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Preface 

C. L. Solis 

In ancient times, most studies related to the brain and the nervous 
system were based on the observation that different parts of the brain 
were associated with different functions. Most of the studies were sup
ported by the consideration that each injury in specific parts of the 
brain led to specific dysfunctions. Interesting also is the fact that skulls 
had been found in several sites in Europe with trepanation that had 
been performed for some kind of surgical intervention. Several skulls 
which underwent trepanation are considered to belong to the neolithic. 
Other skulls have been found in Peru particularly in Cuzco region. 
Over the centuries, studies in anatomy, microanatomy, physiology and 
later their relation to behaviour have been performed. Yet it is only in 
the 19th century that Sherrington demonstrated in cat that the section 
of the medulla led to the spinal cat, opening the new view on the im
portance of the spinal cord in important physiological activities. In the 
20th century the identification of the cellular membrane with special 
consideration of myelin, the structure of the nerve and nerve excita
tion, synapses, axonal transport, neurotransmitters and neuromodulators 
provided clues on neural activities. It is particularly important that the 
multidisciplinary approach to basic science studies using microanatomy, 
biochemistry, biophysics, genetics, physiology, neuroimmunology, neu
roendocrinology, and neuroimaging have been crucial for the under
standing of the fundamental mechanisms underlying neurological 
disorders, as well as very helpful in designing new therapeutic approaches. 
We are expecting that the development of new studies and research will 
implement the possibility of the control of neurological disorders that 
are still one of the major causes of death and disability. 
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Foreword 

At its thirty second session, the Advisory Committee on Health Re
search (ACHR) considered that on-going and future advances in 
neurosciences had great potential for prevention, control and treat
ment of nervous system and mental disorders and promotion of health. 
Several countries had launched the 1990s as the Decade of the Brain. 
The ACHR endorsed this development and advised that a focused re
view of recent advances and their application in neurosciences should 
be part of the activities in connection with assessment of new andemerg
ing areas of science and technology. This monograph entitled Neuro
science, Neurology and Health is a contribution towards that goal. 

Professor T. Fliedner (Chairman, ACHR) 

Dr. B. Mansourian (Secretary, ACHR) 

October 1997 





Neuroscience: A Historical 
Perspective 

C. l. Bolis 

Throughout the history of science and philosophy, there has been a search 
for a coordinating system, leading to the concept of a nervous system that 
controls vital functions, homoeostasis, and thought. Even though there 
have been several important discoveries in the more distant past that have 
stood the test of time, it was only in this century that we have had enough 
knowledge and technology to correctly integrate a descriptive, functional, 
and mechanistic understanding of the nervous system. The difficulty of 
integrating description, function, and mechanism is illustrated by the dis
covery of an Egyptian papyrus, dated 3000 years BC, in which there was 
a sequence of observations of head injuries correlated to specific somatic 
manifestations. In principle, those observations were correct, but it has 
taken almost 50 centuries to elucidate the basic mechanisms underlying 
the correlation between head injury and peripheral lesion. 

FROM PHILOSOPHY TO FUNCTIONAL ANATOMY 
Today when we attempt to consider the history of neuroscience, a good 
starting point is the work of Hippocrates. There is no doubt that 
Hippocrates (460-370 BC) was the father of medicine; he had a very 
clear understanding of some neurological conditions such as stroke and 
epilepsy, which are mentioned in the Aphorismi and the Praesagia 
Hippocratis, liber Il, De cOl1vulsione. Hippocrates and his school, in the 
publication Corpus Hippocraticum, introduced the conceptually novel 
idea that disease might be explained rationally; divine intervention was 
no longer the cause of illness. 

The vision of Hippocrates and of the philosopher Plato (429-347 
BC) concerning the localization of coordination was somewhat 
cerebrocentric, but later Aristotle (384-322 BC) imposed his 
cardiocentric view of coordination of the human body. Aristotle de
scribed the heart as responsible for all bodily functions, including per
ception and thinking; the brain was the coldest part of the body and its 
function was to temper the heat generated by the heart. 
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Hippocratic physicians relied not only on nature, but also actively 
intervened to treat brain damage, as documented in the following pas
sage: 

"First, the patient should be washed with plenty of hot water and hot 
applications placed on his head; or his head should be placed on a vapour 
bath. He must then be dried well and a lukewarm mixture of honey and 
vinegar placed in his mouth. If he recovers he should be fed, and when he 
seems to have gained strength, a substance such as mirrh mixed with flow
ers of sulphur is put in his nose to promote sneezing. Sternutories are par
ticularly necessary if the headache persists, for as the nasal and intracranial 
cavities were considered to be directly connected, they were thought to purge 
the head. Soup, such as a decoction of barley, is given and water to drink, 
but alcoholic beverages are strictly forbidden. After an interval of a few 
days a purgative is to be administered, and this is an important part of the 
treatment, because without purging the patient may fail to recover. Inci
sion of the scalp is likewise obligatory if all other measures have failed; if it 
is not carried out in these cases, the patient will probably die on the eight
eenth or twentieth day. The physician is directed to incise the scalp in the 
region of the obliterated anterior fontanele, and when the blood has ceased 
to flow, the edges of the wound are brought together and a bandage is ap
plied." (from Clark 1963). 

At that time, craniotomies, performed with a variety of instruments, 
were conducted by physicians to restore the balance between the four 
humors. Such procedures, which had been performed since Neolithic 
times, may have had some degree of success. The medical usefulness of 
craniotomy was probably due to the reduction of intracranial pressure, 
which could cause injury or death after closed head injury. 

Herophilus and Erasistrato in the third century BC had been able 
to study human bodies and they had been in a position to distinguish 
cerebellum, brain and medulla. They also demonstrated that the brain 
has ventricles and that its surface has circumvolutions. In addition, they 
clearly understood that blood vessels are very different from nerves and 
the origin of nerve is brain or medulla. Nerves were distinguished be
tween motor and sensorial. 

In the second century AD Galen (129-199) disputed Aristotle's 
view and, through direct observations, he proposed the distinction of 
motor and sensory nerves attributing importance to the perceptions, 
thus anticipating the concept Nil est in intellectu quod prius no fuerit in 
sensu. 
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Galen considered not only anatomy, but also was the first to study 
physiology. He gave great importance to the ventricles, which he di
vided into anterior, medial and posterior. Galen also predicted that along 
the nerves travels an agent, the pneuma. His intuition was left aside for 
at least two thousand years when the electric communication was dis
covered along nerves. 

In Galen's time, trepanations continued to be performed. Addition
ally, physicians used a \vide variety of remedies to treat injury and disease. 
Those treatments ranged from the bizarre, to those that might have true 
medical efficacy. Galen prescribed the use of the Mediterranean electric 
ray, Torpedo mamorata, for the treatment of pain. Even though the pow
ers of the electric fish were known well before Roman Times, it is not 
clear whether the shocks were consistently used for medicinal purposes. 
It was Galen who questioned the pharmacological use of dead torpedo, 
and concluded it had no therapeutic efficacy, and recommended the use 
of the live fish for the treatment of pain and epilepsy. 

Further studies of the brain were by Emeso, Bishop ofEmesa, and 
St. Augustin in the fourth century AD, concerning the localization of 
function to the three ventricles described by Galen: in the anterior ven
tricle is localized imagination; in the median, reasoning; and in the 
posterior, memory. This is the first approach to localization of func
tion, and for almost a thousand years this approach inspired drawings 
and prints. 

At the time of the Renaissance anatomical studies continued and 
at the Hospital of Santa Maria Nuova in Florence around 1505 Leonardo 
da Vinci took wax moldings of cerebral ventricles and made drawings 
of the brain's circumvolutions. At that time again in Italy Vesali, and in 
France Fresnel, provided increasingly accurate morphological descrip
tions of the body, including the brain. 

Willis (1667) tried to find a more accurate anatomical description 
of the central nervous system and he subdivided the brain matter into 
gray and white matter. Willis, taking into account the work ofWilliam 
Harvey (1578-1637) on the heart and circulation, conducted brilliant 
studies on brain circulation, leading to the identification of the rete 
mirabilis or Willis circle. 

However, during this period brain research, considering the rela
tion between brain, mind and soul, took a philosophical approach. Treat
ment still consisted of the use of bleeding, potions, and herbal medicines. 
Rudimentary surgical procedures were performed to remove objects 
that might have accidentally penetrated the brain, including the re
moval of bone fragments that might have been driven into the brain by 
gunshot wounds. 
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Wilhem von Hilden (1560-1634), who lived in Bern as an official 
surgeon, devised a number of new tools to operate on the brain. Those 
included a device for raising depressed bone with a screw, hook, and a 
lever. He also used screws and pins to prevent the collapse of broken bones, 
and created several techniques for use with head injured children. 

In 1665 Malpighi described, in De Cerebra Cartiee, the brain sur
face with a primitive enlargement system. In 1666 in the Cerebra he 
described two observations on the distribution of the gray matter in 
the brain. He stressed the structure of the brain being particularly dif
ficult to dissect, the manipulations that he had to make naturally gave 
rise to a series of artifacts. 

The search for the localization of functions in the brain contin ued 
to be of great interest to investigators. Franz Joseph Gall is among the 
pioneers in this area; he produced experimental data at the end of the 
nineteenth century by making ablations of well-defined anatomical cen
tres and observed animal behaviour. For example, he demonstrated 
that the ablation of cerebellum disturbed coordination of movement. 
In addition, in accordance with Galen he demonstrated that bulbar 
lesions (at the posterior ventricle) induce modifications in respiration. 
Later Gall considered that verbal memory or language was located in 
the frontal lobe of the cortex. The French neurologist Bouilland, dur
ing 40 years of study of 100 cases, proposed that there was a linkage 
between brain damage in the frontal lobe and loss of speech (1825). 
However, it was only in 1860 that the neuroanatomist and anthropolo
gist, Broca, presented his clinical and anatomo-pathological evidence 
that language loss is related to unilateral damage of the left frontal 
lobe. He demonstrated at the same time the asymmetry between the 
hemispheres. Additionally, the studies of Carl Wernicke in his mono
graph of 1874 on "Der Aphasische Symptomencomplex." were of great 
importance in this area. 

In 1909 Brodman assembled all available data on humans and non
human primates and divided the cerebral cortex into 50 areas: areas of 
association, of motor or sensorial perception. In spite of such early 
progress, it was only in the last two decades that tools have been devel
oped to accurately localize brain function. These tools include CT scan, 
PET, SPECT, magnetic resonance and other imaging methods. Today 
we better understand many activities of the brain, including energy 
utilization and function. 

FROM MICROSCOPV TO PHYSIOLOGY AND MOLECULAR BIOLOGY 
Around 1718 van Leuwenhock produced the first appropriate imaging 
of the microscopic organization of the nervous system, when he con-
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side red the structure of the nerve as composed of little vessels reassem
bled together, sometimes enveloped by a structure later identified as 
myelin. Microscopic anatomy did not make progress until 1824 when 
Dutronchet identified, in invertebrate ganglia, the presence of "little 
cells" of spherical form. This is the first description of a nervous cell. A 
few years later, Valentin described the presence in the cerebellum of 
tails around these spherical cells and we know now that these tails were 
later identified as dendrites. Finally, Deiters (1865) proposed the struc
ture of the nerves as we know it today, thanks to the introduction of 
electron microscopy (1950). It is noteworthy that in 1850 Claude 
Bernard sustained the possibility that the contact between nerve and 
target cells was specialized and some change had to occur during the 
transmission of the signal. In the framework of these observations and 
Deiter's proposal there was, among the scientific community, active 
thinking about the possible communications and interactions between 
nervous cells. It is now known that each neuron may form connections 
with thousands of other cells transferring signals at a speed that can 
reach 200 miles per hour over very short or long distances. The inter
actions are restrained to specialized systems that are called synapses. 
This word comes from Greek, meaning to clasp, and was coined by 
Charles Sherrington in 1897 in a chapter contributed to a textbook of 
physiology edited by Michael Foster. Sherrington wrote: "So far as our 
present knowledge goes, we are led to think that the tip of a twig of the 
arborescence is not continuous with but merely in contact with the 
substance of the dendrite or cell body on which it impinges. Such a 
special connection of a nerve cell with another might be called a sYl1apse." 

At the end of the nineteenth century and beginning of the twenti
eth century there was an interesting debate on how neuronal connec
tion is established. The provision of a better system of staining nervous 
tissues (silver staining) was discovered by the Italian, Camillo Golgi, 
and also applied by the Spaniard, Santiago Ramon y Cajal, together 
with better techniques of microscopy, led to formulation of the neuro
nal versus the reticular theory. The neuronal theory considered the 
neuron as an individual cell, already distinct in space from its target cell 
and affirmed the individuality of the neuron. However, upon this dis
pute, in which the neuronal theory won, followed another debate: How 
was the signal given by the neurons transmitted? Was it by "chemical 
transmission", according to which neurons were supposed to release 
molecules acting on specific cells, or "electrical transmission", accord
ing to which the signal was of an electrical nature? The work of Sir 
Henry Dale and Otto Loewi established in 1920 that chemical trans
mission was the correct theory. 
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It is noteworthy that in 1884 Thudicum published "The chemical 
composition of the brain." At that time, biochemistry was starting to 
emerge, but no valid techniques for correct identification of substances 
were available. Progress in this area had to wait until the turn of this 
century, and only in the 1950s the chemical composition of informa
tional substances was identified. 

The sequence of events involved in the generation and propaga
tion of electrical signals has its own history. It was only in 1786 that 
Luigi Galvani, making experiments in frogs, proposed the existence of 
a type of animal electricity. The magnificent publication of "Dc viribus 
electricitatis in motu musculari commentari" by Galvani in 1791 opens 
an important and fascinating approach to animal electricity. Later, in 
1838, Matteucci registered for the first time the electric current pro
duced by a muscle. In 1898 Dubois Reymond described the existence 
of a current that travelled along the nerves. In addition, in 1875 Caton 
demonstrated, in experiments on rabbits, that the cerebral cortex also 
produces electricity. 

Until 1950, there was no evideI1ce on how stimuli could mediate 
nerve excitation. Thanks to the studies of Hodgkin and Huxley 
(Hodgkin, 1964; Hodgkin and Huxley, 1952; Hodgkin and Keynes, 
1955), it is now clear that the excitable membrane exists in two states: 
one polarized (with the maintenance of different ionic changes on two 
sides of the membrane) and one depolarized, which results from the 
former following drastic changes in permeability, an order of millisec
onds, after stimulus. The rapid changes in ionic permeability gives rise 
to electrical impulses transmitted along the nerve axon, where ion ex
change is regulated by the plasma membrane through which the cell 
communicates with its environment. The axon offers a unique pathway 
not only for the conduction of ionic impulses but also for the circula
tion of macromolecules between the central nervous system and pe
ripheral organs. Any interruption or pathological alteration of nerve 
fibres impedes the axonal transport of molecules and thereby deprives 
the central and peripheral parts of the nervous system of molecular 
exchanges. This axonal anterograde transport is among the central is
sues that facilitate the understanding of physiological mechanisms re
sponsible for axonal degeneration and regeneration. Conversely, the 
retrograde axonal transport represents the means by which chemical 
information is conveyed from the axonal periphery and possibly from 
the target cells to the cell body. Such mechanism may play an impor
tant role in the regenerative response and in the development of stable 
synaptic connections between neurons and their target cells. In view of 
the ability of CNS and PNS to repair after exposure to different envi-
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ronmental conditions, and to establish new adaptive connections, or 
recover function through involvement of surviving neurons, neuronal 
recognition is now a very promising field of research, especially for its 
impact on nervous lesions and repair. 

Information is transmitted by neurons via electrical signals as 
well as chemical signals at the synaptic level. Chemical signals are 
related to neurotransmitters: T.R. Elliot on 21 May 1904 at the 
meeting of the Physiological Society of London stated that "adrena
line might be a chemical stimulant liberated on each occasion when 
the impulse arrives at the periphery." Still in 1943 J. C. Eccles in an 
issue of J. Physiology stated: " ... it has been shown that synaptic 
transmission may be mediated by the local negative potential which 
is set up by a nerve impulse incident on a nerve cell." But at that 
time the sequence of events involved in the generation and propa
gation of the electrical signal were not known. These events were 
clearly demonstrated only later by Huxley and Katz in 1952. In the 
meantime Eccles changed his view and became one of the promot
ers of chemical transmission. The two processes are currently de
scribed as a fully integrated system in which the electrical signal is 
dependent on ion movements through channels that are controlled 
both by membrane potential and chemical messengers and, in turn, 
the release of the messenger is dependent upon arrival of an electri
cal signal at the synapse. The chemical signal (neurotransmitter) is 
released under an electrical signal at the pre-synapses and recognized 
by post-synaptic receptors, leading to the modification of the bio
logical activity of the receiving (post-synaptic) cell. Receptors are pro
tein bearing specialized regions (sequences of amino acids) able to 
specifically recognize a chemical message. The synapse is an impor
tant site of signal modulation and of homoeostatic regulation. Re
lease mechanisms and recognition processes are regulated events. The 
specialized contact point - the synapse - should be therefore consid
ered as a "plastic" site that can be modified by brain activity and physi
ological events. A large number of neurotransmitters belonging to 
several unrelated chemical classes have been identified. 

Among classic neurotransmitters catecholamines and acetylcholine 
were first described and are the most studied chemical messengers. These 
two classes of neurotransmitters represent in several physiological ac
tivities an example of functional antagonism. Today we recognize not 
only the existence of dozens of informational molecules at the synaptic 
levels, and the coexistence (and functional cooperation) of more than 
one neurotransmitter in a nerve terminal. The usual criteria for the 
definition of the neurotransmitters are the following: 
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• presence in the nerve terminal. 
• release from the terminal following appropriate stimulation 
• presence of the synthesizing enzymes in the pre-synaptic site 
• existence of mechanisms for inactivation. 
• presence of specific receptors 
• cellular response 
Receptor proteins are divided into two main categories: receptors 

that constitute an ion channel and those that are linked to G-proteins. 
This leads to the introduction of the concept of the receptor interac
tion with other membrane proteins, such as the G-proteins, that allow 
the activation of a final effector system. This mechanism consists of a 
cascade of catalytic events allowing the amplification of the signal. The 
importance of G-proteins for signal transduction was highlighted by 
the recent Nobel prize given to Gillman and Rodbell for their discover
ies. The G-protein is the protein that initiates a connection between 
the receptor and the effector. Several G-proteins are known to depend 
on the cell type and transduction system involved. It should be noted 
the existence of both stimulatory and inhibitory G-proteins that con
verge on the same effector system, leading to specific control of the 
amount of information to be transmitted. 

Moreover, phosphorylation systems exist at the intracellular level 
and are of fundamental importance for signal transduction, such sys
tems are either built within receptors (e.g., receptors for growth tac
tors) or they are linked through the already described cascade of events 
to the activation of several receptors (e.g., receptors for biogenic amines). 

To all these information should be added the recent notion that the 
existence of neurotransmitter-mediated neuron - glia interactions is a 
dimension of brain intercellular communication which has recently 
emerged. Glia, and in particular astrocytes, possess receptors and re uptake 
sites for a variety of neurotransmittcrs including the most prominent 
ones, glutamate and GABA. Pierre Magistretti and his collaborators have 
revealed the existence of profound metabolic eHects of certain neuro
transmitters in astrocytes. Thus glutamate stimulates glucose uptake and 
lactate production from astrocytes. This effect is mediated by glia
specific glutamate transporters, not by glutamate receptors, thus indicat
ing a novel signalling mechanism for glutamate. Since glutamate is re
leased by active synapses , this mechanism provides a direct linkbetween 
synaptic activity and energy metabolism. Other neurotransmitters such 
as the peptide Vasoactive Intestinal Peptide and the monoamine no
radrenaline also exert metabolic effects on astrocytes, by mobilizing en
ergy reserves through glycogenolysis. Thus a tightly regulated neuron-glia 
interaction controlling energy metabolism appears to exist in the brain. 
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THE EMERGENCE OF NEUROSCIENCE BASED SURGERY 
Even though craniotomies had been performed since Neolithic times, 
it was only in the nineteenth century that neurosurgery started to be 
performed with a foundation on functional maps of the brain. During 
the middle age and Renaissance, surgery was focused on the removal of 
bone and objects that accidentally entered the brain. Robert Boyle pro
vided in 1691 a detailed description of the surgical removal of a bone 
fragment from a knight's head. The most distinguished neurosurgeons 
of the sixteenth and seventeenth centuries were Joannis Scultetus (1595-
1645) and Richard Wiseman (1621-1676). Scultetus advanced the con
cept of informed consent: 

"The learned and well disposed surgeon should tell the patient and 
point out the danger of the operation . ... The surgeon in such a case (re
quiring trephination) should immediately make a statemel1 t in which he 
predicts the danger to the patient's life, to avoid gossip by layme11." (cited 
by Bakay 1985). 

Scultetus described the craniotomies that he performed in great 
detail. He operated only after the patient's condition had stabilized; he 
did not follow the ancient superstition of timing surgery according to 
the phase of the moon. 

Wiseman, a century later, specialized in neurosurgical wounds oc
curring during battle. In his writings he described over 600 wound cases 
due to injury caused by s\vords, halberds, axes, and guns. Wiseman did 
not endorse the use of drugs that were widely prescribed at his time such 
as wine applied with lint. Even though, he achieved progress in neuro
surgical technique, Wiseman still timed his surgeries according to the 
phases of the moon, and believed that most large brain injuries could not 
be successfully treated because exposure would overcool the brain. 

William Macewen (1824-1924), a Glasgow surgeon, is cited as the 
first neurosurgeon to rely on functional assessments of the cortex for 
human surgery. In 1879 Macewen successfully operated on a meningi
oma that he accurately predicted to be located on the motor region of 
the cortex, based on the clinical presentation of the patient. During the 
last decades of the nineteenth century, several case reports were pub
lished on successful neurosurgery of the brain and spinal cord based on 
precise, clinically-based neuroanatomical localization of tumours and 
abscesses. An increasingly closer association between neuroscience, neu
roanatomy, and neurosurgery continued to occur throughout the course 
of this century. 

The development of imaging techniques that include angiogra
phy, CAT-scan, MRI (magnetic resonance imaging), PET (positron 
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emission tomography), and SPET (single photon emission tomogra
phy), has permitted a highly detailed neuroanatomical-based assess
ment of neuropathology, which has greatly facilitated neurosurgical 
approaches. Progress in molecular biology has also led to the devel
opment of experimental methods for surgically implanted gene trans
fer to the human brain for the treatment of malignant tumours. Studies 
are currently being conducted to assess whether such approaches will 
prove to be clinically beneficial for the treatment of tumours that do 
not respond to conventional neurosurgery, chemotherapy or radio
therapy. 

EVOLUTION OF NEUROPHARMACOLOGY 
11lness itself, whatever the organ or apparatus involved, was first thought 
to be caused by sorcery and evil spirits, a constant belief in every cul
ture. It is not surprising that this attitude has been even more long 
lasting and difficult to evolve in the case of neurological and psychiatric 
disturbances. While mention of remedies for neurological disturbances, 
(most frequently following head injuries) dates back to ancient times, 
psychiatric illness has been considered almost invariably in relation to 
goodness or to evil and the concept of neuropsychopharmacology had 
the chance to develop free from the aura of mystery and sorcery only in 
modern times. 

Substances inducing states of altered consciousness and the ability 
of spirit beverages to modify human behaviour and perception have 
been known and perused since several thousand years before modern 
era, as well as the ability of some herbal remedies to relieve pain or 
distress (as it is well described in the Homer's poem). Narcotics, for 
example, were known also to ancient Egyptians who knew that Hyo
scyamus induced a sleep accompanied by hallucinations. However, these 
remedies were considered gitts of God and no attempts were made to 
build up a systematic science out of them. 

In general head wounds were dealt with more rationality than dis
ease probably because of the recognizable cause-effect relationship. A 
precise classification of head wounds and several treatments are de
scribed in Egypt around 1550 BC. Craniotomies were performed by 
ancient Greek physicians in particular in the case of closed head inju
ries, to restore the balance among the four humors. This treatment 
possibly was indeed beneficial, relieving intracranial pressure. 

Blood letting by means of cupping procedures or using leaches 
was a very popular remedy for several illnesses and it held up to modern 
times, for example in 1845 medical books the use ofleaches applied to 

thorax in the number of 30 to 40 was still suggested as a remedy for 
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pleurisy. Blood letting was suggested also for mental health related 
conditions such as delirium, stupor, insanity and depression. 

Ancient Romans around the 1st century AD used the electric fish 
to cure headache and epilepsy. The power of the electric fish was al
ready known and representations of the Torpedo marmorata and of the 
Maloprerurus electricus (Nile cat fish) are found on ancient Greek ce
ramic plates and in Egyptian tombs of the third century BC, but their 
medical use is described by the Roman Scribonius Largus (first century 
AD). 

In the following centuries the Arabic medicine before renaissance 
and the flourish of anatomical studies in the renaissance provided the 
bases for a more rational approach to medicine, with treatment on head 
injuries, surgical instruments and pharmacological remedies being writ
ten and culminating in the early XVI century with the revolutionary 
concepts introduced by Paracelsus (1493-1541) in the field of drug 
treatment. 

The techniques and the instruments used to treat brain injuries 
had further developments, but the mind behind the brain and psychiat
ric illnesses still eluded the efforts and the knowledge of those times. 

In the eighteenth century the gain of anatomical knowledge and 
the information acquired on the relationship between the various parts 
of the brain and functions led to increasingly precise techniques allow
ing the surgical removal of tumours. Cupping and Ieeching continued 
to be very popular, as already mentioned. A noteworthy advancement 
was instead made in the field of electricity with the work ofLuigi Galvani 
(1737-1898) and of the physicist Alessandro Volta (1745-1826), ulti
mately leading to a rise of interest in electrotherapy which in turn played 
a role in the development of neurology. 

The disorders treated with electrotherapy in the 1800s included 
paralysis, asphyxia, insanity, rabies, pain, convulsive disorders and apha
sia. The popularity of electrotherapy and the confidence in it is wit
nessed not only by the medical writings of that time but also by the 
very famous Gothic horror story by Mary Wollstonecraft Shelley (1797-
1851) Frankesteill or HIe modern Pro71lethcus. Electrotherapy then de
clined with the advancement in the understanding of physiology, 
electrophysiology and pharmacology of the brain, being today con
fined to the field of neuropsychiatry, as electroconvulsive therapy in the 
case of intractable severe depression. 

On the other hand, the development of neuropharmacology relies 
on the discoveries of the intimate structure of the nervous system and a 
rational approach became possible only afterthe discovery of the chemi
cal neurotransmission mechanisms. Among the first steps in this direc-
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tion were the experimental observations by Claude Bernard (1857) 
who studied the curares, suggesting that they were blocking the com
munication between nerve and muscles. Elliot during the first years of 
900 purified a substance from the adrenal gland, adrenaline, suggest
ing its role in sympathetic innervation. Acetylcholine, the substance 
released from voluntary motor nerves, was identified a few decades 
later. 

As noted earlier, in 1884, Thudicum published "A text on the 
chemical constitution of the brain". It was a noteworthy attempt to 
describe the biochemical nature of the brain and the effects of illness 
on it, but it was still far from the understanding of neuronal communi
cation, the true complexity of which started to be appreciated only in 
the late 1930s with the description of the presence of acetylcholine in 
the brain. In 1954 Vogt demonstrated the existence of noradrenaline 
in the hypothalamus. Today neurotransmitters and neuromodulators 
amount to more than 40 and the complexity of receptor and postreceptor 
mechanisms is just starting to be unraveled as outlined in other para
graphs of this chapter. 

Description of the further development of neuropsycho
pharmacology from these grounds is beyond the scope of this brief 
chapter and it is sufficient to remember the main landmarks, con
sisting in the discovery of the action of Chlorpromazine by Laborit, 
Delay and Deniker in 1950. Laborit was a surgeon in search of a 
more efficient anesthesia. Among the compounds he tried was chlo
rpromazine with strong sedating properties. Based on his experi
ence he recommended this drug to psychiatrist colleagues and finally 
Jean Delay and Pierre Deniker succeeded treating agitated anxious 
patients, manics and schizophrenics. Successively, one of the very 
fruitful clues in Delay and Deniker's observations was that patients 
who took chlorpromazine began to improve at about the same time 
they developed Parkinsonian side effects. This clinical observation 
led to the suggestion that chloropromazine might have a primary 
biochemical effect inducing in one part of the brain symptoms re
sembling Parkinson's disease and in another relieving schizophrenic 
symptoms. In the same year another important piece of informa
tion came from the studies on reserpine, used in hypertension, but 
also for some time as a major tranquillizer. Reserpine, although 
having a different chemical structure, induced like chlorpromazine, 
similar parkinsonian symptoms. In 1960 Oleh Hornykiewicz dis
covered that dopamine levels are low in relevant brain areas of Par
kinsonian patients, a finding that shed light on the possible nature 
of the neurotransmitter affected by chlorpromazine and reserpine 
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and that eventually led to the development of L-dopa in the therapy 
of Parkinson's disease. 

This impressive set of initial information convinced many scien
tists about the validity of the search for the neurochemical bases of 
neurological and mental diseases giving origin to the development of 
modern neuropsychopharmacology. Given the millions of contacts 
the neurons entertain some of the original enthusiasm about the hope 
to cure all brain diseases had to be tempered. Neurodegenerative 
illnesses and ischemia or trauma-induced neurodegeneration are mod
ern examples of our persisting impotence and lack of complete knowl
edge of the ongoing processes in the brain, but the myth of an 
evil-driven sickness has forever been defeated and the rest is matter of 
hard work and time. 

OVERVIEW 
A large variety of approaches and applications of new techniques 

since the early stages of man's interest in the brain, as a site of control 
of body functions and of the mind, have been crucial for contempo
rary neuroscience. The success of neuroscience has been based on a 
multi disciplinary approach: biology, anatomy, genetics, physics, chem
istry and medicine. 

The human brain is composed of about 1011 neurons, a number 
very similar to the stars in our galaxy. These cells are subdivided in a 
large variety different cell types, whereas in all other organs of the 
body the level of cell specialization is more modest. In a system of 
such cellular complexity, functional effectiveness is reached through 
harmonious cooperation. Cooperation is maintained by information 
provided by the genetic code, neurotransmitters, neuromodulators, 
neurohormones and it is expressed by neuronal functioning and be
haviour; disruption of these related activities can cause disease. 

The use of drugs (neuropharmacology and psychopharmacol
ogy) has also been fundamental in the understanding of specific func
tion-affecting neurotransmitters, second messengers, plasticity of 
synapses and neuronal circuitry. Through molecular biology it has 
been possible to define the structure of some of the receptors, espe
cially the complex protein receptors and ion channels. The applica
tion of molecular biology techniques has been crucial for the 
identification of several genetic diseases in neurology and psychiatry. 
The information available in basic neurosciences has been essential 
for the identification of basic mechanisms for the prevention and treat
ment of neurodegenerative disorders due to environmental toxins, 
metabolic causes and infectious agents. 
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Additionally, it is now known that glial cells, the non-nervous cell 
in the nervous system, are fundamental for the maintenance of the func
tional activity of neurons and axons. The integrational activity of neu
rons and glial cells regulates key aspects of neuronal activity and, 
according to new experimental studies, participates in the regulation of 
cerebral metabolism. 

Contemporary neuroscience allows the integration of the meth
ods of modern biology and the rational approach to disease indicated 
by Hippocrates, in order to further our understanding of brain tIJnC
tion, with the ultimate goal of preventing and treating disorders of the 
brain. 
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History of epilepsy surgery 
CLINICAL OUTCOME AND CONTRIBUTIONS TO HUMAN 
NEUROPHYSIOLOGY 

w. Feindel 

SCOPE AND IMPORTANCE OF EPILEPSY SURGERY 
Incidence of Epilepsy 
The general incidence of epilepsy is estimated from various sources as 1 
in 200 of the general population. On a conservative basis, about 10% of 
patients with epilepsy can be considered as suitable for operative interfer
ence (Engel, 1993; Liiders, 1991). Over 100 neurosurgical centers are 
systematically involved in attaining a surgical cure for focal epilepsy 
(Liiders, 1991; Engel, 1993, 1995). However, there still remain many 
thousands of epileptics who might benefit from surgery, but are not re
ferred for consideration of this increasingly effective therapy. 

Toward a Surgical Cure 
In the past few decades, surgery for focal epilepsy has become more 
common. And for temporal lobe seizures, surgical resection of the 
epileptogenic lesion stands out as one of the most successful therapeu
tic measures in modern neurosurgery (Apuzzo, 1991; Feindel, 1974; 
Wyllie, 1993). More than 10,000 patients worldwide have had the 
benefit of such surgery. Refinement in patient selection and surgical 
techniques can now offer satisfactory control of seizures in close to 
90% of patients coming to operation. A vast literature documents the 
anatomy, physiology, pathology, and cognitive aspects of the human 
temporal lobe (Feindel, 1995; Gloor, 1997); much of this has been 
derived from the careful analysis before, during, and after operations 
on patients with focal epilepsy (Penfield & Jasper, 1954). 

Surgical Outcome 
In the past 50 years, the effective control of temporal lobe seizures by 
surgical treatment has progressively improved from 50% to almost 90%, 
with minimal morbidity and mortality (Wieser & Yasargil, 1982; Olivier, 
1991; Feindel, 1995). This is related to wider recognition of the role 
of mesial temporal sclerosis in the pathogenesis of temporal lobe sei-
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zures. The significance of the amygdalohippocampal region in the 
pathophysiology has been well substantiated by many stimulation studies, 
by greater detail available on the anatomy and pathology of these struc
tures, and by the marked improvement, particularly when the surgery 
includes radical resection of the amygdala, that has been achieved in 
the control of temporal lobe seizures (Engel, 1993; Feindel, 1995; 
Gloor, 1991; Uiders, 1991). 

Benefits and Cost-Effectiveness 
In addition to the relief of suffering and social disability afforded the 
patients, important aspects of cost-effectiveness are associated with suc
cessful surgical arrest of epilepsy. A major benefit stems from the ability 
of patients to return to a job, even those that may be dependent on 
driving a vehicle. For an average middle-income level, an economic ben
efit of as much as 1 to 2 million dollars in a lifetime can be estimated for 
an individual freed from seizures and no longer in need of social support. 
A further saving for about half the patients after operation comes from 
reduction or cessation of the need for costly anticonvulsant drugs. 

The long-term surgical cure of epilepsy allows the individual to take 
up a normal range of social interests and family activities, to undertake 
educational or training programs, to assume personal responsibilities, to 
reduce many risks of daily living (always present with unpredictable sei
zures), and to recover a sense of independence and wellbeing. Although 
medications are being designed to control different types of epilepsy more 
effectively, there remains the problem of cost and side effects, and the 
fact that the criterion for drug efficacy is judged on clinical trials that 
yield surprisingly low percentages (15-20%) of arrest of seizures. 

ORIGINS OF SURGERY FOR EPILEPSY 
Surgical attempts to treat epilepsy can be traced back to antiquity, as 
documented in the scholarly account by Temkin (1945). In the early 
19th century, surgical approaches were based on the forthright notion 
that a cure came simply from removing the offending lesion - usually a 
brain scar from a depressed skull fracture, a dural laceration, or a cerebral 
contusion. It is not surprising that in the era before antisepsis, transfu
sion, anesthesia, or hemostasis, the results in most cases became a litany 
of failures (Starr, 1893). The ignorance and confusion regarding the 
localization of cerebral function also served as a major surgical handicap. 

Horsley and Jackson 
Over 100 years ago, Victor Horsley (1857 -1916), a neurosurgeon who 
performed brain stimulation experiments in primates, and Hughlings 
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Jackson (1835-1911), a neurologist keenly aware of the emerging ex
perimental work on cortical localization, combined forces to treat focal 
epilepsy based on cortical localization deduced from the focal motor 
pattern of the seizures (Horsley, 1886). Three operative cases by Horsley 
gave initially favorable results and stirred up considerable interest in 
this radical surgical approach. 

Krause and Foerster 
Among those who made early contributions to this field were Fedor 
Krause (1857-1937) and Otfrid Foerster (1878-1941) in Germany 
(Feindel, Leblanc & Villemure, 1995). Krause introduced faradic stimu
lation to map the brain during operation, but he was not optimistic 
about the curative value of surgery for seizures. 

Foerster developed more detailed mapping of the human cortex 
by electrical stimulation. This made possible the maximal excision of 
epileptogenic scar tissue without damage to vital cortex. The work of 
Otfrid Foerster and Wilder Penfield, his associate for six months, marked 
an important stage in the application of scientific techniques- cortical 
stimulation, sub-pial excision (to preserve circulation and minimize new 
scar formation), and microscopic study of the vascular-glial scar - to 
advance the understanding of epilepsy (Foerster & Pentield, 1930). 

Pen field and Jasper 
When the Montreal Neurological Institute opened in 1934, it fulfilled 
Pen field's idea of a fertile setting for teamwork among scientists, sur
geons, and neurologists, all addressing the problems of the nervous 
system and, in particular, that of epilepsy (Penfield, 1936). 

In 1937 Herbert Jasper brought electroencephalography (EEG) 
and electrocorticography (ECG) to the Institute. EEG refined the task 
of localizing the site of origin of seizure discharge by recording spikes 
and sharp waves that were pathognomonic for epilepsy. This greatly 
improved the selection of patients for surgical treatment. ECG mapped 
the localization of seizure activity during surgery by recording directly 
from the cortex and by monitoring stimulation responses (Jasper, 1941). 
The problem of epilepsy also stimulated research on brain tumors, cer
ebral circulation, and chemistry of the epileptogenic cortex. Such in
vestigations led, for example, to the introduction of corticosteroid 
therapy for cerebral edema, the discovery of the inhibitory neurotrans
mitter gamma-amino butyric acid (GABA), and elucidation of speech 
and memory mechanisms (Feindel, 1992). 

Stimulation and identification of the motor, sensory, and speech 
areas contributed critically to the success of precisely removing lesions 
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contiguous to those areas without incurring neurological deficits. An 
example of the practical application of this method is provided by a 
patient operated upon in 1953, with a successful outcome monitored 
over the past 40 years (Feindel, 1995). At age 24, he had suffered, for 
a period of eight years, from epileptic attacks with a Jacksonian "march". 
They began with flexion of the toes and right foot, a painful cramp in 
the calf, then muscle jerking that travelled up his right leg, culminating 
in a generalized convulsion. At craniotomy under local anesthesia, a 
small rounded mass in the central fissure displaced motor and sensory 
convolutions, which were identified by stimulation (Fig. lA,B). Points 
just behind the mass at numbers 4,5,7, and 10 gave responses of "pins 
and needles" in sequence from the hip down to the sole of the foot. At 
point 8, the patient noted contraction in the calf of his right leg, lik
ened to the onset of his habitual seizure. The tumor, along with a 
small border ofthe sensory cortex, was removed by micro-suction and 
proved to be grade I astrocytoma. The patient underwent a course of 
radiation therapy. Except for one attack on the second postoperative 
day, he has remained seizure-free for 42 years, with only mild impair
ment of the left foot, no recurrence of the tumor, and no anticonvul
sant medication for the past 30 years. 

SURGERY FOR TEMPORAL LOBE SEIZURES 
The Anterior and Lateral Temporal Cortex 
The emergence in the late 1940s of surgery for seizures associated with 
the temporal lobe marked the beginning of a new era for what is now 
the most frequent and most successful surgical approach for treating 
epilepsy. Penfield and Flanigin (1950) reviewed 68 temporal lobe re
sections, mainly of the anterolateral cortex, carried out over the years 
1939 to 1949. Seizures were arrested or controlled in over half the 
patients. This limited anterolateral approach was largely based on 
preoperative electroencephalography (EEG), which localized the sei
zure activity to the anterolateral temporal area (Gibbs, Gibbs & Fuster, 
1948; Jasper, 1941). 

The Mesial Temporal Region 
A second phase in the surgical approach to temporal lobe seizures un
folded in the early 1950s. Clues from experimental animal studies by 
Kaada (1951) and others, and stimulation responses during surgery be
gan to point to the mesial and inferior parts of the temporal lobe as the 
possible origin of the epileptic attack (Feindel, 1974; Liberson, Scoville 
& Dunsmore, 1951). For example, Penfield (1938) noted several in
stances where stimulation in the uncinate region produced the aura of 
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the patient's attack. In one instance seizure activity with automatism 
produced by uncinate stimulation was reported by Jasper, Pertuisset and 
Flanigin (1951), to spread to involve the entire temporal lobe. 

The amygdalohippocampal complex 
The most convincing evidence that the mesial temporal region was a 
crucial zone for the generation of temporal lobe seizures came in a 
third phase of surgical studies. This was the startling observation that 
the patient's habitual auras could be reproduced by depth stimulation 
within and around the amygdala at the time of the operation (Feindel, 
Pentleld & Jasper, 1952; Feindel & Pentleld, 1954). 

The first patient examined in this series, in 1951, serves as an exam
ple of the production of seizures with automatism and amnesia from 
stimulation during operation in the amygdaloid region. During the at
tack, the patient was seen to stare, become unresponsive to questioning, 
and to pluck at the anesthetist's coat and make chewing movements, an 
appearance similar to that seen during his habitual attacks. Suppression 
of electrographic activity occurred over the entire temporal lobe for 90 
seconds, after which time the patient appeared to have recovered, but 
seemed unaware of the attack (Fig. 2A). Ther e was atrophy of the first 
temporal convolution and mesial temporal region, as well as gelatinoid 
tissue about the size of a small walnut deep in the temporal lobe, lateral 
and inferior to the ventricle, and encroaching on the amygdala (Fig. 2B). 
Microscopically, the lesion showed dense astrocytic gliosis, interpreted as 
a grade I astrocytoma. Resection included the anterolateral cortex, as 
well as the mesial temporal region (amygdala and hippocampus) harboring 
the lesion. The patient was known to be free of attacks for 37 years with 
no reappearance of the tumor. 

The role of the amygdala 
In 15 other patients, similar features of automatism and amnesia were 
reproduced through stimulation of the periamygdaloid region (Fig. 3). 
It was noted (Feindel & Penfield, 1954) that these findings corresponded 
to the proposed localization of "a particular variety of epilepsy" by 
Hughlings Jackson and others (Jackson & Colman, 1898), just before 
the turn of the century. Jackson wrote: "the discharge-lesions in these 
cases are made up of come cells, not of the uncinate gyrus alone, but of 
some cells of different parts of a region of which this gyrus is part - a 
very vague circumscription, I admit - the uncinate region." The rich 
network of connectivity linked with the amygdala offered a valid expla
nation for many of the characteristic clinical features of "uncinate" at
tacks described by Jackson (Jackson & Colman, 1898). 
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Thus, the commonly presenting epigastric aura, at times associ
ated with a sense of fear, was reproduced by stimulation either of 
the amygdala itself or of the adjacent anterior insular cortex; this 
area was later shown to be physiologically associated with gastric 
contraction (Pentield & Faulk, 1955). The various emotional, au
tonomic, and visceral responses likewise seemed explicable in terms 
of the robust anatomical pathways long known to connect the amy
gdala to the septal and hypothalamic regions. The initial feature of 
brief tonic movement associated with some temporal lobe attacks 
could be effected by the amygdaline efferent pathways to the stria
tum; chewing and swallowing movements could be explained by 
connections to the brainstem. The interference of the epileptic dis
charge with memory recordings, characterized by the profound pos
tictal amnesia, so prominent in some of these patients, could 
reasonably be related to the amygdalohippocampal connection as 
well as to the projections of the amygdala to the reticular system of 
the brainstem (Feindel, 1961). Curiously, direct stimulation of the 
hippocampus at the time of operation, in our experience rarely pro
duced such responses, even though an epileptic abnormality could 
sometimes be recorded from the anterior part of that structure (Gloor 
& Feindel, 1963). 

This new evidence for the amygdala and juxtaposed gray matter, 
including the anterior insular cortex, as a generator of temporal lobe 
seizures, provided a pathophysiological hypothesis that explained for 
the first time many of the clinical features of these attacks. The observa
tions also indicated that the periamygdaloid zone seemed to act as a 
trigger-point in the epileptic temporal lobe and thus should be included 
in the surgical resections in order to achieve the most beneficial out
come. 

Incisural Sclerosis 
Concurrent with the work on the role of the amygdala, Earie, Baldwin, 
and Penfield (1953) introduced to temporal lobe epilepsy the concept 
of incisural sclerosis, which they postulated was due to herniation of 
the mesial part of the temporal lobe over the tentorial edge associated 
with increased intracranial pressure during a difficult birth. They con
sidered this phenomenon to cause injury to the hippocampal region, 
by both direct compression of the tissue and vascular occlusion with 
resulting ischemia leading to scar tissue and later seizures. Although 
this was not emphasized by the investigators, the uncus and contigu
ous amygdala are even more likely to herniate into the prepeduncular 
space and be subject to compressive damage. 
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Based on these new observations, a radically different surgical ap
proach was developed, with the excision not only of the anterolateral 
cortex, but also of the amygdala and hippocampus, under direct vision 
of the mesial part of the temporal lobe. Details of this operative tech
nique were described by Penfield and Baldwin (1952). With the appli
cation of this approach, successful surgical outcome improved from 
50% to 65% (Rasmussen, 1974, 1979; Rasmussen & Feindel, 1991; 
Rasmussen & Jasper, 1958). 

Bailey and Gibbs 
In Chicago, Bailey and Gibbs (1951) reported operations on 70 pa
tients' 60 of whom they were able to follow for five years. Forty-seven 
of these patients had the "standard extirpation", or temporal 
corticectomy; i.e., without mesial temporal resection. Psychomotor 
attacks were suppressed in one third of the cases and were considerably 
improved in another third. Overall, generalized convulsions were abol
ished or greatly reduced in 50% of the cases. 

Falconer, Meyer and Associates 
As he became aware of the previous Montreal results implicating the 
mesial temporal lobe as the origin of temporal lobe seizures, Falconer 
at the Maudsley Hospital in England, enthusiastically took up this sur
gical approach, reporting in 1953 on 14 patients treated surgically for 
temporal lobe seizures. Of 13 patients followed for periods ranging 
from one month to two years, 10 became seizure-free, and 3 had con
siderable lessening of seizures. Falconer introduced the technique of 
resection "en bloc" of the temporal lobe, which included cortex, most 
of the hippocampus and some of the uncus in the surgical specimens; 
in these Meyer, Falconer and Beck (1954) described sclerosis in 
Ammon's horn of the hippocampus. The question arose, was this the 
primary cause of the epilepsy, as suggested by the Montreal group (Earle, 
Baldwin & Penfield, 1953) and by the scholarly analysis of Sano and 
Malamud (1953), or secondary to the ischemic changes occurring dur
ing the cyanotic stages of major seizures? Falconer and Meyer con
cluded: "incisural sclerosis resulting from birth mechanism cannot be 
maintained as an exclusive etiology and ... later events [e.g., febrile 
illness] in infancy, childhood, and early adolescence play at least an 
equal part." They found the most severe sclerosis of the hippocampus 
in three cases with a history of difficult birth, thus supporting the hy
pothesis of Earle, Baldwin, and Penfield (1953). It is of significance 
that in both the Montreal and the London groups, small focal benign 
structural lesions (hamartomas, angiomas, low-grade gliomas, and cysts) 
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encroaching on the amygdalohippocampal region were identified in 
almost 20% of patients with temporal lobe seizures (Morin & Gastaut, 
1954; Penfield & Ward, 1948). Such patients are justifiable candidates 
for the surgical removal of these lesions in order to cure their seizures; 
many lesions of this type can now be dearly detected and diagnosed 
before surgery by MRI (Feindel et aI., 1991; Kuzniecky et aI., 1987). 

APPLICATION OF THE MONTREAL PROCEDURE 
From 1953 onward, many neurosurgical centers, often involving sur
geons or scientists who had studied at the Montreal Neurological In
stitute, took up the procedure of temporal lobe resection for the 
treatment of seizures. Two colloquia, one organized by Gastaut and 
his associates in Marseilles in 1954 (Morin & Gastaut, 1954), firmly 
established the important role of the mesial temporal region in the 
pathogenesis and surgical treatment of epilepsy (Penfield, 1956). At 
the second colloquium in 1957 at the National Institutes of Health in 
Bethesda, Maryland (Baldwin & Bailey, 1958), Niemeyer (1958) de
scribed an ingenious technique to resect the amygdala and hippocam
pus by a transventricular approach, without removal of the overlying 
cortex. His surgical outcome produced cessation of seizures in 50% of 
a small series of patients who were followed for over one year. How
ever, other efforts at amygdalectomy were largely unsuccessful, mainly 
because of difficulty in selecting patients and the formidable technical 
problem of adequately ablating the amygdala (Aggleton, 1992). 

The successful reintroduction of resection limited to the mesial 
temporal region (i.e., amygdalohippocampectomy) by Wieser and 
Yasargil (1982) and by Olivier (1983, 1991), using advanced micro
surgical techniques, produced excellent control of seizures (over 80% 
in selected cases). Their results again supported the earlier evidence for 
the mesial temporal region as a critical area for the genesis of temporal 
lobe attacks (Feindel & Penfield, 1954; Feindel, Penfield & Jasper, 
1952; Penfield & Jasper, 1954). However, controversy remains even 
today concerning major aspects of the pathogenesis of temporal lobe 
seizures, particularly with regard to their etiology and the relative sig
nificance of pathology involving the amygdala compared with the hip
pocampus (Feindel & Rasmussen, 1991; Gloor, 1991, 1992, 1997; 
Olivier, 1992). 

Recent surgical evidence indicates that temporal corticectomy with 
radical resection of the amygdala and uncus, but with minimal removal 
of the hippocampus (Fig. 4), can achieve an excellent surgical outcome 
(Fig. 5, Table 1) for many patients (Feindel, 1995; Feindel & Rasmussen, 
1991). At the same time, this type of excision reduces the possibility of 
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memory deficits correlated by Milner (1958) and others with varying 
degrees of hippocampal removal. 

Memory Deficit with Bilateral Temporall Lesions 
Scoville performed bilateral resections of the mesial temporal region by 
a subfrontal approach in a few patients with epilepsy. One of these 
patients, H.M., developed a severe deficit in recent memory (Scoville 
& Milner, 1957). A si milar outcome had been reported earlier by Milner 
and Penfield (1955) in two patients from the Montreal series, follow
ing unilateral temporal excision in the presence of what later became 
recognized as bitemporal mesial temporal pathology, especially involv
ing the hippocampus (Penfield & Mathieson, 1974; Penfield & Milner, 
1958). These findings, together with previous observations that stimu-
1ation of the amygdala evoked ictal amnesia (Feindel & Penfield, 1954), 
directed attention to the important role of the mesial temporal struc
tures in memory mechanisms. 

BRAIN IMAGING 
Magnetic Resonance Imaging fMRI) 
The application of magnetic resonance imaging in the past decade has 
given a significant new dimension to the selection of patients for epi
lepsy surgery. In the temporal lobe, MRI demonstrates small struc
turallesions in 25% of patients. Such lesions, often related to seizures 
over many years, lend themselves to excision with excellent outcome 
(Fig. 6). In another 40%, the amygdala and hippocampus show mesial 
temporal sclerosis on MRI, confirming the early observations of Earle 
et al. (1953) and Falconer et al. (1953) (Kuzniecky et aI., 1987). MRI 
also offers a sine qua non for monitoring the exact anatomical extent of 
the surgical resection (Feindel et aI., 1991); thus the results of surgical 
outcome reported from different centers can be more readily compared. 

Proton magnetic resonance spectroscopic imaging (MRS) has re
cently revealed decreased N-acetylaspartate levels (reflecting nerve cell 
loss or damage) in the epileptogenic temporal lobe, with atrophy of the 
amygdala and hippocampus on MRI and focal epileptic EEG abnor
mality (Cendes, Andermann, Dubeau & Arnold, 1996). The results 
point to the correct lateralization of the side of the seizure focus in 80% 
of patients. Studies by positron emission tomography (PET) showed 
reduced glucose activity in the epileptic temporal lobe increased uptake 
of opioids and dopamine but decreased benzodiazepine in the mesial 
temporal region. Meyer, Reutens, et al. (1996) have found enhanced 
uptake of (lIC1-L-deprenyl consistent with a denser population of 
astrocytes in the cerebral scar or sclerosis (Feindel, 1995). 
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Since the early 1970s, revolutionary advances in brain imaging have 
elucidated the pathological and neurochemical changes in epilepsy and 
also provided elegant three-dimensional visualization to the surgeon 
for preoperative diagnosis, precise anatomical navigation during the 
operation, and exact monitoring of the surgical resection to correlate 
with clinical outcome. These interactions between science and surgery 
offers the most effective means for extending the successful surgical 
treatment of many patients with epilepsy. 

CONCLUSIONS 
1. The development of the surgical treatment of epilepsy became sci

entifically based with the work of Horslcy and Jackson a century 
ago, using the knowledge of cortical localization from experimen
tal studies and clinical deduction. 

2. The use of cortical stimulation to map the motor and sensory areas 
and to reproduce features of the patient's seizures marked a signifi
cant advance. 

3. The introduction and application of EEG and ECG greatly en
hanced the selection of patients who would best respond to opera
tive interference. In regard to temporal lobe epilepsy, early 
operations with removals restricted to the temporal cortex achieved 
about a 50% success rate. 

4. The recognition of the amygdala as a generator of temporal lobe 
seizures in the early 1950s and the concept of mesial temporal scle
rosis with atrophy of amygdala and hippocampus provided a sub
stantial basis for surgical resection of the mesial temporal region. 
This has led to cure or substantial reduction of seizures in about 
90% of selected patients. 

5. The application of brain imaging by magnetic resonance and posi
tron emission mapping has added greatly to the detection of patho
physiological lesions in the mesial temporal region. 

6. More than 100 neurosurgical centers are engaged in the systematic 
operative treatment of patients with focal epilepsy which can achieve 
a high rate of seizure control and striking socioeconomic benefits. 
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14 

Figure I A and I B. Drawing and operative photograph to show mapping 
by electrical stimulation of the motor (8) and sensory areas (4,5,7) for the 
leg. This provides a precise guide for surgical removal of the tumor. 
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Figure 2A. The first recorded instance where a seizure with automatism 
and amnesia was evoked from stimulation of the amygdala. The ECG shows 
suppression of spikes and cortical activity. 
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Figure 2B. Zone of atrophy (oblique lines) and location of low-grade glioma 
(dotted area) in the mesial temporal region. The anterior and posterior 
margins of the excision are indicated by dashed lines. 
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Figure 3. Zone of the amygdala and anterior insula (shaded areas) where 
stimulation in 15 patients produced features of automatism and amnesia 
characteristic of temporal lobe seizures. (Modified from Feindel and Penfield, 
1954). 
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Figure 4. Dissection showing the mesial aspect of the temporal lobe, and 
the extent of surgical resection (hatching) of cortex and amygdala but with 
sparing of the hippocampus that yields successful control of seizures in 
90% of patients. The dashed line to the right indicates the posterior extent 
of a larger resection that would include several centimeters of the hippoc
ampal formation, but this adds no further benefit to seizure control. 
(Modified from Feindel and Rasmussen, 1991). 
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Surgical Outcome 
Minimal Follow-up 6 Months, 46 of 50 Cases 

4 
9% 

2 
4% 

26% 

Figure s. Surgical outcome in SO cases after cortical removal and radical 
amygdalectomy but minimal hippocampal excision. Seizure-free patients, 
(0+ I) indicated in black, make up 76%; significant reduction in seizure 
frequency, indicated in grey, occurred in another 15% (2+3). Nine percent 
of patients reported mild or no change in seizure frequency (4). The cat
egories of classification in use at the Montreal Neurological Institute (MNI) 
are detailed in Table I. 
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Figure 6. Magnetic resonance imaging WIRI) scan in the horizontal plane 
showing a small benign glioma (white area) in the amygdaloid region, and 
smallness of the temporal lobe. The patient's seizures, which occurred for 
over 30 years, were relieved by temporal lobe resection. 

o Seizure free since discharge 

I Became seizure free after some early attacks r-------------------
2 Seizure free three or more years 

then some rare or occasional attacks 

3 Marked reduction in seizure tendency --------------------
4 Moderate or less reduction of seizure tendency 

Table I. Categories of follow-up classification after surgery for epilepsy 
as used at the Montreal Neurological Institute (MNI). 



Peptides and other 
neurotransmitters 

Floyd E. Bloom, MD 

PEPTIDES: THEIR BIOCHEMISTRY AND CHARACTERIZATION 
Peptides are chains of 2 or more amino acids linked through peptidic 
bonds between the carboxy terminus of one amino acid and the amino 
terminus of the next amino acid in the chain. In the nervous system, 
peptides have attracted considerable interest as potential neurotransmitters 
for more than 20 years, and have become targets for neuropharmacologists 
hoping to devise new medications to enhance or antagonize their actions 
in neurological disorders. Recent rapid advances in understanding of gene 
structure and gene expression, in the ability to determine peptide se
quences from vanishingly small samples and the successful synthesis of 
antagonists for the peptides' receptors have served to empower this at
traction. Even a brief examination of the complex features of peptide 
actions in the nervous system will also illuminate several general features 
of all neurotransmitters within the neural circuits that employ them (for 
more details see Bloom, 1996; Hbkfelt et aI., 1995). 

Almost all peptides made by neurons will affect the activity of spe
cific target cells of the central and peripheral nervous systems: neuronal, 
glial, smooth muscle, glandular, and vascular. The number of peptides 
made and released by neurons already exceeds several dozen. However, 
the actual molar concentrations of any given peptide (picograms per mg 
protein) in the brain is maximally two to three orders of magnitude 
lower than that of the monoamines (5 -hydroxytryptamine, dopamine, 
noradrenaline and adrenaline) and acetylcholine which exist in nano
gram quantities and substantially lower than the amino acid transmitters 
(glutamate and gamma amino-butyrate, or GABA) which exist in near 
microgram quantities. With very few exceptions, peptides as a class of 
transmitter tend to be generally ubiquitous in the brain (perhaps some
what under-represented in the neurons of the cerebellum and thalamus) 
and despite some tempting correlations, noted below, no neuropeptides 
have causal roles with any brain diseases. 

Peptide-secreting neurons differ in their biology from neurons us
ing amino acids and monoamines in ways other than the chemical struc-
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ture of their transmitter. The amino acid or monoamine transmitters are 
formed from amino acids by one or two intracellular enzymatic steps; the 
end product of these enzymatic actions is the active transmitter mol
ecule, which is then stored in synaptic vesicles within the nerve terminal 
until release. After release, the still intact amine or amino acid transmitter 
(or choline in the case of ACh) is actively transported by specific trans
porters back into the nerve terminal to replenish the supply of transmit
ter available for transmissions. Peptide-secreting cells employ a somewhat 
more formidable approach. Synthesis directed by mRNA can take place 
only on ribosomes within the rough endoplasmic reticulum which in 
neurons exists only in the cytoplasm of the perikaryon and dendrites. 
All known peptides, those made by neurons and by other cells, arise from 
larger prohormone forms (inactive precursors). 

Peptides identical to those extracted from the nervous system are 
often made by non neural secretory cells in endocrine glands, the gut, 
and even by cells of the immune system (the cytokines and chemokines). 
The biologically active, secreted form is cleaved from these prohormones 
by the actions of selective proteolytic enzymes, and there is no known re
accumulation. Thus, the process for peptides starts with ribosomal syn
thesis of the prohormone, which is then packaged into vesicles in the 
smooth endoplasmic reticulum, and transported, from the perikaryon 
to the nerve terminals, during pro-peptide to active-peptide processing, 
for eventual release (for greater detail, see Sherman et aI., 1989). 

Until relatively recently, peptides from all these sources were iden
tified by chemical purification schemes employing bio-assays (contrac
tion of a smooth muscle or secretion from a specific glandular target) 
as an index of the success of the procedures (i.e., differential extrac
tions, molecular sieves, ete.) until the active factor was enriched and 
ultimately purified. For some factors, the purification of nanograms of 
active peptide required hundreds of thousands of brains. The peptidic 
nature of the purified material could be inferred by general heat 
resistances and by the loss of biological activity after treatment with 
peptidases ( carboxypeptidases or endopeptidases). The cleaved peptide 
fragments were then sequenced, and the entire factor's peptidic order 
is eventually reconstructed. 

When a sequence has been achieved and matched against the amino 
acid composition of the pure factor, it is then necessary to synthesize 
the peptide and determine if the synthetic replicate matches actions 
and potencies with the purified natural factor. Only when the repli
cate's properties match those of the factor can the natural peptide be 
considered to have been "identified." At this point the factor can be 
said to have been identified. 
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The most recent neuroactive peptides have been discovered by strat
egies that rely either on chemically screening for specific common gen
eral features, such as a C-terminally amidated sequence, or on the 
detection of potential cleavage fragments when the propeptide sequence 
has been deduced by molecular cloning of the mRNA or gene. Gener
ally, subsequent steps turn the identification process into still more func
tional end points. 

PEPTIDE ACTIONS 
With the availability of large amounts of the synthetic material, the 
peptide's physiological and pharmacological properties can be defined 
more thoroughly than the original bio-assay. The synthetic peptide can 
also be used to prepare antibodies for quantitative measurements by 
radioimmunoassay and for qualitative distributional assays by micro
scopic cytochemical localizations. Such studies almost always reveal 
that the peptide has a much broader cellular distribution (and hence a 
wider domain of possible regulatory actions) than was anticipated from 
the initial bio-assay. In many cases, the peptide isolated and found to be 
active is, in fact, not the only active form contained in the tissue. 

Peptide-releasing neurons share certain basic properties with all 
other chemically characterized neurons: The secretion of pep tides from 
neurons is activity-dependent, and requires finite amounts of extracel
lular Ca++. The actions ofneuropeptides on their post-junctional target 
cells have been shown occasionally to be mediated by directly altering 
ion channel conductances or more frequently to regulate ion channels 
indirectly through second messengers such as Ca++, cyclic nucleotides, 
or inositol triphosphates. The latter actions are in keeping with the 
observation that all known peptide receptors whose sequences have 
been determined by cloning belong to the G-protein coupled motif, 
with 7 inferred transmembrane domains (see Bell & Reisine, 1993, 
Bloom, 1996, Uhl et aI., 1994, for greater detail). 

Scientific concepts of peptide actions frequently focus on whether 
these biological agents should be considered as true neurotransmitters 
such as the amine or amino acid transmitters. To satisfY the general 
criteria for identification of a neurotransmitter for a specific neuronal 
circuit, it must be shown that the substance is present within the nerve 
cell and specifically in its presynaptic terminals, that the nerve cell can 
make or accumulate the substance, and that it can release that sub
stance when activated. When the substance is released, it must be shown 
to mimic in every functional respect the changes in the post-synaptic 
cell that follow stimulation of the nerves that made and released it, 
including the magnitude and quality of changes in postsynaptic mem-
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brane conductances. Finally, drugs that can simulate or antagonize the 
effects of nerve fiber activation must have an identical influence on the 
effects of the substance applied exogenously to the target cell. These 
criteria can all be satisfied for amino acid, amine and in some cases in 
the autonomic nervous system for peptides. However, satisfying these 
criteria in the brain is made much more difficult because the complex
ity of brain tracts often prevents isolation of specific fiber tracts for 
assay and stimulation of release. 

Nevertheless, as noted below these criteria have been met, with 
great reliance on cytochemical mapping for peptides and their receptors, 
and by elegantly clever methods of in situ release detection. In the case 
of peptides, the proof of transmission has also been made far more 
complex because of the frequency with which the peptides have been 
found to co-exist with amino acid and amine transmitters within the 
same neurons through cytochemical and gene mapping methods. This 
co-existence, which may include more than one neuropeptide makes 
the search for what the peptide might add to this circuit's actions far 
more difficult. 

In the autonomic nervous system, peptide-monoamine interactions 
have been documented. Vasoactive intestinal peptide (VIP), released 
when cholinergic nerves discharge at high frequency, augments 
parasympathetic control of salivation by increasing glandular blood flow. 
Neuropeptide Y (NPY), found in many sympathetic neurons, sensitizes 
smooth muscle target cells to adrenergic signals. In the eNS, such in
teractions have also been observed on biochemical endpoints. For ex
ample, VIP greatly accentuates the cAMP response of cortical neurons 
to low doses of norepinephrine, and galanin changes the release of ace
tylcholine in ventral hippocampus. Several peptides have been reported 
to alter the affinity of postsynaptic receptors for their nonpeptidic ligands. 
Thus, peptide agonist or antagonist actions might well alter neuronal 
information flow by disturbing the normal synergistic relationships 
between the peptide and other transmitter signals. 

PEPTIDE FAMILIES 
As more and more peptides have been identified within the nervous 
system and from other sources, their internal structural similarities (that 
is, an identity in the order of the amino acids within the peptide and its 
precursor- see Figures 1 and 2) allow us to consider them as mem
bers of one or another family grouping of peptides. The family group
ings are useful because they indicate that certain sequences of amino 
acids have had considerable evolutionary conservation, presumably 
because they provide unambiguous signals between secreting and re-
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sponding cells. There are 5 grand peptide families (oxytocin/vasopressin, 
the tachykinins, glucagon-related peptides, pancreatic polypeptide
related peptides, and opioid peptides). In the remainder of this chap
ter, I will review neurologically relevant data for three families and 
brief1y survey three prominent individual peptides (CCK, somatostatin, 
and CRF) to illustrate the rich biology of neuropeptides and their po
tential clinical implications. 

Vasopressin and Oxytocin 
These two nonapeptides (i.e., peptides with 9 amino acids) are highly 
similar (they have 7 identical amino acids in the same sequence posi
tions with identical disulfide bridges between the first and the 6th 
amino acid; see figure 1) and were the first well studied peptide 
"neurohormones". Both peptides are synthesized in separated clusters 
of large neurons in the supraoptic and paraventricular nuclei of the 
hypothalamus. After synthesis and cleavage from their prohormones, 
the peptides are stored in the axons of these neurons in the neurohypoph
ysis, from which they are released into the bloodstream. In the kidney, 
vasopressin (also known as antidiuretic hormone) facilitates distal tu
bular water reabsorption, while oxytocin stimulates epididymal and uter
ine muscle contraction. The same peptides are also expressed within 
the parvocellular neurons of these two nuclei for secretion into the 
pituitary portal circulation, where vasopressin can act synergistically with 
corticotropin releasing hormone to release ACTH. In addition, vaso
pressin is also expressed within a subset of neurons of the suprachiasmatic 
nucleus; outside the hypothalamus, vasopressin is also expressed within 
some neurons of the bed nucleus ofthe stria terminalis (which project 
to lateral septum, medial amygdala, and periaqueductal gray, among 
others), the medial amygdala (which project to the ventral hippocam
pus), the septum, and reputedly within the noradrenergic neurons of 
the locus ceruleus (see Swanson & Sawchenko, 1983). The dynamic 
regulation of oxytocin and vasopressin expression is sensitive to go
nadal steroids, thus providing a gender-specific neuronal expression 
pattern that is turned on at puberty and that can be further regulated 
through reproductive function. 

The Tachykinin Peptides 
In 1931, von Euler and Gaddum discovered an unexpected bioactive 
substance in extracts of brain and intestine, which they later named 
Substance P, because it persisted in the dried acetone powder of the 
extract. Substance P remained chemically uncharacterized for almost 
40 years later, when the search for corticotropin releasing factor lead 
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to the isolation of a sialogogic (induces the secretion of saliva) peptide 
turned whose amino acid content and pharmacological profile were 
identical to Substance P. When finally purified, sequenced, and synthe
sized, it was identified as Substance P, an undecapeptide (Fig. 2). Sub
stance P is present in small neurons systems in many parts of the eNS, 
especially sensory neurons projecting into the spinal cord from the 
dorsal root ganglia and has been proposed as the transmitter for pri
mary afferent sensory fibers. Although substance P is about 200 times 
stronger on a molar basis than glutamate, its long duration of action 
exceeds expectations for dorsal ganglionic events. primary sensory trans
mitter. Radioimmunoassays and immunocytochemistry also show brain 
regions other than the spinal cord to be rich in Substance P, especially 
the substantia nigra, caudate-putamen, amygdala, hypothalamus, and 
cerebral cortex. After axotomy, the levels of Substance P and several of 
its coexisting neuropeptides plunge in dorsal root ganglion neurons, 
while alternative neuropeptides are now expressed. In the human neu
rologic disease Huntington's chorea, characterized by profound move
ment disorders and psychological changes, Substance P levels in the 
substantia nigra are considerably reduced. 

Based on the pharmacological analysis of smooth muscle bioassays 
in amphibia, as well as the failure of early antagonists to block all sub
stance P actions, subsequent studies revealed two other peptides that 
were clearly not Substance P and are now termed neurokinin A and neu
rokinin B. Using these three peptides, receptor subtypes were de
fined in which substance P was either the most orthe least potent; however, 
all the receptors show some response to all the peptides. Tachykinin 
research has benefitted extensively from molecular biological methods 
to clarify the relationships of these similar peptides to each other and to 
other neurotransmitters. The neurokinin A gene (found on human chro
mosome 7) can produce three forms of m RNA through alternative splic
ing. The least prevalent form encodes only substance P, and the other 
two forms encode both Substance P and neurokinin A. In general, tissue 
and cellular distributions of Substance P and neurokinin A have been 
similar. A second tachykinin gene (located on human chromosome 12) 
encodes the neurokinin B precursor. Highly selective nonpeptidic agonists 
and antagonists have indicated that inositol phosphate breakdown is a 
major transducing pathway for some neurokinin receptors. 

Opioid Peptides 
Those who have followed neuropeptide work from afar may have 

inferred that the "endorphin" peptides (i.e., an "endogenous" or natu
rally formed peptide that exhibits the pharmacological properties of 
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"morphine") were the most intensely studied family. Certainly highly 
competitive publicly prominent research from 1975-1985 quickly lead 
to the purification, isolation, sequencing, and synthetic replication of 
not just one but nearly a half-dozen peptides that deserved the term 
endorphin all of which contain at least one repeat of the key pentapeptide 
sequences Tyrosine-Glycine-Glycine- Phenylalanine-Methionine (or 
Met5-enkephalin) or Tyrosine-Glycine-Glycine-Phenylalanine-Leucine 
(or Leu5-enkephalin). Subsequent research has established that three 
major genes contribute to the opioid peptide family: 
1) the proopiomelanocortin (POMC) derived peptides (with one C

terminally extended Met5-enkephalin, a 31 amino acid peptide 
termed b-endorphin, the most potent of the natural opioids 

2) the proenkephalin-derived peptides (with 6 repeats of Met5-

enkephalin and one Leu5-enkephalin) and, 
3) the prodynorphin-derived peptides, with 3 C-terminally extended 

pep tides dynorphins A, B, and C. 
Other structurally related natural peptides lack opioid receptor 

activity (such as the invertebrate cardioacceleratory peptide 
FMRF-amide); furthermore, some opioid-acting peptides have been 
found "exogenously" in milk and in plant proteins and have been called 
"exorphins. " 

The proopiomelanocortin (FOMe) pep tides are expressed simulta
neously in three different cell types: corticotropes in the anterior pitui
tary (where the precursor is cleaved to yield adrenocorticotropin, or 
A.C.T.H.), the intermediate lobe ofthe pituitary (where the main prod
uct seems to be the melanocyte regulating hormone a-melanocyte stimu
lating hormone (or a -MSH) , and one main cluster of neurons in the 
area of the arcuate nucleus of the hypothalamus (where the final se
creted product is b-endorphin). A third MSH-containing heptapeptide 
component, discovered during the cloning and sequencing of the 
POMC mRNA, suggests that yet another end product may be possi
ble. The b-endorphin-containing neurons are long projection systems 
that fall within the general endocrine-oriented systems of the medial 
hypothalamus, diencephalon, and pons. 

The enkephalin pentapeptides MetS-enkephalin and Leu5 enkephalin 
are expressed in quite distinct populations of central and autonomic 
neurons and are much more numerous. The existence of the two forms 
in the original starting tissue source, the adrenal medulla is accounted 
for by the 6:1 ratio of the two pentapeptides in the full pro-enkephalin 
gene. The prodynorphin peptides all act as potent opioid agonists with
out cleavage down to the enkephalin pentapeptide form, and on map-
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ping they were found to represent a third separated series of rather 
generally distributed central and peripheral neurons. 

The pro-enkephalin-derived peptides and the prodynorphin-derived 
peptides are generally found in neurons with modest to short projections, 
groups of which are widespread. In some regions the enkephalin-derived 
and dynorphin-derived peptides show intriguing relationships. For ex
ample, enkephalin-containing neurons project from the entorhinal cor
tex to the molecular layer of the dentate gyrus of the hippocampus, 
while dynorphin-containing neurons project from the dentate gyrus to 
the CA3 pyramidal cells. In the spinal cord, intrinsic interneurons con
tain dynorphin peptides, while descending long axons from the pons 
and medulla contain enkephalin peptides. In addition, all these peptide 
systems presumably contain other nonpeptidic transmitters that have 
not yet been rigorously identified as well as some peptides that have. 
The most clear-cut evidence suggests functional relationships between 
opioid peptide systems and catecholamines in the medullary systems 
regulating cardiovascular function. 

Traditional opiate pharmacology was initially based on either the 
comparative actions of morphine or of morphine-like drugs with mixed 
agonist-antagonist actions on the dog spinal cord (defining 11, (j, and K 

receptors ) or (2) the relative effects of endogenous and synthetic opioids 
on various smooth muscle in vitro assays ( defining the 11, 6 and E receptor 
scheme ofHerz). However, one of the most remarkable features of the 
partially characterized endorphin "receptor" schemes was how poorly 
they equated with the endorphin or enkephalin-like peptide circuits 
and how little any of them are affected by chronic exposure to mor
phine. When the major peptide mRNAs were eventually cloned in the 
early 1990's, all were similar G-protein-coupled receptors with some 
very surprising similarities to other peptide receptors (for example, an
giotensin and somatostatin). 

Studies of opioid-peptide containing pathways in the hippocampus 
(see review by Wagner & Chavkin, 1995) have provided the best evi
dence yet for central synaptic actions of any neuropeptide. The activation 
of dynorphin-containing dentate granule cells leads to a naloxone-sensitive 
suppression of inhibitory synaptic potentials recorded from CA3 py
ramidal cells, perhaps due to presynaptic opioid suppression of noradrena
line release. Later, extended analysis of the oft-reported ability of naloxone 
to block hippocampal long-term potentiation (LTP) supported more 
conventional synaptic actions, in that m-antagonists will block the LTP 
induced in CA3 neurons by mossy fiber stimulation, and both 11- and 
6-receptor antagonists will block the LTP produced by stimulation of 
the lateral perforant pathway (a pro-enkephalin-containing pathway). 
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Furthermore, LTP produced in dentate granule cells by high-frequency 
stimulation in the hilus of the hippocampus is enhanced with K-agonists, 
and this effect is blocked with anti-dynorphin antibodies or K-selective 
antagonists. 

ORPHAN OR INDIVIDUAL PEPTIDES 
Somatostatin (Somatotropin Release-Inhibiting Factor' 
While engaged in a search for the elusive Growth Hormone Releasing 
Factor (eventually satisfied in another ten years), Guillemin and col
leagues isolated and purified and unexpected factor in hypothalamic 
extracts named somatostatin for its ability to suppress the release of 
growth hormone, a biological action with only the sparsest of prior 
anticipation. Eventually this inhibitory factor was determined to be a 
tetradecapeptide with disulfide bridge between Cysteine 3 and Cysteine 
14. Radioimmunoassays, immunocytochemistry, and physiological tests 
with the synthetic peptide soon made it clear that somatostatin was 
doing more than "just" inhibiting growth hormone release. Somato
statin was found to be widely distributed in the gastrointestinal tract, 
in pancreatic islets, and throughout the nervous system where it is of
ten, but not always found in GABA-containing interneurons. 
Somatostatin-reactive cells and fibers are also present in dorsal root 
ganglia, in the autonomic plexi of the intestine, and in the amygdala 
and neocortex. At the level of cellular electrophysiology, somatostatin 
hyperpolarizes neurons in a potent manner and can dynamically open 
the so-called "M" current channel that cholinergic muscarinic receptors 
close in order to excite hippocampal and other neurons. The net result 
of somatostatin's actions in the intact brain is to enhance responsive
ness to acetylcholine. 

An endogenous large somatostatin (somatostatin 1-28), extended 
at the N terminus by an additional 14 amino acids, also exists in both 
brain and gut and shares equipotency for many somatostatin actions. 
In rodent and primate neocortex, the N-terminally extended forms re-

. veal a far more extensive neuronal density, which at least overlaps with 
the intrinsic GABAergic cortical neurons. In early-onset Alzheimer's 
disease, cortical somatostatin content is depleted, and somatostatin 1-28 
immunoreactive neuritic processes are involved in the formation of the 
hallmark Alzheimer's lesion, the plaque. Five different cloned receptors 
have now been reported. Two of them align fairly well on distribu
tional maps: the SIRF1 is expressed in dentate granule cells, striatum, 
locus ceruleus, and deeper layers of neocortex and showed homologous 
desensitization; while the SIRF2 was seen more diffusely in cortex, was 
more abundant in the CAI field of the hippocampus, and did not de-
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sensitize. The third cloned form matches neither, while the fourth form 
binds SS-28 with greater affinity than SS-14. Quite recently, somatostatin 
lost some of its individuality with the discovery through novel molecu
lar biological sleuthing of an mRNA that encodes a neuro-active C
terminal peptide containing 11 of somatostatin's amino acids in identical 
locations (see de Lecea et ai., 1996). 

Although somatostatin was an unexpected by-product of the race 
to identifY the positive regulators of anterior pituitary release, its clini
cal potentials promise an important future. Somatostatin deficits in CSF 
have been linked to affective disorder and to Alzheimer's disease. 
Long-lasting analogs of somatostatin have already been clinically ap
plied in the control of pituitary hypersecretion of growth hormone. 
The widespread distribution of somatostatin in the brain strongly sug
gests that it may be difficult to influence receptors in a selective manner 
for disorders based on regional alterations. 

FUTURE TRENDS IN NEUROPEPTIDE RESEARCH 
While this brief survey of the properties and clinical neuroscience im
plications ofneuropeptides and other transmitters is admittedly incom
plete, the scholar interested in this topic should be aware of where the 
major current research activities are focussed. Three such areas may be 
noted: (I) with the precise information available through molecular 
biology, much effort is being expended to determine how neurons regu
late their synthesis of peptides under differing functional conditions, 
such as varying levels of adrenal or gonadal steroids, and how neurons 
with more than one peptide coordinate their dynamic regulation; (2) the 
post-release cleavage of neuropeptides may lead to the production of 
different agents with important influence on the releasing neuron 
(changing the degree to which co-existing neurotransmitters are re
leased) or on the post-synaptic cell (changing its responsiveness to the 
co-existing neurotransmitter); (3) pharmaceutical efforts to develop po
tent, orally active non-peptide drugs for neuropeptide receptors has 
greatly expanded as early successes have been found, especially for the 
CCK and Substance Preceptors. 
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Vasopressin C Y F Q N C P R G* 

I I 
Oxytocin C Y I 

I 
Q N C P L G* 

I 
Figure I. Molecular sequence of the Vasopressin/Oxytocin family, in which 
amino acid names are symbolized by the standard single letter abbrevia
tions, and * indicates an amidated C terminus. Note the disulfide bond 
between the cysteine at the amino-terminus at the left at the cysteine in 
the sixth position. The peptides are identical in 7 of the nine positions, 
differing at position 3, (where vasopressin has a phenylalanine and oxytocin 
an isoleucine) and at position 8 (where vasopressin has an arginine and 
oxytocin a leucine). (Key to amino acid single letter symbols A = Ala; R = 
Arg; 0 = Asp; N = Asparagine; C = Cys; Q = glutamine; E = Glu; G = Gly; H 
= ilis; I = lie; L = Leu; K = Lys; M = Met; F = Phe; P = Pro; S = Ser; T = Thr;W 
=Trp;Y = Tyr;V =Val.) 
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The Tachykinin Peptide Family 

Substance P R P K P Q Q F F G L M* 

Kassinin D V P K S D Q F V G L M* 

Neurokinin A H K T D S F V G L M* 

Eledoisin pE P S K D A FIG L M* 

Neurokinin B D M H D F F V G L M* 

Figure 2. Molecular sequence of the tachykinin family, presented accord
ing to the scheme described in figure I. The "pE" in eledoisin indicates that 
the N-terminal glutamate exists in the chemical form, pyroglutamate. The 
bold characters indicate identity with the amino acids of Substance P. Note 
the C-terminus, where the GU1* is a consistent family feature, as is the 
phenylalanine in the fifth position from the C-terminus. 
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The central role of astrocytes 
in brain energy metabolism 

Pierre J. Magistretti and Luc Pellerin 

BRAIN ENERGY METABOLISM: THE STRATEGIC POSITION OF 
ASTROCYTES 
When considering brain energy metabolism the focus is predomi
nantly, if not exclusively, placed on neuronal energy metabolism. 
However glial cells, particularly astrocytes, play an active role in the 
flux of energy substrates to neurons. The arguments are both quan
titative and qualitative. First, while the ratio between neurons and 
non-neuronal cells depends on species, brain areas or developmen
tal ages, it is a well established fact that neurons contribute at most 
50 % of cerebral cortical volume (O'Kusky & Colonnier, 1982; 
Kimelberg & Norenberg, 1989; Bignami, 1991). Estimates of 
astrocyte:neuron ratios of 10: 1 have been put forward (Bignami, 
1991). In addition there is clear evidence indicating that the astro
cyte : neuron ratio increases with increasing brain size (Tower & 
Young, 1973); this is an important consideration when considering 
the cellular bases of brain energy metabolism in humans. Second, 
particular astrocytic profiles, the end-feet, surround intraparenchymal 
capillaries, which are the source of glucose. This cytoarchitectural 
arrangement implies that astrocytes form the first cellular barrier 
that glucose entering the brain parenchyma encounters, and it makes 
them a likely site of prevalent glucose uptake (Figure 1). This latter 
structural feature has long been suggested as evidence indicating a 
role of astrocytes in the distribution of substances from blood to 
other brain cells (Sala, 1891; Andriezen, 1893). In addition, astro
cyte processes are wrapped around synaptic contacts which possess 
receptors and reuptake sites for neurotransmitters : these features 
imply that astrocytes are ideally positioned to sense increases in 
synaptic activity and to couple them with energy metabolism. In 
fact, a well established function of astrocytes is the uptake of gluta
mate which is released into the extracellular space during synaptic 
activation (Barres, 1991). 
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GLUTAMATE: THE KEY SIGNAL RELEASED BY ACTIVE 
NEURONS 
Glutamate is the predominant excitatory neurotransmitter in the brain. 
In the cerebral cortex, activation ofatTerent pathways by specific modalities 
(e.g., somatosensory, visual, auditory) or of cortico-cortical association 
circuits results in a spatially and temporally defined local release of gluta
mate from the activated synaptic terminals (Fonnum, 1984). The re
leased glutamate exerts profound effects on the excitability of target 
neurons, which are mediated by specific subtypes of glutamate receptors. 
As noted earlier, the action of glutamate on postsynaptic neurons is rap
idly terminated by an avid reuptake system present on astrocyte proc
esses, which ensheath synaptic contacts (Rothstein et al. 1994). This 
removal of glutamate from the synaptic cleft is operated through specific 
glutamate transporters, two of which are glia specific. These are GLT-l 
and GLAST. The third glutamate transporter subtype, EAAC-l, is ex
clusively localized in neurons, but does not appear to be involved in the 
clearance of synaptically-released glutamate (Rothstein et al. 1994). Gluta
mate uptake into astrocytes is driven by the electrochemical gradient of 
sodium, implying that it is a sodium-dependent mechanism involving 
the co-transport of glutamate with 2 to 3 sodium ions (Figure 2). 

NEURONAL ACTIVITY IS TIGHTLY COUPLED TO GLUCOSE 
UTILIZATION 
Experimental and imaging studies with the 2-deoxyglucose (2-DG) 
technique developed by Louis SokolofT for laboratory animals (1977) 
and its adaptation to Positron Emission Tomography (PET) for hu
mans, have provided evidence that cortical activation results in local
ized increases in glucose utilization (Magistretti, 1997). Despite these 
compelling evidences, the cellular and molecular mechanisms that un
derlie such a coupling are still largely unknown (Barinaga, 1997). A 
current assumption is that neuronal signals produced by synaptic activ
ity act directly on brain capillaries to increase locally the delivery of 
energy substrates. However, this view does not take into account the 
strategic position and functional properties of astrocytes which endow 
this cell type with the features necessary to mediate the coupling be
tween neuronal activity and energy metabolism (Figure 1). 

ROLE OF ASTROCYTES IN COUPLING NEURONAL ACTIVITY 
TO GLUCOSE UTILIZATION 
We have addressed the issue of the cellular and molecular mechanisms of 
the coupling between activity and metabolism, by studying glucose utili
zation in mouse cerebral cortex astrocytes in culture and exposing them 
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to relevant concentrations of glutamate to mimic synaptic activity. Using 
2-DG, we have shown that indeed glutamate increases glucose utiliza
tion in astrocytes in a concentration-dependent manner with an ECso of 
approximately 80 flM. This effect is not receptor-mediated since it can
not be prevented nor mimicked by glutamate receptor antagonists and 
agonists, respectively (Pellerin & Magistretti, 1994). Rather, it involves a 
Na+ -dependent glutamate transporter as suggested by a set of pharmaco
logical evidences (Pellerin & Magistretti, 1994; Takahashi, Driscoll, Law 
& Sokoloff, 1995). In addition, activation of the Na+/K+ ATPase result
ing from the massive Na+ influx associated with glutamate uptake, plays a 
key role in coupling the glutamate-mediated signal to the increase in 
glucose uptake by astrocytes (Pellerin & Magistretti, in press). The addi
tional glucose that is taken up by astrocytes is metabolized glycolytically 
to lactate as indicated by the massive lactate release triggered by gluta
mate, with an ECso of approximately 80 flM (Pellerin & Magistretti, 
1994). These data thus indicate that glutamate stimulates aerobic glyco
lysis (i.e., the transformation of glucose into lactate in the presence of 
sufficient oxygen) in astrocytes by a mechanism involving an activation 
of the Na+/K+ ATPase. 

Since a vast array of experimental evidence indicates that lactate 
can be used as an energy fuel by neurons (Tsacopoulos & Magistretti, 
1996), we considered the possibility that a selective distribution oflac
tate dehydrogenase (LDH) isoenzymes could exist among lactate-pro
ducing and lactate-consuming cells. The results show that in the human 
hippocampus and visual cortex, the immunoreactivity against LDHs 
subunits (a form enriched in lactate-producing tissues like skeletal mus
cle) is restricted to a population of astrocytes, while neurons are stained 
only by an antibody directed against LDH[ subunits (a form enriched 
in lactate-consuming tissues like the heart) (Bittar, Charnay, Pellerin, 
Bouras & Magistretti, 1996). These data support the idea of an "astro
cyte-neuron lactate shuttle) whereby some astrocytes would preferen
tially process glucose glycolytically into lactate which, once released, 
could be transformed by neurons into pyruvate and enter the TCA 
cycle to serve as an energy fuel. 

IMPLICATIONS FOR FUNCTIONAL BRAIN IMAGING 
In summary, results obtained in purified preparations of astrocytes are 
consistent with the model illustrated in Figure 2, whereby during acti
vation, glutamate released from activated synapses and taken up in a 
sodium-dependent manner by astrocytes activates the Na+/K+-ATPase 
which is preferentially fueled by glycolysis-derived ATP; the ensuing 
decrease in ATP activates glucose uptake, phosphorylation and process-
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ing to lactate which is released into the extracellular space providing an 
energy substrate for neurons. Indeed, a variety of biochemical and 
electrophysiologicallines of evidence indicate that lactate is an adequate 
energy substrate for neurons (Tsacopoulos & Magistretti, 1996; Schurr, 
West & Rigor, 1988). In addition, in vivo microdialysis studies in ro
dents and IH-Magnetic Resonance Spectroscopy (MRS) analyses in 
humans have clearly documented an increased lactate formation dur
ing physiological activation (Fray, Forsyth, Boutelle & Fillenz, 1996; 
Prichard et al. 1991; Frahm, Kriiger, Merboldt & Kleinschmidt, 1996). 
This is consistent with the existence of an activity-linked glycolysis which 
has been suggested by PET activation studies in humans showing an 
uncoupling between glucose utilization and oxygen consumption (Fox, 
Raichle, Mintun & Dence, 1988). 

Thus the glutamate-activated glucose uptake and lactate produc
tion in astrocytes provides a simple and straightforward mechanism to 
couple neuronal activity with glucose utilization during activation. Since 
lactate can support the energy requirements of neurons, it can be pos
tulated that the activation-linked glycolysis is transient and that indeed 
lactate is fully oxidized by neurons. Recent in vivo IH-MRS studies 
indicating a "recoup ling" , i.e., a delayed increase in oxygen utilization 
and a consequent decrease in the lactate signal support this view (Frahm 
et al. 1996). 

Finally, the model proposed in Figure 2 is consistent with the no
tion that the signals detected during physiological activation in humans 
with 2-DG PET and autoradiography in laboratory animals may reflect 
predominantly uptake of the tracer into astrocytes (Pellerin & 
Magistretti, 1994; Takahashi et al. 1995). This conclusion does not 
question the validity of the 2 DG-based techniques, rather it provides a 
cellular and molecular basis for these functional brain imaging tech
niques. 

GLYCOGEN METABOLISM, IN ADDITION TO GLUCOSE FLUX, 
IS ALSO REGULATED BY NEUROTRANSMITTERS IN 
ASTROCYTES 
Glycogen is the single largest energy reserve of the brain; it is mainly 
localized in astrocytes, although ependymal and choroid plexus cells, as 
well as certain large neurons in the brain stem contain glycogen 
(Magistretti, Sorg & Martin, 1993). Glycogen levels are tightly regu
lated by various neurotransmitters (Table 1). Thus we have shown that 
Vasoactive Intestinal Peptide (VIP), a neurotransmitter contained in a 
homogeneous population of bipolar, radially oriented neurons 
(Magistretti & Morrison, 1988) could promote a cAMP-dependent 
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glycogenolysis in mouse cerebral cortical slices (Magistretti, Morrison, 
Shoemaker, Sapin & Bloom, 1981). In view of the morphology and 
arborization pattern of VIP-containing neurons (Figure 3), we pro
posed that these cells could regulate the availability of energy substrates 
locally, within cortical columns (Magistretti & Morrison, 1988; 
Magistretti et al. 1981). A similar effect had been previously described 
for NA (Magistretti et al. 1993). The noradrenergic system is organ
ized according to principles strikingly different from those of VIP neu
rons: the cell bodies of NA-containing neurons are localized in the 
locus coeruleus in the brain stem from where axons project to various 
brain areas including the cerebral cortex: here, they enter the rostral 
end and progress caudally with a predominantly horizontal trajectory, 
across a vast rostro-caudal expanse of cortex (Magistretti & Morrison, 
1988). Given these morphological features we suggested that, in con
trast to VIP-containing intracortical neurons, the noradrenergic sys
tem could regulate energy homeostasis globally, spanning across 
functionally-distinct cortical areas (Magistretti & Morrison, 1988; 
Magistretti et al. 1981) (Figure 3). 

VIP and NA promote a concentration- and time-dependent gly
cogenolysis in astrocytes, with ECso of 3 and 20 nM respectively 
(Magistretti et al. 1993; Sorg & Magistretti, 1991). The effect ofNA is 
mediated by both Band u

1 
receptors. In addition to VIP and NA, 

adenosine and ATP are also glycogenolytic in astrocytes (Table I). The 
initial rate of glycogenolysis activated by VIP and NA is between 5 and 
ID nmol/mg prot/min (Sorg & Magistretti, 1991), a value that is 
remarkably close to glucose utilization of the grey matter as determined 
by the 2-DG autoradiographic method (Sokoloff et al. 1977). This 
correlation indicates that the glycosyl units mobilized in response to 
the two glycogenolytic neurotransmitters can provide quantitatively 
adequate substrates for the energy demands of the brain parenchyma. 

At this stage, it is not yet clear whether the glycosyl units mobi
lized through glycogenolysis are used by astrocytes to face their energy 
demands during activation, or whether they are metabolized to a 
substrate such as lactate (Dringen, Gebhardt & Hamprecht, 1993), 
which is then released for the use of neurons. A well established fact is 
that glucose is not released by astrocytes, at least in vitro (Dringen et 
al. 1993), supporting the view that the activity of glucose-6-phosphatase 
in astrocytes is very low (Sokoloff et al. 1977). 

Following this rapid (within 1-5 min) glycogenolysis, VIP and NA 
induce a massive glycogen resynthesis maximally expressed after 8 hours, 
which brings glycogen to levels 10x higher than before VIP or NA 
application (Sorg & Magistretti, 1992). This glycogen resynthesis is 
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mediated by cAMP-dependent induction of gene expression. Searching 
for the genes induced we found both early and late genes related to 
energy metabolism. Thus, VIP and NA induce C/EBP ~ and 0, which 
are members of an immediate-early gene family acting as transcription 
factors for genes involved in energy metabolism regulation in liver and 
adipose tissue (Cardinaux & Magistretti, 1996). In addition, transfection 
of cultured astrocytes with cDNA encoding for C/EBP ~ amplifies the 
resynthesis of glycogen evoked by NA (Cardinaux & Magistretti, 1996). 
We have also observed by Northern blot analysis that the mRNA en
coding for glycogen synthase is massively induced within 4 to 6 hours 
by VIP and NA (Pellegri, Rossier, Magistretti & Martin, 1996). These 
results strongly suggest that VIP and NA can regulate the expression of 
early and late genes that encode for gene-products involved in their 
metabolic effects. 

CONCLUSION 
Astrocytes can no longer be considered as passive elements of the nerv
ous system. They clearly play an important role in responding to 
neuronally-released signals and in providing energy substrates in re
sponse to increased synaptic activity. Thus a functional partnership ap
pears to exist between neurons and astrocytes aimed at maintaining an 
adequate energy flux to meet the demands of active neurons. Interest
ingly, these astrocyte-based metabolic processes, particularly the gluta
mate-mediated glucose uptake, appear to provide the signals that are 
detected by functional brain imaging techniques. Hopefully, a better 
knowledge of the cellular and molecular mechanisms underlying the 
metabolic coupling between neurons and astrocytes, will provide new 
avenues for the development of functional brain imaging techniques 
with ever better spatial and temporal resolution. 
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Table I. Glycogenolytic agents in primary cultures of mouse cortical 
astrocytes 

I Neuropil I 

Substance 

Vasoactive intestinal peptide 

Peptide histidine-isoleucine 

Secretin 

Noradrenaline 

Isoproterenol (13) 

Methoxamine (a
l
) 

Adenosine 

lAst rocyt e I 

ECso (nM) 

3.0 
6.0 
0.5 

20.0 
20.0 

600.0 
800.0 

I Capillary I 

Figure I. Schematic representation of the cytological relationships exist
ing between intraparenchymal capillaries, astrocytes and the neuropil. 
Astrocytes processes surround capillaries (end-feet) and ensheath synapses; 
in addition receptors and uptake sites for neurotransmitters are present 
on astrocytes.These features make astrocytes ideally suited to sense synaptic 
activity (A) and to couple it with uptake and metabolism of energy substrates 
originating from the circulation (B) (From Tsacopoulos & Magistretti, 1996). 
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I Glutamal8rglc lIynapll8 I I Astrocyte I I Capillary 

Figure 1 
Model for the coupling between neuronal activity and glucose utilization 
(Pellerin & Magistretti, I 994).At glutamatergic synapses,glutamate depolar
izes neurons by acting at specific receptor subtypes. The action of gluta
mate is terminated by an efficient glutamate uptake system located primarily 
in astrocytes (Rothstein et al. 1994). Glutamate is cotransported with I\la+, 
resulting in an increase in the intracellular concentration of Na+ (Pellerin & 
Magistretti, I 994).This leads to the activation of the Na+ IK+ ATPase which 
in turn stimulates glycolysis (Pellerin & Magistretti, in press). Lactate pro
duced by the glutamate-stimulated glycolysis in astrocytes is released and 
taken up by neurons to serve as an adequate energy substrate.The stoichi
ometry of this process is such that for one glutamate taken up with three 
Na+, one glucose enters astrocytes, two ATPs are produced through glyco
lysis and two lactate are released. Within the astrocyte, one ATP fuels one 
"turn of the pump" while the other provides the energy needed to convert 
glutamate to glutamine by glutamine synthase. This model, which summa
rizes in vitro experimental evidences indicating glutamate-induced glycoly
sis, is taken to reflect cellular and molecular events occurring during activation 
of a given cortical area (arrow labelled A : activation). Direct glucose uptake 
into neurons under basal conditions is also shown (arrow labelled B : basal 
conditions). GS :glutamine synthase; Pyr: pyruvate; Lac: lactate; Gln:glutamine; 
G: G-protein (Modified from Pellerin & Magistretti, 1994). 
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coeruleus WM 
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Figure 3. Anatomical organization and putative targets of the VIP- and 
noradrenaline-containing neuronal circuits in rat cerebral cortex. Right: 
VIP neurons are intrinsic to the cerebral cortex and are oriented vertically, 
perpendicular to pial surface. Astrocytes. (Ast), intraparenchymalblood 
vessels and neurons such as certain pyramidal cells (Pyr) are potential 
targets cells forVIP neurons.VIP neurons can be activated by specific afferents 
(e.g., thalamo-cortical fibres). Roman numerals indicate cortical layers. Left 
: noradrenegic fibres originate in locus coeruleus and project to cerebral 
cortex where they adopt a horizontal trajectory parallel to pial surface. 
WM, white matter; SI, primary sensory cortex. (From Magistretti & 
Morrison, 1988). 
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Advances in neurogenetics 
and clinical neurology 
Bertrand Fontaine and Jean Claude Kaplan 

Neurogenetics has fundamentaly changed the way to investigate 
neurological diseases by introducing the possiblity of identifying dis
ease causing genes directly at the DNA level, without a direct investiga
tion of the brain impossible in most cases for ethical reasons. DNA is 
indeed present and identical in each of our cells. DNA can therefore be 
easily extracted from blood white cells for research purposes with re
spect ofthe integrity of the persons collaborating to the research. 

Molecular genetics entered in the field of clinical neurology in 1983 
when Gusella and coil. mapped the Huntington's disease gene on chro
mosome 4 (Gusella et aI., 1983). Ten years were necessary to finally 
characterize the gene defect (The Huntington's disease collaborative 
research group, 1993). During this decade, the genetic map of the 
human genome has been completed (Dib et aI., 1996) rendering the 
assignement of disease loci easier and accessible to small research groups. 
Identifying a gene solely with the knowledge of its chromosomal lo
calization, so-called positional cloning, still remains however a difficult 
task. 

We will review the most important results obtained by molecular 
approach of neurological disorders and their relevance to clinical neu
ro�ogy. 

MUSCULAR DYSTROPHIES 
This highly heterogeneous group of inherited diseases associate a pro
gressive muscle weakness of variable severity, a high level of serum crea
tine kinase and muscle fiber necrosis. X-linked Duchenne muscular 
dystrophy (DMD) is the most frequent muscular dystrophy and was 
the first to benefit from positional cloning (Hoffman et ai., 1987; Koenig 
et ai., 1988; Monaco et ai., 1986). The DMD gene encodes for a pre
viously unknown membrane-bound protein of 427 kD bridging the 
internal cytoskeletal apparatus to the sarcolemma. Dystrophin is absent 
in D MD patients due to the presence of null mutations, mostly frameshift 
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deletions, in the gene. The elucidation of the gene defect, which differs 
in every family, has since become the basis of female carrier detection 
and prenatal diagnosis. Becker muscular dystrophy (BMD) differs clini
cally from DMD by a later onset and a less severe time course. Gene 
defects in BMD, mostly in-frame deletions, lead to the the synthesis of 
truncated products and/or low levels of dystrophin (Monaco et al., 
1988). Mutations in the dystrophin gene may also give rise to other 
phenotypes than DMD or BMD, such as late-onset muscle weakness, 
exercise-induced myalgia or cardiomyopathy. Disorders with mutations 
in the DMD gene are therefore now grouped under the term of 
dystrophinopathies. 

Autosomal recessive muscular dystrophies are progressive muscle 
wasting disorders with a broad spectrum of severity grouped under the 
term of recessive Limb-Girdle Muscular Dystrophies (LGMD). Some of 
the underlying gene defects have been recently identified. In 
sarcoglycanopathies, the sarcoglycan complex, a transmembrane proteic 
complex linked to dystrophin, is disrupted by the absence of any of the 
participating proteins. Null mutations have been described in the al
pha-sarcoglycan (or adhalin) gene at 17q21 (Campbell, 1995; 
Matsumura et al., 1992), the beta-sarcoglycan gene at 4q 12 
(Bonnemann et al., 1995; Lim et al., 1995) and the gamma-sarcoglycan 
gene at 13q12 (Noguchi et al., 1995). 

An adult-onset limb-girdle muscular dystrophy (LGMD2A located 
at 15q 15), prevalent in the Reunion Island and in an Amish isolate, 
could be attributed to defects in the gene coding for the muscle-spe
cific proteolytic enzyme calpain-3 (Richard et al., 1995). 

Merosin, a muscle specific form oflaminin, was found to be absent 
in approximately 50% of congenital muscular dystrophies when tested 
by immunofluorescence on muscle biopsies (Tome et al., 1994). Null 
mutations in the alpha-2 chain (6q2) of laminin were demonstrated 
(Helbling-Leclerc et al., 1995). 

Emery-Dreifuss muscular dystrophy is an X-linked disease charac
terized by a selective scapuloperoneal distribution, early muscle 
retractions, and life-threatening cardiac involvement (conduction 
blocks). Null mutations were demonstrated in a previously unknown 
gene located at Xq28 (Bione et al., 1994). 

ION CHANNEL DISORDERS 
Familial periodic paralyses and non-dystrophic myotonias proved to be 
a paradigm for the study of ion channel disorders. Periodic paralyses 
are genetic diseases of autosomal dominant inheritance characterized 
by the occurence of acute and reversible attacks of muscle weakness. 
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Two forms of the disease are distinguished on the basis of the modifica
tions of blood potassium levels during attacks: hypokalemic (hypoPP) 
and hyperkalemic periodic paralysis (hyperPP). In addition to the attacks 
of muscle weakness, myotonic manifestations are frequently observed 
in hyperPP. Myotonia is caused by a prolonged failure of muscle 
decontraction and is due to high-frequency repetitive discharges of the 
sarcolemmal membrane. "True" myotonia is ameliorated by repetitive 
movements, the so-called "warm-up phenomena", whereas paramyo
tonia or "paradoxical myotonia" worsens during exercice. Paramyoto
nia congenita (PC) usually segregates as in independent trait, but has 
also been observed to co-segregate with hyperPP. In muscle fibers of 
hyperPP patients maintained alive in vitro, non-inactivating sodium 
currents were observed when extra-cellular potassium concentrations 
were increased, suggesting a role for sodium channels in hyperPP 
(Lehmann-Horn et ai., 1987). Genetic linkage and missense mutations 
were found in the coding sequence of the sodium channel gene estab
lishing it as the hyperPP and the PC gene (Fontaine et ai., 1990; 
McClatchey et aI., 1992; Ptacek et aI., 1992; Ptacek et ai., 1991; Rojas 
et aI., 1991). 

The mutations produce amino-acid changes responsible for an 
abnormal inactivation of the sodium channel as established by in vitro 
expression studies (Cannon and Strittmatter, 1993; Cummins et aI., 
1993). The abnormal inactivation of sodium channels leads to hyper
excitability of the sarcolemmal membrane causing both paralysis and 
myotonic manifestations. 

The gene defect for hypo PP was localized to chromosome 1 q 31-
32 by linkage analysis (Fontaine et aI., 1994). The calcium channel al
subunit CACNLIA3, also called the dihydropyridine receptor, mapped 
to the same region and missence mutations were subsequently found 
in the coding sequence of CACNLIA3, establishing it as the hypoPP 
gene (Fontaine et aI., 1994; Jurkat-Rott et aI., 1994; Ptacek et aI., 
1994). When introduced in the calcium gene and expressed in vitro, 
the mutations result in a functional calcium channel, but the exact 
mechanism of the disease is still not understood (Lapie et aI., 1996; 
Lerche et aI., 1996). 

Myotonia congenita (MC) is transmitted with both autosomal re
cessive and dominant inheritance. Both forms of the disease were mapped 
to the same region on chromosome 7q35 and subsequently mutations 
were found in the chloride channel gene CCLl (George Jr et aI., 1993; 
Koch et aI., 1992). Mutations found in recessive MC interrupt the 
translation or result in the transciption of an aberrant chloride channel. 
Mutations found in dominant MC are missense mutations. Expression 
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studies have shown that the chloride channel functions as a tetramere 
and that missense mutations inactivate the tetramere ( Steinmeyer et at. 
1994). 

INHERITED PERIPHERAL NEUROPATHIES 
Charcot-Marie-Tooth's disease (CMT) constitute an heterogeneous 

group of inherited neuropathies characterized by a distal sensori-motor 
neurological deficit of the limbs. Classifications have been based upon 
the mode of transmission of the disease and e1ectrophysiological re
cordings. CMT 1 is a demyelinating neuropathy lvith an autosomal 
mode of inheritance. A majority of CMT 1 families map to chromo
some 17pl1.2 (locus CMTIA). A 1.5 millions bp deletion containing 
the PMP22 myelin gene was found to be associated with the disease 
(Lupski et al., 1991). De novo deletions of the CMTIA region and 
point mutations in the PMP22 gene established that CMTIA resulted 
most likely from an abnormal gene dosage of PMP22 (review in 
(Harding, 1995». Interestingly, another autosomal dominant neuropa
thy termed hereditary neuropathy with liability to pressure palsies (HNPP) 
was found to be caused by a deletion of the same chromosome 17 p 11.2 
region (Chance et al., 1993). De novo deletions and point mutations in 
PMP22 established that HNPP was due to an haplo-insufficiency in 
PMP22 (review in Harding, 1995 #389]). Homolog sequences flank 
the CMT1/HNPP region suggesting a mechanism of unequal recom
bination for the origin of both disorders. Point mutations of two dif
ferent genes have been shown to cause CMT: the myelin gene PO on 
chromosome 1 (locus CMTIB) (Hayasakaet al., 1993) and the connexin 
32 gene on chromosome X (locus CMTX) (Bergoffen et al., 1993). 

DISORDERS OF THE MOTOR NEURONE 
Spinal muscular atrophy (SMA) is an autosomal recessive disorder re
sulting in the premature death of spinal cord motor neurones causing 
muscle atrophy and paralysis. Three types (I to Ill) have been distin
guished on the age at onset and the severity of the disease. By linkage 
analysis, the gene defect was mapped to chromosome 5q13. Positional 
cloning identified an inverted duplication of 500 kb. Two genes with 
mutations were identified in this region: the survival motor neuron 
(SMN) gene is deleted in exon 7 and 8 of the gene in 98% of patients 
and bear point mutations for the others (Lefebvre et al., 1995). The 
neuronal apoptosis inhitory protein (NAIP) display deletions in the 
first two exons of the gene in 67% ofSMA patients compared to 2% of 
control chromosomes (Roy et al., 1995). Although providing a tool 
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for a molecular diagnosis ofSMA, the respective role ofSMN and NAIP 
in the pathophysiology of SMA is still under investigation. 

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder 
affecting both upper and lower motor neurones and afflicting indi
viduals in middle adult life. The disease results in muscle paralysis and 
death within 3 to 5 years. Only 10 % of cases are familial. Among them, 
10% appear to be caused by mutations in the gene encoding the en
zyme superoxide dismutase located on chromosome 21q (Rosen et aI., 
1993). Superoxide dismutase has a role in the detoxification of 
superoxide anions produced by cell metabolism. Mutations cause a re
duction in the enzyme activity due to increased instability of the pro
tein (Deng et aI., 1993). A yet unidentified gain of function of the 
mutated protein is an alternative hypothesis to link mutations in 
superoxide dismutase to neurodegenerescence (Brown J r, 1995). 

GENES WITH TRIPLETS REPEATS DEFINE A NEW CLASS OF 
MUTATIONS CAUSING NEUROLOGICAL DISORDERS 
Repeated nucleotide sequences are widely distributed throughout the 
human genome. The sequences known as microsatellites are simple 
tamdem repeats with basic units of 2 to 4 nucleotides. Within a se
quence, the number of repeats may vary from a few to a thousand. The 
repeats are frequently polymorphic due to variations among individuals 
in the number of repeats and are stable when transmitted through suc
cessive generations. Trinucleotide repeats are a type of microsatellite 
found every 300 to 500 kb. Over the past two years, a new type of 
mutation was identified, consisting of expanded and unstable trinucle
otide repeats. Diseased individuals display an amplification of the re
peat beyond the normal range observed in unaffected individuals. These 
repeats are unstable, and the number of repeats may vary among mem
bers of same families. An increase in the number of repetitions is corre
lated with a decrease in the age of onset and clinical severity 
(anticipation) . 

Fragile X syndrome is the most frequent form of inherited mental 
retardation, with an incidence of about 1 in 1,500 males and 1 in 
2,500 females. The fragile- X site contains both a epG island which is 
methylated only in patients (Oberle et aI., 1991) and a repetitive se
quence, (eGG )n' which expands dramatically (Fu et al., 1991; Kremer 
et ai., 1991; Yu et ai., 1991). The expanding triplet is located within 
the 5' region of the gene implicated in this disease: FMR-l (Verkerk 
et ai., 1991). The length of the sequence in the normal population 
varies from 6 to 54 (eGG) repeats. In fragile X families, two types of 
mutation have been distinguished: premutations and full mutations. 
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Premutations with 52 to 200 repeats which have no phenotypic ef
fects and are present in carriers. Full mutations with more than 200 
repeats are present only in fragile X patients. This explains one of the 
unusual characteristics of the genetics of the fragile X syndrome: the 
relatively high frequency of male carriers (20%). The CpG island on 
normal and on premutated chromosomes is not methylated, whereas 
CpG island located on the chromosome carrying the full mutation is 
methylated. Methylation at the CpG island correlates with loss of ex
pression of the FMR-l mRNA. Expansion of the premutation to the 
full mutation occurs only on maternally-inherited chromosomes. This 
observation gives a molecular basis to the observed anticipation in 
fragile X syndrome known as the Sherman paradox: the frequency of 
mental retardation in children of carrier women who are mothers of 
transmitting males is considerably less than the frequency of mental 
retardation in the grandchildren of a maternal transmitting grandfa
ther. 

Spinal and bulbar muscular atrophy or Kennedy's syndrome (SBMA) 
is a rare motor neuron disorder characterized by adult onset of proxi
mal and progressive muscle weakness and atrophy of bulbar muscles. 
SBMA is an X- linked recessive disorder affecting 1/ 50, 000 males. 
The androgen receptor (AR) gene and SBMA gene defect were mapped 
by linkage analysis to the same region of chromosome Xq 11- 12, and a 
mutation in the AR gene was found in patients, an amplification of a 
trinucleotide repeat (CAG)" in the first exon (LaSpada et ai., 1991). 
The number of repeats ranges from 17 to 26 in the normal population 
and from 40 to 62 repeats in SBMA patients. The (CAG) alleles are 
unstable when transmitted from parents to offspring. This instability is 
greater in male than in female meioses. 

Myotonic dystrophy (DM) is a multi-systemic disorder character
ized by a progressive muscle weakness, myotonia, cataracts, cardiac 
conduction block, and diabetes. DM segregates as an autosomal domi
nant trait, localized on chromosome 19q 13.3. This syndrome is associ
ated with the expansion and the instability of a trinucleotide repeat 
(CTG) in the 3' unstranslated region of a gene coding for a cAMP
dependent protein kinase (myotonin protein kinase). The normal copy 
number ranges from 5 to 30 repeats. In DM patients, the repeats vary 
from 45 to 3000 (Aslanidis et ai., 1992; Brook et ai., 1992; Buxton et 
ai., 1992; Fu et ai., 1992; Harley et ai., 1992; Mahadevan et aI., 1992). 
The most severely affected patients have a higher number of repeats. 
Anticipation in DM is characterized by worsening of the phenotype 
through successive generations, and is correlated with an increase in 
the number of repeats. 
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Huntington'S disease (HO) is a progressive neurodegenerative dis
order characterized by choreic movements, impaired cognition, and 
personality changes. This disorder is inherited as an autosomal domi
nant trait with complete age-dependent penetrance. When HD is ex
pressed in juveniles, symptoms are more severe. Juvenile HD is 
preponderantly associated with paternal transmission of the diseased 
allele. The genetic defect has been mapped to chromosome 4p 16.3 
and consists to the amplification of a trinucleotide repeat (CAG)n in 
the coding region of the HD gene, IT 15 (The Huntington's disease 
collaborative research group, 1993). In the normal population, allele 
sizes range from 11 to 34. In HD families, the (CAG) repeats vary in 
number from 37 to 121. The age of onset and the severity of the dis
ease appear to parallel repeat length, with longer repeat lengths in ju
venile onset cases. 

Spinocerebellar ataxia type I are a group of autosomal dominant 
progressive neurodegenerative disorders of the cerebellum, 
brainstem and spinal cord. More than five loci (SCAl to 5) are 
known to cause spinocerebellar ataxia type 1. Among them, SeAl 
(spinocerebellar ataxial), mapped to 6p22-23, was the first gene iden
tified. SCAl is associated with the amplification of a trinucleotide 
repeat (CAG)n in the coding region of the SCAl gene. Normal 
alleles have repeats ranging in number from 25 to 36 whereas alleles 
from SCAl patients range from 43 to SI. The size of the repeat 
correlates with the age of onset (Orr et aI., 1993), and studies on 
intergenerational variation reveal that expansions of the triplet re
peat (CAG) are predominantly transmitted by males. Machado-Joseph 
disease or SeA3 (spinocerebellar ataxia 3) (MJD/SeA3) was mapped 
to chromosome 14q24-32. The gene contains a CAG repeat in its 
coding sequence. Normal alleles range from 13 to 36 repeats. Mu
tated gene contain 66 to SO repeats (Kawaguchi et aI., 1994, Durr 
et aI., 1996). 

Dentatorubral-pallidoluysian atrophy (DRPLA), inherited as an au
tosomal dominant trait, is characterized by combined systemic de
generation of the dentatofugal and pallidofugal pathways. The gene 
responsible forthe disease is located on chromosome 12p12-ter (Koide 
et aI., 1994; Nagafuchi et ai., 1994), and contains a (CAG)n trinucle
otide expansion in the 5' coding region of the gene. In the normal 
population, allele sizes vary from 7 to 25 repeats. In DRPLA patients, 
the number varies from 49 to 6S. Severity and early onset of the disease 
are associated with a larger number of repeats. Instability of the expan
sion of the (CAG) repeat is preferentially associated with paternal trans
mission. 
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Friedreich's ataxia (FA) is an autosomal recessive disorder charac
terized by ataxia of the four limbs and a lack of tendon reflexes in the 
four legs. The age at onset is between 10 and 25 in most of the pa
tients. FA was mapped to chromosome 9q13-q21.1. A GAA repeat 
was found in the first intron of the gene X25 (Campuzano et aI., 
1996).The length in normal individuals is between 7 and 22 units. In 
patients, enlarged alleles are found ranging form 200 to more than 900 
units. Point mutations were also demontrated in a minority of patients 
establishing that the mechanism of the disease was most likely a loss of 
function (Campuzano et aI., 1996). Instability of the expanded repeat 
was demonstrated during parent to offspring transmission (Campuzano 
et aI., 1996). 

ALZHEIMER'DISEASE 
Alzheimer's disease (AD) is one ofthe most common form of dementia 
afflicting 20% of the population over 80 years of age. Pathological ex
amination of the brain of patients shows neuronal death with charac
teristic features of the disease which include senile plaques, amyloid 
deposits and neurofibrillary tangles. About 10% of cases are familial. 
Genetic factors are mostly involved in presenile AD, i.e. with an age of 
onset under 65 years old. The first AD gene was identified in 1991. It 
codes for the bA4-amyloid protein precursor (APP) localized on chro
mosome 21 (Chartier-Harlin et aI., 1991). Only at most 5% of AD 
families display mutations in the APP gene. The vast majority of AD 
families (70%) map to chromosome 14. A gene called S182 and now 
termed presenilin-l (PS-I) was identified by positional cloning 
(Sherrington et aI., 1995). It encodes a putative integral membrane 
protein with seven transmembrane segments whose function is un
known. Missense mutations were identified in the coding sequence of 
the gene (Sherrington et aI., 1995). A second gene termed presenilin-
2 (PS-2) was identified by homology with PS-I. Missense mutations of 
PS-2 were identified in families of Volga-German descent and in an 
Italian family (Levy-Lahad et aI., 1995; Rogaev et aI., 1995). Studies of 
late-onset families demonstrated genetic linkage to chromosome 19q 13, 
a region containing a candidate gene: apolipoprotein E. Apolipoprotein 
E is a lipophilic protein present in plasma and cerebrospinal fluid. 
Apolipoproein E has been shown to be associated with senile plaques 
and neurofibrillary tangles in the brain of AD patients. Genetic linkage 
of late-onset AD to apolipoprotein E in late-onset AD families was 
confirmed. Apoliprotein E exist in four distinct isoforms encoded by 
four alleles (apoE El to 4). Association studies in both familial and 
sporadic late-onset AD showed an increased risk and an earlier age of 
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onset of AD among apo E E4 carriers (Corder et ai., 1993). A 30 fold 
risk to develop AD is observed in homozygotes E4 compared to 
homozygotes E3 (Myers et ai., 1996). In population studies, most 
homozygotes E4 do not however develop AD. It remains to be deter
mined whether ApoE E4 acts as a causative or only as a risk factor for AD. 

CONCLUSIVE REMARKS: NEUROGENETICS AND CLINICAL 
NEUROLOGY 
Advances in neurogenetics produced important changes in the practice 
of neurology. First of all, the understanding of neurological diseases 
has progressed. Molecular investigations of myopathies led to the dis
covery of a multi-proteic complex linking the cytoskeletal architecture 
to the sarcolemmal membrane. Insights into the mechanisms leading 
to neurodegenerescence and consequently permitting the long-term 
survival of neurons may be brought by study of genes identified in 
motor neuron and Alzheimer's diseases, as well as genes containing 
CAG repeats. The discovery of unstable repeats in the coding sequence 
or in the regions controlling the expression of genes has shed a new 
light on the physiopathology of clinical variability and anticipation in 
genetic neurological diseases. The discovery of a chromosome 17 re
gion deletion/duplication causing inherited peripheral neuropathies 
should offer a way to investigate gene dosage effects on the control of 
proliferation and differenciation of glial cells. 

Albeit these fundamental implications, advances in neurogenetics 
have changed the nosology of neurological disorders. Classification of 
neurological diseases has been enriched by gene defects. Spinocerebel
lar ataxias are clinical homogeneous disorders with genetic heterogene
ity. On the contrary, clinical heterogeneity and genetic homogeneity 
has been demonstrated in ion channel diseases: hyperkalemic periodic 
paralysis and paramyotonia congenita are both caused by mutations in 
the sodium channel gene. 

In term of therapy, the characterization of ion channel diseases 
gave a more rational basis to the treatment of these conditions relying 
on the knowledge of channels and pharmacological agents modifying 
their function. 

A molecular diagnosis is now possible for several neurological dis
orders. There is no doubt that it will allow more precise diagnoses in 
difficult cases. It raises however economic and ethical issues. Most of 
the tests are expensive: the accessibility to the test might therefore be 
difficult to persons without health insurance coverage or in developing 
countries. Alternatively, in state-run health care systems, costs of the 
tests might postpone their availabily to a large public due to budget 
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restrictions. Guidances and evaluations of the usefulness of such tests 
are therefore necessary on a long-term period in order to identifY with 
precision the persons who might benefit from such tests. A high tech
nicallevel is mandatory to perform reliable molecular diagnoses, most 
of the know-how being developed in research laboratories. It should 
be therefore more efficient in term of public health to restrict the pos
sibility of molecular diagnosis to a few reference centers. 

Molecular diagnosis might lead to the identification of a disease 
causing mutation in a normal individual: the so-called "presymptomatic 
diagnosis". One has the right to know his or her status regarding a 
disease segregrating in his or her family. It raises however important 
ethical issues regarding the use of this information. It may indeed for
bid the person from getting a job or an insurance coverage. Recom
mendations designed for presymptomatic testing in Huntington's disease 
were elaborated in concertation with the families. They should be con
sidered as a model for the ethics of molecular diagnosis: an informed 
consent should be obtained, the respect of the fundamental rights of 
the person in term of the autonomy of his or her decision should be 
ascertained, a medical and psychiatric assistance should be provided 
and the confidentiality of the procedure should be guaranteed. These 
conditions can only be met inspeciaJized centers. 

Finally, the next goal of neurogenetics is the study of multi genic 
neurological diseases such as cerebrovascular disorders, Parkinson's dis
ease, the epilepsies or multiple sclerosis. The availability of a detailed 
genetic map of the human genome and the new possibilities of 
genotyping a high number of samples using automates should bring 
new insights into diseases which are far more common that truly mo
nogenic neurological diseases. 
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Ma-Li Wong, M.D. 

Neuroimmunology has traditionally studied autoimmune diseases 
of the brain, such as multiple sclerosis. In the last fifteen years, this field 
has experienced tremendous growth, as specific immune mediators and 
their receptors have been identified, characterized, and cloned. Those 
molecules, known as cytokines, are large polypeptides that have been 
found not only to act in the nervous system, but also to exist within 
widespread but discrete circuitries in the brain, and to modulate key 
functions of the central nervous system (CNS), such as neuroendo
crine regulation, fever, sleep, reproduction, long-term potentiation, 
cognition, behavior, food intake and body weight. Over forty cytokines 
have been identified. They are grouped into several large families: 
interleukins (IL), tumor necrosis factor (TNF), interferons (IFN), 
neutrophins, and growth factors. Importantly, in the brain, immune 
mediators facilitate neuronal death and neuronal survival. In this chap
ter we will focus on the distribution and roles oftwo key immune me
diators in the brain: IL-I and TNF, and on recent developments on 
animal models for multiple sclerosis. 

Cytokines were initially identified in the 80's as molecules that are 
synthesized by peripheral immune cells and that communicate signals 
that organize and coordinate the immune response. It was soon dis
covered that such molecules act in the brain to cause fever. Research in 
this area has evolved over several conceptual phases: 
• Identification of specific central nervous systems (CNS) effects of 

specific cytokines 
• Identification of cytokine and cytokine receptor gene expression in 

the brain 
• Mapping of central cytokine circuitries 
• Elucidation of the relations between central and peripheral cytokine 

function 
• Understanding the role of a complex network of central and pe

ripheral cytokines in health and disease 
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CYTOKINES IN THE BRAIN - LOCALIZATION AND EFFECTS 
Cytokines have multiple actions at the level of the central nervous sys
tem. Table 1 summarizes some of the effects of cytokines in the brain 
(Licinio et aI1997). Mapping cytokine circuitries in the brain has been a 
challenging process. Several technical limitations have slowed this proc
ess. Those have included the fact that species-specific probes and anti
bodies are required for in situ hybridization histochemistry and for 
immunohistochemistry, respectively. Most cytokines were originally cloned 
in mouse and human; however, most neuroanatomical work has been 
conducted in the rat. It was only in this decade that most cytokines were 
cloned in the rat. Once several groups started mapping cytokine circuit
ries in the brain the results obtained were not always consistent. For 
example IL-1 B mRNA was mapped at baseline in rat brain by some groups 
(Bandtlow et aI1990), while others failed to find IL-1 B mRNA in most 
of the brain (Wong et a11997; Yabuuchi et aI1993). IL-1B bioacitivity, 
on the other hand, has been identified in normal brain. Quan et al. (Quan 
et al 1996) assessed brain IL-1 bioactivity by first semi -isolating IL-1 
with a Sephadex minicolumn and then measuring IL-1 activity with a 
sensitive D 1 0 cell assay; a monoclonal antibody against IL-1 receptor 
was used to block any observed IL-1 activity. They found that IL-1 
bioactivity can be reliably detected in both the cell-free supernatant and 
cell lysate of brainstem, cortex, diencephalon, and hippocampus of nor
mal rat brain. These differences might be due to differences in tech
niques among several labs and to the confounding effect ofinflammation 
or infection. Several groups have shown that peripheral inflammation or 
stress causes the induction of cytokine gene expression in the brain (Buttini 
and Boddeke 1995; Gatti and Bartfai 1993; Wong et a11997; Yabuuchi 
et aI1993). Thus, studies of cytokine localization in the brain have to be 
carefully controlled for the effects of stress, inflammation, and infection. 
Additional factors that have limited the progress of research in this area 
include the virtual absence of stable, nonpeptide agonists and antago
nists, the very Jow level of constitutive expression of most cytokines and 
their receptors, and discrepancies between bio- and immunoassays, due 
to the presence of naturally occurring inhibitors, binding proteins, and 
soluble receptors in tissues and extra-cellular fluids (Rothwell et aI1996). 

CYTOKINES SIGNAL THE BRAIN 
The mechanisms by which peripheral cytokines may signal the brain 
has been an area of considerable interest. Cytokine may act at the level 
of peripheral nerves that signal the brain, such as the vagus (Maier et al 
1993). They can also enter the brain in areas without a blood-brain 
barrier (BBB) (e.g., OVLT). Alternatively, cytokines may cross the BBB 
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via active transport mechanisms (Banks et al 1989; Banks et al 1991). 
We have shown that cytokines may affect brain function by acting at 
the level ofCNS vasculature, generating informational substances such 
as prostaglandins and nitric oxide that can mediate the effects ofcytokines 
within brain parenchyma. We have recently shown a mechanism for the 
modulation of the effects of IL-l in the brain during systemic inflam
mation. Our studies revealed that IL-l RI is constitutively expressed at 
the interface of the vascular wall and perivascular glia. During systemic 
inflammation we demonstrated induction of IL-l g gene expression in 
the vascular wall, accompanied by perivascular generation of inducible 
nitric oxide synthase (iNOS) mRNA. iNOS is a transcription ally regu
lated enzyme that is active for a period of 4 to 24 hours and that gener
ates synthesizes NO in nanomolar concentrations, more than lOO-fold 
greater than that produced by constitutive or neuronal NOS (cNOS) 
(Wong et al 1996c). We suggested that during systemic inflammation, 
vascular IL-l g, binding to vascular and perivascular IL-l RI receptors, 
may induce perivascular iNOS gene expression, leading to the produc
tion of NO and modulation of the effects of IL-l g in the brain. The 
vascular and perivascular induction of iNOS mRJ"l"A by IL-l g might 
represent an additional mechanism for the modulation of the central 
nervous system effects of peripheral inflammatory mediators. 

THE ROLE OF INTERLEUKIN-l IN THE BRAIN 
IL-l biology 
The IL-l family ofligands consists of three IL-l isoforms, IL-la, IL-lg, 
and IL-l ra (interleukin 1 receptor antagonist) which are encoded by three 
separate genes, and bind to IL-l receptor type I (IL-l RI) with compara
ble affinity. IL-l a and IL-l g are bioactive and lead to a variety of actions 
in the target cell. IL-l g is synthesized as a large molecule that biologically 
inactive; it is cleaved in to the 17kDa bioactive mature IL-lg by ICE (IL-
19 converting enzyme). IL-lra was the first endogenous antagonist ever 
discovered; it binds to IL-l RI but exerts no biological activity at any 
dosage range. IL-l bioactivity is provided by the local ratio of IL-l g+ IL
l a over IL-l ra. When high levels ofIL-l ra are present locally, inflamma
tion is clinically mild. In contrast when there is local high ratio ofIL-l g 
over IL-lra inflammation tends to be severe. Miller et al. (Miller et al 
1993) showed that patient's with Lyme's disease that had high levels of 
synovial fluid IL-l ra in comparison to those ofIL-l g had mild arthritis. 
In contrast, individuals with a higher ratio ofIL-l g/IL-l ra had a course 
of severe arthritis. IL-l binds to two receptor subtypes. IL-l RI has a long 
intracellular domain and transduces a signal. In contrast, IL-l RII has a 
short intracellular domain and serves a decoy for IL-l. 
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IL-l molecules are synthesized in the brainIL-la, IL-B, IL-lra, 
IL-l RI, and ICE synthesis have been identified in vascular, glial and 
neuronal structures of the brain (Breder et a11988; Ericsson et a11995; 
Licinio et al 1991; Rettori et al 1994; Wong et al 1996a; Wong et al 
1996b; Wong et al 1997; Wong and Licinio 1994; Wong et al 1995; 
Yabuuchi et al 1994). 

We have recently shown that, in contrast to the periphery, in 
the brain, IL-l B gene expression is not associated with high levels of 
expression of cytokines that counteract IL-l B bioactivity, such as 
IL-lra, IL-I0, or IL-13. We have proposed that the different pat
terns of central and circulating IL-l counter regulation may be the 
result of evolution. During systemic inflammation it is advantageous 
to counter regulate IL-l action in peripheral body fluids, thus limit
ing the inflammatory response. On the other hand we suggest that 
it may be advantageous not to counter regulate the actions of IL-l 
in the brain, as those actions cause sickness behavior, leading to sleep, 
decreased search for food, inhibition of reproduction, and suppres
sion of locomotion and exploration, thereby diminishing the likeli
hood of confrontation with predators and facilitating recovery (Wong 
etaI1997). 

Does brain IL-l contribute to neuroAIDS1 
The role of endogenous factors on HIV-l replication is a current focus 
of AIDS research. IL-IB ia an HIV-l replication factor, and IL-lra 
inhibits the inductive effects ofIL-l on HIV-l (Poli et al 1994). IL-lO 
and IL-13 are endogenous inhibitors of HIV-l replication (Akridge et 
a11994; Montaner et a11993; Montaner et a11994; Saville et aI1994); 
IL-I0 is currently being used in phase I clinical trials in AIDS. Inflam
mation can lead to a deterioration of the course of HIV-l infection 
(Fauci 1993; Pantaleo et aI1993). During peripheral inflammation there 
is in the brain marked induction of the gene encoding for the HIV-l 
replication factor IL-l B in the context of limited induction of IL-l ra 
mRNA as well as small induction of the gene encoding the HIV-l repli
cation inhibitor IL-lO and no detectable induction of the gene encod
ing the HIV-l replication inhibitor IL-13. NeuroAIDS can be 
characterized by a vicious cycle in which HIV-infected monocytes/ 
macrophages may induce the secretion ofIL-l by astrocytes, endothe
lial cells, and microglial cells: IL-l, stimulating transforming growth 
factor B (TGF-Bl) and TNF-a, may further activate HIV replication 
(Vitkovic et al 1994). It has been suggested that the CNS pattern of 
cytokine response to peripheral inflammation may have a detrimental 
effect on the clinical course of AIDS. 
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IL-l induction in the brain is associated with iNOS gene expression 
Marked IL-l gene expression in the brain during systemic inflamma
tion can cause stimulate iNOS gene expression (Brunetti et al 1996). 
We have showed that in parallel with the induction oflL-IB gene ex
pression in the brain there is in the same areas as IL-l B, marked expres
sion of the gene encoding iNOS. We found that during systemic 
inflammation there were high levels of iNOS gene expression in me
ninges, choroid plexus, median eminence, subfornical organ, the 
paraventricular nucleus and the arcuate nucleus of hypothalamus, pi
tuitary and pineal glands (figure 1). iNOS gene expression in the brain, 
was in our experiments, accompanied by the spillover of nitrite (N02-), 

a metabolite of NO, into CSF. CSF levels of nitrite may therefore be an 
early marker of sepsis (Wong et al 1996c). 

IL-l stimulates secretion of IL-l ra and IL-6 to the periphery 
We have found that during the course of systemic inflammation the mRNA 
encoding the secreted isoform oflL-l ra (sIL-l ra) is expressed in high 
levels in the anterior pituitary (figure 2). IL-lra is secreted in response to 
IL-IB (Lennard 1995), and in our studies we have shown that the ante
rior pituitary IL-lra mRNA response follows that ofIL-IB mRNA. The 
IL-IB stimulus for the anterior pituitary to secrete IL-lra during sys
temic inflammation may originate from multiple sources. Areas of the 
CNS whose secretions are known to affect anterior pituitary function 
express the gene encoding IL-IB in high levels during systemic inflam
mation, with limited IL-lra, IL-I0, and IL-13 counter regulation. Those 
regions include the hypothalamus [paraventricular nucleus (PVN) and 
arcuate nucleus, and the median eminence (ME), as well as the posterior 
pituitary]. The posterior pituitary affects anterior pituitary function as it 
provides one third of the blood supply to the anterior pituitary (Asa et al 
1995). IL-l B gene expression is also present in the anterior pituitary 
after LPS administration. Additionally, during systemic inflammation, 
circulating IL-IB (Li et al 1995) is thought to modulate anterior pitui
tary hormone secretion (Bernton et al 1987). Thus, IL-lra secretion by 
the anterior pituitary may be a response to IL-IB originating from the 
PVN and arcuate nuclei, ME, posterior pituitary, systemic circulation, 
and from the anterior pituitary itself. We have proposed that the pitui
tary secretion of IL-lra might represent a novel endogenous systemic 
anti-inflammatory hormonal mechanism stimulated by IL-IB reaching 
the anterior pituitary from multiple sources (Wong et aI1997). Recently, 
Romero et al. have presented evidence that the brain is a source of the 
interleukin-6 (IL-6) that appears in the peripheral circulation of rats after 
intracerebroventricular (icv) injection ofIL-IB. They show that after icv 
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injection of IL-l B there is spillover of IL-6, with a positive gradient, to 
superior sagital sinus blood and to aortic blood. Injection of rat/human 
corticotropin-releasing hormone icv did not change IL-6 concentration 
in CSF or in peripheral blood. Those studies demonstrated that the brain 
and/or its supporting structures are activated by icv IL-IB to release IL-
6 into the blood and that the effect is not dependent on peripheral sym
pathetic activity or central mobilization of CRH. They postulated that 
direct secretion of IL-6 and possibly of other cytokines from the brain 
might be a pathway ofneuroimmunomodulation (Romero et aI1996). 

The role of IL-l in neuroendocrine regulation 
Soon after cytokines, such as IL-l, were first discovered it became clear 
that they acted in the brain and mediated brain functions such as fever 
and neuroendocrine regulation. The work of Berkenbosch et al. 
(Berkenbosch et al 1987) and Sapolsky et al. (Sapolsky et al 1987) 
showed that interleukin 1 (IL-l) acts at the level of the hypothalamus 
to release corticotropin-releasing hormone (CRH), stimulating the 
hypothalamic-pituitary-adrenal (HPA) axis and leading to a down regu
lation of the immune response (Figure 3). This immune-endocrine axis 
was later shown to be relevant to the susceptibility to autoimmune 
disease. 

Sternberg et al. first showed that animal strains that low CRH re
sponsiveness to immune stimuli, such as IL-l, are more susceptible to 
inflammatory disease because they are unable to secrete enough adre
nal steroids to down regulate the immune response (Sternberg et al 
1989a; Sternberg et al 1989b). Lewis (LEW /N) rats are highly suscep
tible to inf1ammatory disease, compared to the relatively inf1ammatory 
disease resistant histocompatible strain, Fischer (F344/N) (Sternberg 
et al 1989a; Sternberg et al 1989b). LEW /N rats develop inf1amma
tory diseases related to the specific pro-inf1ammatory stimulus to which 
they are exposed. Their overall susceptibility to inflammation is related 
to their inability to produce HPA axis activation in response to periph
eral inf1ammatory mediators or to other stimuli. LEW /N rats have 
marked blunting of hypothalamic CRH responses to a variety of pro
inflammatory and stress stimuli, leading to a lack of ACTH and corti
costerone responses to peripheral inflammatory mediators. This defect 
is not observed at baseline and can be seen only after challenge with 
pro-inflammatory stimuli (Sternberg et aI1989a). Compared to F344/ 
N rats, LEW /N HPA axis responses are markedly reduced in response 
to bacterial streptococcal peptidoglycan polysaccharide (streptococcal 
cell walls, SCW), which induces an arthritis in LEW /N rats resembling 
human rheumatoid arthritis. LEW /N rats exhibit similar diminished 
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HP A axis responses to other stimuli including IL-l, quipazine (a sero
tonin agonist), adrenergic and cholinergic agonists, as well as a to vari
ety of physical and psychological stress situations (Calogero et al 1992; 
Sternberg et al 1992). The observed differential LEW/N hypo- and 
F344/N hyper- HPA axis responsiveness occurs very early in ontog
eny, and persists throughout adulthood (Aksentijevich et al 1992). 

Confirmation that alterations in the immune-neuroendocrine axis 
lead to susceptibility to inflammatory disease has been based on a series 
of experiments in which interruption of immune-neuroendocrine feed
back caused susceptibility to inflammation. Treatment ofF344/N rats 
with the glucocorticoid antagonist RU 486, or the serotonin 5-HT2 
antagonist LY53857, renders these otherwise inflammatory resistant 
rats highly susceptible to the pro-int1ammatory and lethal effects of 
SCW (Sternberg et al 1989a). Inflammatory resistant rat strains also 
become susceptible to inflammation after surgical interruptions of the 
axis by adrenalectomy or hypophysectomy. Hypophysectomy predis
poses to the lethal effects of salmonella (Edwards et al 1991), while 
adrenalectomy without glucocorticoid replacement predisposes to the 
lethal and inflammatory effects of myelin basic protein in induction of 
experimental allergic encephalomyelitis (MacPhee et al 1989). In ani
mals experimentally rendered susceptible to inflammation by interrup
tion of the immune-neuroendocrine axis, replacement treatment with 
intermediate or therapeutic doses ofglucocorticoids results in suppres
sion of manifestations of disease. 

Interruptions of immune-neuroendocrine pathways, based on ge
netic factors in LEW /N rats, or due to surgical or pharmacological 
manipulations in otherwise resistant strains, increase susceptibility to 
inflammatory disease. On the other hand, reconstitution of the im
mune-neuroendocrine axis reverses the inflammatory susceptibility in 
these strains (Sternberg et aI1989a), or EAE (MacPhee et aI1989), in 
a dose related way (Licinio and Sternberg 1996). 

The same defect to produce enough HPA responsiveness in re
sponse to immune mediators to effectively counteract the inflamma
tory response has been found in a variety of animal strains that are 
susceptible to autoimmune disease [see table 2]. 

IL-1 : neurotoxicity and neuroprotection 
IL-l can be either neurotoxic or neuroprotective (Brenneman et al 
1995), depending on the phase of development of the animal. In the 
adult animal, IL-IB present in the context of acute neurodegeneration 
can be highly neurotoxic. In contrast, IL-lra is an endogenous 
neuroprotective agent. Exogenous IL-lra offers at least 40% of protec-
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tion in brain trauma, focal ischemia, striatal NMDA or AMPA injec
tions (Rothwell et al 1996). When endogenous IL-Ira bioactivity is 
neutralized during the course of acute neurodegeneration there is con
siderable increase in the area of neuronal loss caused by middle cerebral 
artery occlusion (MCAo) (Loddick et al 1997). The locus of action of 
IL-I in the events leading to neuronal death is not fully elucidated. 
Toxic effects of IL-I, and inhibition by IL-I ra, may be due to actions 
on neurons or alternatively, those effects could be mediated at the level 
of non -neuronal cells such as glial and endothelial cells, leading to pro
duction of neurotoxic factors, and/or direct actions on neurons. IL-I 
can stimulate astrocytes to produce potentially neurotoxic substances 
such as nitric oxide and arachidonic acid metabolites (Adams F 1984). 
Understanding the mechanisms of induction ofIL-lra and IL-I ex
pression in the brain after injury may therefore offer therapeutic ben
efit for the treatment of neurodegenerative disorders. 

ICE and neurodegeneration 
ICE is a member of a family of pro teases that are the mammalian homo
logues of the C. elegans gene CED-3, which is involved in neuronal 
apoptosis. Inhibitors ofICE bioactivity can be neuroprotective. Loddick 
et al. (Loddick et al 1996) showed that intracerebroventricular (i.c.v.) 
administration of an irreversible ICE inhibitor, z-VAD-DCB (l pmol, 
30 min. before and IS min., 2, 4, 6 and 8 h after surgery) markedly 
reduced (SO±4%) infarct volume measured 24 h after focal cerebral 
ischemia (MCAo) in the rat. Inhibition of damage was observed in the 
cortex (Sl±S% reduction) and striatum (42±6% reduction). These data 
implicate ICE in ischemic neuronal death in vivo. The authors suggest 
that inhibition of ICE could reduce ischemic damage either by pre
venting IL-I beta synthesis or by inhibiting apoptosis or by both of 
these processes, and may provide a useful therapeutic approach to the 
inhibition of ischaemic brain damage. Moreover, transgenic mice ex
pressing a dominant negative mutation of interleukin-I B converting 
enzyme (ICE) have cerebral infarcts and brain swelling that are re
duced by 44% and 46%, respectively, in comparison to control animals, 
after 3 h of middle cerebral artery occlusion followed by 24 h of 
reperfusion. Neurological deficits were also significantly reduced in the 
transgenic animals. These findings were not due to alterations in re
gional CBF, blood pressure, core temperature, and heart rate. Increases 
in immunoreactive IL-I B levels were 77% lower in the mutant strain, 
indicating that pro- IL-IB cleavage is inhibited in the mutants. DNA 
fragmentation was reduced in the mutants 6 and 24 h after reperfusion. 
The authors concluded that endogenous expression of an ICE inhibi-
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tor confers resistance to cerebral ischemia and brain swelling, and sug
gested that downregulation of ICE expression might provide a useful 
therapeutic target in cerebral ischemia (Hara et al 1997). 

The neurological mutation, staggerer, causes a severe disruption 
in the integrity of the olivo-cerebellar circuitry. The primary site of 
action is the Purkinje cell population which is reduced in cell number, 
with cells that are atrophic in dendritic structure, small in size and ec
topic in position. This primary defect has a cascade effect on Purkinje 
cell-afferent populations, leading to the target-related cell death of vir
tually all of the cerebellar granule cells and the majority of the neurons 
in the inferior olive (Nakagawa et al 1996). The cerebellum on the 
heterozygous (+ /sg) staggerer mutant mouse therefore has recently 
been proposed as a model system in which to study the genetic contri
bution to the normal process of central nervous system aging (Hadj
Sahraoui et al 1997). Interestingly, Lemaigre-Dubreuil et al. 
(Lemaigre-Dubreuil et al 1996) have shown that ICE mRNA expres
sion is increased 4-fold in the cerebellum of homozygous staggerer 
mice, where IL-l beta mRNA is overexpressed and programmed neu
ronal cell death occurs. They propose that there is involvement oflCE 
in neuronal cell death in the cerebellum of staggerer mice. Thus, ICE 
seems to mediate certain types of acute and chronic neurodegeneration. 

TUMOR NECROSIS FACTOR rTNFJ 
TNF is structurally unrelated to IL-l and binds to different receptors 
than those oflL-l but both cytokines have similar biological effects on 
fever, sickness behavior, and neuroendocrine function. 

Two forms ofTNF: TNF-a and TNF-~ bind to the same receptor 
on target cells, and have the same biologic activities, even though they 
have only 28% similarity at the amino acid level. The genes encoding 
for both TNF-a and TNF-~ are found within the Major Histocompat
ibility Complex (MHC) on chromosome 6. TNF-a is widely expressed 
in several cell types in the immune system, and in glial cells and astrocytes 
(Aggarwal 1992; Turetskaya et al 1992). TNF-~ can be produced by 
several cell types, including lymphocytes, astrocytes, Iymphokine-acti
vated killer cells, and myeloma cells (Aggarwal 1992; Breder et al 1994; 
Turetskaya et al 1992). Inducers ofTNF production include IL-l, IL-
2, interferons, endotoxin, and mitogens. Suppressors ofTNF produc
tion include IL-4, IL-6, transforming growth factor B, and 
dexameth asone. 

Two types of high affinity receptors have been identified for TNF: 
TNF receptor type I (TNFRI) and TNF receptor type 11 (TNFRII) 
(Tartaglia et al 1991). TNFRII binds TNF with about 10 told higher 
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affinity than TNFRl. The two receptors are independently regulated 
and transduce distinct intracellular signals, and they are thought to elicit 
distinct responses: the type I receptor, which promotes cytotoxic activ
ity and fibroblast proliferation, and the type 11 receptor, which pro
motes T Iymphocyte proliferation. 

TNF-a localization in the brain 
TNF can be synthesized and released by astrocytes, microglia, and some 
neurons (Chung and Benveniste 1990; Gendron et al 1991; Lieberman 
et al 1989; Sawada et al 1989), and TNF can induce the proliferation 
of astrocytes (Selmaj et al 1990).TNF has bee recently shown to influ
ence neuronal progenitor cell proliferation and ditlerentiation (Bazan 
1991; Merri1l1992) (Mehler et aI1993). Detailed localization of and 
has been examined by immunoreactivity (Breder et al 1993), and by in 
situ hybridization (Breder et al 1994) in mouse brain. In baseline con
ditions TNF immunoreactivity was primarily observed in neuronal struc
tures, such as fibers and terminal fields (Breder et al 1993); colchicine 
treatment increased the intensity of immunoreactivity staining and al
lowed the visualization of neuronal cell bodies in hypothalamic nuclei: 
periventricular preoptic nucleus, paraventricular nucleus, ventromedial 
nucleus, dorsomedial nucleus. Specific groups of neurons were found 
to have immunoreactivity to TNF-a in the pons and medulla. TNF-a 
mRNA (Breder et al 1994) was found to be present in baseline condi
tions in regions that TNF-a immunoreactivity was observed, these ar
eas included the periventricular preoptic and suprachiasmatic nuclei in 
the hypothalamus and in the preoptic portion of the bed nucleus of the 
stria terminalis and the ventral medulla. After systemic administration 
of lipopolysaccharide (LPS) high levels of hybridization were observed 
predominately in circumventricular organs (Organum vasculosum lami
nae terminalis [OVLT], median eminence, area postrema), meninges, 
and arcuate nucleus of the hypothalamus. It is noteworthy that the 
OVLT produces interleukin-1B during fever (Nakamori et al 1993). 

The expression ofTNF receptors has been shown to be upregulated 
by severalleukocyte-produced cytokines such as IL-l B, IFN-y, TNF-a 
(Pandita et al 1992; Trefzer et al 1993; Winzen et al 1993) in vitro. 
Modulation ofTFN receptor expression by inflammatory cytokines may 
represent one level of control of TNF responsiveness. TNF receptors 
are widely distributed throughout most cells and tissues, including the 
brain (Kinouchi et al 1991). In vitro studies have shown that human 
microglia, astrocytes, and oligodendrocytes express TNFRl and TNFRlI 
(Tada et al 1994; Wilt et al 1995). TNF receptors (Sippy et al 1995) 
and TNF-a (Merrill and Chen 1991; Merrill et al 1992) have both 
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been shown to be increased in brain tissue of AIDS patients. Increased 
TNF receptors immunoreactivity have also been found in patients with 
multiple sclerosis, chronic cerebral edema, and radiation necrosis (Wong 
et aI1996a). 

TNF-o: and neurodegeneration 
It has been speculated that TNF-a may function as a mediator of cer
ebral damage. Even though TNF may mediate damage to myelin and 
oligodendrocytes , it is still unclear whether this cytokine is neurotoxic 
or neuroprotective: TNF has been reported not to be toxic for CNS 
neurons in vitro, to facilitate regeneration of injured axons (Schwartz 
et al 1991), and to protect cultured embryonic rat hippocampal, septal, 
and cortical (Cheng et al 1994). Despite the fact that TNF expression 
is increased in AIDS (Merrill and Chen 1991; Merrill et al 1992) and 
also in response to brain injury (Tchelingerian et al 1993), the actions 
ofTNF in neurons are unknown, but appear to facilitate neuronal sur
vival. Mice genetically defICient in TNF receptors (TNFR- KO) have 
been recently generated to determine the role of TNF in brain cell 
injury responses. Damage to neurons caused by focal cerebral ischemia 
and epileptic seizures was exacerbated in TNFR-KO mice, indicating 
that TNF serves a neuroprotective function. Oxidative stress was in
creased and levels of an antioxidant enzyme reduced in brain cells of 
TNFR- KO mice, indicating that TNF protects neurons by stimulating 
antioxidant pathways. Injury-induced microglial activation was sup
pressed in TNFR-KO mice, demonstrating a key role for TNF in in
jury-induced immune response. The authors concluded that drugs that 
target TNF signaling pathways may prove beneficial in treating stroke 
and traumatic brain injury (Bruce et al 1996). 

BRAIN CYTOKINES IN MODELS FOR MULTIPLE SCLEROSIS 
A limiting factor for research on brain disorders is the paucity of animal 
models. Multiple sclerosis, which has an important autoimmune com
ponent, is among the few CNS diseases with well characterized animal 
models. At least three animal models have been proposed for multiple 
sclerosis. 

Theilers murine encephalomyelitis virus fTMEV) 
TMEV causes a chronic demyelinating disease with restricted virus ex
pression. This disease has been considered an experimental model of 
multiple sclerosis because in both diseases the immune system contrib
utes to a similar demyelinating pathology. Infection with live TMEV is 
an essential component ofTMEV demyelinating disease. TMEV-specific 
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cellular and humoral immunity and apoptosis of infected cells eliminate 
virus from the gray matter of the central nervous system (CNS) during 
the acute phase ofTMEV disease. In contrast, during the chronic phase, 
TMEV persistently infects glial cells and/or macrophages in the white 
matter. During the chronic phase, recruitment of macrophages, TMEV
specific T cells and antibody, with the induction of apoptosis are harmful 
to the host, leading to inflammation and demyelination (Tsunoda and 
Fujinami 1996). Like all picornaviruses, TMEV encodes a polyprotein 
translated from one long open reading frame. The polyprotein is then 
processed into structural and non-structural viral proteins. Chen et al. 
have shown that the DA strain of TMEV has an additional alternative 
open reading frame that encodes a protein called L * that is present in 
infected cells. Virus with a mutation of L * has a dramatically decreased 
demyelinating activity, indicating that L * plays a critical role in TO sub
group-induced demyelinating disease. L * is associated with membranes, 
suggesting that L * may interact with the immune system and thereby 
mediate the viral-induced demyelinating disease (Chen et al 1995). 

There is genetic influence on susceptibility or resistance to the de
velopment of disease during the course of TMEV infection, which is 
dependent on both major histocompatibility complex (MHC) and non
MHC genes, four of which have been so far identified. Because of this 
genetic influence, some strains of mice are more susceptible to both 
clinical and pathological changes than others, and susceptibility appears 
to best correlate with the ability of a certain murine strain to develop a 
delayed-type hypersensitivity (DTH) response to viral antigens. It has 
been observed that even among mice which are equally susceptible clini
cally, striking differences may be seen under pathological examination. 
These consist of different gradients of severity of inflammation, par
ticularly in regards to the macrophage component. There is an inverse 
relationship between the number of macrophages, and their length of 
stay in the CNS, and the ability of mice to remyelinate their lesions. 
The most severe lesions are in SJL/J mice, and remyelination in this 
strain is extremely poor. The least severe lesions in terms of macro
phage invasion are in strains such as NZW and RIIIS/J, and these are 
able to remyelinate lesions very successfully. Thus, host factors are a 
contributor to autoimmunity and to course and severity of illness even 
this model of exposure to a pathogen under controlled experimental 
conditions (Dal et al 1995). 

Experimental allergic encephalomyelitis (EAE). 
Murine chronic relapsing EAE (CR-EAE) shows pathological 

changes in many ways similar to those in TMEV-infected SJL/J mice, 



Recent progress in neuro-immune interactions 93 

although less severe in terms of degrees of macrophage infiltration and 
tissue destruction. Mice with CR-EAE have a correspondingly limited 
ability to remyelinate their lesions. In both models the pathology ap
pears to be mediated through a DTH response. However, while in 
EAE the DTH response is clearly against neuroantigens, the response 
in TMEV infection is against the virus itself. The end result in both 
models would be that of myelin destruction through a Iymphotoxin
cytokine-mediated mechanism. The importance of the DTH response 
in both models is well illustrated by the effects of tolerance induction 
in EAE and TMEV infection to neuroantigens and virus, respectively. 
These are important models of human MS, since the current hypoth
esis is that a viral infection early in life, on the appropriate genetic back
ground, may trigger a secondary misdirected immune response which 
could be directed either against myelin antigens and/or possible per
sistent virus( es) (Dal et al 1995). In EAE, induction of encephalito
genic CD4+ T cells is an important component for disease. After 
stimulation and activation, these T cells upregulate adhesion molecules 
and are able to enter the CNS. Th-l cytokines augment the recruit
ment of mononuclear cells in the CNS. Macrophages and/or glial cells 
secrete cytotoxic factors leading to demyelination in conjunction with 
B cells secreting anti-myelin antibody. Although immunopathological 
pathways during the course of the demyelination in TMEV infection 
and EAE are not always the same, oligodendroglial apoptosis is ob
served in both models, suggesting that their demyelinating processes 
share a common terminal pathway and finally lead to quite a similar 
clinical and pathological picture (Tsunoda and Fujinami 1996). 

IL-3 overexpression in the brain 
Campbell and colleagues have developed an interesting model of brain
specific overexpression of a macrophage/microglia activation cytokine, 
interleukin-3 (IL-3), which was specifically targeted to astrocytes using a 
murine glial fibrillary acidic protein fusion gene. They showed that 
transgenic mice with low levels of IL-3 expression developed from 5 
months of age, a progressive motor disorder characterized at onset by 
impaired rota-rod performance. In symptomatic transgenic mice, multi
focal, plaque-like white matter lesions were present in cerebellum and 
brain stem. Lesions showed extensive primary demyelination and 
remyelination in association with the accumulation of large numbers of 
proliferating and activated foamy macrophage/microglial cells. Many of 
these cells also contained intracisternal crystalline pole-like inclusions simi
lar to those seen in human patients with multiple sclerosis. Mast cells 
were also identified while Iymphocytes were rarely, if at all present. They 
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concluded that chronic eNS production oflow levels ofIL-3 promoted 
the recruitment, proliferation and activation of macrophage/microglial 
cells in white matter regions with consequent primary demyelination and 
motor disease. They proposed that IL-3 overexpression in the brain rep
resents a novel transgenic model with many of the features of human 
inflammatory demyelinating diseases including multiple sclerosis and HIV 
leukoencephalopathy (Chiang et al 1996). 

CONCLUDING REMARKS 
The field of neuro-immune interactions has grown dramatically in the 
last ten years. Immune mediators act in the brain, are expressed in the 
CNS, and modulate key integrative functions, such as neuroendocrine 
regulation, fever, sleep, cognition, and behavior. Cytokines modulate 
neuronal survival and neuronal death and have a key role in acute and 
chronic neurodegeneration. The hallmarks of cytokine biology are re
dundancy and pleiotropism; thus, it is sometimes difficult to dissect the 
effects of specific cytokines. Genetically engineered animals with knock
out or tissue-specific overexpression of specific cytokine will permit a 
better assessment of the actions of individual cytokines in the brain. 
Strategies to modulate cytokine function in the brain represent a new 
avenue of therapeutic intervention for highly-prevalent conditions that 
represent major public health problems worldwide such as multiple scle
rosis, stroke, Alzheimer's disease, and brain trauma. 
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Table I. Possible effects of interferons, interleukins, and cachectin in the 
central and peripheral nervous systems 

Anatomic areas 

CNS microvessel wall 
Endothelial cells 
Pericytes 
Astrocytes 
Neurons 

Brain stem reticular formation 

Rostromedial hypothalamus, 
raphe system 

Ventromedial hypothalamus 

Circumventricular organs 

Area postrema 

Organum vasculosum of the 
lamina terminalis 

Hypothalamic neurosecretary 
centres 

Neuromuscular junction 
Motor end plate, skeletal 
muscle fiber 

Gastrointestinal system 
Endocrine and para cri ne cells 
(APUD cells) Acetylcholine
serotonin-histamine, PGs
releasing cells 

Biochemical and functional Symptoms 
changes 

Release of free radicals, PGs, 
etc.; modification of cations and 
water distribution; cellular 
edema; alteration of 
neurotransmitter function 

Effect of sleep-inducing 
substances: PGD

1
, factor S, 

serotonin, IL-I 

Local release of IL-I and/or 
PG El; altered thermoregulation 

Increased cholecystokinin-like 
activity 

Hemetic zone 

Disregulation of blood pressure 

Altered synthesis and release of 
hypothalamic releasing 
hormones, endorphins, and 
neurotransmitters; increase 
relase of ACTH; decrease of 
other pituitary hormones? 

Changes in plate activity; 
decrease in muscle 
transmembrane potential 
difference; increase PG release 

Altered synthesis; release and 
metabolism of VIP, GIP, 
cholecystokinin, neurotensin, 
motilin, bombesin and 
neurotransmitters 

Confusion, visuospatial 
disorientation, headache, 
thought blocking, hallucination, 
memory impairment, coma 

Hypersomina, lethargy 

Fever 

Disregulation of appetite, 
anorexia 

Nausia and/or vomiting 

Hypotension 

Analgesia, catatonia, depressed 
mood, self-pity, anxiety, 
impotence, cortisol increase, 
SIADH, hypothyroidism, 
hypotestosteronemia 

Weakness, fatigue, asthenia, 
mialgias, parasthesiae 

Diarrheal syndrome 

Abbreviations: PG, prostaglandin; I L, interleukin; ACTH, adrenocortico
trophic hormone; SIADH, syndrome of inappropriate secretion of antidiu
retic hormone; AUPD, amine precursor uptake and decarboxylation; VIp, 
vasoactive intestinal polypeptide; GIp, gastric inhibitory polypeptide. 
From Licinio et al 1997, with permission. 
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Table 2: Defects in HPA axis - IL-I interactions in autoimmunity-prone 
strains 

Strain 

OS chicken 

UCD200 

(NZB xW)FI 

MRUlpr 

NOD 

BB rat 

Lewis rat 

Disease Response of HPA 
axis to IL-I 

Hashimoto-like Defective 
thyroiditis 

Scleroderma Protracted return to baseline 

Lupus Defective at 2 months of age 

Lupus Defective at 2 months of age 

IDDM Not determined 

IDDM Not determined 

Susceptible to Yes 
experimental 
auto immunity 

Modified from Wick et al. (Wick et al 1993), with permission 

Defective production 
of glucocorticoid-inducing 
cytokines 

Normal production of 
glucocorticoid-increasing 
factors 

Not determined 

Yes (IL-I, IL-6,TNF-a) 

Yes (IL-I, IL-6) 

Yes (IL-I, IL-6,TNF-a) 

Yes (IL-I) 

Not determined 
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Figure I: Low power magnification images showing the localization of 
iNOS in brain regions by in situ hybridization histochemistry 6h after 
lipopolysaccharide treatment. The brightfield photomicrographs images 
shown in the first column (A to C) correspond to the brain regions shown 
in the second column (D to F) in darkfield photomicrograps.A and D rep
resent the meninges; Band E show a detailed image of the median emi
nence and arcuate nucleus of the hypothalamus; C and F show the PVN. 
Among the neurosecretory structures in the hypothalamus. signals were 
observed predominantly in the PVN and arcuate nuclei. and median emi
nence. Note the preponderance of positively hybridized cells whithin the 
nuclei in the PVN and the in arcuate nucleus comparing to the areas sur
rounding the nuclei. White dots in the darkfield images represent silver 
grains overlying iNOS mRNA; note the remarkable concentration of white 
dots in the meninges. median eminence. arcuate nucleus. and PVN. Bar = 
240 Ilm. From Wong et al 1 996c. with permission. 
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B 

Figure 2. Representative film autoradiographs of in situ hybridization of 
the secreted isoform of I L-I ra mRNA, characterized by cloning - see (Wong 
et al 1997). in the pituitary (A and C; arrow indicates pituitary). and cer
ebellum (B and D).The cerebellum was studied as a control region. Images 
in A and B were obtained at time 0, and C and D at 6 h after LPS injection. 
E shows sense probe control for in situ hybridization. Bar = 0.2 mm. 
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INFLAMMATION 

CYTOKINES 

CORTICOTROPIN RELEASING HORMONE 

ADRENOCORTICOTROPIC HORMONE 

CORTISOL 

IMMUNOSUPRRESION 

Figure 3: Diagram of neuroimmune-endocrine interactions showing that 
cytokine induction of hypothalamic-pituitary-adrenal function contributes 
to down regulate inflammation. 
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INTRODUCTION 
Neuroendocrine transduction and neuroendocrine integration are criti

cal processes in neuroendocrinology. Neuroendocrine transduction re
fers to the transtormation of neural information mediated by action 
potentials into intormational molecules that can either diffuse from the 
cell of origin or be secreted, circulating into the blood and acting at 
distant sites where they regulate the functioning of various systems. 
The brain integrates information received from the external world and 
from the internal milieu: neuroendocrine transduction takes place and 
molecular signals are sent to various brain regions as well as to glands 
localized throughout the body, resulting in neuroendocrine integration, 
which consists of a complex network of hormones that regulate both 
the short- and the long-term functioning of all organs and systems 
(Malven 1993). The internal milieu sends signals back to the brain that 
are again integrated with information that is constantly arriving from 
the external world, resulting in the transduction of new neuroendo
crine signals. This moment-to-moment integration of signals from the 
environment with feedback received from the internal milieu, includ
ing signals that are genetically programmed and others that are the 
result of metabolic status, and from external and internal pacemakers 
causes neuroendocrine transduction to have at the same time elements 
that control (1) long-term changes, such as those that occur during 
development and aging, (2) rhythms that last tor several months (e.g., 
pregnancy), (3) several weeks (e.g., menstrual function), (4) a day (e.g., 
circadian periodicity of hypo thalamic- pituitary-adrenal function), a (5) 
few hours (e.g., insulin response to meals), or (6) a few minutes (e.g., 
short pulses of parathyroid hormone). A key question in contemporary 
neuroendocrinology is the following: "What regulatory pathways and 
mechanisms enable the neuroendocrine system to simultaneously con
trol a variety of changes in function that occur over various time scales 
encompassing at different levels time intervals that last decades, months, 
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weeks, days, and minutes, and that integrate signals originating from 
the environment, from the genome, and from metabolic processes?" 

BRIEF HISTORY OF NEUROENDOCI~INOLOGY 
At this point rather than focus at the enormity of what we do not know, 
it might be helpful to think of the title of Paul Gaugin's painting "D'ou 
venons-nous? Que sommes-nous? OU allons-nous? (From where do we 
come? What are we? Where do we go?)" Likewise, we think it would be 
useful to first look back into the history of our field to see where we 
have come from, and then to offer a concise view of what neuroendo
crinology is today, before attempting to address the perennially intrac
table question: "Where do we go?" 

A key conceptual and anatomic element of neuroendocrinology is 
the transduction of neural signals into peptides or releasing hormones 
that are secreted, particularly from the hypothalamus, and reach the 
pituitary gland, where they act, causing the secretion of a variety of 
stimulating hormones that are bioactive at the level of peripheral glands, 
which in turn secrete their own hormones that regulate various func
tions of the body. The anatomical and functional connections between 
the hypothalamus and the pituitary gland are therefore a key element 
of neuroendocrine function. In 1886 Marie discovered acromegaly, 
which was subsequently demonstrated to be due to eosinophilic ad
enomas of the anterior pituitary gland. In 1921 Evans and Long dem
onstrated that the stunted growth of hypophysectomized animals could 
be restored by pituitary extracts. In the 20's and 30's the pituitary 
hormones were discovered. Even though at that time it was thought 
the pituitary was the primary regulator of endocrine function, several 
independent lines of investigation have been ongoing throughout this 
century indicating that pituitary function is regulated by the 
hypothalamus. Frohlich in 1901 described the syndrome of adipo
sigenital dystrophy, caused by tumors at the base of the brain. In 1921 
Bailey and Bremer created an animal model for the syndrome by mak
ing lesions at the base of dog brains; because the pituitary gland was 
histologically normal in those animals, they suggested that Frohlich's 
syndrome was due to the loss of hypo thalamic control over gonadotro
pin secretion. Hohlweg showed that estrogen would cause precocious 
puberty in immature animals and proposed a positive feedback action 
of estrogen on a sex centrum in the brain. Later, it was shown that 
electric stimulation of the hypothalamus could induce ovulation in 
anesthetized rabbits. A series of independent studies were conducted 
in the 50's showing that hypothalamic lesions could interfere with the 
secretion of every pituitary hormone, with the exception of prolactin, 
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whose secretion was enhanced in pituitary-stalk sectioned animals treated 
with estrogen. Thus, at that time it was established that hypothalamic 
effects on the secretion of every pituitary hormone is stimulatory, with 
the exception of prolactin, .whose secretion is inhibited by the 
hypothalamus (McCann 1988). 

The next step in neuroendocrinology was to determine how the 
hypothalamus controls pituitary function. There are no direct neural 
connections between the hypothalamus and the anterior pituitary gland. 
A possible means of hypothalamic-pituitary communication was pro
vided by the discovery of the hypophysial portal circulation by Popa 
and Fielding in 1930. Studies by Wislocki & King, Houssay et ai., and 
Green and Harris showed that blood flow occurred from the brain to 
the pituitary in hypophysial portal vessels. Several investigators inde
pendently postulated that pituitary function was controlled by 
neurohormones. The most conclusive evidence was provided by Harris, 
who showed that the hypophyseal portal circulation is required for pi
tuitary function. The next step in the field during the next three dec
ades (60's, 70's, and 80's) was then to purify, identify, and characterize 
the hypothalamic releasing factors that control pituitary function. In 
the 80's and 90's those hormones as well as their receptors were cloned, 
leading to a new generation of studies that has focused on a functional 
anatomy of hypo thalamic and extra-hypothalamic circuitries where the 
genes for hypothalamic neurohormones and their receptors are ex
pressed, on the development of new peptide and non-peptide agonists 
and antagonists of hypothalamic neuropetide hormone receptors, and 
on the generation of transgenic animals with specific modification in 
the patterns of expression of genes encoding hypothalamic 
neuropeptides and their receptors. In the remainder of this chapter we 
will examine current research issues in neuroendocrinology, focusing 
on the hypothalamic-pituitary-adrenal (HPA) and hypothalamic-pitui
tary-gonadal (HPG) axes (McCann 1988). 

THE HYPOTHAlAMIC-PITUITARY-ADRENAL IHPAJ AXIS 
The adrenal glands were first described by Bartholomeus Eustachius 
Sanctoseverinatus in his Tabula Anatomica. Even tough it is now uni
versally accepted that adrenal steroids are essential to life, the functions 
of the adrenal glands remained unknown for several centuries. In 1716 
the Academie des Sciences de Bordeaux offered a prize for an answer to 
the question "Quel est I'usage des glandes surrenales?" The judge, 
Montesquieu, then 29 years of age, found himself unable to award the 
prize. He closed his criticism of the many conflicting and extraordinary 
theories presented with the words "Le hazard fera peut-etre quelque 
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jour ce que tous les soins n'ont pu faire" (Perhaps some day chance will 
reveal what all of this work was unable to do) (Nelson 1988). As the 
source of cortisol, the adrenals are a key element of the hypothalamic
pituitary-adrenal (HPA) axis, which is the principal mediator of the 
organism's response to stress. 

Regulation of HPA function 
The hypothalamic hormone corticotropin-releasing hormone (CRH) 
is synthesized not only in the hypothalamus, but also in discrete but 
widespread extra-hypothalamic sites (De Souza et a11985; De Souza et 
aI1984). Central administration ofCRH to the rat sets into motion a 
coordinated series of physiological and behavioral events adaptive dur
ing stressful situations. These include not only activation of the 
hypothalamic-pituitary-adrenal (HPA) axis, but also activation of the 
sympathetic nervous system (SNS); moreover, central CRH adminis
tration facilitates pathways subserving arousal, anxiety, and cautious 
avoidance, while inhibiting pathways that subserve vegetative functions 
such as feeding, sexual activity, and sleep (Gold et aI1996). CRH binds 
to cell-surface G-protein coupled receptors that were recently cloned 
(Chen et a11993; Perrin et aI1995), and which also bind urocortin, a 
novel CRH-related neuropeptide (Vaughan et al 1995; Wong et al 
1996a). Intracerebroventricular CRH administration to animals elicits 
the behavioral and physiological responses to stress (Britton et al 
1982 ).CRHsecretedinto the hypophyseal portal circulation binds to 
CRH receptors type 1, eliciting the production of intracellular proteins 
(transcription factors) which bind to CRH responsive elements of the 
proopiomelanocortin (POMC) promoter resulting in increased PO MC 
gene transcription. POMC mRNA is translated into various peptides, 
including 6-endorphin and ACTH. ACTH is secreted by the anterior 
pituitary, circulates through the bloodstream and acts on ACTH 
receptors in the adrenal cortex, where is serves both as a trophic factor 
as well as a potent stimulus for the production and release of the steroid 
hormone cortisol. Cortisol acts in the brain and pituitary as a negative 
feedback signal to the HPA axis. Cortisol has a plethora of systemic 
effects, modulating the functioning of most organs and systems. Corti
sol is required for the clinically relevant modulation of inflammation: 
Basal cortisol levels are required for the optimal functioning of the 
immune system, while high cortisol levels provide immunosuppression 
(Sternberg et al 1989a; Sternberg et al 1989b). Cortisol modulates 
intermediary metabolism and bone mineral density. The discovery of a 
new ligand for CRH receptors has raised an intriguing new question: 
Does urocortin affect HPA function? Leptin, a peptide hormone pro-
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duced by fat cells, has been shown to acutely inhibit HPA function. 
Leptin levels in humans are pulsatile and have a circadian rhythm that is 
inverse to that of HPA hormones (Licinio et al 1997). We have pro
posed that the effects ofleptin on HPA axis hormones represent a mecha
nism by which a peripheral signal of nutritional status modulates key 
functions of the brain such as neuroendocrine regulation and behavior. 

Molecular mechanisms of (RH bioacitivity 
CRH binds CRH receptors located on the cell membrane. CRH -me
diated signaling is an important area of investigation that will shed light 
on the molecular mechanisms of CRH action. 

CRH is a 41-aminoacid peptide that not only mediates the 
behavioral and physiological responses to stress (Britton et al 1982; 
Vale et al 1981), but that also influences susceptibility to inflammatory 
disease via its effects on immune function (Karalis et al 1991; Sternberg 
et al 1989b). The major target of CRH action is the proopio
melanocortin (POMC) gene (Vale et al 1983). The nuclear mecha
nisms involved in CRH-induced POMC transcription are not fully 
understood. CRH receptor activation results in increases in intracellu
lar cAMP and Ca2+. Usually, cAMP and Ca2

+ activate transcription by 
inducing transcription factors that bind to the promoter region of many 
genes at the DNA responsive elements CRE (cAMP responsive ele
ment) and CaRE (calcium responsive element), both variants of the 
basic palindromic motif, TGACGTCA (Lee 1991). The observation 
that the POMC promoter surprisingly lacks those motifs (Jin et al 1994) 
has stimulated a search for other cAMP responsive elements in that 
promoter. 

It has been found that the AP-l and AP-2 responsive elements are 
present in the POMC promoter and respond to CRH-induced cAMP 
signals (Imagawa et al 1987). However, other well known transcrip
tion factors, such as NFkB, Sp 1, and metal-responsive element binding 
protein (MREB) seem to have consensus binding sites in the POMC 
promoter but do not respond to cAMP signals (Jin et al 1994). Several 
groups have therefore been investigating the possibility that novel tran
scription factors might be involved in CRH induction of POMC tran
scription. Recently, a novel CRH-induced intracellular protein, or 
transcription factor, was isolated. That transcription factor, known as 
the POMC CRH-responsive-element binding protein (PCRH-REB-
1), binds to a specific region of the POMC promoter, increasing tran
scription of that gene seven fold (Jin et aI1994). Footprinting analysis 
has revealed that the CRH -REB-l binds to the following specific 
palindromic sequence of 12 nucleotides in the POMC promoter, known 
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as the POMC-CRH responsive element (PCRH-RE): CTGTGCGCGCAG 
(also known as region -171/-160) (Jin et al 1994). A second POMC 
transcription factor, PO-GA, has recently been identified that shows 
90% homology with PCRH -REB-l, but binds to a different thirteen 
nucleotide sequence located further downstream in the POMC pro
moter (Lu et al 1993). The sequence responsive to PO-GA also binds 
another POMC transcription factor, PO-B, and is thus known as the 
PO-B site (Riegel et al 1990). The PO-B site, corresponding to 
nucleotides -15/-3, is located between the TATA box and the cap site, 
and has a GA rich sequence, AGAAGAGTGACAG, which is responsi
ble for at least 70% of the basal POMC transcription rate. That se
quence is located within the CRH-responsive element of that promoter 
(Gagner and Drouin 1985). 

We conducted a study that aimed to examine whether the trans
acting factor PCRH -REB-l was localized in the brain. Our in situ hy
bridization histochemistry experiments were performed with a 
species-specific, antisense, 3sS-labeled PCRH -REB-l riboprobe hybrid
ized to brain and pituitary slices, from virus- and antibody-free, non
stressed Sprague Dawley rats. We found that PCRH -REB-l gene 
expression was identified in the following regions: Forebrain: Telen
cephalic structures were predominant among the fore brain sites of 
PCRH -REB-l mRNA hybridization signal. The signal was localized 
over cortical layers II, Ill, and IV. In the hippocampus, positively hy
bridized cells were numerous in the dentate gyrus; the pyramidal cell 
layer of all subfields of Ammon's horn had a strong hybridization sig
nal. The basal ganglia contained cells with low hybridization signal. 
PCRH-REB-l mRNA was expressed prominently in septal nuclei. 
Within the amygdaloid complex, moderate to low expression was found 
over the central, lateral, basolateral, and basomedial nuclei. In 
hypothalamus, PCRH -REB-l mRNA expression was seen over the 
paraventricular, supraoptic and arcuate nuclei. Brainstem: Among the 
brainstem sites of PCRH -REB-l mRNA signal were cell groups in
volved in the processing of somatic sensory information: strong hy
bridization signals could be seen in the trigeminal sensory structures. 
Lower levels of labeling were found over the locus coeruleus. In the 
cerebellum, cells hybridized with the PCRH -REB-l antisense probe 
were seen over the Purkinje and granule cell layers of the cerebellar 
cortex. Positive PCRH-REB-l mRNA was localized over the interme
diate and anterior lobe of the pituitary. A moderate PCRH -REB-l 
mRNA signal was found over the choroid plexus (figures 1 and 2). All 
those regions contain CRH or CRH receptors, and respond to CRH. 
We proposed that PCRH -REB-l might be a marker of cellular respon-
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siveness to CRH in the brain and pituitary, and could therefore be 
useful in the evaluation of CRH function and in the identification of 
clinically effective CRH agonists and antagonists (Licinio et al 1995a). 

A molecular mechanism for stress-induced susceptibility to disease 
To test the hypothesis that stress-mediated CRH release could influ
ence susceptibility to inflammatory disease or to other illnesses through 
mechanisms other than modulation of pituitary-adrenal function, we 
conducted Genbank searches for the nucleotide sequences of the PCRH
RE and of the PO-B site. We hypothesized that those two specific se
quences of nucleotides might be contained in other genes whose 
transcriptional activation or inhibition by PCRH -REB-l or by Po-BI 
PO-GA could increase susceptibility to human disease. As previously 
reported, we found 100% homology between the POMC-RE and the 
non-coding region of pathogenic viruses, and 100% homology between 
the PO-B site and the non-coding regions of two important human 
oncogenes (table 1) (Licinio et al 1995b). 

We found that the specific sequence of the PCRH-RE is 100% 
homologous the a region of the HIV-l genome locate just prior to the 
gag gene (Carlini et al 1992; Spire et al 1989). That area responds to 
host transcription factors that affect viral replication (Cullen and Greene 
1989). The PCRH -RE is also 91 % homologous to the promoter re
gion ofthe IL-l B converting enzyme (ICE) gene, which cleaves inac
tive pro-IL-U~ into active IL-IB (Thorn berry et al 1992). In addition 
to its key role a major pro-inflammatory cytokine (Dinarello and Wolff 
1993), IL-IB directly stimulates HIV replication (Tornatore et aI1991). 
Thus, the CRH-induced transcription factor PCRE-REB-l could po
tentially affect the HIV-l by two mechanisms: 1) by binding to a regu
latory region of the HIV-l genome, and 2) by inducing a critical enzyme 
that regulates the bioactivity ofa potent stimulus to HIV-l replication. 
The PCRH-RE also shows 100% homology with a non-coding region 
of the cytomegalovirus thought to influence the replication of this patho
gen (Chee et aI1990). 

We also found 100% homology between the PCRH -RE and a se
quence ofnucleotides contained in the genome of the malignant rabbit 
fibroma virus (Strayer et al 1991). The portion of the malignant rabbit 
fibroma virus that is identical to the binding site for the PCRH -REB-l 
is important for viral replication in Iymphocytes (Strayer et al 1991). 
Lymphocytes have CRH binding sites (Singh and Fudenberg 1988), 
and respond to CRH (Singh and Leu 1993). It is possible that HIV-l, 
cytomegalovirus, and the malignant fibroma virus captured the PCRH
RE during the course of evolution. 
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Further evidence that the PCRH-REB-l is important for DNA 
replication is suggested by the homology between this 1,104 amino 
acid protein and the 1,131 amino acid DNA binding protein MSW, a 
large subunit of replication factor C, that is a multisubunit polymerase 
accessory protein complex that is critical to DNA replication in all 
eukaryotes (Burbelo et aI1993). 

In addition to a potential role in viral replication, PO MC tran
scription factors may affect neoplastic transformation by binding to the 
non-coding region of two oncogenes, c-fes and MAT-I. The c-fes 
oncogene is the cellular homologue of the transforming gene of several, 
independently derived, acutely transforming retroviruses. It encodes for 
a tyrosine kinase, and is primarily expressed in hematopoietic myeloid 
cells (Jiicker et al 1992). Although neither the normal function of the 
c-fes oncogene nor its role in neoplastic transformation is fully under
stood, the c-fes product seems to be involved in normal and neoplastic 
hematopoiesis, and is shown to be expressed in truncated form in hu
man lymphoma and leukemia cell lines (Jucker et al 1992). This gene 
maps to the long arm of chromosome 15 in a region implicated in the 
15;17 translocation of acute promyelocytic leukemia (Alcalay et aI1990). 
The MAT-l gene, cloned from breast cancer cells, neoplastically trans
forms the mouse mammary epithelial cell line TM3 (Bera et al 1994), 
and it is overexpressed in breast cancer cells. The human homologue of 
this oncogene has been cloned. The PO-B site in the POMC promoter 
has identity to a portion of the non-coding region of the human c-fes 
oncogene and to a portion of the non-coding region of the human 
MAT-I homologue. We hypothesize that the PO-B and PO-GA tran
scription factors bind to the DNA of these two oncogenes and might 
potentially induce neoplastic transformation. Specifically, the POMC
transcription factors PO-B and PO-GA bind to a region of the PO MC 
promoter which is shared by c-fes and MAT-I. 

In summary, in the target cell, the stress-related peptide CRH binds 
to a surface receptor, leading to activation of cAMP and increased in
tracellular free Ca2

+ levels, protein phosphorylation, and the synthesis 
of transcription factors that bind to the POMC promoter, causing in
creased transcription and replication. The elements in the POMC pro
moter which are responsive to those transcription factors (responsive 
elements) are also contained in the genome of viruses, such as HIV-l, 
cytomegalovirus, and malignant rabbit fibroma virus, as well as in the 
human oncogenes c-fes and MAT-I. Thus, CRH secretion results in 
activation of surface receptors, ultimately leading to the synthesis of 
intracellular transcription factors that bind to specific responsive ele
ments in the POMC promoter (POMC-RE's) and cause increased 
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PO MC transcription. We hypothesize that those transcription factors 
also bind to the genome of viruses, which may have captured the PO MC
RE's, and to oncogenes, leading to infection and possibly to neoplastic 
transformation. 

Viruses, in the service of their own perpetuation, seem to have 
captured nucleotide sequences that humans utilize to modulate the 
impact of stress-responsive neurohormones that facilitate the most im
portant components of their human existence: the undertaking of chal
lenge, the response to great demands, and the necessity to adapt and 
survive. The capacity of viruses to capture host nucleotide sequences 
was demonstrated by Bishop and Varmus in their Nobel-prize winning 
work, which showed that avian sarcoma viruses have acquired different 
portions of the cellular homologue and that mammary tumor virus 
captured specific nucleotide sequences from mouse DNA. That work 
led to the identification of oncogenes (Varmus et al 1972a; Varmus et 
al 1972b). More recently, it has been demonstrated that viruses can 
capture host sequences which encode for elements of the immune re
sponse. The entire gene for IL-lO was captured by the Epstein-Barr 
virus (EBV) (Vieira et aI1991). IL-10, or cytokine synthesis inhibitory 
factor, is an endogenous anti-inflammatory agent (Fiorentino et al 1991) 
whose production protects the virus from host defenses (Hsu et a11990). 
The capture of a host endogenous anti-inflammatory cytokine has been 
highly beneficial to the virus. Indeed, EBV is found worldwide, and 
infection is universal (Pagano 1992). Viruses promote inflammation, 
which via cytokines activate the stress response and mobilize CRH. By 
activating the HP A axis (Berkenbosch et al 1987; Sapolsky et al 1987), 
and by acting directly at the site of inflammation (Karalis et al 1991), 
CRH is a key element in modulating an effective immune response. We 
suggest here that by capturing the sequence of an element responsive 
to newly-discovered CRH -induced transcription factors, viruses may 
have co-opted, for their own perpetuation, a key sequence that the 
host originally evolved to organize an effective immune response to 
them. We also suggest that stress-induced CRH transcription factors 
may bind to oncogenes and might affect neoplastic transformation. 

CRH is a major stress-responsive neurohormone; CRH levels are 
elevated in stress-related disorders, and decrease with treatment (De 
Bellis et al 1993; Gold et al 1986a; Gold et al 1986b). Interestingly, 
careful clinical studies have shown that psychosocial stress, which is 
associated with high CRH production, have a negative impact on the 
clinical course of breast cancer and HIV-1 infection. A prospective, 
randomized study in patients with metastatic breast cancer reported an 
increase in survival from a mean of 18.9 months to 36.6 months in 
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patients receiving psycho-social treatment aimed to decrease stress lev
els, namely weekly supportive group-therapy with selfhypnosis for pain 
(Spiegel et al 1989). Evans et al. have shown in a prospective study that 
stressful life events accelerate the course of HIV disease over a time 
course of 42 months. Specifically, for everyone severe stress per 6-
month study interval, the risk of early disease progression was doubled. 
Among a subset of 66 subjects who were studied for at least 24 months, 
logistic regression analyses showed that higher severe life stress increased 
the odds of developing HIV disease progression nearly fourfold (Evans 
et al 1997). Thus, the molecular mechanism for stress-induced suscep
tibility to disease that we have postulated may be of clinical relevance. 

Conditions of low and high CRH activity 
Our group and others have shown, using several independent lines of 
evidence, that increased activity of the arousing-producing peptide CRH 
is involved in the pathophysiology of major depression and anorexia 
nervosa (Gold et al 1984; Gold et al 1986a; Gold et al 1986b; Holsboer 
et al 1984; Nemeroff et al 1984). Based on our clinical studies of con
ditions associated with lethargy and fatigue, we have developed a hy
pothesis that decreased CRH activity in the central nervous system might 
be an important element in disorders associated with fatigue, lethargy, 
and weight gain (Gold et al 1996). 

Studies in experimental animals have shown that decreased central 
CRH function can facilitate inflammatory disease (Sternberg et al 1990; 
Sternberg et aJ 1989b). Therefore, an interruption in the negative feed
back loop by which inflammatory mediators signal the hypothalamic
pituitary-adrenal axis to restrain the peripheral immune response 
(Berkenbosch et al 1987; Sapolsky et al 1987; Sternberg et al 1989a; 
Sternberg et al 1989b) could result in exaggerated and prolonged re
sponses to inflammatory stimuli. Chronic fatigue syndrome might there
fore be conceptualized as a hyperimmune fatigue state. It is possible 
that hypothalamic CRH deficiency could potentially be associated not 
only with chronic fatigue syndrome and atypical depression, but also 
with other syndromes associated with lethargy and fatigue that do not 
meet strict criteria for affective disorder or other syndromes. These in
clude fatigue states other than chronic fatigue syndrome associated with 
so-called non-specific somatic manifestations such as arthralgias and 
myalgias. These latter symptoms could reflect low-grade inflammatory 
manifestations of an underlying hypoactivity of the HPA axis. Much 
work remains to be done to fully characterize those conditions clini
cally and biochemically. Table 2 identifies diseases that have been asso
ciated with either high or low CRH bioacivity in the CNS. 
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The cloni ng of CRH receptors has led to the development of novel 
non-peptide CRH receptor antagonists, which affect behavior in ani
mals. Schulz et al. (Schulz et al 1996) have reported that a novel selec
tive nonpeptide antagonist of CRH receptors binds with high affinity 
to CRH receptors and blocks CRH-stimulated adenylate cyclase activ
ity in membranes prepared from rat cortex and pituitary. Systemic ad
ministration of that compound antagonizes the stimulatory effects of 
exogenous CRH on plasma ACTH, locus coeruleus neuronal firing, 
and fear-potentiated startle response amplitude, suggesting anxyolitic 
activity. Compounds have also been identified that bind to CRH-bind
ing protein (CRH-BP), a decoy for CRH that is present in the brain 
(Potter et al 1991). By blocking CRH -BP higher levels of endogenous 
CRH are available to bind to signal-transducing CRH receptors, re
sulting in enhanced function of endogenous CRH. This approach is of 
potential value in the treatment of conditions such as Alzheimer's dis
ease and obesity (Behan et a11995; Heinrichs et aI1996). The clinical 
efficacy of compounds that modulate CRH flmction has not yet been 
determined, but it is exciting to see that fundamental discoveries in 
neuroendocrinology have created the opportunity for translational re
search aimed to develop novel therapeutic strategies for medical and 
psychiatric disorders. 

HYPOTHALAMIC-PITUITARY-GONADAL fHPGJ FUNCTION: THE 
ROLE OF LEPTIN 
A recent area of interest in the understanding of the HPG axis has been 
the interface between peripheral mediators of nutritional status and the 
brain. Frisch first proposed the critical weight hypothesis, according to 
which a minimum weight was required for the onset of puberty (Frisch 
and McArthur 1974; Frisch and Revelle 1970; Johnston et al 1971). 
Even though this hypothesis was conceptually interesting it was not 
always confirmed; for example, starved animals were found to reach 
puberty after being rapidly fed, but before reaching their "critical" weight 
(Ronnekleiv et al 1978). It has now been shown that the informational 
substance that provides a signal of nutritional status from the periphery 
to the HPG axis is the hormone leptin (Zhang et al 1994), which acts 
directly at the level of the hypothalamus, pituitary gland, and gonads 
(Elmquist et al 1997; Glaum et al 1996; Yu et al 1997; Zachow and 
Magoffin 1997). Leptin treatment corrects the sterility of OB/OB mice, 
and causes in female mice elevations of serum levels ofLH, increases in 
ovarian and uterine weights, in total ovarian follicle number as well as 
primary and Graafian follicles, and increases in uterine cross-sectional 
area, epithelial height, endometrial area, and glandular areas; in OB/OB 
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males two weeks of leptin treatment results in an increase in serum 
levels offollicle-stimulating hormone (FSH), as well as increases in the 
weights of the testes and seminal vesicles, associated with increases in 
the epithelial height of the seminal vesicles (Barash et al 1996). Leptin 
treatment accelerates the onset of puberty in wild type animals that is 
independent of weight gain (Ahima et a11997; Chehab et aI1997). It 
is now accepted that low leptin levels in anorexia nervosa contribute to 
the amenorrhea that is characteristic of that disorder (Hebebrand et al 
1997; Licinio 1997; Mantzoros et aI1997). Moreover, a critical plasma 
leptin level of 1.85 Ilg L-l is a better predictor of amenorrhea in under
weight young women than body weight, body fat mass, and percent 
body fat (Kopp et al 1997). In OB/OB mice, leptin administration con
tributes to the maturation of reproductive organs (Barash et al 1996) 
and corrects their sterility defect (Chehab et aI1996). Research in this 
area is currently aimed at further characterizing the molecular, bio
chemical, functional, and pathophysiological aspects of the interactions 
between leptin and HPG function. 

Several groups have recently reported that leptin is synthesized by 
the placenta (Butte et a11997; Hassinket a11997; Masuzaki et aI1997). 
Placentalleptin is produced in trophoblasts and amnion cells and circu
lates in levels that are higher than those found in obese subjects. Pla
cental leptin is also markedly elevated in hydatiform mole and 
choriocarcinoma. Leptin levels have been found in cord blood (Matsuda 
et aI1997). However, two children with leptin mutations were reported 
to develop normally (Montague et aI1997). Therefore, it still remains 
to be determined whether placental leptin is a growth factor for the 
fetus. Leptin is present in high levels in the maternal circulation; how
ever women gain weight during pregnancy. Thus, it seems that during 
pregnancy there is, in association with increased levels of circulating 
leptin of placental origin, central resistance to the effects ofleptin. Upon 
delivery of the placenta, leptin levels fall back to normal, and the resist
ance to leptin is lost. The mechanisms that modulate the onset, the 
loss, and the re-establishment of leptin resistance during pregnancy 
might also be of relevance to the understanding of the basis for the 
resistance to the effects of the central effects of leptin in conditions 
such as obesity (Chehab 1997; Considine et aI1996). 

EMERGING RESEARCH TOOLS AND OPPORTUNITIES 
Molecular techniques 
The application of molecular techniques has greatly contributed to sub
stantial progress in neuroendocrinology. The genes encoding a large 
number of neuropeptide hormones and their receptors have now been 
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cloned. A new frontier in this Held is the identification of new mol
ecules that regulate neuroendocrine function. Traditional approaches 
have relied on an assessment of function in order to identify the 
aminoacid sequence ofneuropeptide hormone and their receptors, fol
lowed by the cloning of the genes encoding those molecules. New tech
niques such as subtractive hybridization and differential display PCR 
(polymerase chain reaction) have been developed that permit identifi
cation of differentially expressed mRNAs (Wong et al 1996b). Table 3 
shows how these techniques permit a new approach to the identifica
tion of pharmacological targets that goes from gene to function, rather 
than from function to gene as in traditional approaches. The use of 
differential display PCR permitted the identification of melanin-con
centrating hormone (MCH) as a hypothalamic peptide that regulates 
food intake. In that work, PCR transcripts from the hypothalamus of 
ob/+ were compared to those of ob/ob C57B1/6J mice (Qu et al 
1996). A transcript that was overexpressed in the hypothalamus of ob/ 
ob mice was found to encode MCH. The expression of MCH mRNA 
in normal and obese animals was increased by fasting. Neurons con
taining MCH were located in the zona incerta and in the lateral 
hypothalamus, which are areas that contribute to regulate food intake. 
Intracerebroventricular administration of MCH to rats caused increased 
food consumption. The use of differential mRNA display permitted 
the identification of a PCR transcript, a gene, and a peptide that par
ticipates in the hypothalamic regulation of body weight. Further utili
zation of approaches based on differential expression of gene transcripts 
should lead to the identification of new molecules that contribute to 
regulate endocrine function and that might serve as novel pharmaco
logical targets. 

New methods for data analysis - clinical applications 
Hormone concentrations measured by immunoassay are an index of 
endocrine function. Hormone concentrations are a function of the 
rate of the secretion of a hormone into the blood stream, distribu
tion to and from various body compartments, and metabolic clear
ance rate. The dynamics of hormone secretion, distribution and 
metabolism can be mathematically ascertained by deconvolution analy
sis (Polonsky et aI1986). The word "deconvolution" is of Latin ori
gin, meaning to disentangle. Deconvolution analysis decomposes 
observed hormone concentration changes over time into the under
lying hormone secretion rate and hormone specific half-lives. Be
cause of considerable individual variability of hormone half-lives 
among individuals, specific techniques, such as multi-parameter 
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deconvolution analysis, have been developed to simultaneously esti
mate hormone secretion and hormone half-life from the same time 
series. Additionally very frequent sampling protocols are now being 
used to fully capture the temporal structure of episodic hormone 
secretion (Veldhuis 1997). Thus, it is now possible to map out a 
detailed landscape for minute to minute variations in the secretion 
rates of specitlc hormones. This will permit a more detailed assess
ment of regulatory circuits, and will hopefully contribute to a better 
understanding of physiology and pathophysiology. 

An important development in this area has been the application 
of techniques that examine sequence-specitlc structure of endocrine 
data. Approximate entropy (ApEn) is a scale- and model-independ
ent measure of the orderliness of hormone release over time. For 
ApEn, which is a family of measures, to be calculated, three param
eters need to be specitled: the length of the data series, N, the length 
of the vector sequences being compared for their reproducible oc
currence, m, and the tolerance or threshold within which the scalar 
differences in consecutive vectors are compared for similarity, r. Af
ter tlxing N, m, and r, the ApEn that is detlned for a neuroendocrine 
time series is a quantitlable measure of the orderliness of the time 
series. Such measure strongly discriminates time series that have simi
lar means and variances but that differ in their apparent process ran
domness or disorderliness. Moreover, by shuffling a data series 
repeatedly it is possible to calculate "random ApEn" which can be 
compared to the ApEn of the original time series. The ApEn value 
of a time series of hormone concentrations and its distance from 
maximal randomness provide important measures of the relative ir
regularity or disorderliness of serial hormone measurements. The 
derivation and theoretical applications of ApEn were originated by 
S Pincus (Pincus 1991; Pincus and Huang 1992; Pincus and Keefe 
1992). It should be noted that ApEn is not a classical measure of 
entropy or system complexity: those measures produce intlnite en
tropy estimates under a variety of conditions and are not applicable 
to sparse endocrine data sets, in which each point is individually 
collected. Nevertheless, ApEn, which is analogous to the classic 
Kolmogorov-Sinai statistic, can detect strong differences in data 
organization that complement conventional methods of pulse analysis 
(Veldhuis 1997). Using ApEn it has been shown that GH concen
trations have diverse levels of organization in men and women (Pincus 
et al 1996a), and that older males secrete luteinizing hormone and 
testosterone more irregularly, and more asynchronously, than 
younger males (Pincus et al 1996b). 
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Cross-ApEn is a lag-independent measure of conditional regular
ity, which measures the tendency of subpatterns in a given hormone 
series to be reproduced in a second hormone series (Pincus and Singer 
1996). This measure is particularly useful to monitor pattern coupling 
of coordinated processes linked by variable lags (Pincus et al 1996b). 

CONCLUDING REMARKS 
Five areas of neuroendocrinology are experiencing considerable growth 
at present: I) the identification of molecular mechanisms for hormone 
action; 2) the identification of a complex cascade of informational sub
stances that exist both peripherally and centrally, within widespread but 
discrete circuitries, and that integrate metabolic homeostasis; 3) the 
identification of new genes that are relevant to neuroendocrine regula
tion; 4) the development of increasingly sophisticated analytical meth-
0ds that are applicable to clinical studies in neuroendocrinology, and 5) 
the development of non-peptide neurohormone antagonists for the clini
cal treatment of neuroendocrine dysfunction. It is hoped that rapid 
progress in all fIve of these areas will permit a continuing expansion of 
the frontiers of existing knowledge in neuroendocrinology, resulting in 
work that is conceptually novel and medically relevant. 
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Table I. Sequence homologies between the PCRH-RE and POB site of 
the POMC promoter and genes encoding for viruses, oncogenes, and in
flammatory mediators 

SEQUENCES GENBANK HOMOLOGIES OBSERVATIONS 
ACCESS 
NUMBERS 

4870 4880 
hCMV X17403 AGGGTCTGTGGCGGCAGGACGGA 

I 11 1111 I I III 
PCRH-RE CTGTGCGCGCAG 

909 899 889 
MRFV M32743 TCAAAAAATCTGTGCGCGCAGCACAT 

111111111111 
PCRH-RE CTGTGCGCGCAG 

269 259 249 
HIV-l M27323 CTCTTGCTGTGCGCGCTTCAG (long terminal repeat) 

I11 I 11111 I 
PCRH-RE CTGTGCGCGCAG 

909 899 889 
ICE U04269 ATTGCTGTGTGCGCATGTTTCTT 

III I 11I11 
PCRH-RE 

180 190 200 
hc-fes X52192 CCCAGCGGGTCAAGAGTGACAGGGA 

11111I11111 
POB site AGAAGAGTGACAG 

1120 1130 1140 
hMAT-1 L37385 GGAGAAGAGAGACAGGGTTCTTTT 

1111111 11111 
FOB site AGAAGAGTGACAG 

Abbreviations 
PCRH-RE: POMC corticotropin releasing hormone responsive element 
hCMV: human cytomegalovirus 
MRFV; malignant rabbit fibroma virus 
ICE: interleukin-I B converting enzyme 
hc-fes: human fes cellular oncogene 
hMAT; human MAT-I breast cancer oncogene 
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Table 2: Conditions associated with low and high CRH bioactivity in the 
CNS. 

LOWCRH 

Adrenal insufficiency 
Alzheimer's disease 

Chronic fatigue syndrome 
Cushing's syndrome 

Fibromyalgia 
Hypothyroidism 

Major depression, atypical subtype 
Major depression, seasonal pattern 

Nicotine withdrawal 

HIGH CRH 

Anorexia nervosa 
Chronic alcoholism 

Long-term exercise in high levels 
Major depression, melancholic 

subtype 
Pregnancy 

Stress 

Table 3: Approaches to the study of molecular structure and function. 

TRADITIONAL APPROACH 

Function 
J, 

Organ extracts 
J, 

Peptide sequence 
J, 

Radiolabeled hormone 
J, 

Functional identification and 
localization of receptors 

J, 
Molecular cloning of 

neuropeptide hormones 
and their receptors 

J, 
Development of new ligands and 

transgenic animals 
J, 

Development of new 
pharmacological targets 

DIFFERENTIAL DISPLAY PCR 

Identification of differentially 
expressed transcripts 

J, 
Sequencing 

J, 
Library screening 

J, 
Molecular cloning 

J, 
Identification of gene product 

J, 
In vitro translation 

J, 
Characterization of 

functional and 
pharmacological activity 

J, 
Development of new 

pharmacological targets 
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Figure I: Localization of PCRH-REB-I mRNA in the rat brain by in situ 
hybridization histochemistry.A series of light and darkfield photomicrographs 
is arranged from rostral to caudal to show the regional distribution of 
neurons hybridized with a PCRH-REB-I antisense riboprobe. Low magnifi
cation photomicrographs are shown in the first column, corresponding to 
the dark field regions presented in the second column. High magnification 
brightfleld photomicrographs are shown in the third column. Cells with 
PCRH-REB-I mRNA are found in triangular septum (A,B,q,paraventricular 
nucleus of hypocampus (D. E, F). supra-optic nucleus (G, H, I), and hippoc
ampus (I, K, L). Arrow in H indicates high density of silver grains over the 
supra-optic nucleus. In A, B,j. K bar = 480 Ilm; in D, E, G, H bar = 240 IlM; in 
C and F bar= 30 Ilm;and in I and L bar = 151lm. Reprinted from ref. (licinio 
et al I 995a), with permission from the Endocrine Society. 



128 Neuroscience, neurology and health 

Figure 2: Localization of PCRH-REB-I mRNA in the rat brain by in situ 
hybridization histochemistry. A series of light and darkfield photomicro
graphs. continued from fig I. is arranged from rostral to caudal to show the 
regional distribution of cells positively hybridized with the PCRH-REB-I 
antisense riboprobe. Low magnification brightfield photomicrographs are 
shown in the first column: they correspond to the darkfield regions pre
sented in the second column. High magnification brightfield photomicro
graphs are shown in the third column. Cells with PCRH-REB-I mRNA are 
seen in choroid plexus (A. B. C). in pituitary (D. E. F). and in cerebellum (G. 
H.I).ln the last row of the figure we present film autoradiographs of PCRH
REB-I mRNA in the paraventricular nucleus of hypothalamus (arrow) (J). 
hippocampus and pituitary (K). L shows control for in situ hybridization 
using sense probe. Arrow in H indicates locus coeruleus and in I arrow 
indicates a Purkinje cell of the cerebellar cortex. In A, B. D. E. G. H bar = 240 
Ilm; in C. F. I bar = 30 Ilm; and in J. K. L bar = I mm. Reprinted from ref. 
(Licinio et al I 995a). with permission from the Endocrine Society. 
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of the pathogenesis of prion 
diseases 

Adriano Aguzzi 

INTRODUCTION 
The appearance ofvCJD, a new variant ofCreutzfeldt-Jakob disease in 
humans (Chazot et aI., 1996; Will et aI., 1996) thought to result from 
ingestion of BSE-contaminated food, has emphasized the need for a 
better understanding of the pathogenesis of transmissible spongiform 
encephalopathies (Aguzzi, 1996; Aguzzi and Weissmann, 1996). Al
though much evidence points to the identity of the infectious prion 
with Prpsc (Aguzzi, 1996; Weissmann, 1996), the mechanisms by which 
prions induce damage within the central nervous system are still un
clear. Is the damage related to the actual replication of the prion? Or is 
encephalopathy the result of accumulation of toxic metabolites within 
(or around) neurons? 

One prime candidate for the latter hypothesis of toxicity is cer
tainly PrpsC, the pathologically changed isoform of the normal prion 
protein, Prpc. If this is the case, is Prpsc toxic only when generated 
within cells? Alternatively, can it damage nervous cells when acting from 
outside? And anyway, since prions appear to replicate (or at least to 
accumulate) in the organs ofthe lymphoreticular system, such as spleen, 
lymph nodes, and Peyer's plaques of the intestine, why is that we do 
not observe immune deficiencies or structural pathologies in such or
gans after infection with prions? In other words, is susceptibility to 
prion toxicity a unique property of neural tissue, or is it rather the 
result ofthe lOOfold higher levels ofPrpsc accumulation seen in brains 
of terminally scrapie-sick mice as compared to lymphoreticular organs 
(Aguzzi, 1997)? 

The complexity ofthese questions, along with our limited under
standing of the nature of the infectious agent, suggests that it may be 
difficult to devise suitable systems to address them experimentally. 
However, the recent generation of genetic in vivo model systems, such 
as transgenic and knockout mice (Aguzzi et aI., 1995), has now opened 
new, promising avenues of investigation. The experiments described 
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below were made possible by the availability of mice over expressing 
Prpc, as well as knockout mice which bear hetero- or homozygous 
ablations of the Prnp gene (which encodes PrPC). 

We have taken advantage of various strains oftransgenic mice and 
have exploited the neurografting technology to address the question of 
prion neurotoxicity. First, we describe the biological properties (such 
as tissue growth, proliferation and differentiation) of neuroectodermal 
grafts. Special emphasis is laid on the development of the blood-brain 
barrier (BBB) after grafting. We then describe how embryonic telen
cephalic grafting was applied to the study of scrapie pathogenesis. 

BIOLOGICAL CHARACTERISTICS OF MOUSE 
NEUROECTODERMAL GRAFTS 
Typically, neural grafting is used to address questions related to devel
opmental neurobiology (Fisher and Gage, 1993; O'Leary and Stanfield, 
1989; Renfranz et ai., 1991). Several studies investigated the establish
ment of neuronal organization within grafts and interactions with the 
host CNS (Jaeger and Lund, 1980; Jaeger and Lund, 1980; Kromer et 
ai., 1983; Lund and Hauschka, 1976). We have developed a conceptu
ally different approach based on the use of neurografts for studying 
growth or degeneration of genetically modified tissue in the context of 
a primarily non-affected host. For example, in earlier studies we enc 

grafted retrovirally transduced cells into the rodent CNS to address the 
tumorigenic potential of various oncogenes (Aguzzi et ai., 1991; Aguzzi 
et ai., 1991; Briistle et ai., 1992; Wiestler et aI., 1992). 

In the field of neurodegenerative disorders, grafting studies have 
been mainly aimed at reconstituting certain pathways or particular func
tions after surgical or toxic lesions to selected functional systems 
(Dunnett, 1990; Dunnett et al., 1981; Fisher and Gage, 1993; Lindvall, 
1994; Lindvall, 1991). Many such experiments were carried out in the 
rat system, which is well suited for developmental studies and allows 
for stereotaxic surgical interventions with appropriate accuracy. How
ever, with the advent of transgenic techniques, it has become possible 
to study in more detail the role played by single molecules during de
velopment and in pathological processes in mice (Aguzzi et aI., 1995; 
Aguzzi et aI., 1994). The generation of knockout mice by targeted 
deletion of genes of interest (Thomas and Capecchi, 1987) has further 
augmented our understanding of molecular mechanisms of neural de
velopment and pathogenesis of CNS diseases. A variety of transgenic 
and knockout mice have delivered valuable models for neurodegenerative 
diseases (Aguzzi et ai., 1995; Biieler et ai., 1993; Games et aI., 1995; 
LaFerla et aI., 1995). Others, however, show early postnatal (Klein et 
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aI., 1993; Magyar et aI., 1994; Smeyne et aI., 1994) or even embryonic 
lethal phenotypes (Bladt et aI., 1995; Isenmann et aI., 1996; Meyer 
and Birchmeier, 1995) which can be difficult to interpret. Although 
these models provide evidence for a crucial role of the respective gene 
products during development and hint at an important role of these 
factors for the determination of cell fates during differentiation (Bladt 
et ai., 1995; Gassmann et aI., 1995; Isenmann et aI., 1996; Meyer and 
Birchmeier, 1995), they do not allow for the study of late pathologic 
processes such as neurodegeneration. 

In an effort to overcome this problem, we have developed trans
plantation approaches for neural tissue derived from mouse embryos. 
Using grafting techniques, we could study neural tissue of mice with 
premature lethal genotypes at time points exceeding by far the life span 
of the mutant mice (Isenmann et aI., 1996; Isenmann et ai., 1994; 
Isenmann et ai., 1995). 

The grafting procedure is straightforward (Isenmann et aI., 1996; 
Isenmann et ai., 1995). Embryos are harvested from pregnant dams at 
defined stages of gestation. Graft tissue can be radiolabelled for later 
identification by autoradiography (Isenmann et ai., 1996; Jaeger and 
Lund, 1980; Jaeger and Lund, 1980) and injected into the 
caudoputamen or lateral ventricles of recipient mice using a stereotaxic 
frame (Aguzzi et aI., 1991; Aguzzi et aI., 1991; Isenmann et ai., 1996). 
Ifhistocompatible strains of mice are used, signs of graft rejection, such 
as lymphocytic infiltration and tissue necrosis, remain an exceptional 
finding (Isenmann et aI., 1996). 

In an effort to determine the optimal time point for embryonic 
tissue preparation and transplantation, we compared the final size of 
grafts resulting from tissue harvested at various embryonic stages. We 
found murine telencephalic tissue from embryonic day (E) 12.5 -13.5 
to differentiate reliably into large neural grafts, which are suitable for 
detailed graft analysis. Tissue harvested at earlier embryonic stages of
ten resulted in grafts containing non-neural tissue portions, because it 
was difficult to clearly separate mesenchymal tissue from the neural 
anlage at E9 .5-Ell.5. Such tissue portions induce permanent BBB leak
age after grafting and were considered unsuitable. In contrast, neural 
tissue harvested at later embryonic stages (E 14.5 - E16.5) was easily 
separated from the meninges. However, proliferation and growth po
tential were markedly reduced, resulting in smaller transplants mainly 
consisting of glial cells (Isenmann et ai., 1996). 

Graft cell proliferation was determined with immunocytochemical 
detection of incorporated 5-bromo-2' -deoxyuridine (Gratzner, 1982). 
Proliferation indices of grafted cells decreased sharply from initially 35% 
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of grafted cells to around 5% during the second week after transplanta
tion and to less than 1 % after more than seven weeks (Isenmann et ai., 
1996). At the same time, differentiation of grafted cells proceeds to the 
terminal postmitotic state. Thus, mature neuroepithelial grafts contain 
neurons with myelinated processes and a dense synaptic network, glia 
(astrocytes, oligodendrocytes, and microglia), and blood vessels four 
weeks after grafting (projected age of grafted tissue: approx. P20) 
(Isenmann et ai., 1996; Isenmann et ai., 1995). Taken together, these 
findings indicate that embryonic neuroepithelial tissue grafted into an 
adult host brain follows a program of maturation and differentiation 
similar to the in vivo time course (Isenmann et ai., 1996). 

THE BLOOD-BRAIN BARRIER rBBB) AND BRAIN GRAFTS 
The BBB maintains the homeostatic environment in the brain by pre
venting blood-borne compounds from free entry into the eNS paren
chyma. The barrier is formed by tight junctions in the vascular endothelia 
which are probably induced by astrocytes (Janzer and Raff, 1987; 
Wolburg et ai., 1994). A number of pathological eNS processes, such 
as inflammation, demyelination, tumor growth or degeneration can 
induce breakdown of the BBB. In turn, BBB leakage may induce eNS 
dysfunction caused by blood-borne neurotoxic compounds normally 
excluded from the brain parenchyma (Rosenstein and Brightman, 1983; 
Svendgaard et aI., 1975). 

Various investigators have reported controversial findings on the 
post-transplantation status of the BBB in rodents. An early study sug
gested that the type of donor tissue determines the characteristics and 
BBB properties of graft supplying vessels (Stewart and Wiley, 1981). 
According to this hypothesis, neural grafts induce BBB properties in 
the supplying blood vessels. In fact, several authors described complete 
BBB reconstitution after neural grafting to the eNS. Some even find 
no residual BBB leakage as early as one week after grafting (Bertram et 
aI., 1994; Broadwell et ai., 1990; Broadwell et aI., 1989; Swenson et 
ai., 1989). Other studies, however, have claimed the BBB to remain 
permanently disrupted after neural grafting to the eNS (Rosenstein, 
1987; Rosenstein and Brightman, 1986). 

We carried out studies in the model described using four inde
pendent marker molecules to detect damage to the BBB. The results 
obtained with various techniques were very consistent (Isenmann et 
ai., 1996). Magnetic resonance imaging (MRI) using a contrast agent 
in vivo indicates, in agreement with the histological data, that in our 
paradigm (grafting of tissue fragments as opposed to single cell suspen
sions) the BBB is reconstituted in 67% of all grafts after 3 weeks, and in 
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90% of the grafts seven weeks after grafting. These findings are of par
ticular importance with respect to the utilization of neurografting tech
niques in prion diseases. They indicate that the grafting procedure usually 
does not induce permanent BBB leakage that might expose the grafted 
tissue to a non-physiological environment, and suggest that the geno
type of the grafted tissue determines the BBB properties of the graft. 
Thus, a pathologic condition affecting exclusively the graft can result 
in secondary BBB disruption. 

NEUROGRAFTS IN PRION RESEARCH 
In the experiments described above, we showed that a neurograft from 
a donor mouse which may die young from some lethal disease can be 
kept alive in a healthy surrounding (Isenmann et aI., 1994; Isenmann 
et aI., 1995). Therefore, it deemed us possible to apply this technique 
to the study of mouse scrapie. Prnpo/o mice, which are devoid of Pr pc, 
are resistant to scrapie and do not propagate prions (Blieler et aI., 1993; 
Sailer et aI., 1994). Because these mice show normal development and 
behavior (Blieler et aI., 1992; Manson et aI., 1994), it has been argued 
that scrapie pathology may be induced by neurotoxic Prpsc depositions 
(Forloni et ai., 1993), rather than by depletion of cellular Prpc. In the 
latter case, lack of Pr pc should result in embryonic or perinatallethality, 
especially since Prpc is encoded by a unique gene for which no related 
family members have been found. On the other hand, acute depletion 
of Pr pc may be much more deleterious than its lack throughout devel
opment since the organism may then not have the time to enable com
pensation mechanisms. 

To address the question of neurotoxicity, we decided to expose 
brain tissue of Prnpo/o mice to a continuous source of Pr psc. This was 
achieved by transplantation of embryonic telencephalic tissue from 
transgenic mice overexpressing PrP into various structures (usually the 
caudoputamen, the lateral ventricles or the forebrain) of Prnpo/o mice. 
The differentiated grafts were then inoculated with scrapie prions. The 
donors, tga20 mice (Fischer et aI., 1996), contain two arrays of 30-50 
gene copies encoding PrP, overexpress Prpc 5-8 fold and show incuba
tion times of around 60 days as compared to 160 days for CD-1 wild
type mice. In the terminal stage of scrapie, both mouse strains exhibit 
similar prion titers. 

The graft recipients were monitored clinically for the development 
of scrapie symptoms. The analysis of grafts and their surroundings in
cluded conventional histology, immunohistochemistry, in situ hybridi
zation. The content of Pr pc and Prpscwas determined Western blotting 
and histoblotting. Because Prpsc levels cannot be equated with infectiv-
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ity, we determined the amount of infectivity in the graft and in regions 
of the brain at various distance from the graft by bioassay titration us
ing tga20 recipient mice (Brandner et al., 1996; Fischer et al., 1996). 
We observed that all mice remained free of scrapie symptoms for at 
least 70 weeks; this exceeds at least sevenfold the survival time of scrapie
infected tga20 mice. Therefore, the presence of a continuous source of 
PrPSc and of scrapie prions does not exert any clinically detectable ad
verse effects on the physiological functions of a mouse devoid of Pr pc. 

On the other hand, histological analysis revealed that tga20 and 
wild-type grafts developed characteristic histopathological features of 
scrapie 70 and 160 days after inoculation (p.i.), respectively, reflecting 
the incubation time of scrapie in the respective donor animals (Biieler 
et al., 1993; Fischer et al., 1996). Uninfected or mock-infected tga20 
grafts occasionally showed mild gliosis but never spongiosis. There
fore, high expression ofPrP by itself did not induce neurodegeneration 
in grafts. 

Early stages of the disease in the graft (70-140 days p.i.) were char
acterized by spongiosis and gliosis. In addition, we observed reduced 
synaptophysin immunoreactivity, which we take as a sign of damage to 
the neuronal trees and subsequent decrease in the density of synaptic 
junctions. These changes are similar to those found in terminally sick 
tga20 mice, and since they occurred at graft ages similar to the life 
expectancy of scrapie-exposed donor mice, we concluded that 
neurografted Prpc-expressing tissue indeed constitutes a realistic model 
for the scrapie encephalopathy (data not shown). Intermediate-stage 
grafts (140-280 days p.i.) showed status spongiosus with dramatic bal
looning and loss of neurons, gliosis and stripping of neuronal proc
esses. At late stages (280-480 days p.i.), cellular density increased from 
900 to over 4000 cells/mm2

• Astrocytes constituted the main cell popu-
1ation and synaptophysin immunoreactivity was almost completely ab
sent. Intriguingly, the grafts underwent progressive disruption of the 
blood brain barrier during the course of the disease (S.B., S. Isenmann, 
G. Kiihne, and A. A. , unpublished data). 

Although grafts had extensive contact with the recipient Prnp% 
brain, histopathology never extended into host tissue, even at the latest 
stages. Wild-type mice engrafted with tga20 tissue showed severe his
topathology in the graft and milder changes in the recipient brain, in 
good accordance with the general observation that the level of Prpc 
determines the speed of onset. Surprisingly, histoblot analysis 
(Taraboulos et al., 1992) of non-inoculated, engrafted Prnp% brain 
revealed that PrP immunoreactivity extended to the white matter of 
the recipient brains. In infected grafts, Prpsc was detected in both grafts 
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and recipient brain, where it formed fine granules along white matter 
tracts and even in the contralateral hemisphere. Further, immunohisto
chemistry revealed PrP deposits in the host hippocampus and occa
sionally in the parietal cortex of all animals harbouring PrP-expressing 
grafts (Brandner et ai., 1996). Up to 35 clusters of PrP deposits per 
section appeared late in infection, each consisting of 25-120 globules 
of 2-4 mm diameter closely associated to astrocytic processes; no de
posits were observed in inoculated or mock inoculated non-engrafted 
Prnp% brains or in Prnp% brains engrafted with Prnp% tissue. It is 
unlikely that such deposits were produced locally by tga20 cells emi
grating from the graft, since the graft borders were always sharply de
marcated. peR analysis of host brain regions containing PrP deposits 
failed to reveal PrP-encoding DNA (Detection limit <1:104

) and graft
derived cells were never detected distant from the graft by in situ hy
bridization or autoradiography of brain engrafted with 
3H -thymidine-labelled (Isenmann et ai., 1995) tissue. We conclude that 
graft-derived Pr pc and Prpsc are transferred from the graft to distant 
areas of the host brain. 

It could be argued that pathology does not spread to the surround
ings because there may not be sufficient physiological connections be
tween the graft and the surrounding tissue. To address this potential 
issue, we grafted tga20 Prpc overexpressing tissue in wild-type mice 
and determined the effects of intracerebral prion inoculations. This 
procedure resulted in histopathologically verifiable scrapie in both graft 
and in host tissue and in clinical scrapie of the host mouse without any 
modulation of the time course of the disease. However, the extent of 
pathology in the graft was more pronounced in the graft than in the 
host, once again reinforcing the general observation that the availabil
ity of Pr pc, rather than the deposition ofPrpsC, is the rate-limiting step 
and also the major pathogenetic determinant in the development of 
scrapie (Brandner et ai., 1996). This in agreement with the fact that in 
several instances, and especially in fatal familial insomnia (Aguzzi and 
Weissmann, 1996), spongiform pathology is detectable although very 
little Prpsc is present. 

To determine infectivity, various portions of brains containing grafts 
with severe histopathology were inoculated into tga20 indicator mice. 
Samples of graft led to terminal scrapie after 74 days, indicating a titer 
of approximately 5.7 10gLDso units per ml 10% homogenate. While 
frontal brain and cerebellum, in which no deposits were detected, did 
not show infectivity, about 1.5 10gLDso units per mll0% homogenate 
were detected in the contralateral hemisphere. Infectivity is not due to 
residual inoculum, because within 4 days after inoculation no infectiv-
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ity can be detected in recipient brain (Biieler et ai., 1993). Thus, infec
tious prions moved from the grafts to some regions of the PrP-defi
cient host brain without causing pathological changes or clinical disease. 
The distribution of Prpsc in the white matter tracts of the host brain 
suggests diffusion within the extra-cellular space (Jeffrey et ai., 1994) 
rather than axonal transport (S.B. and A.A., unpublished results). 

Why was no scrapie pathology observed in Prpc-deficient tissue 
even in regions adjoining the graft, which contained high levels ofPrpsc 
and was clearly leaking such material? Perhaps Prpsc is inherently non
toxic and Prpsc plaques found in spongiform encephalopathies are an 
epiphenomenon rather than a cause of neuronal damage. Indeed, the 
extent ofPrP deposition in the brains of humans succumbing to prion 
diseases with similar clinical presentation is extremely variable (Collinge 
et aI., 1990; Hayward et aI., 1994). 

Alternatively, Prpsc is only toxic when it is formed and accumu
lated within the cell, but not when it is presented from without. Finally, 
it may be that Prpsc is pathogenic when presented from outside, but 
only to cells expressing Prpc, either because it initiates conversion of 
Prpc to Prpsc at the cell surface and/or because it is internalized by way 
of association with Prpc, which is endocytosed efficiently (Shyng et aI., 
1993). Along with previous transgenetic studies (Biieler et aI., 1994; 
Manson et al., 1994) showing delayed onset of clinical disease in Prnpo/+ 
mice despite massive accumulation ofPrpsc and reports of typical scrapie 
histopathology in FFI -inoculated mouse brains devoid of detectable 
levels ofPrpsc (Collinge et aI., 1995), as well as the lack ofPrpsc accu
mulation in BSE-inoculated wild-type mice (Lasmezas et aI., 1997), 
the data discussed above imply that not deposition of Pr psc but rather 
availability of Prpc for some intracellular process elicited by the infec
tious agent is directly linked to spongiosis, gliosis, and neuronal death. 

SPREAD OF PRIONS IN THE CENTRAL NERVOUS SYSTEM 
There is no doubt that intracerebral (i.e.) inoculation of tissue 

homogenate into suitable recipients is the most effective method for 
transmission of spongiform encephalopathies. It may even allow for 
efficient circumvention of the species barrier. However, spongiform 
encephalopathies have also been transmitted by feeding (Anderson et 
aI., 1996; Kimberlin and Wilesmith, 1994; Wells et aI., 1987) as well as 
by intravenous, intraperitoneal (Kimberlin and Walker, 1978), and in
tramuscular injection (Buchanan et aI., 1991). Prion diseases can also 
be initiated from the eye by conjunctival instillation (Scott et aI., 1993), 
corneal grafts (DuffY et aI., 1974) and intraocular injection (Fraser, 
1982). The latter method has proved particularly useful to study neural 
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spread of the agent, since the retina is a part of the central nervous 
system (eNS) and intraocular injection does not produce direct physi
cal trauma to the brain, which may disrupt the blood-brain barrier and 
impair other aspects of brain physiology. The assumption that spread of 
prions occurs axonally rests mainly on the demonstration of diachronic 
spongiform changes along the retinal pathway following intraocular 
infection (Fraser, 1982). 

It has been repeatedly shown that expression of Prpc is required 
for prion replication (Biieler et ai., 1993; Manson et ai., 1994; Sailer et 
ai., 1994; Sakaguchi et ai., 1995) and also for neurodegenerative changes 
to occur (Brandner et ai., 1996). We set out to investigate whether 
spread of prions within the eNS is also dependent on Prpcexpression 
on neural pathways. For the reasons mentioned above, the visual sys
tem appears to be particularly suitable for the investigation of prion 
spread. Again, we used the neurografting approach, in this instance 
however, intracerebrally placed grafts served as an indicator for infec
tivity in an otherwise scrapie-resistant host. 

The dependence ofprion spread on the presence of Pr pc was then 
studied by inoculating prions into the eye of 7 grafted Prnpo/o mouse. 
None of these mice showed signs of spongiform encephalopathy, nor 
deposition of Prpsc, as determined by histoblotting. In one instance, 
the graft of an intraocularly inoculated mouse was assayed and found to 
be devoid of infectivity. We conclude that infectivity administered to 
the eye ofPrP-deficient hosts cannot induce scrapie in a PrP-expressing 
brain graft. 

In control experiments, unilateral intraocular inoculation led to 
progressive appearance of scrapie pathology along the optic nerve and 
optic tract in tga20 mice . Spongiosis and gliosis were subsequently 
detected in the contralateral superior colliculus and lateral geniculate 
nucleus and were followed by generalized encephalopathy and death 
after 74-112 days. In agreement with earlier studies (Fraser, 1982; 
Kimberlin and Walker, 1986), these results suggest that the infectious 
agent is propagated along fiber tracts of the eNS, such as the retinotectal 
projection. 

Engraftment of Prnpo/o mice with Prpcproducing tissue might lead 
to an immune response to PrP (Prusiner et ai., 1993) and possibly to 
neutralization of infectivity. Indeed, analysis of sera from grafted mice 
revealed significant anti-PrP antibody titers. Because 1 of 2 mock in
oculated and 3 of 3 un inoculated Prnpo/o mice showed an immune 
response to PrP 5-50 weeks after neurografting, while non-grafted, 
intracerebrally inoculated Prnpo/o mice did not develop detectable an
tibody titers (Biieler et aI., 1993), Prpc presented by the intracerebral 
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graft (rather than the inoculum or graft-borne PrPSC) was the offending 
antigen. To test whether grafts would develop scrapie if infectivity were 
administered before they mounted a potentially neutralizing immune 
response, we inoculated mice 24 hours after grafting. Again, no disease 
was detected in the graft of two mice inoculated intraocularly. 

In order to definitively rule out the possibility that prion transport 
was disabled by a neutralizing immune response, we repeated the ex
periments in mice tolerant to PrP. We used Prnp% mice transgenic for 
multiple copies of a hybrid gene consisting of a PrP coding sequence 
under the control of the Ick-promoter. These mice (designated tg33) 
overexpress PrP on T-lymphocytes, but are resistant to scrapie and do 
not contain scrapie infectivity in brain and spleen after inoculation with 
scrapie prions (Brandner et aI., 1996). tg33 mice engrafted with PrP
overexpressing tga20 neuroectoderm did not develop antibodies to PrP 
after intracerebral or intraocular inoculation (n=9) even 31 weeks after 
grafting, presumably due to clonal deletion of PrP-immunoreactive 
lymphocytes. As before, intraocular inoculation with prions did not 
provoke scrapie in the graft, supporting the conclusion that lack of 
Prpc, rather than immune response to PrP, prevented spread. 

Scrapie pathology and replication of infectivity after intraocular 
injection of wild-type mice occur along the anatomical structures of 
the visual system (Fraser, 1982) and spread to transsynaptic structures 
(such as the contralateral superior colliculus, lateral geniculate nucleus 
and visual cortex). This has been taken as evidence for axonal transport 
of the agent. However, although Prpc seems to travel with the fast 
axonal transport (Borchelt et aI., 1994), the very slow kinetics of dis
ease development caused by prions, as opposed to canonical neuro
tropic viruses (Kuypers and Ugolini, 1990) argues against the hypothesis 
that prions follow fast or perhaps even slow axonal transport. Since 
intraocular inoculation failed to infect grafts even in the absence of an 
immune response to PrP, Prpc appears to be necessary for the spread of 
prions along the retinal projections and within the intact eNS. The 
prion itself is therefore surprisingly sessile. 

Since prion infectivity is consistently detectable in the spleen ear
lier than in the brain, even after intracerebral inoculation (Kimberlin 
and Walker, 1986), it could be argued that prion replication in 
lymphoreticular organs may be involved in the neuroinvasiveness of 
intraocularly administered prions. Enucleation as late as 7 days follow
ing intraocular inoculation resulted in scrapie but prevented targeting 
to the visual system (Scon and Fraser, 1989). This suggests that sys
ternic infection and secondary neuroinvasion can bypass the neural spread 
of prions if the visual pathway is interrupted before prions colonize the 
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brain via the retinotectal projection. Therefore, the lack of graft infec
tion described in the present study suggests that the absence of 
extracerebral Prpc impair prion spread from extracerebral sites to the 
CNS, in addition to blocking neural spread. 

These results indicate that intracerebral spread of prions is based 
on a Prpcpaved chain of cells, perhaps because they are capable of 
supporting prion replication (Brandner et aI., 1996). When such a chain 
is interrupted by interposed cells that lack Prpc, as in the case described 
here, no propagation of prions to the target tissue can occur. Perhaps 
prions require Prpc for propagation across synapses: Prpc is present in 
the synaptic region (Fournier et aI., 1995) and certain synaptic proper
ties are altered in Prnp% mice (Collinge et aI., 1994; Whittington et 
aI., 1995). Perhaps transport of prions within (or on the surface of) 
neuronal processes is Prpc-dependent. Within the framework of the 
protein-only hypothesis (Griffith, 1967; Prusiner, 1989), these find
ings may be accommodated by a "domino-stone" model in which 
spreading of scrapie prions in the CNS occurs per continuitatem through 
conversion of Pr pc by adjacent PrPSC(Aguzzi, 1997). 

SPREAD OF PR IONS FROM EXTRACEREBRAL SITES TO THE CNS 
As discussed above, Prpc seems indispensable for prion spread within 
the CNS. But prions are not normally delivered directly to the CNS. 
More commonly, spongiform encephalopathies have been transmitted 
by feeding (Anderson et aI., 1996; Kimberlin and Wilesmith, 1994; 
Wells et aI., 1987) as well as by intravenous, intraperitoneal (Kimberlin 
and Walker, 1978), and intramuscular injection (Buchanan et aI., 1991). 
Which are the pathways exploited by prions to spread across the body 
and reach the CNS? Do "reservoirs" exist in the body, in which prions 
multiply silently during the incubation phase of the disease? Answering 
these questions may be of eminent practical significance, and may help 
devising ways to interfere with the march of prions from peripheral 
sites to CNS. 

A wealth of early studies points to the importance of prion replica
tion in lymphoid organs5 • Replication of the infectious agent in the 
spleen typically precedes intracerebral replication (even if infectivity is 
administered intracerebrally). Infectivity can accumulate in all compo
nents of the lymphoreticular system (LRS), including lymph nodes and 
intestinal Peyer's plaques, where it replicates almost immediately fol
lowing oral administration of prions. There is quite dramatic evidence 
for invasion of the human immune system by vC]D prions (Hill et aI., 
1997), and i.p. infection does not lead to replication of prions in the 
spleen nor to cerebral scrapie in "SCID" (severe combined immune 
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deficiency) mice. Transfer of spleen cells to SCID mice reinstalls 
infectibility Lp (Lasmezas et al., 1996). 

The results mentioned above suggest that prions use immune cells 
to travel from the site of infection to the LRS. Do immune cells suffice 
to transport the agent all the way from LRS to CNS (Fig. lA)? This is 
unlikely, since lymphocytes do not normally cross the blood-brain bar
rier (unless they are instructed to do so, e.g. by cytokines in inflamma
tory conditions). Moreover, disease and prion replication occur first in 
the CNS segments to which the sites of peripheral inoculation project 
(Kimberlin and Walker, 1980), implying that the agent spreads through 
the peripheral nervous system, analogously to rabies and herpes viruses. 
Perhaps prions injected i.p. are first brought to lymphatic organs (spe
cifically, to germinal centers) by mobile immune cells. Then, invasion 
of peripheral nerve endings may occur in a lymphocyte-dependent fash
ion. Eventually, the CNS is reached, and further spread occurs 
transsynaptically and along fiber tracts (Fig IB). 

Is it possible to interfere with this chain of events without resort
ing to physical ablation of pr ion-carrying cells (as in the case ofSCID 
mice)? Again, Prpc may offer an intriguing handle. We reasoned that, 
since Prpc is crucial for prion spread within the CNS (Brandner et aI., 
1996), it may be required also for spread of prions from peripheral sites 
to CNS. Indeed, PrP-expressing neurografts in Prnp% mice did not 
develop scrapie histopathology after intraperitoneal (i.p.) or intrave
nous (Lv.) inoculation with scrapie prions. Therefore, we set out to 
reconstitute the hematopoietic system of Prnp% mice with cells ex
pressing Pr P. Prion titers were undetectable in spleens of inoculated 
Prnp% mice, but were restored to wild-type levels upon reconstitu
tion of the host lymphohemopoietic system with PrP-expressing cells. 
Surprisingly however, i.p. or i.v. inoculation failed to produce scrapie 
pathology in the neurografts of 27 out of 28 animals, in contrast to 
intracerebral inoculation. 

We conclude that transfer of infectivity from spleen to central nerv
ous system is crucially dependent on the expression of PrP in a tissue 
compartment that cannot be reconstituted by bone marrow transfer 
(Blattler et aI., 1997). For a number of reasons, we feel that the latter 
system can hardly be anything else but the peripheral nervous system. 
If this hypothesis is correct, the neuro-immune interface may represent 
a bottleneck for prions which try to march from peripheral sites of 
inoculation to the CNS. Would-be therapists may then have a true op
portunity to interfere with prion spread and, therefore, to effect sec
ondary prevention of encephalopathy after exposure to prions. 
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Neuromuscular Disorders 
PARADIGMS FOR THE EFFICACY OF MOLECULAR METHODS 
IN ELUCIDATING THE PATHOLOGY OF HEREDITARY 
DISEASES AND IN DEVELOPING NEW THERAPIES 

Reinhardt ROdel and Frank Lehmann-Horn 

INTRODUCTION 
For many years, research into neuromuscular disorders was doomed to 
very slow progress. Take, e.g., the most prominent member of this cat
egory of diseases, Duchenne muscular dystrophy (for detailed informa
tion on this disease, see Emery, 1993, Emery & Emery, 1995). It is the 
most common genetic disease of childhood (1:3,500 male child births) 
and, up to the present day, is lethal by the end of the second decade of 
life. Despite substantial funding provided by the Muscular Dystrophy 
Association of America from about 1960 onward, no cure has been found 
as yet. Before the advent of molecular biology, every attempt to investi
gate no more than the basic defect in dystrophic muscles led to few sig
nificant results. The series of failures discouraged young investigators to 
a degree that relatively few research centers would devote their efforts to 
studying the pathogenesis of this disease. In those days, almost all neu
romuscular disorders were resistant to investigation and, therefore, they 
were all unpopular with ambitious researchers. We now know the reason 
for this calamity. The widely applied biochemical methods were insuffi
cient because the proteins abolished or dysfunctioned by the then un
known mutations in the human genome make up so little of a cell's total 
protein content that they could not be detected by classical biochemis
try. Thus these disorders became typical examples of "orphan diseases". 

With the application of molecular methods that were developed 
from the 1970s onwards in electrophysiology, biochemistry, immunol
ogy and in particular, genetics, the drab situation changed almost over
night. The enormous progress generally attained in cell biology by 
molecular methods was particularly boosted in research on muscle dis
eases because muscle tissue traditionally has offered the cell biologist 
easy access. Thus, with the increased financial support from patients' 
self-help organizations (from the late 1980s on: Association Frans:aise 
contre les myopathies), research into neuromuscular disorders was cata
pulted into a leading position of modern clinical investigation. 
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The positive facts about muscle tissue are that (i) it can be rela
tively easily biopsied without serious detriment to the patient; (ii) its 
function, i.e., the development of force, can be easily assessed both in 
vivo and in vitro; and (iii) adult muscle cells do not undergo mitotic 
division, proliferation and decay. The latter property will probably turn 
out to be decisive for the development of a gene therapy. A "healthy" 
gene delivered to a muscle cell will stay in place for a long time, whereas 
in an epithelial tissue where cells undergo replacement, gene delivery 
has to be continually repeated (e.g. for cystic fibrosis). 

As an additional fortunate feature, nearly all hereditary neuromus
cular disorders are monogenic, i.e., they are caused by the mutation of 
no more than one single gene. Detection of a single disease-causing 
mutation has meanwhile become a matter of course. Only 12 years 
after the first gene location for a neuromuscular disease (Duchenne 
gene on Xp21 by Kunkel et aI., 1985), the number of detected auto
somal or X-linked mutations causing neuromuscular disorders has risen 
to about 60 (c.f. Kaplan & Fontaine, 1996). In addition, about 60 
point mutations and a dozen deletions in the mitochondrial genome 
have been described that cause mitochondrial myopathies (c.f. Servidei, 
1996). 

In the following we will detail the usefulness of molecular meth
ods taking two groups of neuromuscular disorders as paradigms: pro
gressive muscular dystrophies and hereditary muscle diseases associated 
with defective excitation. 

CLASSICAL STRATEGIES FOR THE INVESTIGATION OF THE 
PATHOLOGY OF HEREDITARY NEUROMUSCULAR DISORDERS 
In the classical exploration of a neuromuscular disorder, clinical electro
physiology, in particular electromyography, is the most indicative method 
apart from thorough clinical investigation. In the case of a degenera
tive muscle disease, such as Duchenne muscular dystrophy, the 
electromyographic pattern recorded during voluntary muscle action 
shows that the defect is myogenic and thus allows the 

differential diagnosis from spinal muscular atrophies. In diseases 
with an abnormality of muscle excitation, the most important signs are 
either overexcitability, clinically resulting in the symptom of myotonia, 
or reduced or even completely failing excitability, resulting in muscle 
weakness and paralysis. Again, determination of frequency, size and 
shape of the action potentials recorded in the electromyogram can not 
only be used for differential diagnosis, but also for a better understand
ing of the pathology. Histology, useful in other neuromuscular disor
ders, was not of much help in the study of muscle excitation disorders. 
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Animal models are available for Duchenne muscular dystrophy (since 
1984 the mdx-mouse and, more recently, the dystrophic dog), and for 
some muscle diseases with defective excitation, such as myotonia 
congenita (the myotonic goat being a model for dominant mode of 
inheritance, the adr-mouse for the recessive mode), and hyperkalemic 
periodic paralysis (horse). 

In the premolecular days, studies of the mdx-mouse did not pro
vide substantial insights. In contrast, in vitro-studies of the myotonic 
goat and human muscle with combined electrophysiological (voltage
clamp) and pharmacological (channel blockers) methods much advanced 
the understanding of the pathomechanisms of myotonia and periodic 
paralyses. 

As far as genetics is concerned, it was only known from the mode 
of inheritance that Duchenne muscular dystrophy was X-linked. For 
myotonia congenita it was recognized that in some families the disease 
was inherited as an autosomal dominant trait (Thomsen type myoto
nia) and in others as an autosomal recessive trait (Becker type myoto
nia). Other hereditary myotonias and episodic paralyses were recognized 
to be always transmitted as autosomal dominant traits. 

MOLECULAR METHODS APPLIED IN THE MODERN STUDY OF 
PATHOGENESIS 
Molecular genetics 
The method that led to the detection of the defective gene in Duchenne 
muscular dystrophy (DMD), the so-called Duchenne gene, has become 
known as reverse genetics, reverse signifYing that the defective gene prod
uct, dys trophin , was only detected when the mutated gene had been found 
in affected families. Although it was obvious from the X-linked mode of 
transmission of the disease that the gene must be located on the X chro
mosome, several groups of well-funded ingenious scientists and a few 
fortunate circumstances were necessary for the finding of the gene locus. 
Eric Hoffman, one of the prominent scientists of the successful team 
describes the history of the detection as follows (Hofmann & Wang, 
1993). "In 1977, two girls were found with the typical DMD with chro
mosomal translocations sharing a break-point in region Xp21. In 1985, 
a boy was detected having multiple X -linked disorders including Duchenne 
dystrophy. This boy had a cytogenetically detectable deletion in the Xp21 
region and his DNA was used to isolate the first part of the DMD gene. 
The first small portions of the gene were used to isolate the protein cod
ing sequence, and this complementary DNA was used to predict the 
structure of the encoded protein." Dystrophin, the normal product of 
the gene was then identified in 1987. 
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Meanwhile, after the study of more than 1700 patients with re
spect to their Duchenne gene and after about 1500 patient muscle 
dystrophin protein studies, it is clear beyond doubt that in DMD a 
single gene is mutated so that little or no functional protein is pro
duced - a typical example for a loss-oJ-function mutation. A similar, 
but milder form of muscular dystrophy, Becker muscular dystrophy 
(BMD), was found to be linked to the same gene. Roughly speaking, 
the difference is given by the kind of mutation: out-of-frame deletions 
usually result in a complete loss of the gene product and thus cause the 
severe DMD, whereas in-frame-deletions often result in a truncated 
gene product that might cause less loss of function than complete ab
sence, resulting in the milder BMD. 

Use of antibodies against dystrophin showed that the protein is 
subsarcolemmaly located. Structurally, it resembles spectrin, a rod-like 
component of the cytoskeleton of red blood cells. Research on the 
function of dystrophin was particularly successful in the laboratory of 
Kevin Camp bell who, using classical biochemistry combined with im
munocytochemistry, identified a complex of proteins that links actin in 
the cytoskeleton of the skeletal muscle cell with the extracellular cell 
matrix (laminin) via dystrophin (Campbell, 1995, see Fig. 1). The 
dystroglycan complex consists offive dystrophin-associated glycoproteins 
(DAGs). The anchoring of the intracellular cytoskeleton to the extra
cellular matrix via the dystrophin-dystroglycan complex is probably 
important for the transmission of force and for the protection of the 
sarcolemma from stress during muscle contraction. 

Most interestingly, mutations in the genes coding for these pro
teins have been found to be responsible for other long-known auto
somal recessive forms of muscular dystrophy. In severe childhood 
autosomal-recessive muscular dystrophy (SCARMD), a disease with 
Duchenne dystrophy-like phenotype that is common in North African 
families, the 50 kDa-DAG adhalin is specifically missing. However, the 
defect does not seem to be a homogeneous one. At least two types of 
adhalin-deficient SCARMD patients can be defined: those linked to 
the adhalin gene on chromosome 17q, and those linked to an as-yet 
unidentified gene on chromosome 13q that might lead to improper 
processing or transport of the protein and subsequently to its degrada
tion. 

Another candidate for causing muscular dystrophy is merosill, the (X-

2 chain of the extracellular matrix protein, laminin. Specific absence of 
me rosin was shown in the classical non-Fukuyama type of congenital 
muscular dystrophy (CMD). Thus, the dystrophin glycoprotein complex 
appears to be involved in the pathogenesis of three types of human mus-
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cular dystrophy, i.e., DMD-BMD (dystrophin-deficient), LGMD (DAG
deficient) (adhalin-deficient) and one form ofCMD (merosin-deficient). 

Our second example illustrating the efficacy of molecular methods 
is the group of neuromuscular diseases with defects in excitation. As in 
these diseases usually one of the muscular ion channels is defect, they 
are often called ion channel diseases or channelopathies (for review, see 
Lehmann-Horn & Rudel, 1996). The excitation process is one of the 
basic principles in Nature and - once brought to perfection - is used 
in all animals. The essential domains of the various ion channel pro
teins that mediate excitation have been highly conserved for more than 
600 million years. When animal mutants were discovered with abnor
mal movements, this opened the way for the search for genes encoding 
these important proteins. The paradigm is a mutant of the fruit fly 
drosophila melanogaster, which as a striking abnormality shakes its ab
domen when anesthetized with ether. Electrophysiological investiga
tion of the muscle fibers of this "shaker" mutant revealed that the 
membrane K+ currents inactivated much faster than in control ("wild
type") flies. The assumption of a defective channel protein led to the 
prediction that the shaker mutation might be used to identifY a gene 
coding for a K+ channel. This was indeed the case as search for the 
"candidate gene" led to the first gene encoding a voltage-dependent 
K+ channel. Moreover, cloning and sequencing of the mutated gene 
led to the identification of many similar genes, to a large "gene family", 
all of which encode voltage-gated K+ channels. This family was then 
found to have homologs in vertebrates! 

The close relation between defective ion channels and muta
tions in the respective genes later played the decisive role in the 
exploration of the pathomechanism of all human muscle excitation 
disorders. For many of these rare hereditary diseases, electro
physiological experiments had predicted that either a Na+ or a Cl 
channel gene might be mutated. For example, classical voltage-clamp 
experiments performed on excised intact muscle fibers from patients 
had indicated that in hyperkalemic periodic paralysis (HYPERPP) 
and in paramyotonia congenita (PC) the muscle Na+ currents were 
improperly inactivated. When the gene encoding the major subunit 
of the adult skeletal muscle Na+ channel had been cloned, genetic 
linkage studies and the sequencing of the respective genes from 
patients showed a wealth of (>20) disease-causing mutations in this 
gene. Some of them cause HYPERPP, others PC, and some were 
found to cause a dominantly inherited disorder that was formerly 
misdiagnosed as an "abnormal form of myotonia congenita", i.e., 
as a variant of a Cl- channel disease. In these "abnormal" cases that 
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normal" cases that were in fact associated with Na+ channel gene 
mutations, the symptom of myotonia is very much dependent on 
the serum K+. The new disease was, therefore, named potassium
aggravated myotonia (PAM, Mitrovic et aI., 1995, see Fig. 2). 

As to Cl- channel diseases, a large family ofvoltage-gated Cl- chan
nel genes would perhaps still be unknown, had not the pathology of 
myotonia congenita (MC) challenged molecular biologists to search for 
the substrate of the rather high resting Cl- conductance of the sarco
lemma. Already in the early 1960s, electrophysiological and pharmaco
logical studies on the goat model of myotonia had indicated that 
myotonia may be related to a substantially reduced sarcolemmal Cl
conductance. The starting point for the discovery of the "ClC family" 
of Cl- channel genes was the correct assumption that Cl- channels are 
highly expressed in the electric organ of electric fish (for review, see 
Pusch & Jentsch, 1994). 

The first Cl- channel gene was indeed discovered in this organ by 
expression cloning. Not much later, the cDNA of human skeletal mus
cle Cl- channel was cloned by homology screening. Immediately, link
age could be demonstrated between the gene and both dominant and 
recessive MC. 

Numerous point mutations and deletions in various exons have 
been discovered (Fig. 3) and functionally expressed both in Xenopus 
oocytes and mammalian expression systems. An intriguing result of 
these studies was the hypothesis as to why the mode of inheritance of 
a disease may be dominant or recessive. If a mutation leads to no or 
truncated protein without function (nonsense mutation producing loss 
of function), a heterozygous carrier is clinically healthy as long as the 
product of the other ("healthy") gene is sufficient for normal func
tion. A dominant-negative effect can be explained by the possibility 
that the gene product forms oligohomomers so that a mutation in one 
part can destroy the function of the whole channel complex (Steinmeyer 
et aI., 1994). 

New members of the CIC family continue to be detected and change 
established views. Recently, kidney stones were explained as being caused 
by a mutant Cl- channel expressed in renal tissue (Lloyd et aI., 1996). 
The study showed that "three" rare X-chromosomal kidney diseases 
are in fact caused by one and the same mutation. The biggest surprise 
was that Dent's disease is a Cl- channelopathy, for hitherto it was con
sidered to originate from a dysfunction of the renal Ca2+ transport. 
Although functional expression showed that the mutation leads to a 
loss of function of the channels, the pathogenesis of the kidney stones 
is not yet understood. 
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Systematic genome analysis 
Mapping of a disease gene, i.e., its coarse localization within the genome, 
is usually a prerequisite for its exact identification as well as for the deter
mination of its gene product (a protein) and for the understanding of 
function and pathophysiology of the latter. The human genome contains, 
more or less evenly distributed and mostly situated in the introns of genes, 
a large number of simple nucleotide repeats (10 to 30 copies of di-, tri-, 
or tetranucleotides, e.g. CACACA .... ). They are highly informative be
cause, for each repeat, the number of nucleotides varies from individual 
to individual. The Centre d'Etude du Polymorphisme Humain (CEPH, 
France) localized these microsatellites in 40 reference families, and 
Genethon (Paris), the leading laboratory in developing these markers, 
made them available as a screening set for the mapping of any monogenic 
disease (Weissenbach et aI., 1992). The closer the distance between such 
a microsatellite and the sought-for disease gene is, the lower is the prob
ability that a recombination, i.e., a crossing over of chromosomes, occurs 
during meiosis. Hence, in a given family, polymorphic markers surround
ing a disease gene show the same distribution as the disease phenotype, or 
in other words, if the microsatellites and the disease gene are close to each 
other, all affected family members will show the same polymorphisms. 
The polymorphisms are analyzed by electrophoresis after amplification of 
the DNA by means of the "polymerase chain reaction" (PCR). 

In the field of neuromuscular diseases, systematic genome analysis 
was applied with great success. Perhaps the most striking example of the 
power of this method is the genetic linkage of hypokalemic periodic pa
ralysis (HYPOPP, see Lehmann-Horn & Riide!, 1996). Patients having 
this autosomal dominant disorder suffer from episodes of general paraly
sis associated with a fall of the serum K+. Early clinical research had sug
gested that HYPOPP is a metabolic disease, whereas, in the 1980s, 
electrophysiology apparently convincingly indicated that muscle fiber 
excitation was defective. A systematic gene search, however, showed that 
the disease is linked to a gene encoding a protein that is essential for 
muscle excitation-contraction coupling, and not related to excitation it
self. The affected gene product is the al subunit of the skeletal muscle 
dihydropyridine (DHP) receptor protein which, to our present knowl
edge, acts as the voltage sensor for the release ofCa2+ from the sarcoplas
mic reticulum. Either of three different point mutations in this gene, 
each of them causing a simple amino acid exchange in the voltage sensor 
of the DHP receptor protein, has been shown to be responsible for the 
characteristic symptoms of HYPO PP. The DHP receptor is known also 
to act as a Ca2

+ channel and the mutations might be detrimental due to 
the increase of a Ca2

+ current that is normally negligible. 
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Other molecular methods applied in the modern study of 
pathogenesis 
Molecular genetics is not the only molecular discipline applied for ad
vancing the understanding of neuromuscular diseases. In the follow
ing, the most commonly applied methods are briefly explained. 

As early as in 1978, Neher and Sakmann published a method in 
which fire-polished glass pipettes pressed against a membrane patch 
the size of about 1 mm2 were used to isolate electrically single channel 
molecules spanning the cell membranes. With these "patch pipettes" 
they were able to record the currents conducted by a single channel. 
The mathematical analysis of the variations of these currents allows the 
experimenter to deduct many channel properties, in particular activa
tion, inactivation and selectivity (Hamill et aI., 1981). About 15 years 
later, this patch clamp technique (rewarded with the 1991 Nobel Prize) 
is now established not only in laboratories geared to basic research, but 
also in those determined to elucidate pathomechanisms, e.g., those of 
hereditary channel diseases. 

The value of patch-clamp methods for research into muscle dis
eases was much increased when it was combined with molecular bio
logic methodology. Thus, the parameters of an ion channel- wild-type 
or mutant - can best be investigated when its gene (or cDNA) is ex
pressed in a heterologous cell that is so chosen that it contains no or 
little endogenous channels of similar properties. The first such func
tional expression system that was widely used for these purposes was the 
Xenopus oocyte. Meanwhile, mammalian cells, such as human embry
onic kidney cells, are used, e.g., for the expression of mutant Na+ chan
nels for the study of faulty inactivation etc. This technique has many 
advantages in addition to allowing the determination of channel pa
rameters without interference from competing proteins. E.g., the 
effect of various drugs or modulators (kinases) on the defective mol
ecule can be directly studied. Comparison with the channel in the ho
mologous expression system, i.e., the native tissue, is of course always 
necessary and usually possible. 

Overexpression of a channel gene in a suitable expression system is 
attempted and might eventually lead to sufficient amounts of protein 
material for crystallographic analysis. 

For the study of the relation between the structure and the func
tion of a channel protein or, in other words, of the significance of every 
single amino acid in a channel protein, site-directed mutagenesis is a 
powerful tool. The respective bases are exchanged by molecular tech
niques and the resulting mutated cDNA is expressed in one of the com
mon expression systems. Determination of the characteristic channel 



Neuromuscular disorders , 55 

parameters then allows conclusions about the function of the exchanged 
amino acid and its surroundings. 

A useful cell morphological technique is fluorescence labeling. Pro
duction of fluorescent antibodies or fusion proteins can be used to 
mark rare proteins and detect their position or presence or absence in 
cells from patients. Of course, this method is also used in heterologous 
expression systems. 

Knock-out and tra1lsgenic a1limals become increasingly used to study 
pathomechanism. To our knowledge, they have not played a major role 
in the study of the diseases discussed in this chapter. But e.g., in the 
study of amyotrophic lateral sclerosis, the recently developed mouse car
rying the mutated gene of human superoxide dismutase-l (SOD) shows 
the typical phenotype and is, therefore, expected to provide useful in
formation. 

STRATEGIES FOR THE DEVELOPMENT OF THERAPIES FOR 
THE HEREDITARY NEUROMUSCULAR DISORDERS 
At present, the therapies for neuromuscular disorders are only sympto
matic, if they exist at all. Availability of medication is attempted by the 
search for drugs that specifically replace a missing, or influence a mutant, 
gene product. In the case of Na+ channelopathies, such drugs are given 
by local anesthetic or antiarrhythmic drugs that reduce excitability. 

In the old days, such drugs were usually found by trial and error. 
Molecular methods might open the road for a specific search. Major 
drug companies are now testing drugs by expressing a disease-causing 
gene in a suitable expression system, and exposing the normal or mu
tant gene product to numerous variants of a supposed therapeutic drug 
in order to find the specimen with the highest affinity. 

A drug design in the proper sense of the word would be possible if 
the gene product could be crystallized, so that the relevant binding site 
could be characterized by crystallographic methods. As mentioned 
above, overexpression of the genes in an expression system seems to be 
a prerequisite for this method. 

The most far-reaching hopes are, of course, set on gene therapy. In 
the case of muscle diseases, the development of a gene therapy seems 
favored by the fact that heterologous myoblasts obviously fuse very 
well with adult muscle fibers. Even naked DNA is taken up by these 
fibers! Once a gene is substituted in a deficient muscle cell, it is ex
pected to be expressed for a long time, because the cells do not un
dergo mitosis. In diseases with mutant genes producing gain offunction, 
the delivery to the cells of antisense oligonucleotides might become a 
successful treatment. 
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CONCLUSION 
Although the application of molecular methods with their ability to 
detect the slightest defect in the blueprint of the cells has much in
creased our knowledge of pathogenesis, a complete understanding of 
the symptoms that after all give rise to the complaints of the patients is 
often not directly possible. Therefore, the classical approach of a clini
cal, histological and electrophysiological analysis of a defective organ 
or organ system still remains of importance. 

But even though we have to resume studying patients, in particu
lar when it comes to trying out new therapies, in all the disciplines that 
might be invoked for the solution of a pathogenetic problem, going 
molecular has turned out to be the most successful addition to our 
classical repertoire of research tools available to try and attain a better 
understanding of human diseases. Neuromuscular diseases simply have 
played a vanguard role for the reasons mentioned in the Introduction. 
Other diseases, e.g., other neurological diseases, will soon take over the 
lead. A most stunning discovery showed recently that familial hemiple
gic migraine is a neuronal calcium channelopathy ... 
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_Extracellulaf-M'atrix -'-
Merosin 

FIGURE. I The complex formed by dystrophin and dystrophin-associated 
(DAG) proteins.The I 35-kDa DAG (alpha-dystroglycan) binds to merosin, 
the muscle isoform of the extracellular matrix protein laminin. On the 
other side, it links via five integral membrane proteins: adhalin (50 DAG), B
dystroglycan, a 43-kDa glycoprotein, a 35-kDa glycoprotein and a 25-kDa 
protein with the carboxyl (C) terminal domain of the subsarcolemmal 
dystrophin.The latter links the sarcolemma to the cytoskeleton by binding 
through its amino (N) terminal domain to F-actin. Mutations in genes en
coding proteins of this complex may cause any of three types of muscular 
dystrophy: dystrophin-deficient. adhalin-deficient and merosin-deficient. From 
Campbell, 1993. 
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FIGURE 2. Naturally occuring and engineered mutations in the putative 
inactivation gate of the muscular Na+ channel and their effects on channel 
inactivation. (A) Bird's eye view on the channel consisting of four similar 
repeats (I to IV}.The channel is cut and spread apart between repeats 11 and 
III to allow the view on the intracellular loop between repeats III and IV 
(after West et al., I 992). The loop acts as the inactivation gate whose 
"hinge" GG (= a pair of glycins) allows it to "swing" between two positions, 
Le., the non-inactivated channel state (pore open, left panel) and the inacti
vated state (pore blocked by the "plug" IMF = amino acid sequence isoleucin, 
phenylalanin, methionin, right panel). (B) The substitution of E (glutamate) 
for G 1306 slows channel inactivation (left two panels, d. fast current de
cay in wild-type channel on far left) and leads to a life-threatening form of 
potassium-aggravated myotonia.The engineered substitution of QQQ (three 
glutamines) for IFM completely abolishes channel inactivation (two right 
hand panels) proving that the loop between repeats III and IV is indeed the 
inactivation gate. 
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0 dominant myotonia congenita (DMC) /'0 splice 

0 recessive myotonia congenita (RMC) A deletion 

0 myotonia levior (dominant) \£] insertion 

0 myotonic adr mto mouse 
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FIGURE 3. Mutant sites detected in the voltage-gated muscle chloride 
channel (ClC-I, which is fairly identical in man, mouse and goat). The car
toon shows many amino acid substitutions (using conventional one-letter 
abbreviations) along the unfolded channel protein. The different types of 
myotonia congenita that result from them in man, mouse and goat are 
characterized by different symbols explained below. Modified after Pusch & 
Jentsch, 1994. 



Neuroscience and psychiatric 
treatment in the next century 
Joseph T. Coyle and Eben S. Draper 

INTRODUCTION 
The paradox of contemporary psychiatry is the extraordinary mismatch 
between the realities of clinical practice in a time of constricting clinical 
resources and the impressive advances in research that inform psychia
try. The rapidly spreading managed behavioral health care industry in 
the United States, for example, often relies on the least expert of men
tal health professionals to provide services and penalizes technologic 
and pharmacologic innovation. In other countries with few psychia
trists, diagnosis and treatment of psychiatric disorders devolve to pri
mary care clinicians. In contrast, the accelerating rate of scientific 
discovery is providing powerful insights into the causes of serious men
tal illness that are improving diagnosis and treatment. It is the conten
tion of this chapter that scientific advances will reverse this trivilization 
of mental illness as the public and policy makers appreciate that these 
disorders are as "real" as cancer and are amenable to rational treat
ment. In fact, recent research indicates that mental disorders represent 
a major source of disability that transcends national boundries and cul
tures (Dejarlais et ai, 1995). 

As we pass through the "Decade of the Brain" into the 21st cen
tury, it is clear that the explosion of neuroscience research is both trans
forming conceptual approaches towards mental illness as well as 
providing a unifYing perspective on psychopathology. The debate be
tween mind and brain or between the "nature" and "nurture" has 
reached end-game. It is abundantly clear that the brain is the organ of 
the mind and that the Cartesian separation of mind from brain is no 
longer tenable. This statement, however, is the obverse of reductionism 
because the defining characteristic of the brain is the remarkable plas
ticity of its neuronal connectivity and function (Katz and Shatz, 1996; 
Singer, 1995). Thus, the neuroscientific perspective can not only rec
ognize the salience of experience in providing meaning at a personal 
level but acknowledges that such meaning could not be reduced to the 
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chemistry of the single synapse. In this regard, the neuroscientific foun
dation ofpsychiatry represents the leading edge of biomedical research, 
that infuses the field with a zeitgeist similar to that of psychoanalysis in 
the past as a rapidly expanding cadre of physicians, scientists and even 
philosophers confront the interface between mind and brain. 

PAST IS PROLOGUE 
It is worthwhile to briefly take stock of the evolution of pharmacologic 
treatment of mental disorders over the last thirty years. After the burst 
of the serendipitous discovery of effective psychotropic medications in 
the early 60's - neuroleptics, tricyclic antidepressants, benzodiazepines, 
and lithium - no truly novel drugs appeared for three decades. The 
psychotropic drug discovery programs in the pharmaceutical industry 
at that time were generally dominated by chemists, who synthesized 
novel compounds which were then subjected to behavioral screens to 
identify potential therapeutic targets. Given that the diagnostic cat
egories for mental disorders were poorly defined and that there was an 
absence of any identifiable brain pathology for psychiatric disorders, it 
was remarkable that psychotropic drugs were even discovered at this 
time. While pharmacologic therapy was recognized as an effective in
tervention in certain disorders, it was generally viewed as ancillary to 
insight oriented psychotherapy. 

The second wave of psychotropic drug development was based upon 
the attempt to understand the molecular sites of action of existing, effica
cious psychotropic medications. Thus, a focus on biologic mechanism 
began to dictate the pharmacologic targets for medicinal chemists. The 
demonstration by Axelrod that tricyclic antidepressants were potent in
hibitors of the neuronal uptake process for norepinephrine on noradrenergic 
neurons represented an impressive leap forward that focused research at
tention on the aminergic systems in the pathophysiology of affective disor
ders (Axelrod et al. 1961). Indirect evidence developed by Carlsson (for 
review, 1978) that antipsychotic medications might block dopamine 
receptors was conclusively affirmed with the demonstration of a compel
ling correlation between antipsychotic potency and affinity for the dopamine 
D-2 receptor (Creese et al. 1973). These findings were also critically im
portant in organizing research thinking around the issue of how these sites 
of therapeutic action of antidepressants and antipsychotics might relate to 
the pathophysiology of affective disorders and schizophrenia. Thus, these 
discoveries catalyzed an ever broadening field of investigation to under
stand the role of aminergic systems in regulating mood, cognition, and 
neuroendocrine function and how these processes interdigitated with the 
physiology of cortical and limbic neuronal circuitry. 
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The most recent permutation of this second wave of drug discov
ery in psychiatry concerns the demonstration that clozapine exhibited 
unusual properties that distinguished it from all other neuroleptics: it 
did not produce acute extrapyramidal side-effects, did not cause tar
dive dyskinesia, and reduced dramatically negative symptoms in a sig
nificant portion of individuals with schizophrenia. Preclinical research 
revealed that clozapine was a complex drug with multiple neurotrans
mitter system interactions including dopamine D2, D3 and D4 
receptors, serotonin SHT-2 receptors, adrenergic a-2 receptors, hista
mine receptors and cholinergic muscarinic receptors (Meltzer et al. 
1989). This led to the development of the next generation of "atypi
cal" neuroleptics that combined dopamine D-2 receptor antagonism 
with other actions such as blockade of serotonin SHT-2 receptors . 
These include risperidol, olanzapine, and sertindol which have recently 
been approved for use in the United States. 

This second generation of psychotropic medications exhibited sub
stantial advances over the first generation. The serotonin specific 
reuptake inhibitors and combined serotonin and norepinephrine up
take inhibitors were not compromised by the pattern of side-effects 
associated with the classical tricyclic antidepressants because of their 
increased target selectivity and minimal interactions with irrelevant neu
rotransmitter receptors such as the muscarinic receptor and histamine 
receptors as well as with ion channels responsible for the cardiotoxic 
effects intrinsic to the tricyclic structure. Similarly, the new generation 
of neuroleptic agents exhibited a much lower risk for of acute extrapy
ramidal side-effects and possible efficacy against negative symptoms of 
schizophrenia. Nevertheless, the development of these drugs was largely 
predicated upon insights into mechanisms of action of the first genera
tion of psychotropic medications, whose discoveries were based on ser
endipity and not on a fundamental understanding of the pathobiology 
of the disorders. 

MOLECULAR BIOLOGY AND TREATMENT IN PSYCHIATRY 
The conceptual approach that will drive basic biomedical research for 
the foreseeable future is molecular biology. Molecular approaches per
mit the teasing apart of the components of structure, function and 
assembly of the nervous system that yield much more precise targets 
for drug development. Thus, biology is guiding drug discovery and 
not medicinal chemistry. Two converging strategies are greatly accel
erating our ability to identify genes whose allelic variants confer vulner
ability for brain disorders including mental illness. Alleles connote genes 
with differing base sequences that affect the expression, structure and/ 
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or function of the gene product. The two strategies are: Forward 
Genetics when one moves from identification of a protein of interest to 
the isolation of the messenger RNA encoding for the protein back to 
its chromosomal localization and characterization of the gene (Table 
1); and Reverse Genetics when one identifies a gene of effect based upon 
its close spatial association with a defined heritable marker (Hyman and 
Nestler, 1993). Alzheimer's Disease (AD) represents a contemporary 
example directly relevant to psychiatry for which the applications of 
both forward genetics and reverse genetics have shed light on the mo
lecular mechanisms responsible for the neuropathology and the cog
nitive decline characteristic of the disorder. 

Forward Genetics. In AD, the critical pathologic stigma is the 
senile plaque, which consists of an insoluble deposit of amyloid in the 
extracellular space in cortico-limbic regions of the brain. The amyloid 
of AD is composed of aggregates of a peptide of 40 to 42 amino acids 
in length. The peptide was purified to homogeneity from the brains of 
individuals afflicted with AD, and the amino acid sequence was deter
mined. Given our knowledge of the triplicate sequence of bases that 
encodes for each amino acid, it was then possible to isolate the messen
ger RNA that contained the RNA sequence encoding for this amyloid 
peptide (Kosick, 1992). The messenger RNA containing the sequence 
for amyloid in fact encoded for a much larger protein containing 699 
amino acids of which the amyloid peptide represented a small compo
nent. This protein, which is normally expressed on the surface of cells, 
especially neurons in the cerebral cortex and limbic system, was desig
nated amyloid precursor protein (APP) because of the lack of a known 
function of the protein. With the full sequence of the messenger RNA 
encoding for the protein known, it was then possible to locate the gene 
encoding for it on the human chromosomes by its complementary bind
ing to the gene. As the gene was localized on human chromosome 21, 
it was then possible to screen families with heritable forms of AD to 
determine if mutations in the APP gene were responsible. Accord
ingly, several mutations of the APP gene have been found in different 
families with heritable early onset AD, albeit these mutations make a 
very small contribution to all cases of AD (Kosick, 1992). Neverthe
less, as is described below, these mutations in the APP gene provided 
powerful tools for determining how APP could be pathologically de
graded to yield amyloid in AD. 

Reverse Genetics. Linkage analysis is a strategy that attempts to 
define loci on the human genome that are inherited with the risk for a 
particular disorder. With the mapping of the human genome, allelic 
markers distributed throughout the genome at known chromosomal 
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localizations are presently available (Weissenbach et al. 1992). A panel 
of these markers is scanned for their heritable association for the pres
ence of the disorder in members of families in which the disorder oc
curs. If a marker at a particular chromosomal locus is transmitted from 
one generation to the next with a high degree of fidelilty in association 
with the disorder, this finding strongly suggests that this locus is physi
cally close to the gene of interest. Then the arduous task of moving 
from the marker locus to identifYing the mutant gene is undertaken. 
Parenthetically, it took nearly a decade between identifYing the linkage 
association of the mutant gene for Huntington's Disease on the short 
arm of chromosome 4 Gusella et al. 1983) to the actual identification 
and sequencing of the gene itself (Huntington's Disease Collaborative 
Research Group 1993) although the high density of markers currently 
identified on the human genome has markedly accelerated this process. 
In the case of AD, linkage analysis indicated that one form of early 
onset heritable AD was associated with a locus on chromosome 14 and 
another early onset heritable form was associated with a locus on chro
mosome 1. The mutant gene responsible for the vulnerability to AD 
on 14 was first identified as a complex membrane protein of unknown 
function that was designated as presenilin-1. The mutant gene on chro
mosome 1 was subsequently demonstrated to encode for a very similar 
membrane protein and was designated presenilin-2 (Rogaev et al. 1995). 

Modifying Genes. Research on AD has also been informative 
with regard to genetic mechanisms that may modifY disease vulnerabil
ity. Linkage mapping suggested that a locus on chromosome 19 was 
associated with increased vulnerability to late onset AD. The gene ul
timately identified was apolipoprotein E (Apo E), a previously charac
terized cholesterol binding protein. There are three allelic variants of 
the Apo E gene (minor base differences common in the population) 
designated Apo E 2, 3, and 4. The Apo E4 variant, especially in the 
homozygous state (2 copies of Apo E4), both increased the risk for AD 
and decreased the age of onset (Corder et al. 1993). Allelic variants of 
other genes such as anti-a-chymotrypsin have also been implicated as 
affecting risk for late onset AD. 

Transgenic Mice. Molecular biologic techniques now also per
mit the re-creation in experimental animals, primarily mice, the genetic 
defects identified in human disease so that the cellular mechanisms re
sponsible for pathology can be studied in a much more rigorous fash
ion. With regard to AD, the mutant APP gene responsible for early 
onset AD has been inserted into the mouse genome. When mice bear
ing and expressing this gene are bred to homozygosity (two copies of 
the gene), the homozygous mice develop amyloid deposits and senile 
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plaques in the cerebral cortex and exhibit an age related cognitive de
cline when compared to the control mice without the inserted mutant 
human APP gene (Hsiao et al. 1996). Having a mouse model with the 
same genetic defect and the same neuropathology as AD provides the 
opportunity to rigorously tease apart the cellular mechanisms that lead 
to the aberrant processing of APP and result in the deposition of amy
loid. For example, mutations in the two presenilin genes are the most 
frequent causes of hereditary early onset AD but the relationship be
tween these two proteins and APP remained obscure. However, the 
solution to this conundrum appears to be near resolution with the de
velopment of mice that are transgenic for and express mutant human 
presenilin-1. These mice demonstrate an over-accumulation of a form 
of amyloid critical to the formation of senile plaques, thereby pointing 
towards important interactions between the mutant presenilin and the 
pathologic processing of APP to yield amyloid (Duff et al. 1996). 

Therapeutic Implications. The reason for reviewing recent 
advances in the genetics and molecular biology of AD is that it repre
sents a prototypic neuropsychiatric disorder upon which can be mapped 
the strategies for elucidating other major mental disorders for which 
heritable risk factors have been demonstrated to be substantial through 
family, twin and adoption studies. As should be expected for these 
psychiatric conditions such as schizophrenia, bipolar disorder, affective 
disorder, panic disorder, the genetic causes of AD are heterogeneous. 
Mutations in three separate genes account for the majority of early 
onset forms of the disorder. Modifying genes such as alleles of Apo E4 
and anti-alpha-chymotrypsin affect risk and course of the disorder 
(Sandbrink et al. 1996). The studies of the cellular biology of these 
different forms of AD strongly suggest a final common pathway, which 
involves the aberrant break-down of APP that results in the pathologic 
accumulation of amyloid. Pharmacologic strategies to treat the conse
quences of amyloid neurotoxicity - i.e., the degeneration of choliner
gic, noradrenergic and glutamatergic neuronal systems innervating 
cortex - would be temporarily palliative. In contrast, the understand
ing of this final common pathway of pathologic amyloid deposition 
should provide molecular targets for drugs that would interfere with 
this process. Thus, a drug that inhibits the protease that cleaves APP 
in a way that favors the formation of amyloid would retard the deposi
tion of amyloid in the brain. Such a treatment strategy would be useful 
in slowing the progress of AD in those who are affected. But much 
more importantly, ifthis drug were administered to those at identified 
genetic risk prior to onset of symptoms, it might actually prevent the 
development of the symptoms of AD. 
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Severe Mental Disorders. It is not difficult to speculate how the 
strategies applied so effectively to AD could and will be extended to 
other severe mental disorders such as schizophrenia or bipolar disor
der. With regard to reverse genetics, promising leads on linkages to 
sites on the human genome have already been reported for schizophre
nia (Kendler et al. 1996) and bipolar disorder (Berrettini et aI, 1994). 
Such linkages, when extended to identified genes will reveal critical 
pathways that lead to functionaljneuroanatomic mechanisms respon
sible for the disorder. Conversely, post-mortem brain studies in schizo
phrenia are identifYing abnormal levels of neurotransmitters, receptors 
or enzymes that suggest candidate genes that could be fruitful targets 
of genetic studies (Coyle, 1995). The convergence of these two lines 
of inquiry, as in AD, will lead to a fundamental understanding of the 
causes of these disorders and the identification of molecular targets for 
the development of more effective pharmacotherapies. 

Allelic Variants in BehaviOl: Another emerging theme at the 
interface between psychiatry and molecular biology is the possible ge
netic determinants of complex behaviorand personality characteristics 
that fall under the broad rubric of temperament (Plomin et al. 1994). 
This line of investigation does not focus on psychiatric disease per se 
but may shed light on the interaction between temperamental traits 
and environment that could lead to psychopathology in the case of 
mismatch. One strategy is to exploit inbred strains of experimental 
animals (mice, rats, dogs) to identifY gene loci that are associated with 
particular behavioral traits (Takahashi et al. 1994; Cope land et al. 1993). 
Another strategy is to exploit the wealth of information that is accumu
lating in neuroscience research on the role of specific neuronal systems 
in behavior. This is a variant on forward genetics in terms of moving 
from a specific protein such as a receptor to its gene to determine whether 
variants of the gene (alleles) are associated with specific behavioral phe
notypes. A recent example of this strategy concerns the dopamine - D4 
receptor. 

The D-4 form of the dopamine receptor is expressed primarily in 
the nucleus accumbens and limbic cortex and has been linked in 
behavioral studies to neuronal systems involved in reward or "pleas
ure" (Van Tol et al. 1991). The gene encoding for the D-4 receptor 
has several alleles in which a 16 amino acid portion of the receptor is 
repeated two to nine times resulting in a receptor with differing trans
duction efficiencies. Low transduction efficiency (high number of this 
repeat) could logically be linked to behavior that would cause increased 
presynaptic dopamine release in order to achieve adequate post -synaptic 
response. In experimental animals, stressful situations have been shown 
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to activate dopaminergic neurons innervating the limbic cortex. In 
this regard, two different studies, one on an Israeli population and an
other on an American population, demonstrated that the less common 
seven repeat form was significantly enriched in those individuals exhib
iting high extraversion scores on personality tests, a profile that in
cludes risk taking behaviors (Ebstein et a11996; Benjamin et al. 1996). 
Nevertheless, the total contribution of this association to extraversion 
was quite modest, representing five percent of the variance in the popu
lation. Another study has provided preliminary evidence that this allele 
of the D-4 dopamine receptor is enriched in individuals diagnosed with 
attention deficit hyperactivity disorder (La Hoste et al. 1996). Allelic 
variants of dopamine receptors have also been implicated in the in
creased risk for substance abuse; although this finding has been con
tested (Gejman et al. 1994) and allelic variants of GAB A-A receptors 
have been shown to be associated with alcohol sensitivity in experi
mental animals (Korpi et al. 1993). 

The clinical and societal implications of these studies in behavioral 
genetics are going to be a challenging topic for the 21st century. A 
misperception and misinterpretation of such findings is that genes de
termine behavior (genetic determinism) whereas the reality suggests 
that these genetically shaped behavioral characteristics interface with 
life experience and afford opportunities for positive and/or negative 
outcomes dependent on developmental life experience. Nevertheless, 
as modulators of behavior, these gene products might serve as targets 
for pharmacologic manipulation. 

PHARMACEUTICAL DISCOVERY 
The advances in molecular biology and neuroscience are also impact
ing the development of more effective and specific drugs. As allelic 
gene products are identified that are responsible for brain disorders, 
the precise mechanisms responsible for their malfunction can be char
acterized in cell lines transfected with the human gene or in mice ren
dered transgenic for the gene. Cells transfected with the human gene 
can be used to screen potential drugs or libraries of compounds to 
determine which exhibits high affinity for the gene product and high 
specificity against related but uninvolved gene products. For example, 
this strategy has permitted the identification of compounds with high 
specificity for the dopamine D-4 receptor as opposed to the closely 
related D-2 and D-3 receptors. 

Using bacterial expression systems, substantial quantities of the 
gene product of interest can be synthesized. This permits x-ray crystal 
analysis of its structure (when possible) and NMR studies of ligand 
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interaction with the protein. In combination with sophisticated chemical 
structure computer programs, ligands for the protein can be designed 
in purposeful ways to maximize specificity. This approach coupled with 
a much better understanding of chemical structure that affects blood
brain barrier permeability, metabolism and toxicity has considerably 
accelerated drug discovery (Bundell, 1996). 

Until recently, the rate limiting step in the development of suitable 
compounds was often synthetic chemistry. This problem has been cir
cumvented by the introduction of combinatorial chemistry. Combina
torial chemistry brings together the ability to link a series of compounds 
in a predictable fashion on a solid support and the mixing of the se
quence of reactions to yield extensive "libraries" of compounds in a 
short period of time. The library is then subjected to a high through
put screen against the gene product of interest to identifY compounds 
with high affinity for the gene product. This permits the rapid identi
fication of a "lead compound," which can then be adapted by tradi
tional medicinal chemistry to optimize specificity and efficacy. In this 
way, the serendipity of psychotropic drug design of the 60's has been 
transformed to a strategy that relies on molecular understanding of the 
biology of brain disorders but employs a "Darwinian" selection of po
tential drugs from a random series of compounds (Hogan, 1996). 

BRAIN IMAGING 
Methods. A second technology that will substantially shape our un
derstanding of the causes of mental disorders and their effective treat
ments in the foreseeable future is brain imaging (Rauch and Renshaw 
1995). Brain imaging encompases a number of different methods of 
detection: positron emission tomography (PET), single photon emis
sion computed tomography (SPECT) and nuclear magnetic resonance 
(NMR) imaging (Table 2). It is perhaps more useful to categorize the 
range of imaging technologies according to the information acquired. 
Through the use of radioactive ligands that bind with a high degree of 
specificity to brain proteins both SPECT and PET provide the oppor
tunity to measure biochemical markers such as receptors, transport sites 
or neurotransmitters that occur in low concentrations in the brain. For 
example, [IIC] spiperone has been used to label dopamine D-2 receptors, 
[ISF]-dopa to label dopamine stores in dopaminergic neurons and [1231]_ 
b-CIT to label dopamine carrier sites on dopaminergic neurons (Innis 
et al. 1993). The clinical advantage of SPECT over PET is that the 
technology for SPECT is much less expensive and that the ligands are 
commercially available. Nevertheless, for physical reasons, the degree 
of resolution with PET is somewhat better than with SPECT. 
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The chemical composition of the living brain can now also be visu
alized with an increasingly high degree of resolution by NMR 
spectroscopy. The limitation of this method is its sensitivity with de
tection limits in the millimolar range. Nevertheless, an increasing 
number of brain constituents relevant to chemical neurotransmission 
and neuronal integrity such as GABA, glutamate, high energy phos
phates and N-acetylaspartate can be measured with NMRspectroscopy 
with progressively higher spatial resolution (Rauch and Renshaw, 1995). 
As instruments with higher power are developed, the spatial and chemical 
resolution will undoubtedly increase, permitting more refined studies 
of the living human brain. MR imaging also is providing an increas
ingly fine grained visualization ofCNS structures based upon their water 
and lipid content that is providing the ability to quantify subtle struc
tural abnormalities that have long eluded neuropathologic studies in 
psychiatry. With the development of sophisticated and objective statis
tical analytic techniques, this approach is revealing regionally specific 
alterations in brain structure that correlate powerfully with specific symp
tomatic manifestations of mental disorders. For example, the quantita
tive measurement of the left superior temporal gyrus has shown that 
reductions in this structure correlate significantly with the degree of 
thought disorder in patients suffering from schizophrenia (Shenton et 
al. 1992). These findings are rendered particularly meaningful because 
of the ability to correlate neuroanatomic alterations with the neuropsy
chological processes mediated by the structures and their connections. 

Since NMRimaging does not require the use of radioactive agents, 
imaging can be carried out repeatedly not only on adults but also on 
children over time. For example, a recent study has demonstrated 
reductions in the volume of frontal cortex in childhood onset affective 
disorders as compared to suitable controls (Steingard et al. 1996). NMR 
imaging also permits the carrying out of longitudinal and prospective 
studies of the developing nervous system in individuals suffering from 
or at risk for mental disorders in a way that will provide powerful insights 
into the maturational anatomy and neuropathology of these conditions. 

Functional Imaging. Given that most psychiatric disorders un
likely reflect substantial changes in brain structure but rather in func
tion of brain neuronal systems, the emerging area of functional brain 
imaging has particular salience to psychiatry. Most of the approaches 
rely on the inferred relationship between neuronal activity and local 
cerebral blood flow or oxygen consumption. In PET, this can be ac
complished with H

2
1SO as a reflection of oxygen consumption, in SPECT 

through the use of various radio-labeled markers that distribute with 
blood flow and in NMR through the measurement of desaturation of 
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oxyhemoglobin. These methods are revealing regions of abnormal func
tion that are associated with specific psychiatric disorders as well as 
illuminating the circuitry involved in normal cognitive functions and 
emotional states. 

Functional brain imaging has been transformed by two develop
ments. First, sophisticated statistical analytic methods have been brought 
to bear on the issue of how to resolve and identify significant altera
tions in blood flow/oxygen consumption under different experimental 
conditions both within subjects and between subjects. Coupled with 
refinements image resolution, these methods have recently been able 
identify activity differences in discrete structures of interest such as the 
amygdala and nucleus accumbens. Secondly, functional brain imaging 
has increasingly become a tool ofneuropsychologists to delineate neu
ronal systems in human brain that are involved in cognitive functions, 
emotional states, learning and memory and other physiologic proc
esses such sleep. This research is yielding an increasingly fine grained 
understanding of human brain function and its plasticity in response to 
learning and experience. For example, recent studies have demonstrated 
that the human amygdala is uniquely activated during the apprehen
sion of fear (Morris et al. 1996), that visual imagery activates compo
nents of the visual cortex that corresponds topographically with the 
image (Kosslyn et al. 1995), and that mental practice of a motor activ
ity results in expansion in the representation of the these functions in 
the cortex (Decety et al. 1994). In addition, with clever psychophysi
cal paradigms that the exploit the visual system, functional brain imaging 
studies are attacking the very processes of consciousness in demon
strating that conscious awareness of visual stimuli requires their repre
sentation in associational visual cortex and not just primary visual cortex 
(Leopold and Logothetis, 1996). 

In the past, attempts were made to correlate abnormal function 
with psychiatric symptoms at a resting state. For example, several func
tional imaging studies in individuals suffering from schizophrenia sug
gested a hypofunction of the frontal cortex although the effect was 
small and variable. However, when the functional imaging was cou
pled with a cognitive task that required activation of the frontal cortex 
for its successful execution, the differences between patients suffering 
from schizophrenia and normal controls became dramatically appar
ent. Furthermore, such differences were directly linked to the sympto
matic manifestations of the disorder and not the genetic risk of the 
disorder since this frontal hypofunction occurred only in the affected 
identical twins who were discordant for schizophrenia (Berman et al. 
1992). Similarly, aberrant cingulate activation can be demonstrated in 
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patients suffering from obsessive compulsive disorder when they are 
challenged with the presence of the feared contaminated object (Rauch 
et al. 1994). 

By exploiting a method in which H 21sO is repeatedly adminis
tered to develop very brief assessments of brain activity, investigators 
have been able to more precisely delineate systems whose activity is 
state dependent, using the individual as his or her own control. For 
example, recognizing that hallucinations occur intermittently in schizo
phrenia, Silbersweig et al. (1995) repeatedly administered H 21sO and 
PET scanned subjects with schizophrenia who had been trained to in
dicate when they were experiencing an hallucination. Comparing those 
scans that occurred while the hallucination was occurring to those when 
the subject was not experiencing an hallucination, they were able to 
demonstrate fore brain systems that were specifically activated in asso
ciation with the experience of auditory and visual hallucinations. 

Treatment Implications. The application of functional brain 
imaging techniques in psychiatry are not restricted simply to the iden
tification of pathologic circuitry but offers opportunities to identifY 
processes that are altered with effective treatment of mental disorders. 
With the growing evidence that mental states have their representation 
in brain neuronal function, it is apparent that distinctions between 
pharmacologic interventions and psychologic interventions are illusory. 
An impressive example of this line of investigation is the study by Baxter 
et al. (1992) using imaging technology to correlate treatment response 
in obsessive-compulsive disorder (OCD) in which behavioral therapy 
was compared to pharmacotherapy with fluoxetine. Patients suffering 
from OCD typically exhibit significantly elevated activity in the region 
of the right caudate. Patients were randomized between behavioral 
treatment and fluoxetine treatment and approximately 70% in each cell 
responded to treatment. Rescanning revealed that those that responded 
to treatment, regardless of whether it was behavioral or pharmacologic, 
exhibited a significant reduction in the right caudate overactivity whereas 
those that did not respond did not show change. 

This study sets a clear precedent and provides a model for ex
ploring neural mechanisms responsible for the efficacy of treatments 
for a host of psychiatric disorders. One might counter that this tech
nology adds little important information since the crucial issue is whether 
a treatment works or not and not how it works. However, in fact, most 
treatments in psychiatry are only partially efficacious. In other words, 
treatments often affect certain features of the disorder without improv
ing other aspects. For example, typical neuroIeptics are efficacious in 
reducing positive symptoms of schizophrenia but have minimal effects 
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on negative symptoms and cognitive impairments. Thus, imaging studies 
may disclose those components of functional neuronal abnormalities 
associated with specific disorders that respond to treatment and those 
that do not, thereby providing leads for alternative or complementary 
interventions. Furthermore, compelling evidence is being developed 
that psychological interventions coupled with pharmacologic treatments 
in serious mental disorders including schizophrenia, obsessive-compul
sive disorder and affective disorders improve long-term outcome and 
reduce relapse rate (Frank et al. 1992; Weissman et al. 1994). Func
tional brain imaging will likely shed light on the complementarity of 
these treatments and methods for further refining specificity and effi
cacy of psychological interventions. 

IMPACT OF SCIENTIFIC ADVANCES ON THE PRACTICE OF 
PSYCHIATRY 

The major effect of the expansion of managed care in psychiatry 
has been a rather dramatic reduction in length of stay of patients in 
hospitals. The expansion of less restrictive forms of treatment such as 
day-hospitals, therapeutic residential care and specialized ambulatory 
intensive care services have contributed to this offset. At the same 
time, ambulatory treatment for subacute conditions has increasingly 
been restricted and provided by non-psychiatric healthcare workers. In 
many respects, these changes in care are orthogonal to the scientific 
advances that are transforming our understanding of psychiatric disor
ders, their pathobiology and their treatment. 

While it is clear that more effective mechanisms for diagnosis and 
treatment should invariably result in a reduction in utilization of inpa
tient facilities, it is a misreading of trends to confuse ambulatory treat
ment with primary care treatment. For example, in surgery, the 
development of sophisticated laparoscopic technology has resulted in 
the dramatically reduced morbidity associated with certain forms of 
surgery so that the procedures that historically required several days of 
recuperation in the hospital can now be performed in the day hospital. 
If anything, more advanced forms of ambulatory surgery require greater 
technical skills and specialized training, not a lower level of skill. By 
analogy, research results in refinements in diagnosis and treatment in 
psychiatry and delineates critical relationships between brain and life 
experience in psychopathology. Expertise in diagnosis and in melding 
the increasingly complex array of specific pharmacologic and psychologic 
interventions will require greater skills and expertise associated with 
psychiatric training. In support of this contention, current studies in
dicate that the success in diagnosis and in treatment of common psy-
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chiatric conditions such as depression is much lower when performed 
by primary care physicians as compared to mental health professionals. 
Thus, the salience of expertise will likely become greater and not lesser. 

The scientific advances that will transform the practice of psychia
try will also demand that post-graduate training programs in psychiatry 
provide the requisite didactic and clinical experiences so that the train
ees have the expertise in human genetics, clinical neuroscience, 
neuroimaging and psychological interventions necessary to assume lead
ership role in diagnosis and in treatment of patients (Coyle, 1995). In 
addition, as a consequence of discovery of genetic risk factors for men
tal disorders, it will be possible to identify presymptomatic individuals 
at risk within families with affected members so that preventive inter
ventions can be instituted where appropriate. In the case of AD, the 
intervention might be long term treatment with a protease inhibitor to 
reduce the rate of amyloid accumulation. However, such interventions 
will likely not be limited to pharmacologic agents. For example, in the 
case of children born into families in which one or both of the parents 
suffer from depression, psychologic preventive interventions that are 
currently being tested might become common place (Beardslee et al. 
1996). 

Areas of Concern. One concern often expressed about the 
"medicalization" of psychiatric practice is that it will foster a 
reductionistic and deterministic view of psychopathology that sunders 
the historical humanistic relationship between therapist and patient. 
However, this is a misreading of some of the most compelling advances 
in brain research which have demonstrated the remarkable plasticity of 
the nervous systems at all levels of organization. Furthermore, studies 
in which genes thought to be critical for brain function had been inac
tivated in "knock out mice" on many occasions have revealed the re
cruitment of compensatory pathways that virtually mask the loss of 
function ofthe gene (Majzoub and Muglia 1996). As reviewed above, 
functional brain imaging studies in humans have repeatedly demon
strated the remarkable malleability of functional circuitry in the cer
ebral cortex as a consequence of experience, including psycho logic 
treatments. The psychiatrist will play a special role in both the manage
ment of patients individually as well as at a societal level to educate 
about the complex and non-deterministic relationship between genetic 
risk, for example, and psychopathology. 

Psychiatrists will have to take an even greater leadership role in 
advocating for their patients with regard to the policy implications of 
this new knowledge, especially in the area of genetics. These issues are 
already a source of debate among clinicians, ethicists, and patient advo-
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cacy groups (Lewontin and Hubbard 1996). Core issues include who 
owns the information and to what use can it be put. Specifically, there 
is considerable concern that identification of an individual as being at 
genetic risk can result in specific exclusion for insurance benefits or 
even employment. Given what appears to be at best partial penetrance 
of genes that may confer risk for mental disorders, there must be real 
concern about the ability to use these technologies in fetal diagnostic 
techniques as a basis for terminating pregnancy. At one level, such 
decisions need to take into account improved abilities to provide effec
tive treatments and preventive interventions and at another level raise 
valid concerns on the positive manifestations of such risk factors in
cluding creativity, dynamism and leadership that may be associated with 
the risk for bipolar disorder, for example. 

CONCLUSION 
In closing, the 21st Century will see a practice of psychiatry that is deeply 
grounded in neuroscience and human genetics with diagnostic and treat
ment decisions increasingly defined and specified by these technologies. 
The psychiatrist by necessity will be required to have expertise in these 
areas as well as a mastery of a much more complex array of pharmacologic 
and psychologic interventions that are empirically tied to diagnosis. These 
advances will also provide welcome opportunities for presymptomatic 
identification and empirically grounded preventive interventions. It is 
these advances that should reverse the current, expanding practice of 
using the least expert mental health worker to diagnose and manage 
individual suffering from mental illness. Finally, Psychiatry will have to 
be even more vigilant in preserving its humanistic traditions and in serv
ing as the advocate for those with mental disorders or at risk for mental 
disorders to diminish stigma and to prevent discrimination. 
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Table I: Molecular genetics strategies 

Forward Genetics 

Protein 

mRNA 

Gene 

Mutation 

Table 2: Imaging 

Structure 

Function 

Reverse Genetics 

Linkage 

Gene 

Protein 

(Mal) Function 

MRI,CAT 

PET:H
2

150, '8F-Deoxyglucose 
SPECT: 99"f c-hexamethyl
propylene amine oxine 
fMRI: BOLD* 

Trace Markers (Le., receptors) PET 
SPECT 

Chemical Composition ~ I mM MR Spectroscopy 

*blood oxygen level dependent 



Free radicals in pathogenesis 
of mental and neurological 
disorders 
Leonid L. Prilipko and Valerian E. Kagan 

Understanding of brain function is beginning to play a crucial role in 
modern society. The vast theoretical and practical implications of prob
lems related to brain functioning have led to the declaration of the 
1990s as the Decade of the Brain in many countries. It should also be 
emphasized that the problems of brain functioning and human mental 
and neurological health are linked with such global factors as the intel
lectual potential of nations, the successful functioning of society and 
the existence of violent behavior. 

According to WHO there are more than one and a half billion 
people with some form of mental and neurological disorders, if to
bacco dependence is included in the calculations. As for mental disor
ders stricto sensu, there are approximately 300 million cases of anxiety 
disorders, 250 million cases of personality disorders, 200 million cases 
of mood disorders, 95 million cases of mental retardation, 35 million 
cases of schizophrenia and 22 million cases of dementia. In terms of 
dependence on psycho active substances, there are over 1 billion cases 
of nicotine dependence, 250 million cases of alcohol dependence and 
15 million cases of dependence on other drugs. As for neurological 
disorders, we estimate there exists 55 million cases of epilepsy and 8 
million cases of brain trauma. 

Data published in 1993 indicated that worldwide, the total bur
den of disease due to mental and neurological problems was 10.5% for 
men and 8.3% for women. The total burden of disease in the world is a 
constraint on social development, and the burden of mental and neu
rological problems is a significant component of that. For example, in 
the USA alone the cost of disorders of the brain and eNS are estimated 
to be more than US $400 billion. Therefore the urgency to strengthen 
efforts in the area of mental health is determined by ( 1 ) the high preva-
1ence of mental and neurological disorders all over the world; (2) a 
permanent increase in certain groups of diseases (e.g. senile dementias); 
(3) an increase of sub-groups in the population requiring psychiatric 
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and neurological care; and (4) the effects of psychiatric and neurologi
cal disorders and diseases on the economic and intellectual potential of 
society. 

Consequently, it is important to stimulate and promote new re
search projects including research on basic biochemical mechanisms of 
brain functioning, which may lead to the development of new approaches 
in the treatment of some neurological and mental disorders. We be
lieve that studies of free radicals are among them. 

FREE RADICALS, ANTIOXIDANTS, OXIDATIVE STRESS AND DISEASE 
Oxygen and lipid free radicals are implicated in the etiology of most of 
neurodegenerative diseases, and in aging. Numerous investigations at 
the cell, tissue and whole animal level - as well as epidemiological stud
ies - support the general concept that the probability of certain 
neurodegenerative diseases is inversely correlated with levels of antioxi
dants in the body (Hollan, 1995) and that antioxidants may be instru
mental in the prophylaxis and therapy of neurodegenerative diseases. 
Conversely, antioxidant vitamin-deficiencies may cause severe damage 
associated with massive oxidative stress. In particular, severe vitamin E 
deficiency can have a profound effect on the central nervous system. 
The classic abnormalities in vitamin E deficiency progress from 
hyporefiexia, ataxia, limitations in upward gaze and strabismus to long
tract defects, profound muscle weakness and visual field constriction. 
Patients with severe, prolonged deficiency may develop complete blind
ness, dementia and cardiac arrhythmias (Tanyel and Mancano, 1997). 

While this general notion is well accepted, the specific patho
biochemical mechanisms involved in enhanced production offree radi
cals and/or decreased antioxidant protection responsible for oxidative 
damage characteristic of different neurodegenerative diseases are not 
fully understood. Knowledge of these mechanisms, however, is critical 
to development of specific antioxidant prophylactic and/or therapeu
tic strategies. Recent clinical trials with antioxidants demonstrated that 
use of specific mechanism-based antioxidants is crucial for their pro
phylactic and/or therapeutic effectiveness; vice versa, there are exam
ples of unsuccessful or even harmful effects of antioxidants when their 
application was not based on detailed studies of mechanisms of oxidative 
stress and antioxidant action. One of the latest examples is the CARET 
study, discontinued in 1996, in which beta-carotene (in combination 
with retinol) was found to cause adverse effects: it significantly in
creased mortality and frequency of lung cancer in the high risk group 
of heavy smokers (Omenn et aI., 1996). Hence, use of antioxidants as 
chemopreventive and/or therapeutic agents should be mechanism-
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based, i.e. requires exact knowledge of the free radical mechanism( s) 
involved. 

The brain and nervous system may be especially prone to radical 
damage for a number of reasons (Packer, 1996). First, the membrane 
lipids are very rich in polyunsaturated fatty acid side chains. Second, 
the brain is poor in catalase activity and has only moderate amounts of 
superoxide dismutase and glutathione peroxidase. Thirdly, areas of the 
human brain (e.g. globus pallidus and substantia nigra) are rich in iron, 
which means that any injury to brain cells may result in release of iron 
ions that can stimulate free radical reactions (J ellinger and Keinzl, 1993). 
In addition, there is a high concentration of ascorbic acid in the grey 
and white matter of the CNS. The choroid plexus has a specific active 
transport system that raises ascorbate concentrations in the cerebrospi
nal fluid to about ten times the plasma level, and neural tissue cells have 
a second transport system that concentrates intracellular ascorbate even 
more. Ascorbic acid in the absence of transition metal ions has antioxi
dant properties. However, if catalytic iron were generated in the CNS 
as a result of injury, for example, ascorbic acid might then stimulate 
hydroxyl radical generations within the brain and cerebrospinal fluid. 
Elevated production offree radicals in combination with the disbalance 
of the protective antioxidant mechanisms and altered level of metals 
may play a role in a number of brain disorders. 

Already in 1991, WHO organized the International Meeting on Free 
Radicals in the Brain and as the result of the round table discussion held 
at that time, there were listed 22 brain diseases and disorders which ap
pear to involve free radicals (Paker et aI., 1992). They are the following: 

Parkinson's disease 
Alzheimer's disease 
Stroke 
Alcoholism 
Epilepsy 
Head trauma 
Retinal damage 
Spinal cord damage 
Multiple sclerosis 
Schizophrenia 
Dementia and 
hyperbaric oxygen 

Progeria 
Werner's syndrome 
Cocaine syndrome 
Vitamin E deficiency 
AIDS (HIV infection) 
Stress 
Brain edema 
Tardive dyskinesia 
Inflammatory disease 
Brain damage by hyperoxia 
Down's syndrome 

Indeed, for example, in the case of head and spinal cord trauma, it 
became obvious that free radicals are formed at some point in almost 
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every mechanism of secondary injury. Free radicals damage endothe
lial cells, disrupt the blood-brain barrier, and directly injure brain 
parenchymal cells, causing edema and structural changes in neurons 
and glia. Disruption of the blood-brain barrier is responsible for 
vasogenic brain edema and exposure of brain cells to damaging blood
borne products. Repeated observations of the efficacy of pharmacologic 
interruption of free-radical reactions in animal studies strongly point to 
the role of free radicals in post-traumatic brain damage, even though 
evidence of free-radical formation in injured brain was only recently 
provided. 

OXIDATIVE STRESS IN ALZHEIMER'S DISEASE 
The pathological hallmarks of Alzheimer's disease are amyloid angio
pathy, plaques, and neurofibrillary tangles (Edelberg and Wei, 1996). 
These and some other pathological correlates of Alzheimer's disease 
can be explained by free radical- and oxidative stress-induced mecha
nisms. In particular, amyloid-beta deposition in senile plaques, intrac
ellular accumulation of protein in neurofibrillary tangles, and the 
degeneration of specific neuronal populations can be attributed to spe
cific oxidative stress-type mechanisms (Smith and Perry, 1995). There 
is increasing evidence that aggregation of amyloid beta peptide is re
lated to its neurotoxicity and that aggregation produces free radicals 
(David et aI., 1997) (Markesbery, 1997). 

More specifically, oxidative stress and free radical production are 
suggested to be linked to the fragment of the beta-amyloid protein 
that contains the peptide sequence 25 to 35 of the parent compound 
(beta 25-35) which is considered to be the major contributor to 
neurodegenerative events associated with beta-amyloid deposits in 
Alzheimer's disease (Cafe et aI., 1996). The beta 25-35 fragment in
creases cytosolic calcium and is directly cytotoxic to neurons in tissue 
culture. Importantly, the cytotoxic effects of beta-amyloid 25-35 added 
to primary cultures of rat hippocampal or cortical neurons can be re
duced or prevented by different antioxidants (Richardson, 1996). 

In a different model, a rapid, concentration-dependent increase in 
cytosolic free calcium levels in suspensions of PC12 neuronal cells was 
caused by beta-amyloid 25-35. This effect was not altered by pretreat
ment with the calcium channel blockers nifedipine or cobalt, with the 
depleter of intracellular calcium stores cyclopiazonic acid, or with the 
phospholipase C inhibitor neomycin. However, the effects of beta-a my
loid 25-35 on cytosolic free calcium were absent in calcium-free buffer 
and were blocked by the antioxidant lazaroid U-83836E and by vita
min E (Zhou et aI., 1996). Using organotypic hippocampal slice cul-
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tures, Bruce et al (1996) demonstrated that a synthetic catalytic 
superoxide and hydrogen peroxide scavenger, EUK-8, protected from 
neurotoxicity induced by beta-amyloid 25-35. EUK-8 also completely 
blocked beta-amyloid 25-35-induced free radical accumulation and li
pid peroxidation (Bruce et ai., 1996). 

The exact mechanisms through which beta-amyloid 25-35 pro
duces its cytotoxic effects are not fully elucidated. One of the hypoth
eses suggests that 4-hydroxynonenal, HNE, a known cytotoxic aldehydic 
product of lipid peroxidation, mediates beta-amyloid 25-35-induced 
disruption of neuronal ion homeostasis and cell death. Beta-amyloid 
25-35 induced large increases in levels offree and protein-bound HNE 
in cultured hippocampal cells. HNE was neurotoxic in a time- and con
centration-dependent manner, and this toxicity was specific in that other 
aldehydic lipid peroxidation products were not neurotoxic (Mark et 
ai., 1997). 

Recently, biomarkers of oxidative stress were examined immuno
histochemically in human amyloid deposits from patients with systemic 
amyloidosis, such as familial amyloidotic polyneuropathy (FAP) pri
mary amyloidosis, and secondary amyloidosis (Ando et ai., 1997). Sig
nificantly higher levels of biomarkers of lipid and protein oxidation 
(TBARS and protein carbonyls) were found in amyloid rich tissues of 
FAP patients compared with those in the control subjects. The authors 
concluded that lipid peroxidation free radical-induced modification of 
proteins and lipids may play an important role in the amyloid forma
tion process. 

The above mentioned and other published results suggest that syn
thetic radical scavengers may be promising as therapeutic agents in Alzhe
imer's disease. Antioxidant therapy should disrupt or prevent the free 
radical/beta-amyloid recirculating cascade and the progressive 
neurodegeneration. Idebenone, a synthetic compound acting as an 'elec
tron trapper' and free radical scavenger, has shown some efficacy in 
degenerative and vascular dementia; at present, other different mol
ecules having antioxidative properties [Iazaroids (21-aminosteroids), 
pyrrolopyrimidines, nitric oxide blockers, selegiline, some vitamins] are 
under investigation (Parnetti, 1997). 

OXIDATIVE STRESS IN PARKINSON'S DISEASE 
A particularly strong case on the pathogenetic role of free radicals 
can be made for Parkinson's disease, which is mainly characterized 
by the loss of dopaminergic neurons in the nigrostriatal system. The 
mechanism of nigral cell death in Parkinson's disease remains un
known, but it is increasingly proposed that free radical reactions are 
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important in the disease pathology (Spencer et aI., 1995). Current 
concepts of the pathogenesis of Parkinson's disease center on the 
formation of reactive oxygen species and the onset of oxidative stress 
leading to oxidative damage to substantia nigra pars compacta. Ex
tensive postmortem studies have provided evidence to support the 
involvement of oxidative stress in the pathogenesis of Parkinson's 
disease; in particular, these include alterations in brain iron content, 
impaired mitochondrial function, alterations in the antioxidant pro
tective systems (most notably superoxide dismutase [SOD] and re
duced glutathione [GSH]), and evidence of oxidative damage to lipids, 
proteins, and DNA (Jenner and Olanow, 1996). These indices of 
oxidative stress are accompanied by evidence of free radical mediated 
damage in the form of increased lipid peroxidation and oxidation of 
DNA bases (Jenner, 1996). Importantly, recent genetic studies dem
onstrated absence of mutations in the genes of three free radical de
toxifying enzymes - copper/zinc superoxide dismutase, manganese 
superoxide dismutase, and catalase in patients with Parkinson's dis
ease (Parboosingh et aI., 1995). 

Central to the problem is elucidation of the source(s) and nature 
of the free radical species responsible for neural cell death in Parkin
son's disease. There is some evidence of involvement of oxygen radi
cals, in particular, hydroxyl radical (OH.), peroxynitrite, and nitric 
oxide (Nishibayashi, 1996). Hydroxyl radicals may be generated from 
hydrogen peroxide through its catalytic decomposition by redox-ac
tive iron. The substantia nigra of parkinsonian brains is reported to 
contain increased amounts of iron as compared with age-matched con
trols (Wesermann et aI., 1995). In addition, the transferrin/iron ra
tio, a measure of iron mobilization capacity, was decreased in globus 
pallidus and caudate in patients with Parkinson's disease (Loeffler, 
1995 ). 

Thus, there may be redox-active iron available to catalyze de
composition of hydrogen peroxide and to form reactive hydroxyl 
radicals in the substantia nigra of parkinsonian brains. What then 
may be a source of hydrogen peroxide? Monoamine oxidase type B 
(MAO-B) generates hydrogen peroxide as a product of its reaction 
cycle (e.g., during oxidation of dopamine). Therefore, MAO-B may 
act as a generator of hydrogen peroxide, which - in the presence of 
redox-active iron and deficiency of catalase - may be responsible, at 
least in part, for oxidative damage in Parkinson's disease. If so, the 
inhibition of MAO-B by specific drugs may be a promising mecha
nism-based approach for therapy of Parkinson's disease. Importantly, 
recent studies demonstrated that the acetylenic selective MAO-B sui-
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cide inhibitor selegiline (previously called L-deprenyl) has proved to 
be a useful adjuvant to levodopa therapy and monotherapy of Par
kinson's disease (Gerlach et aI., 1996). MAO-B is, most likely, not 
the only source of free radicals in ParkinsonUs disease. The mito
chondrial electron transport enzyme NADH:ubiquinone oxidoreduct
ase (complex I), which is encoded by both mitochondrial DNA and 
nuclear DNA, is defective in multiple tissues in persons with Parkin
son's disease (Swerdlow et aI., 1996). Recently, numerous deletions 
in mitochondrial DNA were detected in striatum of parkinsonian 
patients (Ozawa et aI., 1997). Thus, defective mitochondrial func
tion may cause collapse of mitochondrial transmembrane potential 
due to production of free radicals and energy crisis and lead to re
lease of apoptotic protease activating-factors into cytosol and subse
quently nuclear DNA fragmentation resulting in apoptosis, i.e. 
neuronal cell death in Parkinson's disease. 

While it is clear that therapeutic strategies aimed at limiting free 
radical production and oxidative stress and/or damage may slow the 
advance of neurodegenerative disease the choice of appropriate anti
oxidants should be based on specific mechanisms of oxidative stress 
in persons with Parkinson's disease. In particular, iron chelators, 
MAO-B inhibitors, coenzyme Q, hydrogen peroxide-reducing agents 
and free radical scavengers may be a promising combination aimed at 
blockade of the major potential pathways of free radical production 
in the substantia nigra of parkinsonian brains. This combination, 
however, has not yet been elucidated. Random use of antioxidants 
did not provide any measurable success in treatment or preventing 
Parkinson's disease. For example, a dietary case-control study in 
which antioxidant components included vitamins E and C and 
carotenoids did not provide support for a protective effect of long
term dietary antioxidant intake on risk of Parkinson's disease (Scheider 
et aI., 1997). In another study, treatment with deprenyl or vitamin E 
(alpha-tocopherol) did not reduce the occurrence of subsequent levo
dopa-associated adverse effects in 800 untreated patients with Par
kinson's disease in the Deprenyl and Tocopherol Antioxidant Therapy 
of Parkinsonism (DATATOP) trial (Anonymous, 1996). Among 
different experimental therapeutic refinements, the use of MAO-B 
inhibitor, selegiline, has been most successful in that it has been shown 
that selegiline may have a neurotrophic factor-like action rescuing 
striatal neurons and prolonging the survival of patients with Parkin
son's disease (Ebadi et aI., 1996). Further studies are necessary to 
develop optimized antioxidant strategies against oxidative stress in 
Parkinson's disease. 
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OXIDATIVE STRESS IN SOME MENTAL AND STRESS-RELATED 
DISORDERS 

Less is clear about the involvement of free radicals in the course of 
some mental and stress-related disorders. Only indirect data is avail
able indicating the possibility of the involvement of free radicals in the 
pathophysiological process of these disorders. 

Schizophrenia. There is increasing evidence that free radical-medi
ated CNS neuronal dysfunction is involved in the pathophysiology of 
schizophrenia (Mahadik and Mukherjee, 1996). Antioxidant/ 
prooxidant balance is affected by schizophrenia resulting in oxidative 
stress. Antioxidant enzymes (superoxide dismutase, glutathione per
oxidase and catalase) are found to be altered in erythrocytes of schizo
phrenia patients. Results of a recent study suggest new candidate loci in 
schizophrenia and autism, particularly the 21 q22 J -q22.2 loci of the 
antioxidant, superoxide dismutase gene (as well as the chromosome 
15q23-24 locus of the hexosaminidase A gene, causing various GM2 
gangliosidoses, and a cytokine receptor gene) (Goodman, 1994). 

Lipid peroxidation is significantly increased in cerebrospinal fluid 
and plasma while the content of polyunsaturated fatty acids is decreased 
in the brain and red blood cell membranes of schizophrenic patients. 
Damage caused by oxidative stress in schizophrenia has been associated 
with tardive dyskinesia, negative symptoms, and neurological signs 
(Reddy and Yao, 1996). Clinical studies have shown that antioxidant 
treatment can attenuate the movement abnormalities observed in schizo
phrenic patients with tardive dyskinesia) (Cadet and Kahler, 1994). 
Further elucidation of the role offree radicals and antioxidants in schizo
phrenia and its treatment will require systematic investigations. 

Manic depressive psychosis. Similarly, increased levels ofbiomarkers 
of oxidative stress have been found in patients with manic depressive 
psychosis (Prilipko, 1996). Using the spectrofluorometric technique it 
was shown that the level of lipid peroxidation products in the serum of 
manic depressive patients was considerably increased before the treat
ment and did not differ from the control group after the treatment. 
This data allowed us to suggest that lipid peroxidation can be involved 
in the pathophysiological process of some mental disorders, but we still 
do not know whether lipid peroxidation has a crucial role in the patho
physiology of disease or is just a consequence of it. The answer to this 
question may be obtained through antioxidant trials, in which patho
genic role of free radicals may be confirmed by an improved clinical 
state of the patients. Combination of antioxidants with psychotropic 
drugs may also be useful, not only to avoid or decrease the side-effects 
but also to increase the therapeutic effectiveness of the drugs due to 
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general improvement of the membrane functioning, including the sen
sitivity of the receptors and transmembrane signal transduction. A com
bination of antioxidants might be particularly promising in the treatment 
of therapy-resistant patients and in the elderly. 

In conclusion, it may be said that the recent application of scien
tific data to the interrelationships of antioxidant compounds, together 
with the involvement of reactive oxygen species in a number of brain 
disorders, has created a new avenue in neuroscience. This new ap
proach of applying antioxidants for treatment of a variety of neurologi
cal and mental disorders is in its infancy. 
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