sur-

rounded by healthy wild-type cells. Moreover, these studies show evidence of

damage to wild-type motor neurons by surrounding cells expressing mutant

SOD1. More recently, transgenic mice expressing a SODG37R mutation under

the Islet-1 transcription factor promoter were developed [59]. The study of

these animals showed that expression of the mutation within motor neurons was

a primary determinant of disease onset and of an early phase of disease pro-

gression [59]. Interestingly, the study of recently generated transgenic mice

expressing a SODG37R mutation under the CD11b promoter suggests that
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disease progression is linked to the inflammatory response of microglia and

mutant toxicity within these cells [59]. Again, such data emphasize the impor-

tance of the cellular environment of motor neurons. It is noteworthy that trans-

genic mice expressing SOD1 mutants under a muscle-specific gene promoter

have not been generated until now. Such a model would be of tremendous value

to understand the role of skeletal muscle in the pathophysiology of motor neu-

ron disease.

Transgenic Mouse Models with Intermediate Filament Abnormalities

Neurofilament and peripherin proteins are two types of IFs found in the

majority of axonal inclusion bodies, called spheroids, in motor neurons of ALS

patients [60, 61]. Multiple factors can potentially cause the accumulation of IF

proteins including deregulation of IF protein synthesis, proteolysis, defective

axonal transport, abnormal phosphorylation and other protein modifications.

Evidence for neurofilament involvement in ALS came from the discovery of

codon deletions or insertion in the KSP phosphorylation domain of the NF-H

Table 4. Transgenic mice expressing tissue-specific SOD1 mutants

Mouse Tissue-specific Mutant-SOD1- Pathological changes References

promoter expressing tissue

regulating mutant

SOD1 expression

SOD1G86R GFAP astrocytes astrocytosis 54

SOD1G37R prion neuromuscular motor neuron disease 55

unit

SOD1G37R NF-L neurons no motor neuron disease 56

SOD1G93A Thy1 neurons no motor neuron disease 57

SOD1G37R Islet-1 neurons earlier onset of motor 59

transcription factor neuron disease

SOD1G37R CD11b microglia slowing of late motor 59

neuron disease

progression

Chimeric mice delayed 58

comprised of neurodegeneration when

mixtures of normal motor neurons expressing

and SOD1- mutant SOD1 are

mutant-expressing surrounded by healthy 

cells wild-type cells
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gene in a small number of sporadic ALS patients and from the report of muta-

tions in the rod domain of the NF-L gene in cases of Charcot-Marie-Tooth dis-

ease type 2 [62–64]. More recently, a peripherin frameshift mutation has also

been reported in a case of ALS [65].

Mouse Models with Knockout for Intermediate Filament Genes
Transgenic mouse models have been used to address the role of neurofila-

ment and peripherin proteins in neuronal function and disease. None of the

mice with knockout for any of the neuronal IF proteins (i.e. neurofilament pro-

teins, peripherin or �-internexin) develop gross developmental defects or motor

neuron disease [66–71]. However, IF deficiencies are not completely harmless.

The reduction in caliber of myelinated axons lacking NF-L was accompanied

by 50% reduction in conduction velocity, a feature that would be deleterious for

larger animal species [72]. The NF-L-null mice exhibited mild sensorimotor

dysfunction, but without overt signs of paresis [73]. Moreover, altered

cytochrome oxidase activity in numerous hindbrain regions has been detected

in the NF-L-null mice [74]. A significant loss of motor axons has also been

observed in these mice and in double NF-M/NF-H knockout mice [66, 69, 71].

In peripherin knockout mice, the number and caliber of myelinated motor and

sensory axons in the L5 roots remained unchanged but there was a reduction in

the number of L5 unmyelinated sensory axons, demonstrating that peripherin is

required for the proper development of a subset of sensory neurons [75].

Mouse Models with Neurofilament Overexpression
Overexpression in mice of any of the 3 wild-type neurofilament subunits

alone can provoke the accumulation of neurofilaments in neuronal cell bodies

[76, 77]. For instance, high-level expression of human NF-H proteins causes

large perikaryal neurofilament accumulations [78]. The sequestration of neuro-

filaments in the cell body resulted in atrophy of motor axons and altered axonal

conductances but without motor neuron death even in 2-year-old mice [79].

Intriguingly, overexpressing NF-L in NF-H transgenic mice reduced the

perikaryal swellings and rescued the motor neuron dysfunction illustrating

again the importance of subunit stoichiometry for proper neurofilament assem-

bly and transport [78]. The proof that neurofilament abnormalities can induce

neuronal death came from the expression of an assembly-disrupting NF-L
transgene having a leucine-to-proline substitution near the end of the conserved

rod domain [80]. Mice expressing this NF-L mutant at only 50% of the endoge-

nous NF-L level exhibited within 4 weeks after birth a massive loss of motor

neurons. Increasing the levels of bcl-2 did not protect the large motor neurons

from the toxicity of mutant NF-L [81]. Here too, the exact mechanism of toxic-

ity of mutant NF-L is still not understood.
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Mouse Models with Peripherin Abnormalities
Overexpression of wild-type peripherin in mice caused the selective loss of

motor neurons during aging [82, 83]. The onset of neuronal death was precipi-

tated by the absence of NF-L, as revealed by cross-breeding of peripherin trans-

genic mice with NF-L knockout mice. This context is reminiscent of the

findings in ALS in which a reduction of NF-L mRNA levels in affected motor

neurons is seen [84]. In addition, it induced formation of perikaryal and axonal

IF inclusions resembling spheroids in motor neurons of human ALS. Thus, the

toxicity of peripherin overexpression in mice may be related in part to the

axonal localization of IF aggregates. This is supported by the rescue of periph-

erin-mediated disease in mice by the overexpression of NF-H transgene [85]. A

possible explanation is that perikaryal sequestration of an excess peripherin

may reduce the formation of deleterious axonal IF accumulations. Other mech-

anisms may also contribute to the toxicity of peripherin overexpression. For

example, in vitro studies have shown that dorsal root ganglion neurons from

peripherin transgenic embryos die when grown in a proinflammatory CNS cul-

ture environment rich in activated microglia, suggesting that peripherin aggre-

gates might predispose neurons to deleterious effects of a proinflammatory

environment [86]. To investigate the role of peripherin in disease caused by

SOD1 mutations, SOD1G37R mice that lack peripherin or that overexpress

peripherin have been generated [87]. The excess or absence of peripherin did

not affect the onset and progression of motor neuron disease in mutant SOD1
mice. Thus, peripherin is obviously not a key contributor to motor neuron

degeneration associated with toxicity of mutant SOD1. Nevertheless, because

mutations in SOD1 are responsible for only a subset of all ALS cases, it remains

possible that peripherin might contribute to motor neuron loss in ALS of other

etiologies. However, recent support for the peripherin involvement in disease

came from the findings of toxic peripherin splice variants and from the discov-

ery of a frameshift mutation in the peripherin gene of a human ALS case [65,

88]. Studies with transgenic mice bearing this peripherin frameshift mutant

might spark new insights into the molecular mechanisms of motor neuron

disease.

Transgenic Mouse Models with Microtubule-Based Transport
Abnormalities

A feature that distinguishes motor neurons from other cells is their extreme

asymmetry (axon length up to 1 m) and large volume (up to 5,000 times that of

a typical cell). This size is the cause of an enormous metabolic load on the more

normally sized cell body that synthesizes the components for this large cell.
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Most proteins are synthesized in cell bodies and transported to nerve terminals

through axonal transport. Various molecular motors, which are multisubunit

ATPase members of the kinesin family and dynein, move cargos along micro-

tubules in the anterograde and retrograde directions, respectively. Impairment

of axonal transport has recently emerged as a common factor in several neu-

rodegenerative disorders. Mutations that disrupt either kinesin or the dynein

complex cause impairment of axonal transport, blockade of membranous car-

goes and axonal degeneration. In SOD1 mutants, several arguments support the

hypothesis of impairment in axonal transport. G37R and G85R mice show an

early decline of slow axonal transport [43]. In G93A, Zhang et al. [42] reported

a modulation of fast axonal transport, and Warita et al. [89] showed a decrease

in kinesin accumulation in the proximal end of ligated sciatic nerve, suggesting

an early impairment of fast axonal transport in the anterograde direction. In

G86R mice, there is an upregulation of fast axonal transport [90]. All these data

suggest an early impairment of axonal transport in ALS mouse models.

Mouse Models with Kinesin Defects
Mice heterozygous for disruption of the kinesin KIF1B gene have provided

the proof that defects in axonal transport can provoke neurodegeneration [91].

As a matter of fact, these mice showed a defect in transporting synaptic vesicle

precursors, and they suffer from progressive muscle weakness similar to human

neuropathies. This discovery subsequently led to the identification of a loss-of-

function mutation in the motor domain of the KIF1B gene in patients with

Charcot-Marie-Tooth disease type 2A [91]. Moreover, missense mutations in

the KIF5A gene are responsible for a hereditary form of spastic paraplegia, and

disruption of the KIF5A gene in mice was reported to cause neurofilament

transport impairment [92, 93].

Mouse Models with Dynein Abnormalities
Dynein is a molecular motor involved in retrograde axonal transport of

organelles along microtubules. Dynein activity requires association with dyn-

actin, a multiprotein complex that activates the motor function of dynein and

participates in cargo attachment [94]. The overexpression of the p50 subunit of

dynactin, dynamitin, disrupts the dynein/dynactin complex and thereby inhibits

motor activity. Transgenic mice overexpressing dynamitin developed a late-

onset and progressive motor neuron disease resembling ALS with neurofila-

mentous swellings in motor axons [95]. Other mouse mutants, called legs at odd

angles (Loa) and cramping 1 (Cra1), that arose by mutagenesis with N-ethyl-N-

nitrosourea, were found to carry missense mutations in the dynein heavy chain

1 gene [96]. The Loa and Cra1 mice bearing heterozygous dynein mutations

develop progressive motor neuron disease due to impairment in retrograde
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transport. The notion that impairment of retrograde axonal transport may play a

causative role in pathogenesis is further supported by the discovery of missense

mutations in the dynactin/p150glued causing lower motor neuron disease in

humans [97, 98]. Surprisingly, recent studies performed on double-transgenic

SOD1G93A-Cra1/� mice demonstrated that mutations in dynein led to a

decrease in motor neuron death in SOD1G93A mice [99]. Again, these results

underline the importance of axonal transport to understand the selective degen-

eration of motor neurons.

A Spontaneous Mouse Model with a Defect in Tubulin Assembly: The pmn
Mouse
This autosomal recessive motor neuron disease was discovered by sponta-

neous mutation in mice. Animals homozygous for the pmn mutation develop a

progressive caudocranial degeneration of their motor axons from the age of 2

weeks and die 4–6 weeks after birth. Evidence for the importance of the axonal

transport machinery in motor neuron disease came from the identification of a

gene mutation responsible for the pmn in the mouse. Two groups identified the

pmn mutation as a substitution at the last residue of the tubulin-specific chaper-

one E protein [100, 101], which is essential for proper tubulin assembly and for

the maintenance of microtubules in motor axons. Thus, it can be extrapolated

that altered function of tubulin cofactors might be implicated in human motor

neuron diseases.

Mouse Models with Tau Defects
Tau is a microtubule-associated protein involved in stabilization of micro-

tubules. There are 6 tau isoforms that are derived from a single gene via alter-

native splicing of the primary gene transcript. Abnormalities of tau in human

disease are known as tauopathies that include Alzheimer’s disease, frontotem-

poral dementia with parkinsonism linked to chromosome 17, progressive

supranuclear palsy and ALS/parkinsonism-dementia complex of Guam [102].

Transgenic mice overexpressing the shortest tau isoform developed axonal

degeneration of spinal neurons and motor weakness [103]. These tau transgenic

mice are characterized by the presence of filamentous aggregates of hyperphos-

phorylated tau, not only in cortical and brainstem neurons, but also in spinal

neurons [104]. The inclusions contain 10- to 20-nm tau-positive straight fila-

ments. Gliosis has been detected in the spinal cord with degeneration of axons

in ventral roots. Neurofilaments are also associated with these aggregates,

demonstrating that abnormalities in tau protein can directly affect neurofila-

ments. Cross-breeding experiments with tau transgenic mice and NF-L knock-

out mice demonstrated an alleviation of tau-mediated disease by reducing the

neurofilament content [105].
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Transgenic Mice with Targeted Disruption of the Hypoxia Response
Element in the Vascular Endothelial Growth Factor Gene

Vascular endothelial growth factor (VEGF) is a cytokine essential for angio-

genesis. Targeted disruption in mice (Vegf d/d) of the hypoxia response element

sequence in the Vegf gene unexpectedly resulted in severe motor deficits at 5–7

months of age with pathological changes resembling ALS [106]. However, the

mechanism of disease is still unclear. It has been suggested that chronic vascular

insufficiency and possibly a lack of VEGF neuroprotection might result in motor

neuron degeneration. The SOD1G93A mice crossed with Vegf d/d mice die earlier

because of severer motor neuron degeneration [107]. Furthermore, some studies

found an association between some human haplotypes in the VEGF upstream

promoter sequence with risk of ALS, and there is evidence for a VEGF deregula-

tion in response to hypoxia in patients with ALS [101–103, 107–109]. Thus,

altered responses to hypoxia may be a contributor to motor neuron survival.

A Spontaneous Mouse Model of Motor Neuron Disease: The wobbler
Mouse

The wobbler mice originated from a spontaneous mutation that is transmit-

ted by an autosomal recessive gene wr mapping to chromosome 11. This animal

is a model of motor neuron disease which has been extensively investigated

[110]. However, the exact genetic defect has not yet been identified. The patho-

logical signs of wobbler mice can be recognized early in the postnatal period.

The disease is associated with the degeneration and loss of spinal motor neu-

rons. Pathology of cortical motor neurons has also been reported [110]. The

wobbler phenotype is characterized by perikaryal vacuolar degeneration and

swelling of motor neurons, astrogliosis and microglial activation. There is evi-

dence of dysfunctional mitochondrial respiration in the wobbler with decreased

activity of complex IV in a manner similar to what has been reported in the

spinal cord of patients with sporadic ALS [111]. Ubiquitin and hyperphospho-

rylated NF-H immunoreactivities have also been detected in cortical neurons of

affected animals [112]. Moreover, increased expression of neurofilament NF-M

protein has been observed in affected motor neurons in the wobbler mice [112].

Transgenic Mouse Models with Knockout for Als2

Mutations were observed in coding exons of a new gene mapping to

chromosome 2q33, ALS2 coding for alsin, from patients with an autosomal
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recessive form of juvenile ALS, primary lateral sclerosis and infantile-onset

ascending hereditary spastic paralysis [2, 3, 113, 114]. The ALS2 gene is ubiq-

uitously expressed. It encodes a protein with GEF homology domains that are

known to activate small guanosine triphosphatase (GTPase) belonging to the

Ras superfamily. The RCC1-like, DH/PH and VPS9 domains are GEF for small

GTPase Ran (Ras-related nuclear), Rho (Ras-homologous member) and Rab5

(Ras-related in brain 5), respectively.

Als2 knockout mice have been described by 2 groups [115, 116]. These

studies have demonstrated that the absence of Als2 does not produce a severe

phenotype in mice. However, the studies by Cai et al. [115] showed that the

Als2-null mice develop age-dependent deficits in motor coordination, and pri-

mary cultures of motor neurons lacking Als2 were more susceptible to oxidative

stress in vitro. Whereas Cai et al. [115] detected no neuropathological changes

in their Als2-null mice, Hadano et al. [116] showed that Als2-null mice develop

an age-dependent and slow progressive loss of cerebellar Purkinje cells, a

reduction in ventral motor axons during aging, astrogliosis and evidence of

deficits in endosome trafficking. As a consequence, it is anticipated that the

alsin knockout mice might be useful to investigate some aspects of Als2 func-

tions in endosomal trafficking and the mechanisms of long-term degeneration

of large neuronal groups.

Transgenic Mouse Models with Motor Neuron Defects as a Tool to Test
Therapeutic Strategies for Amyotrophic Lateral Sclerosis

To date, there is no effective pharmacological treatment for ALS.

Transgenic animal models that exhibit many of the pathological changes in

human ALS provide useful tools for drug testing. Many of the pharmacological

approaches tested so far have produced only modest beneficial effects. Vitamin

E, gabapentin and salicylate had no effect on survival of SOD1G93A mice

[117–119]. Riluzole, a glutamate antagonist and the only drug currently

approved for ALS treatment, extended the life span of SOD1G93A mice by 10–15

days without affecting disease onset. More neuroprotection was provided in

SOD1G93A mice by the intracerebroventricular administration of zVAD-fmk, a

broad caspase inhibitor [120]. Celecoxib treatment significantly delayed the

onset of weakness and weight loss and prolonged survival by 25% [53].

Celecoxib is an inhibitor of cyclooxygenase 2, an enzyme that plays a role in

inflammatory processes and in the production of prostaglandins that can stimu-

late the release of glutamate from astrocytes.

Minocycline, a second-generation tetracycline with anti-inflammatory

properties, has been shown to increase survival in at least 3 independent
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laboratories, using 2 different mutant SOD1 mouse lines, and using various

modes of drug delivery [52, 121, 122]. Minocycline may confer neuroprotec-

tion through multiple pathways as it can reduce microglial activation, caspase

1, caspase 3, inducible nitric oxide synthase, p38 microtubule-associated pro-

tein kinase activation and mitochondrial cytochrome c release. Moreover, the

addition of riluzole and nimodipine further enhanced the effect of minocycline

on survival [123]. Minocycline is a clinically well-tolerated drug. There is an

ongoing trial in humans to test the effectiveness of minocycline in ALS.

Another antibiotic, the �-lactam antibiotic ceftriaxone, can confer some pro-

tection in the mouse model of ALS presumably through elevation of expression

of the glutamate transporter EAAT2 [124]. An elevation in EAAT2 would

attenuate glutamate neurotoxicity. A clinical trial is also in progress to test the

efficacy of ceftriaxone in human ALS. Another compound that can catalyti-

cally decompose oxidants as peroxynitrite, the manganese porphyrin AEOL

10150, was found to extend the survival of SOD1G93A mice by approximately

20 days when administered intraperitoneally or subcutaneously at sign onset

[125].

Apoptotic pathways might represent targets for disease intervention in

ALS. Thus, many neurotrophic factors such as insulin-like growth factor 1,

glial cell-line-derived neurotrophic factor, ciliary neurotrophic factor and

VEGF might confer protection to motor neurons. The failure of neurotrophic

factors in human trials so far may be due in part to the limited delivery of the

proteins to the target neurons. Recently, the intracerebroventricular delivery of

recombinant VEGF was found to delay disease onset and to extend survival in a

SOD1G93A rat model [126]. Another approach for treatment of motor neuron

disease that may be considered in the future would involve the delivery of viral

vectors to mediate expression of growth factors such glial cell-line-derived neu-

rotrophic factor, insulin-like growth factor 1 and VEGF [127–129]. Another

strategy for treatment of familial ALS cases would be to use viral vectors

encoding RNA interference molecules to target SOD1 mRNA for degradation

[130–132]. Indeed, SOD1 silencing with lentiviruses almost doubled the

longevity of mice expressing the SOD1G93A mutant [130].

Limits of Transgenic Mouse Models of Amyotrophic Lateral Sclerosis

Obviously, one should keep in mind that mice are not humans and some-

times therapeutic approaches that confer benefits with mouse models might fail

in a human trial. A good example is creatine, a compound believed to improve

mitochondrial function. Creatine administered in drinking water was found to

extend the longevity of mice expressing mutant SOD1 [133, 134]. However, a
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clinical trial of creatine was found to be ineffective in human ALS [135]. As a

consequence, the results in mouse models should be interpreted with caution.

Many factors must be considered including pharmacokinetics, as well as routes

and timing of drug administration.

There is also the question of validity of the mutant SOD1 mice as models

of gene defects that account for only 2% of ALS cases. More largely, one

should wonder whether results of drug testing in ALS mouse models are pre-

dictive of human outcomes. Is the widely used SOD1G93A mouse strain a valid

preclinical model for drug testing? The synthesis rate of the human SOD1
mutant in this mouse corresponds to 40 times the synthesis of endogenous

mouse SOD1. It has been proposed that extreme levels of mutant SOD1 pro-

teins in such mouse models can produce artifacts such as vacuoles, which may

not be relevant to human ALS pathogenesis [44]. In keeping with this concept,

it has recently been demonstrated that high human SOD1 mutation expression

rates in the mouse can cause artificial loading of mitochondria, suggesting that

the vacuolar pathology in transgenic mouse models is probably an artifact

caused by the extreme human SOD1 loading of mitochondria [136]. Perhaps, it

would be more appropriate to test therapeutic approaches and potential drugs in

experimental models with late onset of disease that mimic better the human sit-

uation, i.e. with lower gene copy number encoding the mutant SOD1 proteins.

For example, overexpression of a human NF-H transgene extended the life span

by several months in mice overexpressing SOD1G37R by 5-fold but the same

human NF-H transgene had little effect in mice overexpressing SODG37R by 12-

fold [36].

Another key question is whether mouse models with motor neuron defects

truly reflect human ALS. Indeed, human ALS is a disease characterized by a

selective motor neuron death not only in spinal cord and brainstem (lower

motor neurons, LMN), but also in motor neocortex (upper motor neurons,

UMN). Clinical and/or electrophysiological signs suggesting both LMN dys-

function (muscle atrophy and weakness, fasciculations, cramps) and UMN dys-

function (spasticity, brisk tendon reflexes, Babinski and Hoffmann signs) are

strictly required to diagnose ALS in man [137]. In contrast, although LMN dys-

function is usually obvious in mouse models with motor neuron defects, UMN

dysfunction is difficult, if not impossible, to evaluate ‘clinically’ in such mod-

els. Indeed, the rodent corticospinal tract and motor neocortex are anatomically,

morphologically and electrophysiologically different from their human counter-

parts [138, 139]. It seems therefore likely that UMN defects in the mouse and

man probably have different functional consequences in both species. However,

it has been demonstrated that cerebral neurons of transgenic SOD1 mice dis-

play subtle abnormalities that may be a distant reflection of the UMN dysfunc-

tion observed in human ALS [140, 141].
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Future Challenges

ALS is a complex disease with probably multiple causes, making the dis-

covery of effective therapies challenging. As a result, a combination of different

therapies acting in synergy will probably be needed for effective ALS treat-

ment. In a near future, new strategies might include a search for agents that can

prevent the abnormal aggregation of mutant SOD1 or IF proteins. Gene therapy

approaches involving the use of recombinant viruses offer a promising strategy

for the delivery of genes to enhance motor neuron survival or to silence specific

deleterious genes such as mutant SOD1. The next few years should provide

some perspective on the potential of neural stem cells to replace or to repair

damaged neurons. Eventually, a better understanding of ALS pathogenesis will

require the discovery of new genes associated with the disease.
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Abstract
Multiple Sclerosis (MS) is a chronic inflammatory disease of the central nervous sys-

tem (CNS). One of the mostly used animal models for MS is experimental autoimmune

encephalomyelitis (EAE). Until now several different EAE models have been developed, dif-

fering in the immunological reaction, inflammatory processes and the neuropathophysiology

in the CNS. Here, we present a model induced in Dark Agouti rats by immunization with the

N-terminal fragment of myelin oligodendrocyte glycoprotein. This specific model shows

several similarities to MS, such as a relapsing-remitting disease course, demyelination and

axonal degeneration. By immunohistochemical characterization, lesions could be detected

mostly in the spinal cord, but also in the optic nerve, brainstem, cerebellum and in different

areas of the forebrain. The mimicking of particular features of MS and the occurrence of spe-

cial disease entities like optic neuritis, Devic’s disease and the acute MS form of Marburg’s

type makes this EAE type an excellent model for investigating certain aspects of the patho-

physiology seen in MS.

Copyright © 2008 S. Karger AG, Basel

Multiple sclerosis (MS) is the most common neurological disorder of

young adults in the western countries. The hallmarks of the disease are demyeli-

nating lesions in the central nervous system (CNS). The current prevailing

hypothesis is that MS is an autoimmune disorder directed against CNS antigens

leading to inflammation and demyelination [for reviews, see 1–4]. The primary

cause and the pathogenesis of MS are still unknown. A common animal model

used to study possible pathological mechanisms of MS is experimental autoim-

mune encephalomyelitis (EAE). Since the initial experiments by Rivers et al.
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[5], several different models of EAE have been developed, which differ in the

immunological reaction, inflammatory processes and the neuropathophysiol-

ogy in the CNS [for reviews, see 6–8]. Each model shares similarities to MS but

also differs in some aspects. Therefore, the proper selection of the most valu-

able model is essential and strongly depends on the scientific question being

addressed.

The various models differ in the choice of species, strains, antigens and

immunization protocols are used. There exist models for nonhuman primates

like marmosets and rhesus monkeys, as well as for rodents like guinea pigs, rats

and mice. The latter has become the mostly used animal with the advantage of

the availability of genetically modified mice and the good knowledge about the

mouse genome. In rats, as well as in other animals, the susceptibility and the

type of EAE observed are strongly strain dependent. Furthermore, there exists a

large variety of antigens to induce EAE: whole spinal cord preparation, purified

myelin proteins, recombinant myelin proteins or synthetic peptides. The known

CNS antigens that can induce an autoimmune response and EAE are myelin

basic protein, myelin oligodendrocyte glycoprotein (MOG), myelin-associated

glycoprotein, proteolipid protein (PLP) and S-100 protein. Generally, there are

two different ways to induce EAE: by active immunization with neuroantigens

or by passive transfer of neuroantigen-specific T cells, which have been stimu-

lated in vitro with the antigen for 3–4 days. Even the immunization protocols

necessary for induction of EAE vary. For example, Dark Agouti (DA) rats

develop severe paralytic EAE after immunization with myelin basic protein in

incomplete Freund’s adjuvant, which lacks mycobacteria, whereas mice may

require multiple injections of antigen as well as additional pertussis toxin injec-

tions for EAE induction [9, 10].

As MOG-induced EAE in particular rat strains shares the major features of

MS such as a relapsing-remitting disease course and demyelination [11, 12], we

describe here a protocol for MOG-induced EAE in DA rats. The inbreeding of

these rats was initiated by Odell at the Oak Ridge National Laboratory and

completed at the Wistar Institute in 1965. This strain is susceptible to the induc-

tion of autoimmune thyroiditis [13] as well as collagen-induced arthritis follow-

ing immunization with type II collagens. Protocols were established for

MOG-induced EAE in DA rats using either recombinant rat [14] or mouse

MOG [15] as antigen. In the chronic relapsing EAE model which is presented

here, animals are actively immunized with a recombinant N-terminal fragment

of mouse MOG, which leads to the formation of inflammatory demyelinating

lesions depending both on T cells and anti-MOG antibodies [16].

The pathology in the described MOG-induced EAE model reflects the

spectrum seen in MS in many ways. Not only a relapsing-remitting disease

course like in classical MS can be observed, but special disease entities like
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optic neuritis, Devic’s disease and the acute MS form of Marburg’s type are also

observed in MOG-immunized DA rats [15]. Inflammatory demyelinating

lesions and axonal degeneration are both typical characteristics seen in MS, as

well as in the described EAE model. For these reasons, the MOG-induced

chronic relapsing EAE model in the DA rat represents a suitable model for

studying the pathophysiological mechanisms in MS.

Materials and Methods

All protocols for animal experimentations must first be reviewed and approved by an

Institutional Animal Care and Use Committee or must conform to governmental regulations

regarding the care and use of laboratory animals.

Purification and Expression of Recombinant MOG
Expression of Recombinant Mouse MOG

For the expression of recombinant mouse MOG, the bacterial expression vector pRSET

A (Invitrogen Corp.) was used containing the amino acids 1–116 of the mature mouse protein

fused to several histidine residues (HIS-tag) [17, 18]. An overnight culture was used for inoc-

ulation of a large expression culture in SOB (2% Bacto tryptone, 0.5% Yeast extract, 10 mM

NaCl, 2.5 mM MgSO4, 10 mM MgCl, ampicillin, kanamycin). The OD600 was measured until

it reaches 0.5 and expression was induced by the addition of isopropyl-�-D-thiogalactopyra-

noside at 1 mM final concentration. After 4 h the bacteria were harvested by centrifugation

(15 min, 4,000 g). The pellet was then frozen and stored until purification was performed.

Purification of HIS-Tagged MOG

For immobilized metal ion affinity chromatography, the Talon purification system

(Clontech) was used. The bacterial pellet was resuspended in lysis buffer (8 M urea, 100 mM

NaH2PO4, 10 mM Tris-HCl, pH 8) and sonicated to disrupt the bacteria. After a further cen-

trifugation (20 min, 10,000 g), the pellet was again resuspended in lysis buffer and the cen-

trifugation step was repeated. Both supernatants were pooled and subjected on the

immobilized metal ion affinity chromatography column for purification at room tempera-

ture. After loading, the column was washed with 2 vol lysis buffer and 2 vol washing buffer

(8 M urea, 100 mM NaH2PO4, 10 mM Tris-HCl, pH 6.3). The purified recombinant protein was

collected by eluting the column with elution buffer (8 M urea, 100 mM NaH2PO4, 10 mM Tris-

HCl, pH 4.5). To obtain soluble (not refolded) recombinant MOG, the purified protein was

dialysed 4 times (dilution factor 1:200 each) against 20 mM sodium acetate buffer (pH 3.6) at

4�C. Finally, the purified and soluble protein was concentrated (Centricon, 10,000 MWCO)

until the protein concentration was at least 2 mg/ml. The protein was aliquoted and stored at

�80�C. Aliquots once thawed were not frozen again.

Induction of EAE in DA Rats
Animals

Female 10- to 12-week-old DA/OlaHsd rats were purchased from Harlan (the

Netherlands). The animals were housed in light- and temperature-regulated rooms under
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specific pathogen-free conditions with free access to water and food. Note that the housing

conditions can also influence the clinical course of EAE. For example, particular transgenic

mice can develop spontaneous EAE when housed under nonsterile conditions, whereas those

maintained in a specific pathogen-free facility did not [19].

Antigen Preparation and Immunization

A 1:1 emulsion of 2 mg/ml recombinant MOG solution and incomplete Freund’s adju-

vant was prepared. The incomplete Freund’s adjuvant/antigen mixture was drawn up into a

glass syringe with an 18-gauge needle. The needle was removed, and a syringe was attached

to a double-ended locking hub connector (Luer-Lok, Becton Dickinson) or plastic 3-way

stopcock. At the other end, an empty glass syringe was attached, and the mixture was forced

back and forth from one syringe to the other repeatedly. When the mixture was homogeneous

and white, the connecter was disconnected, a 22-gauge needle was attached, and air bubbles

were removed. (When extruding a small drop on the surface of water, a good oil-in-water

emulsion should hold together as a droplet and not disperse.) The emulsion was prepared just

before the immunization and kept on ice. The DA rats were first anesthetized with isofluo-

rane, then the base of the tail was shaved and disinfected. Immunization was performed with

application of 100 �l of the emulsion subcutaneously at the base of the tail. The tail of each

animal was marked for identification. Rats were weighed daily, and the clinical score was

monitored as described below.

Monitoring the Clinical Score
One week after immunization, the rats were monitored every day for neurological

deficits, which start about 14 days after immunization. Each rat was graded daily and

assigned a score from 0 to 5 as shown in table 1. The rats were sacrificed after 60 days, and

brains, as well as spinal cords, were removed for further analysis. When they had a clinical

score of more than 3 for 2 days in a row, they had to be killed for ethical reasons.

The clinical stages of the disease are defined as follows: the acute phase is the period

of the first clinical signs, in which rats show ascending paralysis following active disease

induction. The phase of clinical improvement that follows a clinical episode was described as

remission. A remission was defined as a reduction of the clinical score by a minimum of 1

Table 1. Clinical score

Score Clinical signs

0 no clinical signs

1 tail weakness

2 monoparesis or monoplegia

2.5 mild paraparesis

3 paraparesis or paraplegia

3.5 paraplegia with spasticity

4 hemiplegia, quadriparesis

5 quadriplegia, moribund state
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grade for at least 2 days after the peak of the acute phase or a disease relapse has been

reached. A relapse is the phase of increasing neurological deficits seen after remission. This

is normally defined as an increase of at least 1 grade in the clinical score maintained for a

minimum of 2 days after remission has occurred. The animals were grouped in 4 different

categories depending on the disease course obtained by the clinical score recorded during the

experiment. The animals without any obvious neurological deficits represented one group. A

second group was composed of animals with an acute or progressive disease course showing

no remissions and not establishing a stable chronic phase. Animals showing a stable chronic

state after an initial acute phase represented a third group, and a fourth group consisted of

rats with a relapsing-remitting disease course, which was defined by at least 1 relapse of 1

score for a minimum of 2 days.

Immunohistochemistry
The animals were anesthetized by inhalation of 2–3 vol% isoflurane (Abbott,

Switzerland) and sacrificed by decapitation. The brain and the spinal cord were removed and

either fixed for 24 h in 4% paraformaldehyde (in phosphate-buffered saline, pH 7.5), cryopro-

tected and embedded, or directly embedded in O.C.T. compound (Tissue-Tek, Sakura Finetek,

NL) and freshly frozen using dry ice. Cryostat sections (12 �m) were either mounted on

gelatin-coated slides or processed as free-floating sections for further analysis. Tissue sections

were fixed in 4% paraformaldehyde for 30 min or in acetone for 1 min depending on the anti-

body used. For staining of PLP or neurofilament, the tissue sections were incubated in 70%

ethanol overnight at room temperature. After blocking the sections in blocking solution (phos-

phate-buffered saline, pH 7.5, 2% fish gelatine, 2% normal goat serum, 0.2% Triton X-100)

for 1 h, sections were incubated with the appropriate primary antibodies overnight at 4�C in

blocking solution [20]. When peroxidase was used, endogenous peroxidase was quenched by

incubation of slides for 20 min in methanol plus 0.3% H2O2. Incubation of secondary antibod-

ies was performed either with fluorescence-labeled or biotinylated antibodies in blocking

solution. When biotinylated secondary antibodies were used, further incubations were per-

formed with premixed avidin and biotinylated peroxidase complex (Vectastain ABC kit;

Vector Laboratories) according to the manufacturer’s instructions. The immunohistochemical

signal was revealed by a color reaction with 3-amino-9-ethylcarbazole. Counterstaining was

either performed with hematoxylin for 1 min followed by rinsing the slide in running tap

water, or with 4�,6-diamidino-2-phenylindole when using fluorescence-labeled antibodies.

Antibodies

The following primary antibodies were used: CD68 (ED1; Serotec; 1:500); PLP

(MCA839G; Serotec; 1:500); CD11b (MCA275R; Serotec; 1:500); glial fibrillary acidic

protein (GFAP, G-A-5; Sigma; 1:2,000). As a secondary antibody, a biotinylated goat anti-

mouse IgG (115–065–166; Jackson Immunoresearch; 1:500) was used.

Results and Discussion

Clinical Course of Disease
The first clinical signs, typically the loss of tail tonicity, were observed

about 2 weeks after the induction of EAE. In the MOG-induced EAE model in
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DA rats, the animals show a broad spectrum of different disease courses. By

varying the amount or the solubility of the antigen, the spectrum of disease

courses can be influenced. Immunization using precipitated recombinant MOG

leads to an increase in animals that develop an optic neuritis but fail to develop

clinical signs [15]. Increasing the amount of antigen leads to a larger fraction of

animals showing a relapsing-remitting disease course [21]. In our study, we

used 100 �g MOG resulting in 4 groups of animals defined in respect of the

clinical disease course. Typical EAE disease courses are shown in table 2 and

figure 1. One group of up to 30% was composed of animals showing no obvi-

ous neurological deficits (fig. 1a). A second group of rats displayed an acute

progressive form without a remission or a stable chronic phase (fig. 1b). These

animals have to be sacrificed early after the disease onset because of the lack of

disease amelioration or stabilization. After the initial acute phase, a third group

of animals stabilize in a chronic phase and show neither any detectable disease

progression nor amelioration of the disease (fig. 1c). Although it cannot be

excluded that there is still a slow disease progression that is not detectable by

the grading system, these rats resemble a group of animals with chronic EAE.

The last group is defined by rats developing a relapsing-remitting course

(fig. 1d) mimicking the typical disease course seen in MS patients during the

early disease phase. Although the classification into 4 groups is a simplifica-

tion, it demonstrates the spectrum of disease courses seen in MOG-induced

EAE in DA rats, which to some extent corresponds to the different disease

Table 2. Spectrum of disease course

Disease course Number Percent of total

No clinical signs 18 33

Acute 15 27

Chronic 8 15

Relapsing-remitting 14 25

EAE type distribution: clinical scores of the animals were

analyzed over time. Animals which had to be sacrificed after

less than 7 days after disease onset were counted as acute

EAE. An improvement of at least one score point for more

than one day was counted as remission. Animals having a

clinical course with a steady worsening and no improvement

over at least 20 days were counted as chronic-progressive

EAE. In total, we analyzed 70 animals from which 15 were

control and 55 were EAE animals.
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courses observed in MS patients. An experiment with a more homogenous dis-

ease outcome can be obtained by varying the dose and solubility of the recom-

binant MOG used for immunization.

Lesion Characterization
Lesion identification and characterization within the CNS were done by

immunohistological analysis with several antibodies to identify inflammation

(CD68), demyelination (PLP), astrogliosis (GFAP) or neuronal degeneration

(neurofilament). The pathology of MOG-induced EAE was characterized by

large inflammatory demyelinating lesions within the CNS. The highest inci-

dence of lesions was found in the spinal cord (fig. 2), optic nerve and tract,

brainstem, and cerebellum. In some animals, lesions can also be detected in

regions of the forebrain (fig. 3). The anatomical localization of inflammatory
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Fig. 1. Different disease courses in MOG-induced EAE in DA rats. Four typical dis-

ease courses can be observed in an EAE experiment induced by immunization with 100 �g

recombinant MOG. Whereas some animals do not show any clinical signs (a), others develop

an acute disease onset without remission (b). In some cases, animals stabilize after an initial

acute phase and show a chronic disease course without further relapses or remissions (c). The

fourth group includes animals which have a relapsing-remitting disease course characterized

by at least one relapse (d).
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Fig. 2. Examples of inflammatory demyelinating lesions in the spinal cord. Lesion

characterization was performed by immunohistological analysis to identify inflammation

(CD68; a, d, g, j), demyelination (PLP; b, e, h, k) and astrogliosis (GFAP; c, f, i, l). In con-

trast to control animals (a–c), inflammatory demyelinating lesions were present in animals

developing EAE (d–l). Inflammation in the white matter (d and g, arrows) was leading to

focal demyelinating lesions (e and h, arrows) and astrogliosis (f and i). Interestingly,

demyelination did not always correlate with infiltration (d and e, arrowheads). Note that

astrocytes are already activated in areas where demyelination was not yet evident (f, arrow-

heads). In some animals, a widespread infiltration as well as an extensive demyelination

could be observed (j and k). As a consequence, a strong activation of astrocytes could be

detected throughout the whole width of the spinal cord (l). df � Dorsal funiculus;

dr � dorsal root; gm � gray matter; vf � ventral funiculus; vr � ventral root; wm � white

matter.
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infiltrates influences the clinical score, which is based mainly on motor deficits

caused by spinal cord lesions. Additionally, ataxia can be observed primarily

due to lesions in the brainstem or cerebellum. Moreover, the anatomical distrib-

ution of lesions within the CNS is influenced by the antigen specificity of T

cells [22]. For example, adoptive transfer of myelin-basic-protein-specific T

cells in Lewis rats results in widespread inflammation of the spinal cord and

only minor involvement of the forebrain, whereas MOG-specific T cells induce

lesions also within the forebrain and the optical nerve.

a b c

d e f

Fig. 3. Demyelinating lesions in the brain. The MOG-induced EAE model in DA rats

also induces demyelinating lesions in the brain. Lesions are observed often in the brainstem

and the cerebellum, but also in periventricular regions of the forebrain, e.g. the septum (a).

The lesions are characterized by a loss of myelin proteins like PLP (b and c) and the presence

of reactive astrocytes (d). In the lesion, numerous CD11b-positive cells (f) can be seen,

which are composed of activated microglia and macrophages showing also phagocytotic

activity identified by the marker CD68 (e).
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Cellular Composition of Lesions
In most models of EAE, the cellular composition of lesions consists of

infiltrating T cells, macrophages and activated microglia. To identify infiltrating

phagocytotic cells, like activated macrophages and microglia, an antibody

against CD68 was used (fig. 2d, g, j, 3e). A high density of activated

macrophages/microglia could be detected in demyelinated areas within the

spinal cord (fig. 2d, g, arrows) and the brain (fig. 3e). Even areas adjacent to the

demyelinated lesions were often populated by CD68-positive cells, even though

they were apparently normal (fig. 2d, arrowheads). These might be signs of

ongoing white-matter destruction. Activation of macrophages/microglia could

be confirmed by using CD11b as an additional marker (fig. 3f). Strong

immunoreactivity of antibodies against GFAP demonstrated pronounced

astrogliosis in and around the lesions (fig 2f, i, l, 3d). In actively demyelinating

lesions, signs of antibody-mediated myelin destruction were observed, which

was evidenced by the presence of complement components and immunoglobulin

G [23]. In some cases, widespread demyelination, inflammation and astrogliosis

were observed throughout the whole width of the spinal cord (fig. 2j, k, l).

Demyelination
The extent of demyelination within the spinal cord (fig. 2e, h, k) and brain

(fig. 3a–c) was visualized by using an antibody recognizing the major myelin

protein PLP. MOG-induced EAE induces not only an encephalitogenic T-cell

response, but also an autoantibody response which initiates demyelination and

enhances disease severity in animals actively immunized with MOG. Passive

transfer of activated MOG-specific T cells only leads to inflammation, and

additional administration of antibodies is necessary to obtain demyelination

[16]. The strong demyelinating activity seen in animals actively immunized

with MOG is unique among the available EAE models. This demyelination is

mediated through a combination of complement- and antibody-dependent

mechanisms [14, 16]. Besides the strong demyelinating activity, signs of

remyelination can also be observed. This is evident after 10 days from onset of

disease and characterized by thin myelinated internodes [21].

Axonal Pathology
The rediscovery of axonal damage as an important component of MS has

led to new insights into the pathology of MS lesions [24, 25]. Axonal injury and

loss is thought to be responsible for the progressive exacerbation of the disease,

and the need for neuroprotective therapies has become apparent [for a review,

see 26]. Experimental studies showed parallel findings in EAE [27, 28].

Furthermore, specific molecular abnormalities such as redistribution of ion

channels on chronically demyelinated axons were identified, which may play an
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important role in the axonal pathology of MS [27, 29, 30]. The degree of axonal

loss correlates with clinical severity in progressive as well as relapsing-remit-

ting forms of MOG-induced EAE [21]. In contrast, demyelination and inflam-

mation do not show any significant correlation with the clinical severity scores

in animals having a relapsing-remitting disease course [21].

Conclusions

There are several EAE protocols available, and the choice of which model

should be applied strongly depends on the scientific question to be addressed.

Compared to MS, where the primary cause of the disease remains still

unknown, the EAE models are autoimmune mediated diseases. The MOG-

induced EAE in DA rats closely mimics some of the main clinical features of

MS, which makes it an attractive model to study the pathophysiology of the dis-

ease. A spectrum of disease courses can be observed in MOG-induced EAE in

DA rats ranging from animals showing no clinical sign to severe fatal forms. An

advantage is the possibility to influence the disease outcome in favor of a spe-

cific disease course, such as relapsing-remitting EAE. The presence of demyeli-

nating lesions and remyelinating activity makes the model a viable tool for

investigations of the mechanisms involved in remyelination. In MS patients,

axonal loss has been observed which correlates with disease progression.

Axonal degeneration and loss are also present in the CNS of DA rats immu-

nized with recombinant MOG, and this axonal pathology in inflammatory

demyelinating lesions closely reflects that observed in MS.

In summary, the MOG-induced chronic relapsing EAE in DA rats may

serve as a good model for investigating certain aspects of the pathobiology seen

in MS.
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Abstract
To mimic cerebral ischemia leading to stroke in man, many animal models have been

made which occlude brain arteries, transiently or permanently. These models are aimed at

studying the morphological changes and the pathophysiology of stroke, and at screening and

testing new neuroprotective or thrombolytic drugs. When compared with the model making

use of a craniotomy to permanently occlude the cerebral arteries, the model of the middle

cerebral artery occlusion using the intraluminal filament in rats considerably decreased the

additional surgical trauma due to the experimental procedure. Despite the advantages of this

widespread method, a refinement of the model was needed to reduce the mortality rate, ame-

liorate the reproducibility of the ischemic lesion and to better imitate the pathophysiological

situation of stroke in man. We report here the refinement of the permanent cerebral ischemia

models in rats leading to an exclusive and selective occlusion of the middle cerebral artery, a

full restoration of the blood flow in the ipsilateral common carotid artery and a less severe

and invasive surgical intervention. Moreover, some of these improvements may also be used

to improve the transient cerebral ischemia model.

Copyright © 2008 S. Karger AG, Basel

Stroke is one of the most life-threatening neurological diseases, the third

most common cause of death after heart disease and cancer, and the leading

cause of disability and hospitalization [1, 2]. Approximately 80–85% of all

strokes are caused by ischemia.

Cardiogenic emboli lodge in the middle cerebral artery (MCA) or its

branches in 80% of cases [3]. If an embolus is large enough to occlude the prox-
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imal stem of the MCA (3–4 mm), a major stroke results. Injury from ischemic

stroke is the result of a complex serie of cellular metabolic events that occur

rapidly after the interruption of nutrient blood flow to a region of the brain. The

duration, severity and location of focal cerebral ischemia determine the extent

of brain damage and thus the severity of stroke. Approximately 80% of strokes

are ischemic [4]. About 50% of strokes are caused by cerebral thrombosis (for-

mation of a blood clot within cerebral arteries damaged by atherosclerosis),

which falls into 2 subcategories: large-vessel thrombosis and small-vessel

thrombosis. Large-vessel thrombosis (e.g. carotid, MCA or basilar arteries)

accounts for approximately 30% of strokes, while approximately 20% involve

small, deeply penetrating arteries (e.g. lenticulostriate, basilar penetrating,

medullary) that cause a type of thrombotic stroke known as lacunar stroke.

Understanding the mechanisms of injury and neuroprotection in these dis-

eases is critical if we are ever to discover new target sites to treat ischemia.

There are many animal models available to investigate injury mechanisms and

neuroprotective strategies [for a review, see 5]. The major models of stroke can

be divided into 3 subgroups: global ischemic, focal ischemic and hemorrhagic.

Global models involve blocking (occluding) the major blood vessels that supply

the forebrain and result in ischemia over a large proportion of the brain. These

models are used much less now – as compared with a few years ago – because

they are now generally considered to model the cerebral consequences of car-

diac arrest rather than stroke [6]. Focal models occlude a specific vessel, usu-

ally the MCA, because the majority of human ischemic strokes results from an

occlusion in the region of the MCA. MCA occlusion (MCAO) models are

either permanent or transient (removal of the blockade to allow reperfusion).

Together, these two MCAO models allow examination of the damage that

results from both ischemia and reperfusion. A relatively noninvasive method to

produce either permanent or transient MCAO in rodents is the use of an intralu-

minal filament. This technique has been very popular since its inception in the

late 1980s [7, 8] for studying mechanisms of both cellular injury and neuropro-

tection.

Although it was suggested that animal models cannot produce a reliable

prediction of clinical efficacy [9], they have continued to play a key role in the

evaluation of putative neuroprotectants because they provide information about

efficacy in vivo. However, the recent clinical failures have, again, resulted in

questioning the validity of animal models. Therefore it has recently been pro-

posed that animal models should be modified to reflect more accurately the

complexity of human stroke [10]. The permanent MCAO models in rats

reported in this article have been improved for this purpose, and the compari-

son with the models by Koizumi et al. [7] and Longa et al. [8] is documented

here.
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Material and Methods

Preparation of an Intraluminal Occluder (Silicone Cap)
An intraluminal occluder for permanent MCAO was created. For this purpose, a surgi-

cal nylon monofilament (Dermalon®; diameter 0.13 mm) was coated at the top with a tiny

silicone drop (Xantopren®, Kulzer, Hanau, Germany) forming a cap and hardened by poly-

merization (Activator NF Optosil®, Kulzer). The silicone cap was then carefully removed

from the monofilament and cut to a definite length of 1.5 mm. A polyamide guide (Ethilon®;

diameter 0.23 mm) was used and prepared by abrading the tip with sandpaper (No. 1000) to

a diameter of approximately 0.13 mm. Thus, the silicone cap could be guided and released in

place after pushing it at the origin of the MCA. The length of the guide was 6 cm. The guide,

together with the cap, is shown in figure 1.

Anesthesia
Anesthesia was induced in a box with 4% isoflurane in a gas mixture of 30% oxygen

and 70% air for about 10 min. During surgery the anesthetic state was maintained with 2%

isoflurane in the same oxygen and air mixture by a nose mask.

General Management of the Animals
All animal experiments were performed according to the Swiss Federal Animal

Protection Act. Thirty-four adult male Wistar rats (285–370 g) were kept under the regulation

of the Swiss Federal Animal Protection Ordinance. The animals had free access to standard

chow for rats and water both before and after surgical intervention. During surgery, the body

temperature was continuously monitored by a rectal probe and maintained at 37.0 � 0.5�C
with an electronically regulated heating blanket (Harvard Apparatus, UK). Anesthetized rats

were put in dorsal recumbency. The fur around the surgical areas was cut. Additionally the

frontal area between ears and eyes was shaved to perform laser Doppler flowmetry (LDF)

measurements. Furthermore the inner aspect of the femoral region and finally the ventral

area of the neck for the midline incision were shaved. Afterwards the 3 surgical operating

areas were cleaned with 70% alcohol and disinfected. The left femoral artery was catheter-

S

a

b

T

5mm

C

Fig. 1. Guide and silicone cap used to occlude the MCA origin. S � Stopper (silicone

drop) at a distance of 20 mm from the cap; T � abraded tip of the guide; C � silicone cap (a)

that is positioned for usage (b).
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ized for continuous monitoring of the mean arterial blood pressure, heart rate and to gain

blood samples for blood gas analysis (ABL510, Radiometer). At the end of the surgical pro-

cedure, the rats were transferred singly to cages. After regaining consciousness completely,

the animals were transferred to their home cages, with free access to food and water.

Surgical Procedures
Laser Doppler Flowmetry

For the cerebral blood flow measurement, a frontal midline incision was made begin-

ning between the eyes up to the level of the ears about 3–4 cm long. The skin was retracted

with the microdissecting retractors. The underlying tissue was separated, and the cranial skull

was visualized. A burr hole was made with a drill at 1 mm posterior and 5 mm lateral to the

bregma under the control of an operating microscope. The dura mater was left intact. A poly-

thene tube (inside diameter 1.67 mm and outer diameter 2.47 mm, 800/110/600, Sims Portex

Ltd., UK) was placed on the drilled hole and fixed with Histoacryl®. The laser Doppler probe

was inserted into this tube on the surface of the dura mater and fixed in order to perform suc-

cessive measurements before, during and after occlusion.

The ‘Refined’ Permanent Middle Cerebral Artery Occlusion Model Using the 
Silicone Cap
Nine male adult Wistar rats with a body weight between 330 and 370 g were used. A

sagittal skin incision was made (approximately 2–3 cm long) on the ventral midline of the

neck; the glandula mandibularis and muscles (m. sternohyoideus, m. omohyoideus, m. ster-

nothyroideus) were separated carefully. The common carotid artery (CCA) was isolated from

the truncus vagosymphaticus, and the carotid bifurcation was exposed. Then the internal

carotid artery (ICA) was isolated and carefully separated from the adjacent nervus vagus.

The pterygopalatine artery (PA) was separated from the nervus glossopharyngeus and

exposed but not intercepted. The CCA was temporarily clamped by using a microvascular

clip 5 mm caudal to the carotid bifurcation. Another microvascular clip was placed onto the

carotid bifurcation. A 4-0 silk (Silkam®, Braun, Melsungen, Germany) ligature was prepared

loosely proximal of the rostral clip. A small incision opened the CCA at a distance of about

5 mm downstream the caudal clip. The silicone cap, which was plugged at the tip of a 3-0

polyamide filament (Ethilon), was introduced into the lumen and gently advanced up to the

microvascular clip. A prepared ligature was pulled smoothly around the inserted filament to

prevent bleeding out of the vascular incision after removal of the microvascular clip. The sil-

icone occluder was guided to the ICA under control of microscopic visualization to avoid

slipping into the external carotid artery (ECA) or PA.

The silicone cap was gently advanced from the CCA into the ICA for a length of

approximately 18 mm beyond the bifurcation of the CCA. Thus the origin of the MCA could

be occluded safely (fig. 1). Mild resistance indicated that the silicone cap was properly

lodged in the right coronary artery and so the blood flow to the MCA was blocked. This was

controlled by LDF before and after occlusion of the MCA. A 60% decrease in the LDF indi-

cated the typical low cerebral blood flow. After these procedures, the guide was pulled back

and removed totally while a microvascular clip was attached. In order to restore the carotid

perfusion, the incision on the CCA was closed with simple interrupted sutures using 10-0

nylon (Ethilon). The microvascular clips were then removed to provide physiological blood

flow. Finally the skin wound was closed with simple interrupted sutures. Blood samples were

taken at 2 time points: 10 min before occlusion and 10 min after occlusion of the MCA. LDF
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measurements were evaluated immediately before and immediately after occlusion and then

every 10 min for a period of 30 min.

The ‘Standard’ Models for Permanent Middle Cerebral Artery Occlusion
Modified Koizumi Method of Cerebral Ischemia

The left MCA was occluded in 8 rats (290–325 g) by using a modified method firstly

described by Koizumi et al. [7] in 1986. Briefly, the CCA and the carotid bifurcation were

exposed through a sagittal midline incision of the neck, and the CCA was carefully separated

from surrounding nerves and fascia up to its bifurcation at the base of the skull. The ICA was

isolated and carefully separated from the adjacent vagus nerve, and the PA was ligated close

to its origin with a 5-0 (Silkam, Braun) suture material. A microvascular clip was placed

5 mm caudally of the carotid bifurcation, and another microvascular clip was placed on the

carotid bifurcation. A 4-0 silk suture material (Silkam, Braun) was tied loosely near the ros-

tral clip. Another purse string suture was tightly made by using 10-0 monofilament (Ethilon)

near the proximal clip. A small incision was made between the two clips. The filament was

introduced through the incision and advanced up to the caudal clip. The loosely tied silk

suture was used for sealing the approach to prevent bleeding. After removal of the caudal

clip, the filament was advanced slowly and carefully through the ICA up to the rostral cere-

bral artery. Thus, an introduction into the PA could be avoided. Complete MCAO was con-

trolled by the typical decrease in the LDF values. A prepared purse string suture was tied

carefully to prevent hemorrhage. Thus, a permanent occlusion was performed for 24 h with

the filament in situ. LDF values and blood samples were taken before and after MCAO.

Modified Longa Method

Eight male Wistar rats (285–340 g) were used in this control group. The method was

described by Longa et al. [8] in 1989. The authors developed the following procedure: the

CCA, ECA and ICA were exposed and isolated together with the carotid bifurcation using an

operating microscope. The occipital artery, a branch of the ECA, was then isolated and lig-

ated cranially to the origin of the occipital artery. The PA, an extracranial branch of the ICA,

was isolated and ligated caudally and near its origin. The ligation was performed using a 5-0

silk suture material. A first microvascular clip was placed on the CCA 5 mm caudally to the

carotid bifurcation and a second one on the ICA caudally to the origin of the PA. Another 4-

0 silk suture material was slackly tied on the ECA after the carotid bifurcation. Caudally to

this ligature, a small incision was made in the ECA. The filament was introduced at this site

and advanced into the ICA near the clip. A slackly tied ligature around the vessel and the fil-

ament in it prevented bleeding after removal of the clip. The filament was then advanced

18 mm rostral to the carotid bifurcation and further to occlude the MCA. Afterwards, the

ECA was ligated before the clip on the CCA was removed. Finally the skin incision was

closed with single interrupted sutures (silk 4-0). LDF values and blood samples were taken

before and after MCAO.

Histology
Twenty-four hours following the surgical intervention of MCAO, the animals were

deeply anesthetized with 4% isoflurane in a mixture of oxygen and air. Thereafter, the ani-

mals were decapitated and the brains quickly removed. The brains were inspected for appro-

priate placement of the intraluminal occluder (filament and silicone cap method) and then

placed in embedding cassettes (Vasopath, 90200.02, Tespa, Giessen, Germany) and
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immersed/fixed in neutralized formalin (4% v/v) for 5 days at room temperature. After fixa-

tion, the silicone caps or the filaments were removed, and the brains were washed under run-

ning water for at least 1 h and automatically processed for embedding in paraffin

(Histomaster, Haska AG, Berne, Switzerland). Sections of 10 �m were cut through the whole

brain in steps of 100 �m. A mean of 13 sections per brain was obtained for staining. The sec-

tions were mounted on slides and dried. The slides were then put in xylol to remove paraffin,

rehydrated and stained with toluidine blue for 20 s. After dehydration, the slides were covered

automatically with a plastic film.

The volume measurements of the ischemic lesions were performed using the C.A.S.T.-

grid program (Computer-Assisted Stereological Toolbox; Olympus, Denmark). The volumes

were determined using consecutive sections. In every section, the ischemic area was delin-

eated. Then a point grid was laid over the image of the tissue, the distances from point to

point being 1,500 nm in the x- and y-directions, respectively. The number of points falling

into the area was counted in every section. The sum of points obtained in the areas of all

inspected sections was used to calculate the volume of the damaged brain tissue according to

the following formula:

volume (mm3) � P (total) � X (mm) � Y (mm) � t (mm)

where P is the sum of points counted in all sections, X and Y are the distances between

points in x- and y-directions (1.5 mm each), t is the distance between the sections (1 mm).

This procedure was applied for 3 different parts of the brain (striatum, cortex and total hemi-

sphere).

Statistical Analysis
All values were given as means � SEM. Differences between groups were compared

by using one-way ANOVA followed by Fisher’s probable least-squares difference test.

p � 0.05 was considered to indicate statistical significance.

Results

Comparison between the Different Methods for Permanent Focal Cerebral
Ischemia in the Rat
The three different methods are schematically illustrated in figure 2.

Whereas in the cap method, a silicone cap occludes exclusively the origin of the

MCAO, leaving the blood flow in the ipsilateral CCA intact (fig. 2a), the fila-

ments used to occlude the MCA in the two other methods also block blood flow

from the collaterals and the CCA (fig. 2b, c). The localization of the silicone

cap in the ICA is shown in figure 3, and the closure of the incision made in the

CCA in the silicone cap model is illustrated in figure 4.

Laser Doppler Flowmetry
LDF measurements, 10 min before and 10 min after MCAO, are presented

in figure 5. After filament or silicone cap insertion, the mean local blood flow
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declined to approximately 40% of the preischemic levels in a similar manner in

all 3 groups.

Physiological Parameters
Blood gas values are summarized in table 1, mean arterial blood pressure

and heart rate are shown in figure 6 for the 3 permanent cerebral ischemia

methods. Blood gas analysis showed no significant difference between the

groups. Mean arterial blood pressure remained fairly constant throughout the

experiment, and there were no significant differences before and during

ischemia in each group. There were also no significant differences in heart rate

among the groups.

Induction of Ischemia and Related Mortality
A total of 25 rats were used to compare the 3 methods tried for MCAO. All

rats were decapitated after 24 h of occlusion, and the infarct area was measured.

Eight rats were used for the modified Longa model, 8 rats for the modified

Koizumi model, 9 rats for the silicone cap method. During surgical procedures,
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Fig. 2. Diagrams of the different methods of MCAO. C � The silicone cap; B � The

filament;. 1 � a. carotis communis (CCA); 2 � a. carotis externa (ECA); 3 � a. occipitalis;

4 � a. carotis interna (ICA); 5 � a. pterygopalatina; 6 � a. communicans caudalis; 7 � a.

cerebri media (MCA); 8 � a. cerebri rostralis; 10 � a. basilaris; 11 � a. cerebri caudalis. a
The ‘new’ silicone cap method. b The Koizumi (CCA route) method. c The Longa (ECA

route) method.
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Fig. 3. Ventral aspect of a rat brain showing the silicone cap (black arrow, surrounded

by the dashed line) placed in the left ICA, thereby occluding the origin of the MCA. The

MCA and the middle cerebral vein (MCV) of the right hemisphere are indicated by dashed

lines.

A

B
CCA

Fig. 4. Closure of the CCA by interrupted sutures (10-0 nylon; indicated by the arrow)

before the bifurcation into the ECA (A) and the ICA (B). This suture allows the reestablish-

ment of a normal carotid blood flow after placement of the silicone cap.
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body temperature was normal in all rats (37.0 � 0.5�C). With the modified

Longa (ECA route) method performed in 8 rats, successful measurements were

achieved in only 5 rats, 3 of them died prematurely (mortality rate: 37.5%).

Death was caused by subarachnoid hemorrhage in 2 rats, and 1 developed a

cerebral infarct. The modified Koizumi (CCA route) method was also proofed

in 8 rats. Successful estimation and calculation of the infarct areas were

achieved in only 6. One rat died because of subarachnoid hemorrhage and the

other one as the result of cerebral infarction (mortality rate: 25%). The silicone

cap method was performed in 9 rats. In this group no death was observed, and

all animals showed a selective MCAO (mortality rate: 0%).
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Fig. 5. Variation of the blood flow in the 3 models before and during 20 min of MCAO

measured with LDF. Values are means � SEM.

Table 1. Blood gas parameters before and after MCAO in the 3 methods of permanent

occlusion

Group O2, mm Hg CO2, mm Hg pH

Koizumi method (n � 6)

Before MCAO 163.45 � 7.53 47.1 � 5.46 7.364 � 0.036

After MCAO 162.92 � 3.44 49.9 � 3.47 7.352 � 0.031

Longa method (n � 5)

Before MCAO 166.54 � 14.87 48.72 � 3.52 7.363 � 0.022

After MCAO 163.46 � 17.59 49.02 � 3.79 7.351 � 0.023

Silicone cap method (n � 9)

Before MCAO 162.40 � 7.02 43.4 � 2.47 7.381 � 0.015

After MCAO 158.90 � 6.46 44.1 � 2.71 7.395 � 0.018
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Size of the Infarcted Areas 24 h after Middle Cerebral Artery 
Occlusion
Independently of the method used, the successfully occluded animals

demonstrated an ischemic damage encompassing the entire striatum and cor-

tex. Figure 7 gives an overview of the size of the infarcted area 24 h after per-

manent MCAO obtained with the 3 methods. In all rats subjected to MCAO,

the infarcted region extended to the whole striatum and most of the ipsilat-

eral cortex excluding the cingulate cortex, which is supplied with blood from

the rostral cerebral artery. All intraluminal vascular occlusion methods

resulted in a significant brain infarction in both cortex and striatum at the

ipsilateral side. The infarct volumes were quantified from the histological

sections and summarized in figure 8. The infarct areas in the cortex and

striatum were significantly smaller with the Longa and the silicone cap

methods than with the Koizumi method. However, the total infarct size in the

animals treated with the silicone cap was significantly smaller than the total

volume of the infarcts obtained with the two filament models (Koizumi

method: 261.38 � 12.42 mm3, Longa method: 191.25 � 21 mm3, silicone

cap method: 128.0 � 15.3 mm3). These results suggest that, with the

Fig. 6. Comparison of the mean arterial blood pressure (MABP) and heart rate (HR) in

the 3 models of MCAO before and during occlusion. Values are means � SEM.

�30
50

100

150

MABP

Time (min)
MCAO

M
A

B
P

 (m
m

 H
g)

200

HR

250

H
R

 (b
eats/m

in)

500

450

400

350

300

250

200

150

100

50

0
�25 �20 �15 �10 �5 0 5 10 15 20 25 30

Koizumi method

Silicone cap
Longa method

Koizumi method

Silicone cap
Longa method



Cam/Kilic/Yulug/Ritz 62

Koizumi and Longa methods, the filament may reduce collateral flow in

addition to the flow going through the MCA and therefore produce extensive

ischemic damage. The silicone cap method may however occlude the MCA

more specifically, allowing normal collateral flow, and therefore induce a

limited infarction.

a b c
5 mm

Fig. 7. Size of the cerebral infarct induced by 24 h of MCAO in the 3 different models.

Sections were stained with toluidine blue. Ischemic infarcts, depicted by the dotted lines, are

weakly stained and are covering different areas in the Koizumi (a), Longa (b) or the silicone

cap models (c).



Improvement of the MCAO Model 63

Discussion

Various compounds (e.g. nimodipine and barbiturates) have been shown to

be ineffective clinically despite positive experimental data found with several

animal methods [11–13]. This raised the question of the value of these animal

methods of MCAO. In animal studies, all variables are controlled that might

affect the outcome such as temperature, blood pressure, blood gases and pH.

The animals used are always young and healthy, whereas human patients may

have other existing pathologies such as age, diabetes, hypertension and arrhyth-

mia. These other pathologies may alter the way stroke or global ischemia pre-

sents in humans, but we have not studied these additional comorbid pathologies

in the animal models. Some animal studies ignored mortality by discarding the

animals that died prematurely [14]. In most of the studies reported, the postis-

chemic observation period is too short and usually limited from 6 h to a few

days [15], while in clinical studies the outcome at 3 months is most often the

primary endpoint [16]. Another potential reason for the lack of translation of

therapies to humans after ischemia is that the patient clinical trials may not be

designed precisely on the basis of preclinical data.

However, most of our current knowledge of brain ischemia is largely based

on the data acquired from animal studies [17]: (1) a major part of our under-

standing of the normal brain energy metabolism, oxygen and substrate utiliza-

tion or the effects of anesthesia, sleep, brain activity and pathological states

(e.g. epilepsy, hypoglycemia, hypoxia and ischemia) has been derived from

rodent studies; (2) sophisticated methods for the quantitative mapping of local

cerebral blood flow, glucose utilization and protein synthesis were completely

developed and largely validated in the rat; (3) the major disease mechanisms
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Fig. 8. Volume of the ischemic lesions after 24 h of MCAO with the Koizumi, the

Longa and the silicone cap methods in the total ipsilateral hemisphere, the cortex and the

striatum. ap � 0.05 compared with the Koizumi method; bp � 0.05 compared with the Longa

method.
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now regarded as primarily responsible for engendering hypoxic-ischemic brain

injury-excitotoxicity, intracellular calcium ion accumulation and free radical

generation were all acquired mainly in rodent investigations, or in slices or cell

cultures derived from their brains; (4) a full range of promising neuroprotectant

strategies has emerged largely from studies in rodents. Despite their limitations,

animal experiments are the most reliable method for studying stroke pathophys-

iology and testing new drugs for efficacy and safety.

Regarding animal welfare, it is mandatory to take the 3R (replacement,

reduction, refinement) guidelines into consideration. The proposed method

should result in a reduction of pain and in the number of the animals used and

should be well reproducible. In our case, 2 of the 3 Rs are fulfilled. Additionally

refinement should be provided by using advanced surgery techniques in order to

imitate the clinical situation of stroke. During the recent decades, a lot of exper-

imental stroke methods have emerged, each of them with unfavorable technical

features. The most used stroke method worldwide is the intraluminal filament

technique. This method is certainly well reproducible, but it generates as large

cerebral infarcts as cerebral hemorrhage, because the coated filament com-

pletely obstructs the MCA trunk and the major vessels of the collateral blood

flow. Thus, this method induces a high mortality rate that may explain the limits

of the long-term observation studies. In the study described here, a new method

of reproducible permanent focal cerebral ischemia has been established and was

compared with both of the mostly used permanent focal cerebral ischemia meth-

ods. The new method of permanent focal cerebral ischemia is standardized by

the intraluminal placement of a silicone cap. This silicone is introduced through

a small incision into the CCA and advanced 18 mm distal to the carotid bifurca-

tion to occlude the MCA. The most important benefits of this method consist in

a selective and exclusive occlusion of the MCA, and in the full restoration of the

cerebral blood flow from the ipsilateral CCA. This is achieved by suturing the

incision of the CCA with single interrupted sutures (nylon 10-0). The models of

transient MCAO using intraluminal filament may also be refined by the restora-

tion of the carotidal perfusion after removing the filament by this technique.

Final Conclusion

In conclusion, the minimally invasive nature of the described method

reduces considerably the severity of the surgical intervention. The ischemic part

of the brain corresponded very well with the field of the arterial supply of the

MCA. The reliability of the method makes it most suitable for the studies in

focal cerebral ischemia. Moreover, improvement of the mortality rate shown

with this method makes it the method of choice for approximating the pathol-
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ogy and symptoms of human stroke. Regarding the 3R guidelines, it can be

stated that the ‘classical’ methods of permanent occlusion should be replaced

by this ‘cap method’ in the future.
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Abstract
The neurotoxicity induced by an excess of vitamin B6 in animals has been known for

many years but the first human clinical cases have only recently been reported. All subjects

showed paraesthesia and numbness as well as ataxia. The clinical examination showed a large

sensory deficit with Achilles’ reflex loss. The electromyographic examination showed a large

sensory wave amplitude decrease but no change in the motor conduction. Different rat mod-

els of pyridoxine-induced neuropathy exist. Here, we present results with a modified and

improved intoxication schedule of an existing rat model. We describe in detail the evolution

of the disease and show for the first time that 4-methylcatechol, an inducer of nerve growth

factor (NGF) synthesis, improves the clinical status of the intoxicated animals and restores

the morphological integrity of the large fibres. We conclude that (a) the pyridoxine-induced

sensory neuropathy provides the pharmacologists with a valuable model for studying and

evaluating new neurotrophic factors endowed with NGF-like properties and (b) this model

can be included in the palette of experimental sensory neuropathies used in preclinical

research for evaluating new putative neuroprotective drugs, the mechanisms of action of

which are not known.

Copyright © 2008 S. Karger AG, Basel

In humans, peripheral neuropathies comprise a heterogeneous group of

disorders in terms of aetiology, clinical manifestation and prognosis. The diver-

sity of the clinical symptoms is dependent on the types of peripheral nerve

fibres involved in the pathology [1]. Impairment in sensory function may

involve mixed modalities, producing multiple symptoms (as in diabetic neu-

ropathy) in which damage may occur to all sensory neuron types. In contrast, a

specific large-fibre neuropathy (with severe loss of proprioceptive function) is

encountered clinically after vitamin B6 (pyridoxine) intoxication [2–27] or,
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more commonly, as a consequence of treatment with the chemotherapeutic

drugs – such as taxol or cisplatin – in humans suffering from cancer, and are the

most important limitation to the use of these drugs.

The neurotoxicity induced by an excess of vitamin B6 in animals has been

known for many years but the first human clinical cases were only reported in

1983 [27]. The authors described 7 adults (5 female and 2 male subjects) with

ataxia and severe sensory-nervous-system dysfunction after daily high-level

pyridoxine consumption (2–6 g/day for 2–40 months, respectively). In 1985,

Parry and Bredesen [23] described 16 patients displaying a neuropathy associ-

ated with a lower dose of pyridoxine abuse (0.2–5 g/day). All subjects showed

paraesthesia and numbness as well as ataxia. The clinical examination showed a

large sensory deficit with Achilles’ reflex loss, associated with Romberg’s signs

(loss of proprioceptive control in which increased unsteadiness occurs when

standing with the eyes closed compared with standing with the eyes open). The

electromyographic examination showed a large sensory wave amplitude

decrease but no change in the motor conduction.

In 1940 the first animal model of pyridoxine-induced neuropathy was

described in rats [28]. Since these studies, many others were done in the mouse

[29], rat [13, 29, 30], guinea pig [29] and dog [15–19]. A general comment

could be extracted from these studies: the sensitivity for pyridoxine changed

from one species to the other. The mouse [29] is highly resistant to massive

pyridoxine intoxication [1,800 mg/kg/day for 1 week, 1,200 mg/kg/day for 6

weeks (Swiss mice), 3,200 mg/kg/day for 2 days or 2,400 mg/kg/day for 2

weeks (C3H mice)]. Whatever the intoxication protocol (dose as well as time),

mice did not show any neuropathological abnormality.

The guinea pig [29] develops ataxia, walking deficit and muscular tone

deficit after 1,800 mg/kg/day for 5–6 days of pyridoxine. Similar anato-

mopathology deficits with the rat are observed. The beagle dog shows some

axonal lesions of dorsal root ganglion (DRG) neurons [15].

In the rat [15], high doses of pyridoxine (1,200 or 600 mg/kg/day) from 6

to 10 days cause a neuronopathy with necrosis of DRG sensory neurons, asso-

ciated with centrifugal axonal atrophy and breakdown of peripheral and central

sensory axons. Large-diameter neurons with long processes and large cytoplas-

mic volumes are mainly affected. By contrast, smaller doses (150–300 mg/

kg/day) up to 12 weeks display minor effects on the DRG neuron cell body but

produce a neuropathy with axonal atrophy and degeneration [19].

Helgren et al. [13] showed in the rat intoxicated with pyridoxine

(400 mg/kg, twice a day), large-calibre argyrophilic axonal profiles in the dor-

sal columns. According to the authors, these profiles would be ascending col-

laterals from I�-afferent fibres degenerated as a consequence of pyridoxine

administration. Intoxicated rats with very high doses (1,200 mg/kg/day) show a
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decrease in the muscular tone and hesitating walk. After 5–6 days of intoxica-

tion, a severe member ataxia appears and important loss of body weight is

observed (between 8 and 35%). Rats intoxicated with low doses of pyridoxine

(300 mg/kg/day) do not display any signs or body weight decrease [29].

In preliminary experiments, we have shown that rats intoxicated for 4 days

with pyridoxine already displayed a significant deficit in the walking test,

which evaluates motor performances depending on the integrity of propriocep-

tive sensitivity (data not shown). In addition, after 5–7 days of intoxication, ani-

mals presented a complete loss of proprioceptive sensitivity, particularly

affecting the hindpaws. Electromyographic measurements performed after a 7-

day intoxication revealed that only sensory, not motor functions were affected.

In more than 80% of pyridoxine-treated animals, the H wave disappeared and

the remaining animals showed a substantial reduction in H wave amplitude.

Finally sensory nerve conduction velocity (SNCV) was lower in pyridoxine-

treated animals than in control animals [3].

We present here results showing that modifying the intoxication schedule

of the rats improves the results obtained by Helgren et al. [13] by reducing the

mortality rate of pyridoxine-treated animals, which in our hands was rather ele-

vated when the protocol of these authors was used. We describe in detail the

evolution of the disease and prove that 4-methylcatechol, an inducer of nerve

growth factor (NGF) synthesis, improves the clinical status of the intoxicated

animals and restores the morphological integrity of the large fibres.

Materials and Methods

Animals
Female Sprague-Dawley rats (200–250 g; Janvier, Le Genest-Saint-Isle, France) were

used throughout this study. They were group based (2 animals per cage) and maintained in a

room with controlled temperature (21–22�C) and a reverse light–dark cycle (12/12 h) with

food and water available ad libitum. All experiments were carried out in accordance with

institutional guidelines.

Pharmacological Treatment
Pyridoxine (Sigma, Saint-Quentin-Fallavier, France) was diluted in a 0.9% (weight/vol)

sterile aqueous solution of sodium chloride and administered intraperitoneally twice a day,

morning and afternoon, for 7 days. Pyridoxine intoxication was initiated during the second

week of the study (day 8). The basal values of parameters the evolution of which should be

followed during the disease was determined during the first week of the study, subsequently

referred to as week of basal value determination. Pyridoxine solution was prepared immedi-

ately before each injection. 4-Methylcatechol (Sigma) was diluted in a 0.9% (weight/vol)

sterile aqueous solution of sodium chloride and administered intraperitoneally. 4-

Methylcatechol solution was prepared every day and administered starting from day 8 of the
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experiment – that is on the same day as the initiation of pyridoxine intoxication – for 3

weeks. Three randomly established groups (n � 11) [22] of animals were used for the study:

(a) animals of the control groups received vehicle (iso-osmotic sterile aqueous solution of

sodium chloride); (b) untreated, intoxicated animals were intraperitoneally administered

350 mg/kg body weight pyridoxine, in a volume of 400 ml/100 g body weight, twice a day;

(c) treated, intoxicated animals were intraperitoneally administered as above 350 mg/kg body

weight pyridoxine and 10 mg/kg 4-methylcatechol once a day (in separate injections per-

formed in the morning, in a volume of 100 ml/100 g body weight). It was shown that,

whichever the parameter considered, no difference could be observed between the animals of

the three experimental groups during the week of basal value determination. The groups were

therefore considered as homogeneous.

Motor Coordination Measurements
Sensitivity Test: Hot Plate Test

The animals were placed in a glass cylinder of 17 cm height and 21 cm diameter on a hot

plate maintained at 52�C. The animal behaviour was observed (licking of one foot or jump to

escape the heat). The latency before the first reaction – whichever it was – was recorded.

Electrophysiological Recordings

All recordings were made with a standard electromyographic apparatus (Neuromatic

2000M, Dantec, Les Ulis, France) in accordance with the guidelines of the American

Association of Electrodiagnostic Medicine [1]. Rats were anaesthetized by intraperitoneal

injection of 60 mg/g body weight of ketamine hydrochloride (Imalgene, Merial, Lyon,

France). A monopolar needle electrode (Dantec, code 13L70; diameter, 0.3 mm) was inserted

into the back of the animal to ground the system. Throughout the procedure, the animals

were kept under a heating lamp to maintain the muscles at a physiological temperature. The

temperature was verified on the surface of the tail with a contact thermometer and was main-

tained at 31�C.

Amplitude and distal latency of M and H waves were recorded in the plantar hindpaw

muscle after stimulation of the sciatic nerve. A reference electrode and an active needle elec-

trode were placed in the right hindpaw [18]. The sciatic nerve was stimulated with a single

0.2-ms square pulse, at a suboptimal intensity of 12.8 mA. The amplitude and the latency of

H and M waves were expressed in millivolts and milliseconds, respectively. The SNCV of the

caudal nerve was also recorded. The tail skin electrodes were placed as it follows: a reference

needle electrode was inserted at the base of the tail and an electrode needle placed 30 mm

away from the reference needle toward the extremity of the tail. A ground needle electrode

was inserted between the anode and reference needles. The caudal nerve was stimulated with

a series of twenty 0.2-ms square pulses at an intensity of 12.8 mA. The mean of the amplitude

of the evoked responses was calculated and retained as the characteristic value.

Morphological Analyses
Morphological analyses were performed on day 28, which is 2 weeks after the end of

the intoxication period. As already mentioned, 3 animals per group were used for these analy-

ses. They were anaesthetized by intraperitoneal injection of 60 mg/kg body weight Imalgene

500. The L4 and L5 DRG from a given animal were fixed overnight with a 4% solution of glu-

taraldehyde (Sigma) in iso-osmotic phosphate buffer (pH 7.4). DRG were then treated for 2 h

in a 2% solution of osmium tetroxide (Sigma) in phosphate buffer; they were dehydrated in
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serial alcohol solutions and embedded in Epon (Epikon 812, Carl Roth KG, Karlsruhe,

Germany). Embedded tissues were then placed at 170�C for 3 days to promote polymeriza-

tion of Epon. Transverse sections of 6 mm were made with a microtome, stained with a 1%

solution of toluidine blue (Sigma) in phosphate buffer, for 2 min, and dehydrated and

mounted in Eukitt (O. Kindler GmbH & Co, Freiburg im Breisgau, Germany). Sections were

observed using an optical microscope, and morphometric analyses were performed with the

aid of the Visiolab 2000 software (Biocom, Paris, France). Five sections per animal, two

fields per section, were analysed.

Statistical Analyses
A global analysis of the data was performed using one-factor or repeated-measure

analysis of variance (ANOVA); one- and two-way ANOVA tests were used. Dunnett’s test

was used whenever the results of the ANOVA test were significant. Moreover, a non-para-

metric test (Kruskal-Wallis test) was also used to analyse some data. The level of signifi-

cance was set at p � 0.05.

Results

Effect of Pyridoxine Intoxication on the Growth of Animals
As shown in figure 1, pyridoxine intoxication significantly affected the

growth of the animals – whether they were treated or not with 4-methylcatechol

– the body weight of which decreased by 15% during the first 2 days of pyri-

doxine administration. Beyond this period, the weight of intoxicated animals
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Pyridoxine-Induced Peripheral Neuropathy 71

increased again, in parallel to that of control animals. The mean weight of 4-

methylcatechol-treated, intoxicated animals remained consistently greater than

that of untreated, intoxicated animals, but the difference was not significant

(p � 0.31, repeated-measure ANOVA).

Hot Plate Test
Figure 2 shows that, in the hot plate test, on day 11, intoxicated animals,

whether they were treated or not, reacted later to heat than the control animals,

as shown by the delay in appearance of the first licking or jump, but the differ-

ences between the three groups were not significant. On day 15, the first reac-

tion time of the treated, intoxicated animals returned to normal values, whereas

that of the untreated, intoxicated animals significantly (p � 0.05, Dunnett’s

test) differed from that of the control animals. On day 18, this difference was no

longer detectable.

Electromyographic Recordings
Amplitude and Latency of Motor M Wave

As shown in figure 3a and b, intoxication, combined or not with 4-

methylcatechol treatment, did not modify either amplitude or latency of the
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motor M wave, as compared with control animals, whichever the time of mea-

surement.

Amplitude and Latency of H Wave

Figure 3c and d shows that pyridoxine intoxication induced on day 16 a

very significant (p � 0.001, ANOVA test) decrease in amplitude of the H

wave as compared with that of control animals, whether the animals were

treated or not with 4-methylcatechol (fig. 3c). On day 23, there always existed

a very significant difference in H wave amplitude, between untreated, intoxi-

cated and control animals (p � 0.001, Dunnett’s test), and between treated,

intoxicated and control animals (p � 0.005, Dunnett’s test). On day 30, only

the untreated, intoxicated animals displayed significant differences (p �
0.005, Dunnett’s test) with control animals. On day 37, untreated, intoxicated

animals had recovered a normal H wave amplitude. It is worth noting that the
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distal latency of the H wave was never affected by intoxication, whichever the

time of the measurement. Analysing in more detail the results of these experi-

ments revealed (table 1) that the number of animals developing an H wave

was significantly (p � 0.001, Kruskall-Wallis test) higher in the treated,

intoxicated than in the untreated, intoxicated group. In fact, on day 16, only

12.5% of the untreated, intoxicated animals displayed such a wave, whereas

97.5% of the treated, intoxicated animals developed it. The same observation

was made on day 23: an H wave was detected in 25% of the untreated, intoxi-

cated animals and 87.5% of the treated, intoxicated animals. On day 30, these

proportions were 75 and 100%, and on day 37, all animals presented the H

wave.

Sensory Nerve Conduction Velocity
As shown in figure 4, on day 16, the untreated, intoxicated animals showed

a significant (p � 0.005, Dunnett’s test) difference in SNCV as compared with

the control animals, whereas no noticeable change in this parameter was

observed in 4-methylcatechol-treated, intoxicated animals. On day 23, analo-

gous results were observed with a lesser degree of significance (p � 0.01,

Dunnett’s test). Curiously, on day 30, the treated, intoxicated animals presented

a decrease in SNCV as compared with control animals (p � 0.01, Dunnett’s

test), which could indicate that the effect of 4-methylcatechol was transient.

However, in this group, SNCV was significantly higher than that of untreated,

intoxicated animals. On day 30, all treated, and untreated, intoxicated animals

had recovered a normal SNCV.

Morphological Analyses
Morphological analyses of the fibres of DRG neurons showed that the

untreated, intoxicated animals presented a very significant (p � 0.001,

Table 1. Percentage of animals displaying an H wave before and after pyridoxine intox-

ication

Experimental group Day 2 Day 16 Day 23 Day 30 Day 37

Control 100 100 100 100 100

Pyridoxine-intoxicated 100 12.5 25 75 100

4-Methylcatechol, 100 87.5 87.5 100 100

pyridoxine-intoxicated

Day 16 is the first day after the end of pyridoxine intoxication.
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Dunnett’s test) decrease in their number (fig. 5) as compared with that of con-

trol or treated, intoxicated animals. Their size was also affected. There was no

difference in these parameters between treated, intoxicated and control animals.

In addition, sensory neuron cell bodies were shown not to be affected by the

pyridoxine intoxication (data not shown).

Discussion

Role of Pyridoxine-Induced Neuropathy in the Toxic 
Neuropathies
The pyridoxine-induced neuropathy can be classified in sensory toxic neu-

ropathies. Sensory toxic neuropathy could be induced with (a) industrial pollu-

tants (i.e. acrylamide, dimethylaminopropionitrile, ethylene oxide, hexane and

derivatives or trichloroethylene), (b) metals (organic or inorganic mercury, thal-

lium, gold, arsenic, lead), (c) drugs (antimitotic agents such as cisplatin, vin-

cristine or taxol; antituberculosis agents such as isoniazid or streptomycin;

antiparasite and antibacterial agents such as metronidazole, nitrofurantoin,

chloroquine or clioquinol; antiviral agents such as zidovudine, dideoxyinosine,

dideoxycytidine or suramide; neuropsychiatry drugs such as lithium, phenytoin
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or amitriptyline; rheumatological drugs such as gold salts or colchicine;.. der-

matological drugs such as thalidomide; cardiovascular drugs such as amio-

darone, and other drugs and compounds such as almitrine, pyridoxine,

cimetidine or carbimazole).

Concerning pyridoxine-induced neuropathy models, the interesting ques-

tion is to know if this neuropathy is a peculiar case with a limited interest as a

model of sensory toxic neuropathy or if it shares similar characteristics with

other pure sensory toxic neuropathies. Then this model of neuropathy could be

used additionally for studying neuroprotective drugs for the treatment of toxic

(such as cisplatin- or taxol-induced) or metabolic (diabetes-associated) sensory

neuropathies.

First of all we need to recall that to be a good model of human toxic

induced neuropathy, our animal model should fulfil three criteria: (a) isomor-

phism of the symptoms, (b) homology of the causes and (c) reactivity to drugs

known to be active, if any, against the human disease it is supposed to mimic.

This third criterion is also called predictivity.

We showed, using a new schedule of pyridoxine administration, that it was

possible to induce a non-lethal neuropathy which is of rapid onset, practically

devoid of side effects – except slight growth retardation – reversible and having

the features of an exclusively sensory deficit. Obviously, the clinical and elec-

trophysiological signs presented by pyridoxine-intoxicated animals were identi-

cal to those presented by humans overdosed with pyridoxine. The sensorimotor

impairment induced in rats by this vitamin was consistent with a proprioceptive

deficit due to sensory neuropathy involving large fibres. Moreover, in contrast
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to Helgren et al. [13], small fibres were also involved as shown by the

decreased SNCV and the altered thermosensitivity detected in the hot plate test.

The same signs are observed in humans suffering from pyridoxine-induced

neuropathy. We can conclude therefore that the criterion of isomorphism was

fulfilled.

There are many pure toxic sensory neuropathies displaying similar symp-

toms with those of pyridoxine-induced neuropathy and mainly those induced by

drugs used in human therapeutics (such as: vincristine, cisplatin, taxol, isoni-

azid, metronidazole, colchicine, thalidomide, almitrine).

Table 2 shows sural nerve symptomatology from patients suffering from

different toxic sensory neuropathies. It could be noted that these neuropathies

Table 2. Symptomatology of sural nerve from patients suffering from different toxic sensory neu-

ropathies

Inductors Type of neuropathy Neuropathy characteristics Reference

No.

Antimitotic agents
Vincristine (vinblastine) Sensory and axonal Reflex loss, paraesthesia, autonomic 8

sensorimotor peripheral nerve damage, sometimes cranial

neuropathy nerve damage

Cisplatin Sensory peripheral Paraesthesia, ataxia, no loss of 5–8

neuropathy thermal pain, reflex loss

Taxol Sensory peripheral Sensory symptoms with quick 21

neuropathy apparition

Antituberculosis agent
Isoniazid Peripheral sensory Interfering with the pyridoxine 20

neuropathy metabolism, paraesthesia

Antibactericide and
antiparasite agent
Metronidazole Peripheral sensory Painful paraesthesias 10

neuropathy

Antiviral agents
Dideoxycytidine, Peripheral sensorimotor Painful paraesthesias, motor deficit, 4

dideoxyinosine neuropathy (axonal decrease in Achilles’ reflex

degeneration?)

Drugs
Thalidomide Sensory neuropathy (of Pain and cramps of members 24

longest and biggest fibres)

Colchicine Neuronomyopathy, axonal Muscular deficit, fibrillation and 7

sensory neuropathy polyphasic action potential
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mainly involved large sensory myelinated fibres (i.e. cisplatin, almitrine,

colchicine, vincristine, thalidomide and pyridoxine) and a regeneration

process with an increase in small unmyelinated fibre number (cisplatin, vin-

cristine, thalidomide). In most of the cases, no neuropathy is noted (except

with taxol and thalidomide). We can see slight lesions of demyelinization in

metronidazole, vincristine and taxol neuropathies and wallerian degeneration

in metronidazole and isoniazid neuropathies. This succinct analysis shows

that there are some similarities in the cellular pathology between neu-

ropathies induced by cisplatin, vincristine, colchicine, thalidomide and

pyridoxine.

Concerning the homology criteria, morphological analyses of fibres

emerging from L4 and L5 DRG indicated that pyridoxine induced a severe loss

of large and small sensory fibres without affecting sensory neuron cell bodies

suggesting that cellular pathogenesis of the neuropathy is analogous to the

human disease. Although the molecular pathogenesis of pyridoxine-induced

sensory neuropathy is not yet elucidated, we can speculate that both human and

rat pyridoxine-induced neuropathies resulted from the same molecular lesions.

We can consider therefore that the criterion of homology was almost entirely

fulfilled. It could be noted that the agents inducing toxic sensory neuropathies

are really different and in most cases their molecular mechanisms are unknown.

By contrast the cellular pathology is monotone, in most cases there is axonopa-

thy by a ‘dying-back process’.

The predictivity to reference treatment is the trickiest criterion to evalu-

ate. The reason is the lack of treatment for all these toxic neuropathies. We

proved in our study that it was possible to shorten the duration of the disease

by treating the intoxicated animals with a compound known to induce NGF,

namely 4-methylcatechol [17]. To the best of our knowledge, this drug has

never been used to treat human toxic and metabolic neuropathies or neurode-

generative peripheral disorders or pyridoxine-induced neuropathies. However,

it has been shown that chronic treatment of pyridoxine-intoxicated animals

with NT3, a neurotrophic factor involved in the survival of sensory neurons of

cranial ganglia [6], induced a reversal of the neurological symptoms. We

observe here that 4-methylcatechol improved the clinical status of intoxicated

animals and promoted nerve regeneration or prevented nerve degeneration.

Interestingly, it was observed that the SNCV of treated, intoxicated animals did

not decrease as long as 4-methylcatechol was administered, but was slightly

affected 1 week after cessation of treatment. This could mean that the benefi-

cial effect of this drug is transient. However, since the pyridoxine-induced sen-

sory neuropathy was reversible, it was not possible to draw definitive

conclusions from our results. 4-Methylcatechol is known to induce NGF

synthesis in the peripheral organs innervated by sympathetic nerves. NGF is
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physiologically transported into the neuron cell body by means of receptor-

mediated axonal retrograde transport [9, 17, 26]. In the literature many authors

have proved the neuroprotective effect of 4-methylcatechol in different models

of induced neuropathies. Hanaoka et al. [11, 12] have shown that intraperi-

toneal administration of 4-methylcatechol prevents the deterioration of SNCV

and the decrease in NGF content in sciatic nerves of rats suffering from exper-

imental diabetic neuropathy. In addition, a 2-week treatment with 4-methylcat-

echol reduced the symptoms of acrylamide-induced neuropathy in

Sprague-Dawley rats [14–25]. This treatment also resulted in the promotion of

peripheral nerve regeneration in sciatic-nerve-lesioned Wistar rats [16, 17]. We

have shown in a rat model of vincristine- as well as cisplatin-induced neuropa-

thy that a 3-week treatment was able to decrease the symptoms of neuropathy

(internal data). It is interesting to note that these toxic, metabolic or traumatic

neuropathies can be treated using the same drug, although their pathogeneses

were extremely different.

In the light of these results it seems that pyridoxine-induced neuropathy is

an excellent model of sensory neuropathy sensitive to NGF.

Overall Conclusion

To summarize, (a) the pyridoxine-induced sensory neuropathy provides the

pharmacologists with a valuable model for studying and evaluating new neu-

rotrophic factors endowed with NGF-like properties; (b) this model can be

included in the palette of experimental sensory neuropathies used in preclinical

research for evaluating new putative neuroprotective drugs, the mechanisms of

action of which are not known.
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Abstract
The frissonnant (fri) mutation is an autosomal recessive mutation which spontaneously

appeared in 1977 in the stock of C3H mice of the Pasteur Institute in Paris. fri/fri mutation

causes locomotor instability and rapid tremor. The tremor ceases when mutated animals

sleep or are anaesthetized. In the light of these symptoms, it seems that fri/fri shares similar-

ities with human Parkinson disease (PD). Here we give a precise and full description of the

fri phenotype with an accurate behavioural, electrophysiological and histological analysis.

The results show that fri/fri mice present an important motor deficit with visible tremor and

stereotypies. We observed that fri/fri mice display some memory deficits as in human PD.

We also show thatL-3,4-dihydroxyphenylananine and apomorphine (dopaminergic agonists),

ropinirole (selective D2 agonist) and selegiline (a monoamine oxidase B inhibitor) improve

the clinical status of these animals. Finally, we found that fri/fri mice did not display any

anatomopathological evidence of nigrostriatal lesion nor a decrease in tyrosine hydroxylase

production. We conclude that fri/fri mice present a dopamine-sensitive inherited motor syn-

drome associated with a parkinsonian syndrome, but are not a mouse model of PD disease.

They could be used as a tool for studying and screening dopaminergic compounds with cen-

tral activity.

Copyright © 2008 S. Karger AG, Basel

Introduction

The mutation frissonnant (fri) is an autosomal recessive condition that

appeared spontaneously in 1977 in the stock of C3H mice of the Pasteur

Institute in Paris. fri/fri mutation causes locomotor instability and rapid tremor.
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The tremor ceases when mutated animals sleep or are anaesthetized. In the light

of these symptoms, it seems that fri/fri shares similarities with human

Parkinson disease (PD).

PD is characterized by akinesia, tremor, rigidity and postural instability

[1]. Other symptoms such as mild cognitive defects, autonomic dysfunction and

affective disorders may also be observed [2]. PD usually affects people in their

middle or later years, with an incidence rate of 5–20/100,000 [3]. Ninety per-

cent of PD cases are sporadic and 10% inherited [4]. The behavioural deficits

are primarily due to progressive degeneration of nigrostriatal dopaminergic

neurons which results in motor syndrome. The 3 main symptoms appear when

more than 55–60% of dopamine have disappeared from the nigrostriatal struc-

tures because of degeneration of dopaminergic neurons [5].

The first aim of the present study was to run a complete behavioural and

histological phenotyping of fri/fri mice, the second aim was to verify whether

the fri/fri mice could be validated as an animal model of inherited PD, by

addressing 3 questions: (a) do the fri/fri mice present the behavioural deficits

observed in PD, (b) is the clinical status of fri/fri mice improved by drugs

known as efficient antiparkinsonian compounds, i.e. L-3,4-dihydroxypheny-

lananine (L-dopa) and apomorphine, and finally (c) do the fri/fri mice display

degeneration of nigrostriatal dopaminergic neurons as in PD?

In this study, we made a precise and full description of the fri phenotype

with an accurate behavioural, electrophysiological and histological analysis.

The results show that fri/fri mice present an important motor deficit with visible

tremor (allowing to phenotypically recognize fri/fri mice at birth) and stereo-

typies. We observed that fri/fri mice display some memory deficits as in human

PD. We also show that L-dopa and apomorphine (dopaminergic agonists),

ropinirole (selective D2 agonist) and selegiline (a monoamine oxidase B

inhibitor) improve the clinical status of these animals. Finally, we found that

fri/fri mice did not display any anatomopathological evidence of nigrostriatal

lesion nor a decrease in tyrosine hydroxylase (TH) production.

Materials and Methods

Animals
The fri/fri mice were from the Unité de Génétique des Mammifères of the Pasteur

Institute in Paris. Although fri/fri mice were fertile, heterozygous �/fri mice (subsequently

referred to as heterozygous mice) were used for the reproduction. Homozygous fri/fri mice

were identified at birth by the characteristic tremor. For control, �/� mice from the same

genetic background were used. The �/fri animals were identified by 2 backcrosses with 2

different �/fri animals and detection of the presence of fri/fri in the progeny. Animals were

housed in plastic cages at a constant temperature of 22�C (�0.5�C) with a 12-hour light:12-



A Dopamine-Sensitive Inherited Motor Syndrome Linked to the frissonnant Mutation 83

hour dark inverted cycle. They had free access to food and water. All animals used in this

study were handled in compliance with approved institutional care and the usual protocols,

according to the guidelines of the French Ministry of Agriculture and Fisheries.

For the experiments, both male and female mice were used; they were 5–34 months

old.

Behavioural Testing
Motor Coordination Measurements

Rotarod Test. The rotarod test consisted in automatically measuring how long the

mouse could maintain itself on a rotating axle (rotarod apparatus from Bioseb, Paris, France;

diameter of the axle: 3 cm; speed of rotation: 12 rpm) without falling, the test being stopped

after an arbitrary limit of 300 s. If the animal fell down before 300 s, the time was recorded

and an additional trial was performed (3 maximum), and the mean time of these 3 trials was

calculated and retained as characteristic value.

String Test. The string test consisted in hanging the animal to a thread (diameter: 1 mm)

– stretched horizontally 40 cm above a table – by its forepaws and measuring the time

required for the animal to grasp the thread with its hindpaws. Three trials (maximal duration:

60 s each) were performed, and the mean time of these 3 trials was calculated and retained as

characteristic value. If the animal fell down, it was scored with a maximum of 60 s.

Muscular Power: Maximal Strength

The maximal muscle strength was measured with an isometric transducer (Bioseb)

attached to a piece of grid. When the animal held the wire with its 4 legs, it was slowly moved

backwards until it released the grid; the transducer measured the maximal strength. Results

are given in newtons. Two trials were performed, and the mean value was calculated and

retained as characteristic value.

Assessment of Sensory Dysfunction: Tail Flick Test
The tail of the mouse was placed under a shutter-controlled lamp as a heat source. The

latency before the mouse flicked its tail from the heat was recorded. A sensory alteration

increases the latency of flick. Two trials were performed, and the mean value was calculated

and retained as characteristic value.

Footprint Analysis
The animals were placed in a 9.5-cm-wide, 58-cm-long corridor the floor of which was

covered with white absorbing paper. The animals were first trained to explore the corridor;

then their hindpaws were dipped in black ink and they were placed into the corridor for the

trial. Under these conditions, they left permanent footprints when they walked. During the

trial the animals had to walk straightforward without stopping. If they did not, a new trial was

performed, a maximum of 3 consecutive trials being accepted. The following parameters

were recorded: (a) width of foot placement; (b) intrastep distance; (c) step length.

Locomotor Activity in Open Field
A video track was placed over a plexiglass open field (OF; length: 52 � 52 cm; height:

40 cm) and recorded the activity of the animal during 10 or 30 min. The floor of the OF was

divided into 9 equal squares. The locomotor activity was expressed in terms of mean number
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of squares crossed per minute. The total number of rearings was also recorded at the same

time.

The initiation of the movement was recorded by measuring the time spent by the animal

to walk over a distance of 2 squares after a stop of 10 s. Five measurements were performed,

and the mean value was calculated and retained as characteristic value.

Electrophysiological Measurements
All recordings were made with a standard electromyographic apparatus (Neuromatic

2000M, Dantec, Les Ulis, France) in accordance with the guidelines of the American

Association of Electrodiagnostic Medicine (1992). Mice were anaesthetized by intraperi-

toneal injection of 60 �g/g of ketamine hydrochloride (Ketalar®; Parke Davis, Courbevoie,

France). A monopolar needle electrode (Dantec, code 13L70, diameter: 0.3 mm) was inserted

into the back of the animal to ground the system. Throughout the procedure, the animals

were kept under a heating lamp to maintain a physiological muscle temperature. The temper-

ature was verified on the surface of the tail with a contact thermometer.

Compound Muscle Action Potential

Compound muscle action potentials (CMAP) were recorded in the gastrocnemius mus-

cle. Amplitudes (in millivolts) from the right muscle-evoked responses were measured. For

the recording of the gastrocnemius CMAP, supramaximal square pulses (1 Hz), of 0.2 ms

duration, were delivered through a needle electrode (Dantec, code 13L81) to the sciatic nerve

at the sciatic notch level. An anode needle electrode was inserted at the base of the tail. The

active recording unipolar needle electrode (Dantec, code 13RS1) was inserted in the medial

part of the gastrocnemius. The reference recording electrode was inserted over the Achilles

tendon. The myo-electric signal was bandpass filtered (2–5 Hz) to eliminate artefacts. An ini-

tial negative deflection and biphasic waveform indicated recording at the motor point. The

CMAP amplitude was measured from peak to peak.

Sensory Nerve Conduction Velocity

The sensory nerve conduction velocity (SNCV) was determined by the rate at which

the action potential propagated along the caudal nerve during orthodromic conduction. This

rate is variable and depends on current flow along the axon, the depolarization threshold of

the membrane and temperature. To elicit the sensory nerve action potential, the tail was

strapped to a polystyrene board. The unipolar needle electrodes (Dantec, code 13R24) were

inserted as follows: (a) the stimulating cathode was placed exactly two thirds of the length of

the tail, distally to its hairline; (b) the stimulating anode was inserted 3 mm distally to the

stimulating cathode; (c) the recording cathode and anode were inserted 5 and 2 mm distally

to the hairline of the tail, respectively, and (d) a ground electrode was inserted half way

between the stimulating and recording cathodes. Twenty sensory evoked responses were

averaged for each recording. The SNCV of the caudal nerve was calculated from the latency

of the stimulus artefact to the onset of the negative peak of the action potential elicited, and

the distance between the stimulating and the recording cathodes.

Treatment of fri Mice with L-Dopa, Apomorphine, Selegiline and Ropinirole
L-Dopa (Sigma, L’Isle d’Abeau-Chesnes, France), apomorphine (Sigma), selegiline

[(R)-(–)-N,a-dimethyl-N-(2-propynyl)phenetylamine hydrochloride; Sigma], an inhibitor of

B-type monoamine oxidase, and ropinirole, a selective D2 receptor agonist (Requip®;
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SmithKline-Beecham, Nanterre, France), were dissolved in 9‰ aqueous solution of sodium

chloride. L-Dopa (5, 10, 20, 40 and 60 mg/kg), selegiline (10 mg/kg) and ropinirole

(20 mg/kg) were injected intraperitoneally 9, 45 or 30 min, respectively, before the behav-

ioural testing, and apomorphine (0.1, 0.2 and 2 mg/kg) was injected subcutaneously 30 min

before the behavioural testing. Locomotor activity, rearing and initiation of movement were

recorded before and after the drug administration. The locomotor performances were mea-

sured and expressed in percent relatively to the performances measured before treatment and

set at 100%.

Object Recognition Test
The object recognition test [6] was performed in the plexiglass OF placed in a dark

room. The objects to be discriminated were a marble and a dice. Animals were first habitu-

ated to the OF for 15 min. The next day, they were submitted to a 10-min acquisition trial

(first trial) during which they were individually placed in the OF in the presence of an object

A (marble or dice). Activity, that is the number of squares crossed, and the time spent to

explore the object were recorded.

A 10-min retention trial (second trial) was then carried out 3 or 24 h later. For this trial,

the object A and the object B were placed in the OF, and locomotor activity and exploratory

times (TA and TB) were recorded. The recognition index (RI) is defined as

[TB/(TA � TB)] � 100. There is no recognition when RI does not differ from 50.

Histopathology
Brains of 2 controls and 2 fri/fri mice were collected and fixed in a 4% aqueous solu-

tion of paraformaldehyde and then immersed in an 18% aqueous solution of sucrose.

Olfactory bulbs, diencephalon and mesencephalon were preserved in all specimens studied.

Tissues were frozen in liquid nitrogen, mounted in OCT embedding medium and cut into 40-

�m-thick sections using a Reichert-Jung cryostat (Vienna, Austria). The sections were col-

lected and placed in phosphate-buffered saline.

Sections were then processed for TH immunostaining [7]. They were treated overnight

at 4�C with a rabbit polyclonal anti-TH antiserum (Chemicon International Inc., Temecula,

Calif., USA) diluted to 1/500 in a 0.1 mol/l phosphate-buffered saline, pH 7.4, containing

0.4% Triton X100 (Sigma) and 10% fetal calf serum (Gibco, Life Technologies, Cergy-

Pontoise, France). After 3 washes in buffer of 5 min each, the primary antibody was detected

by the avidin-biotin method using the Vector Laboratories staining kit (Burlingame, Calif.,

USA). Briefly, preparations were treated for 1 h with a diluted horse biotinylated anti-rabbit

polyclonal antiserum and then washed 3 times for 5 min with buffer. The diluted avidin-

biotin peroxidase complex (Sigma) was then applied for 1 h at room temperature, and the

preparations were washed 3 times for 5 min with buffer. Finally, the sections were treated

with a solution of diaminobenzidine hydrochloride and hydrogen peroxide to localize the

antigen/peroxidase-labelled antibody complex. A number of sections was also Nissl stained.

The mean number of nigrostriatal neurons per microscopic field was deter-

mined using the Visiolab 2000 software (Biocom, Paris, France).

Statistical Analysis
All data were analysed by repeated analysis of variance, followed, when appropriate, by

a Dunnett’s test. In some cases, a paired or unpaired t test was also used. A value of p � 0.05

was considered as significant.
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Results

Behaviour
Sensorimotor Tests

fri mice were not able to stay on a rotarod for more than 10 s, whereas con-

trol and heterozygous �/fri (data not shown) mice could stay for at least 300 s,

the upper time limit fixed for the test (fig. 1a). fr/fri mice were unable to catch

the string with their hindpaws, in contrast with control and heterozygous mice

which could catch it very rapidly (fig. 1b).

The gait analysis showed that the width of foot placement of fri/fri mice

was greater than for control or heterozygous mice (fig. 2b). The step length and

the intrastep distance were also shorter (fig. 2a, c).

By contrast, there was no difference in the time of first reaction to the tail

flick test between the different groups (fig. 3).

It could be noted that all tests were performed on animals of different ages

(5, 6, 8, 10, 12, 28 and 34 months). No significant evolution in the value of

parameters studied (data not shown) could be seen in the 3 groups of animals

(fri/fri; �/fri; �/�).

Locomotor Activity

In the OF, significant differences were detected between fri/fri and control

mice (�/fri and �/�; fig. 4a). In addition, the number of rearings was less in

fri/fri mice compared to control animals (fig. 4b).
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Fig. 1. Performances in the rotarod test (a) and in the string test (b) for the �/�
(n � 8), �/fri (n � 8) and fri/fri (n � 8) groups. The values represent the mean � SEM.

Dunnett’s test, *p � 0.005, **p � 0.001.
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Electromyography
No difference was detected in electromyographic parameters, caudal nerve

(SNCV) or CMAP (gastrocnemius) amplitude or latency, between homozy-

gous, heterozygous and control mice (fig. 5a–c).

Memory Test
A significant difference in RI could be detected between the homozygous

(RI: 45.93 � 7.65) and control mice (RI: 72.65 � 2.77). The homozygous mice

were unable to recognize object A that they were supposed to know. This deficit

was not due to the locomotor deficit since fri/fri mice explored the 2 objects as

long as the control group (fig. 6) and indicated that these mice probably suf-

fered from a short-term memory deficit.
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Sensitivity to L-Dopa, Apomorphine, Selegiline and Ropinirole
Ninety minutes after administration of L-dopa (all doses), fri mice

improved their motor performances (fig. 7a). However, the only significant dif-

ferences (one-sample t test) were observed at doses of 10 mg/kg (p � 0.01),

20 mg/kg (p � 0.05) and 40 mg/kg (p � 0.05). Within this range of doses, the

improvement depended on the dose administered. Unlike the fri/fri mice, the

control mice did not improve their locomotor activity after being treated with L-

dopa. Moreover, the number of rearings was significantly increased in the case

of fri/fri mice at all doses ranging between 10 and 60 mg/kg (p � 0.05; paired t

test; fig. 7b). Analogous results were observed for the moving speed and move-

ment execution which were significantly improved after L-dopa administration

at all doses ranging between 5 and 60 mg/kg (paired t test; fig. 7c). No differ-

ence could be seen in the case of control mice. Finally, frequency of tremor was

obviously less elevated after L-dopa administration at doses ranging between 10

and 40 mg/kg.
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Thirty minutes after administration of apomorphine (0.1 and 0.5 mg/kg),

the fri/fri mice displayed increased locomotion (p � 0.01, paired t test) and

rearing (fig. 8a, b). The only significant difference in the number of rearings

was seen at 0.5 mg/kg (p � 0.05, paired t test). The motor performances of con-

trol mice were not improved by the treatment and even worsened, probably

because of habituation of the animals in the OF test. The apparent heterogeneity

in the results obtained in the different experimental groups for a given condition

was due to intragroup variability; it was why each animal was its own control.

Selegiline-treated (10 mg/kg) fri/fri mice showed improved motor perfor-

mances 45 min after administration of the drug (fig. 9; p � 0.05, unpaired
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t test). Here again, the control mice displayed a decreased locomotion after the

treatment, probably for the same reasons as mentioned above for the apomor-

phine-treated mice.

Ropinirole (20 mg/kg) significantly (p � 0.01, paired t test) increased the

motor performances of fri mice within 20 min (fig. 10).

Histological and Immunocytochemical Studies
Examination of the totality of the substantia nigra and striatum did not

reveal obvious differences between fri/fri and control animals (data not shown).

Similarly, the immunocytochemical study of TH expression [7] did not show
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any differences between fri/fri and control mice neither in the distribution of TH

in these areas of the brain (fig. 11) nor in the number of cell bodies (fri/fri:
152.00 � 32.5; �/�: 103.0 � 12.5 cell bodies/field, plane 57 [8], n � 3

sections).

Diencephalon, olfactive bulb and mesencephalon sections were also exam-

ined. No difference in the number of neurons or morphological alteration could

be detected between �/� and fri/fri mice.

Discussion

Animal Models of PD
The rodent animal models most widely used as PD models are (a) 6-

hydroxydopamine-induced unilateral lesion of rats and (b) N-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine (MPTP)-treated mice.

The 6-hydroxydopamine-induced unilateral lesion of rat striatum is most

widely used to study effects of putative antiparkinsonian drugs [9]. This model

is based on the fact that in such lesioned animals, injection of dopaminergic

compounds makes the lesioned animal rotate to the less stimulated side of the

striatum.

The MPTP model consists in systemically injecting mice with high doses

of this toxin which induces a severe degeneration of catecholaminergic neu-

rons [10]. Following this treatment, depletion of dopamine in the striatum has

been observed [10–12]. However, the behavioural deficits induced by the treat-

ment have been shown to be short-lived [11, 13–15] probably because of
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regeneration of lesioned dopaminergic neuron terminals [10] and hetero-

geneity.

fri/fri Mice as PD Model?
The present results show that the fri/fri mice share many features with cur-

rently accepted animal models of PD. They display important movement

poverty and very slow movements (as shown by the rotarod and string tests).

Moreover, these animals present a significant decrease in their locomotor activ-

ity in the OF test: the number of rearings is smaller for fri/fri than for control

and heterozygous mice. Execution of movement is slower and weaker in the

case of fri/fri than in that of control and heterozygous mice.

The footprint study reveals that fri/fri mice have a step shorter than that of

the control mice and cannot easily synchronize their movements which they

execute with difficulty. When the movement was triggered off, it was performed

quickly and with large amplitude, similar to the ‘roue dentée’ (cogwheel) symp-

tom in PD patients.

fri/fri mice do not display any impairment of sensitivity as shown by the

tail flick test. They do not have impairment of thermoregulation since their

body temperature is the same as that of control and heterozygous mice (data not

shown). Electromyography did not show any peripheral disorder therefore we

could conclude that there is neither neurodegenerescence nor dysfunction of

sensory or motor nerve fibres.

fri/fri mice present impairment in cognitive functions. This feature is

shared by MPTP-treated mice [16] and PD patients who may have some alter-

ations of cognitive functions – developing during the progress of the disease

[17] – memory deficits [18] and depression [18].

Fig. 11. TH activity in the substantia nigra in the immunocytochemical study of the

fri/fri (a) and �/� (b) animals. Note that there is no difference in the staining intensity and

number of immunoreactive cells (plane 57 [8]). �50.

a b
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We observed fri/fri mice stock for 1 year. We did not see any change in

clinical signs during this time indicating no evolution of the disease. The ani-

mals presented symptoms of the fri disease from birth to death.

In summary, fri/fri mice share some major signs of a parkinsonian syn-

drome, we can conclude that the criterion of isomorphism of the model is

almost totally fulfilled.

For the predictivity criterion, we showed that fri/fri disease is dopamine

sensitive. We studied first the reactivity of fri/fri mice to L-dopa, a dopamine

precursor. An acute treatment of fri/fri mice with this compound improved loco-

motor activity (more rearings, faster movements) whereas it had no effect on

control mice; this improvement depended on the dose used. The optimal dose of

L-dopa was 20 mg/kg (above that, no further improvement was recorded).

Beneficial effects were transient and stopped approximately 4 h after drug

administration. Analogous results were obtained by treating MPTP-intoxicated

mice with L-dopa [10, 19, 20].

Similarly, apomorphine, selegiline and ropinirole improved the clinical

status of fri/fri mice. Selegiline is not an antiparkinsonian drug per se but is

often used in association with L-dopa, since it inhibits monoamine oxidase B

(brain form) and then increases the life-span of dopamine. Unfortunately,

because of the severe symptoms affecting fri/fri mice, we could not study the

effect of neuroleptic drugs, such as sulpiride, and observe the clinical wors-

ening expected in case of parkinsonian syndrome. However, taken together,

the present results indicate that the fri/fri disease is sensitive to drugs active

on the dopaminergic pathways; the criterion of predictivity is at least partly

fulfilled.

The last but probably the most important criterion, the homology, is not

fulfilled. Indeed, we were unable to find any anatomopathological lesions of the

nigrostriatal systems or to detect any decrease in TH activity (enzyme involved

in the dopamine synthesis) in the fri/fri mouse brain. There could be many rea-

sons to explain why fri/fri mice react positively to L-dopa and selegiline. One

could be a deficit in dopamine concentration in the synaptic cleft of central

dopaminergic neurons. There is no decrease in TH immunoreactivity but other

hypotheses could be formulated: D receptors could have an altered affinity for

dopamine; impairment in dopamine release in synapses or hyperactivity of

monoamine oxidase B involving a high degradation of dopamine could be the

cause.

To the best of our knowledge there do not exist numerous animal models

mimicking inherited human parkinsonian disease. One of the most promising

was described by Craig et al. [21]. Briefly, these authors showed that rats har-

bouring a mutation in the gene coding for protein kinase C� had altered behav-

iour, movement disorder and age-progressive dysfunction and death of neurons
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in the substantia nigra pars compacta. Since no pharmacological study of this

strain was performed, it was not possible to determine whether these animals

were sensitive to drugs used in the treatment of human PD and related diseases.

Conversely, we do not know if fri/fri mice harbour a mutation in a gene coding

for protein kinase C�.

To summarize, fri/fri mice present a dopamine-sensitive inherited motor

syndrome associated with a parkinsonian syndrome, but are not a mouse

model of PD disease. However, behavioural, histological and pharmacologi-

cal features of both mouse and rat [21] models render them complementary

for studying the molecular pathogenesis of parkinsonian syndrome and

related diseases. They could be used as a tool for studying and screening

dopaminergic compounds with central activity whereas AS/AGU rats could

be used for exploring the molecular mechanisms of dopaminergic neuron

death.

Overall Conclusions of Animal Models

In the light of this study, an overall conclusion could be drawn on animal

models of human disease. First of all, we need to remember that to be con-

firmed as a valuable model of human disease an animal model should impera-

tively fulfill 3 criteria [22]: (a) isomorphism (it should present common

symptoms with the human disease it is supposed to mimic); (b) predictivity (it

should be sensitive to drugs known to improve the clinical status of humans suf-

fering from this disease); (c) homology (it should share some common causes

with the human disease).

Secondly, facing any animal presenting a peculiar clinical status, a global

and precise analysis of the phenotype has to be done. This analysis must be rig-

orous and should collect the clinical, biochemical, anatomopathological and

pharmacological information.

Third, it is necessary to be critical towards any animal models used. The

‘ideal’ model does not exist; the closer to the human pathology a model is, the

better and more relevant the results will be. The limits of the validity must be

evaluated for any model used; to extrapolate too much is dangerous for the rel-

evancy of results. By contrast, underestimating results would be dangerous. A

good model of a human disease will show a correct balance between the rele-

vance of the model and the use by the scientist.

We could conclude with a model definition given by Segev [23] in 1992:

‘A model is something simple made by scientists to help them in understanding

something complicated. A good model is one that succeeds to reduce the com-

plexity of the modelled system while preserving its essential features.’
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