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Editorial

It is with great sorrow and a profound sense of loss that we
at NAMS share our grief at the passing away of Emeritus
Professor Dr. Baldev Singh, Founder Fellow of the Academy and
academician par excellence. Prof. Baldev Singh had character and
merit, qualities of head and heart which endeared him to
generations of physicians, neurologists, physiologists and medical
teachers. He possessed the rare blend and balance of knowledge
with humility, professionalism with perseverance and erudition
with earnestness. His life and living was a shining example of an
ideal physician committed to advancement in knowledge in basic
as well as clinical sciences. Every one who came in contact with
his towering personality and depth of demeanour felt overwhelmed
and enriched. To honour his contributions to medical science and
medical education, we dedicate this issue to his memory so that
we may continue to veflect with gratitude on his confributions
and seek continued inspiration from his life and laurels.

J.N. Pande
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A personal homage

Emeritus Prof. Baldev Singh

(1903 - 1908)

When he died at the age of 95 years, Prof. Baldev Singh had already
become a legend in his own life time. It is inconceivable to imagine a
historical narrative of the 20th century Indian neurology without Baldev
Singh emerging as one of the truly great, professors of neurology Indeed, it
not only applies to India but rather to the whole Indian sub-continent where
he was fondly called the “Father Neurone’, only to be replaced later by the
more reverential ‘Grandfather Neurone’. For nearly half a century, he strode
across the country as an intellectual giant, generating awe and admiration
amongst generations of medical students, residents and more importantly
fellow neurologists and neurosurgeons. Whether on the bed-side, or in any
one of the investigative and research laboratories devoted to electrophysiology,
experimental neurology, tissue culture or neurochemistry, Baldev Singh left
an indelible mark of his personality both as an academician, and as a human
being with warmth and compassion for his patients, colleagues and students.

Many of us remember him, and shall continue to do so, with ever-lasting
affection and immense gratitude for his teaching, his farsightedness, his
common sense, his humour, his zest for life and living, and above all, his
ability to be at ease, equally, with the highest (Jawaharlal Nehru was one of
his admiring patients following the stroke that he suffered at Bhubaneshwar
in January, 1964), and the lowest (even the lowest ranking employee of the
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departmem of Phys1ology, AIIMS could share his or her personal burden
with him and seek his help and assistance). Of course, as a human being he
had some frailties-but these were exceptional. The generosity of his heart
contrasted in an extraordinary manner with the thrift in his personal life and
caution even in small financial matters, He never owned any vehicle during
all of the nearly forty ye a he spent in Delhi; there is an unsubstantiated
but almost certainly a ecdote, although not without subsequent
embellishment, about his being found travelhng in a DTC bus when wireless
messages were being flashed all around to locate him because the then Prime
Minister of India needed for health reasons. In any case, all this added
to the aura of romance rfascmatlon whlch he continued to generate all
through his life. ‘ ‘ ‘

In his heart, Baldev Singh always ‘;remained a student with an insatiable
quest for knowledge. Once the narrated to me an incident of his early
childhood: he had failed in the annual primary school examination. Weeping
bitterly, he told his mother about his intention to discontinue his studies and
devote time to farming. His mother, either out of belief or tradition, consulted
the Vﬂldge astrologer for ‘vocational guidance’. Dr. Baldev Singh recalled
with a chuckle; the astrologer told his mother ‘the young boy will never
leave study of books and even at the time “of his death, few books will be
found under his pillow”. Indeed, in the last five years of his life when he was
vrsually handlcapped it was the duty of his doting daughter-in-law, Indu, to
read to him the latest advances in neurology from the National and
InLLrnatlonal journals that he continued to subscnbe, even aﬁer donatmg his
entlre ]Jbrary to the ATIMS.

Although::customary, but in the case of Dr Baldev Smgh the least
necessary, a few important milestones of his life may be mentioned. He was
born in village Gandasingh Wala (named after his grandfather who served in
the sikh army) of district Amritsar on April 13, 1903. As he recalled years
later in an intimate personal conversation, it was a most eventful - day
recorded in the family archives; he was born, his elder brother got married,
and his grandfather Sardar Ganda Smgh died on the same day w1thm a span
of a few hours' ‘

- After his early educahon in the Vlllage school, he d1d hls F SL (Medlcal)
from DAV College, Lahore, securing the top rank. Admitted to King FEdward
Medical College, Lahore, Baldev Singh graduated in Medicine in 1927, with
several medals and prizes. He proceeded to England in 1929, qualified
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MRCP (London) in 1930, and was inspired by the great clinical teachers of
that era. The complexity of central nervous system had always excited him
since his student days. He enrolled himself at the National hospital at Queen
Square which had already built a formidable reputation, thanks to the genius
of Brown-Sequard, one of the original members of the staff at the time of the
opening of the hospital in 1860, Hughlings Jackson (who died in 1911 but
was immortalised as Plato of neurology) and Sir William Gowers. Although
all three had died long before Baldev Singh entered the hallowed portals of
Queen Square, he imﬁiediately ‘came under their spell’ as if ‘they were still
there, beaconing and encouraging, quizzing and demanding’. In particular, it
was the marble bust of Hughlings ]ackSOH which always * transfixed his gaze
at me’, Perhaps, this sﬁb’cdhsddhél}r initiated Dr. Baldev Singh’s interest in
epilepsy. Of these who were consultants at this hospital in 1929-31, Dr.
Baldev Singh had nostalgic memories of the lecture demonstrations of
Macdonald Critchley, although he was much more enthused by Derek Denny-
Brown .who: was then an Assistant Physician at Queen Square but. spent
much time in the Department of Physiology at. Oxford. Perhaps this
combination of practice of clinical neurology and research in neurophysiology
impressed. the young mind of Baldev Singh and the image of Denny-Brown
blending with ease the two assignments became etched in his ‘memory. and
served as a role model in the later years of his life. It was also around this
time, that the first paper describing electroencephalography in the humans
had bbeen published by Hans Berger in 1929, and in 1932, Nobel prize in
Physiology and Medicine was awarded jointly to: Charles Scott Sherrington
and Edgar Douglas Adrian for their studies on “Function of Neurones'..

It was Sherrington, the British neurophysiologist, who had coined the
term sifnapse to describe the fuhctional gaps between neurones and muscles
and between individual neurones. Indeed within a short span of the preceding
two decades, Pavlov, Golgi, Ramon Y Cajal and Sherrington had won Nobel
prizes unravelling the mysteries of neurones and how they ‘talk to each
other’. Baldev Singh had sat ‘mesmerized” when Sherrington delivered a talk
at the Royal Society in London. A combination of these events perhaps set
the course of his life’s academic sojourn in neurosciences. He returned to

India to practice academic medicine at Amritsar, but maintained his intorest
in neurology through an honorary attachment to the local Medical college.
With his g;{i)wjng fascination for neurosciences, Baldev Sin'ghkde‘(:ided to
discontinue his lucrative practice and proceeded to the USA in 1950 to learn
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electroencephalography and for further training in neurology. The rest is
history. :

With a neurosurgeon, Dr. Jacob Chandy, he laid strong foundations of
Neurosciences at the Christian Medical College, Vellore, (1951-54) returning
to New Delhi in 1954 as the Consultant Neurologist at the Tirath Ram Shah
Hospital with clinical attachments for teaching and research at Lady Hardinge
Medical College whose Principal at that time was Col (later, Major General)
Amir Chand, an old teacher of Baldev Singh from Lahore days; His association
w1th the Lady Hardmge also initiated a collaboration with the Department of
Physiology where a young Professor, Dr. Bal Krishan Anand, had taken over
as the Chairman. The initial collaboration ‘matured into a life-long frlendshlp
and launched Bal and Baldev and Gulzar Chhina, on a voyage. of
neurodlscovery

On a personal request by Prime Minister Nehru, and with a most
persuasive effort by the then Director, AIIMS, Dr. K.L. Wig, Baldev Singh
accepted the foundation Professorship of Neurology at the AIIMS in 1964, at
the ‘ripe’ age of 61 years (which was already beyond the prescribed age of
retirement). His reputation attracted amongst others, a youthful neurosurgeon,
Prakash Tandon, to the AIIMS where Dr. Baldev Singh nurtured his young
talent with care and concern.” A DM course in Neurology and an MCh.
course in Neurosurgery were soon started. Following his formal retirement
in 1967, Dr. Baldev Singh served as Emeritus Scientist, ICMR and later :as
Emeritus Professor, with conjoint “assignments in the departments of
Physiology and Neurology. The death of his only son, Birinder (who-was'a
Professor of Radiology at Medical College, Amritsar) for once shattered his
equanimity and old age suddenly began to grow on him. With rare courage
and fortitude, he contintied to serve the ATIMS till 1991, when he finally left
Delhi to spend the autumnal years of his hfe in the ‘ancestral house in his
village near Amuritsar. :

.:Several times, after visiting him in the serene environment of his study-
‘cum-bedroom in the ground floor of the ancestral ‘haveli’ which like him,
had seen better days and better tlmes, one came away ! somewhat sad and
depressed seeing his failing health, although he always made a spec1a1 effort
to compensate it by his soaring spirit, booming. voice, and above all, an
infectious enthusiasm. Nevertheless, it was clear that the once great intellectual
’luxury liner” was gradua]ly sinking, The end ﬁna_lly came, after a short
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illness, on February 2, 1998 when he departed from this mortal world,
leaving behind two daughters, Tripta and Sudesh, a daughter-in-law, Indu,
several grand and great grand children and a large circle of friends, admirers
and students, some of whom having already become ‘great’ in their own
right.

- From amongst such-a galaxy of scientists, constituted by his students
and younger colleagues whom he nurtured with care and devotion, only a
few were present at his last rites in his village. Nevertheless, it was not
difficult to discern amongst them the reflected glow of their instructor and
mentor, Dr. Baldev Singh. Issac Newton once said of himself, “If I have seen
further than other men, it is because I have stood upon the shoulders of
giants”. Indeed, there are several in the country today who became great
only by standing on the shoulders of Dr. Baldev Singh. Alas! most of them
were not present when the last prayers for the departed soul were said on

- February 5, in the simple and dignified ceremony at his village, with the
backdrop of the rays of setting sun providing a befitting aura to the chant of
Vedic hymns. ‘ o

Unlike some of those scientists of today who opt to become more
competitive in their gush for individual rewards and glory, Dr. Baldev Singh
all through his life had a singular devotion to, and gust for, knowledge and
trath. He may not have made vital new discoveries but he certainly never
failed to recognise the rare spark amongst some of the eager young minds
assembled around him, and ensured the growth and development of their
full intellectual potential. The crowning glory of Dr. Baldev Singh’s odyssey
through the exciting biomedical advances of the twentieth century does not
lie in more than 250 scientific papers or numerous chapters in monographs
and text books that he published; it lies in the simple fact that Dr. Baldev
Singh knew how to recognise and nurture the talents of others, and admirably
succeeded in doing so - always.

Throughout life, it was always that he honoured awards rather than the
awards honoured him. The President of India decorated him with the coveted
‘Padma Bhushan’ for his outstanding contributions. The rank of Honorary
Brigadier was conferred upon him by the AFMC which he served as senior
Honorary Consultant Neurologist and Advisor for research in neurosciences.
He was a Founder Fellow of the National Academy of Medical Sciences, and
a Fellow of the National Science Academy. He was the reluctant recipient of
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several academic distinctions, medals ‘and  awards but could mever: be
persuaded to accept any elected office of a professional association. His
scientific contributions ‘are being commemorated in this special number of
the Annals ‘'of NAMS: ‘ ‘ :

Once during an intimate conversation, I asked him what epitaphk he
would prefer for commemorating his life’s contributions. A lover of Urdu
poetry as he was, he recited the followmg couplet' : /

’Bade shauq se sun mlm tha zamana

Hum hi so gaye dastan kehate kehate’
Tt was with great enthusmsm
that the world stood enthralled

listening to-my discourse: it is only

I who went to eternal sleep while a

part of my narration was still unsaid’.

Yes, Sir! you were so prophetic

even in the choice of your own epitaph!
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Dr. Baldev Slngh (1903—1998)
Reminiscenes and Personal Vlgnettes

- Dr. Baldev Singh, the founder fellow of the National Academy of Medical Sciences,
was born on 13th April 1903, at Zaffarwal Dutta (now in Pakistan), i‘niakfamﬂy of
aristocratic rich landlords. His elder brother persuaded him to choose medicine as his
career. He did his graduation from King Edward Medical College, Lahore in 1927
with honours. He got married in 1928 and then left for U.K. where he obtained. the
Membership of the Royal College of Physicians in 1930.

After returning to Ind1a, he started his general practlce in his Vﬂlage near Amrltsar
in 1931. Within a few years, he developed a lucrative practice and lived an aristocratic
life. Despite this luxurious lifestyle he was deeply committed to academics. The urge
to learn was so deep in him that he decided to study further at the age of 45. He
wound up his «practice and left for Chicago, towards the end of 1949, to learn
electroencephalography from Prof. F.A. Gibbs. On his return-to India in 1951, he
joined as'Associate Professor in Neurology at Vellore. At the same time, Dr. Chandy
was working as a neurosurgeon in the same institute. In a short time, as a result of
the combined efforts of Dr. Chandy and Dr. Baldev Smgh Vellore became the main
centre of clinical neuroscience in India. ' :

In 1954, Dr. Baldev Singh was invited to join Tirath Ram Shah Hospital in Delhi.
Never satisfied with patient care alone, he also started his research in collaboration
with Dr. B.K. ‘Anand, who: was then heading the Physiology Department at Lady
Hardinge Medical College: This fruitful association continued even after both of them
shifted :to the All.India Institute of Medical Sciences. (AIIMS): In: 1964, .Dr. Baldev
Singh was invited to establish the Department of Neurology at. AIIMS. In the three
years that he was in active service at the AIIMS, he mémaged to establish a good
Department of Neurology. Even after his retirement, he played a role, behind the
scene; in:the establishment of the:Neurosciences Centre at AIIMS. After his: retirement
from the department of Neurology, Dr. Baldev Singh joined as an Emeritus Professor
in the Department of Physiology at AIIMS. It is very rare for a professor of a clinical
discipline to opt for a. position in a basic science department. In the Physiology
department, he had his room next to that of Dr. G.S. Chhina, with whom he was
closely associated in most of his research work. There he conducted research in areas
like high altltude, yoga, bmfeedback sleep, consciousness, cerebral oedema, epllepsy
and heat hyperpyrex1a Durmg that period, collaborative resedrch and teachmg by the
Department of Phys1ology, and chmcal departments, became the order of the day
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Many seminars in the department of Physiology were moderated by the faculty
members from clinical disciplines. All the seminars. in the department of Physiology
were attended by several postgraduates from clinical d1sc1p11nes The vertical integration
in teaching and research in medical disciplines was actually practised without much

hype and publicity.

During his stay in the department of Physiology, AIIMS, he actively participated
in lectures and seminars. He always prepared his lectures very meticulously, and
rehearsed them several times before the actual presentation. Tn his preparations, he
never differentiated between an important oration and an undergraduate lecture. His
personal library had books which were not available even in good medical institutions.
He kept himself abreast with the latest developments in science, especially neuroscience.
But he was never too eager to ‘show off’ his knowledge, and was never ashamed of
admitting his ignorance. The tenacity with Wthh he followed the problems was a
good exa:mple for the students of follow

Dr. Baldev Singh was awarded the Padma Bhushan in 1971 by the President of
India. He was a recipient of several awards and recognitions: incluidng the Basanti
Devi Amirchand Award, Air Marshal Subroto Mukherjee Award, Sir Nilratan Sircar
Oration, the National Academy of Medical Sciences Oration, and Chandy Oration. In
addition to being a Founder Fellow of the National Academy of Medical Sciences, he
was.also.the ,HonoraryFellow of Aeromedical Society of India and the Indian National
Science Academy. He was also an Honorary Brigadier of Indian Army..

More than his research and other achievements, his life itself was an inspiration to
his :friends,tcolleagues and students. He led a simple life, and had his meals at the
students hostel at AIIMS. He was a highly cultured person, with an unquenchable
thirst for knowledge: He had a deep love for poetry and philosophy. At any function,
one could count on him for an apt Urdu couplet. He maintained a low profﬂe in
pubhc hfe, and had Vn-tually no’ soaal life: ‘ ‘

He never: tolerated m]ustlce and dlshonesty around him: He was known as a “no-
nonsense man” and never hesitated in calling a spade a spade . He believed that
honesty is'an essential trait, and that a person who is not honest in personal life
cannot be honest in science too. He shunned praise, publicity and popularity. He was
visibly angry when the young postgraduates of the department of Physiology once
decided to celebrate the blrthday of their beloved “grandfather neuron”, as he was
popularly referred to. He had always shown deep concern for the younger members
of the department He used to reach the department before anyone, and leave the
place by late in the . evemng, when it was time for ‘his dinner. Before leaving the
department he would go around and say good night” to the young postgraduates
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who would be working. For him, science was not something which was just confined
to the laboratory and books. The human being who pursues science is as important as
science itself. He had always played a major role in diffusing tension amicably and in
building good relationships between scientists, students and teachers. The sincerity
with which he approached the problems, always convinced everyone concerned. The
department of Physiology, at AIIMS owes a lot to him for this contribution too. His
failing eyesight compelled him to leave AIIMS in 1992. He spent the last six years of
his life at Amritsar under the affectionate care of his daughter-in-law, Indu, who also
catered to his first love, academics, by reading out to him. She had also appointed one
peson to read out to him from newspapers and magazines.

Dr. Baldev Singh, left for his heavenly abode on 2 February 1998 after a brief
illness. 1 would like to end this note with a personal vignette. My most memorable
encounter with him happened a few days before his sad demise at his home in
Amritsar. He lives in a traditional aristocratic home, which could be best described as
a “Haweli”. He was totally blind, and it was a shocking sight for me. I was finding it
difficult even to greet him. But he laughed and talked about everyone in the department
and the institute. I was surprised to find that he had kept himself abreast not only
with the happenings in the scientific world but also with everything concerning the
individuals with whom he had been associated. After spending about an hour with
him, I had to take leave. I was overwhelmed and finding it difficult to say “bye” to
him, but he, on the other hand, showed no emotion. He was all smiles and enthusiasm.
He had no fear, no hesitation and no sorrow to express. On that day, I learned some
very important lessons in life. Dr. Baldev Singh will ever remain a source of inspiration
to a very large number of his admirers, friends and students.

May his soul rest in peace !

Dr. V. Mohan Kumar
Professor of Physiology,
-AIIMS, New Delhi
Fellow of NAMS
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Neuroblology of Feeding Behav1our :
A Perspectlve of Last Four Decades*

KN Sharma and S Dua-Sharma

C-195, Ramprastha, Ghaziabad-201 011 (U.P.).

*Feeding behaviour is regulated by a
multiple-sensor, closed-feedback systein,
with regulated input as well as output.
The driving biological need, linked to the
internal physiological deficits or biologi-
cally relevant ‘events in the" external
envionment is reflected in the changes in
different major homeostatic indices
determining the normal metabolism, and
interact with the environmental factors to
form the basis of the biological motivation.
There is a distinct relationship between
sensations (e.g. hunger) and drives (e.g.
food intake). Stimuli (internal or external)
adequate to elicit a sensation also elicit
activities directed towards reducing the
mtensny of such sensations, i.e. the stimuli
for ‘those sensations induce motivational
states that drive the organism, to provide
whatever is felt to be lacking. Viewed in
this respect, chemosensory signals from
food provide the sensory basis of hedonic
matrix that controls food acceptance,
choice ‘and intake (1), The interfacing of
these signals with the changing needs of

the organism, include the concept of
priorities, competition and compromises
in regulation of several factors contributing
tohomeostasis - (2). The fact:that an
identical - stimulus. may: be handled
differently by the nervous system depe-
nding upon the variety and complexity of
existing variables or the capacity of the
nervous system to make continuous
appraisals and mstant deuslons in order
that the orgamsm can react in stnct
accordance with the requlrements of
internal and external environment, is all
well known. Aspects of thls mherent
plasticity in the nervous system are
described below with electro-physmlo gical
and behavioural evidence in the domain
of feeding behaviour. ‘

Early Studies

The Claesmal paper of Anand and
Brobeck (3) showed that tiny discrete
lesmns of spec1f1c, locahsed zones in

hypothalamus bring about aphagla on the
one hand, and hyperphagla and obesity

* The piesent article is our a_knowledgemen{ and a modest tribute to the memory of Dr. Baldev Singh, whose
inspiring guidance at every step of our research and ‘personal attainments has served as'a beaLon hght since the

early fifties.
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on the other, depending on the site of the
lesion. The main stream of thought during
the fifties placed both detection and control
of food intake regulation in central nervous
structures in which hypothalamus plays a
major and decisive role (4). It was
gradually realised, however, that though
these central nervous structures-may. play
an important part in regulation of feeding
behaviour, a number of fundamental
questions remain unanswered and point,
inter alia, to the existence of peripheral
receptor systems involved in food intake
and extend well beyond the classic sense
of taste and olfaction; and this formed the
major thrust of the research activities
during:the sixties and:the seventies. =~

Alimentary: Receptor Systems |

‘Gastric‘ distension, acﬁVai:ing distension
reCeptors and simulating a fed state, evoke
gastric afferent activity and influence
hypothalamic “satiety” and ”feedihg”
centres, the activities bearmg an inverse
relduonshlp ). Perfuswn of stomach is
also shown to activate gastric afferents,
and mﬂuence selectwdy localised nervous
structures 1mphgated in food mtake (6).
Probit ana1y51s of response characteristics
of the parallel neurons in brain-stem to
gastric chemoceptive projections indicates
that in addition to ‘across-neuron pattern’,
spatlo-temporal cues p]ay an_important
role in conveying the quahty message,
while overall helght of this pattern seems
to md1cate the intensity of the test material
(7). Further, Sharma and Nasset (8)
showed that intestinal perfusion with

glucose and aminoacids produced relati-

vely specific features of evoked response

in mesenteric nerves, the central projec-

‘tions of which have been localised in
“hypothalamic regions. Results of this type

indicate the existence of peripheral receptor
systems in the gut (9), which possibly send
information about metabolites in stomach,
intestine or portal vein to central nervous
structures - (10). It is a fast-acting system
detecting ingested metabolites and raises
serious doubts about detection and control
being a central phenomena.

We..also. know. that alimentation
requires: both instant decisions and
continuous appraisal of external elements
serving as sensory stimuli for acceptance
or rejection of food (e.g. palatability, social
context, learned behavidur) and contrasts
these factors with internal features such
as gastric filling, blood sugar level and
the metabolic or “energy pool” of the
organism. Once a meal is initiated, its
sustenance and termination are ]mked to
the signals that act to monitor eubsequent
intake, increasing it in the positive
feedback loop, or decreasing it in a
negative feedback loop (11).

Initially, the oral sensory apprausal of
food leads to its acceptame or rejection
and, when accepted, is eaten in definite
amounts, “This sensory act1v1ty to foods
is a critical determinant of innate or
acquired feeding responses, ensuring an
oral selection and a metering of intakes.
Through the second step of action of foods
in feeding process, these orally determined
responses to food are “regulated”. At the
post absorptive and systemic-level, food
as a nutrient acts as a metabolic signal on
regulatory centres and ‘modulates’ oral




feeding responses” (12). It could be further
suggested that sensory. signals not only
become. important in. controlling intake,
but feedback into. the efferent system
controlling the energy pool, producing
some of the metabolic changes ordinarily
controlled biochemically at cellular level.
In..common..sense: terms, . it could: be
hypothesized that the hungry animal eats
for taste, .and that the taste .cues
accompanying ingestion directly initiate
some of the satiety signals (e.g
hyperglycaemia) which classically follow
the normal process  of “digestion. Thus
satiety cues are produced in two phases,
first as anticipatory reflex initiated by the
taste ‘of food, and secondly by the
postabsorptive metabolic events.

The role of gut afferents in ingestion
and the possible mechanisms involved
have shown a number of features that
could -be explamed on_the above baSLS
We know that administration of
endogonoue opioids like B- ondorphm or
encephalin stimulates both feeding and
drmkmg (1’%) while naloxone, the morplune
antagonist, suppresses food and water
intake (14, 15), and influences differentially
the intake of sweet and sapid substances.
The significant reduction in intake of
various solutions brought about by
naloxone, is' observed in animals with
intact vagus but not in gastric-vagotomised
ones, suggesting the possible involvement
of endogenous ‘opioid mechanisms in the
gastro-gustatory: interactions in taste .(16).
As peripheral cholinergic blocking does
not seem. to_affect the taste behaviour of
the animals, it is quite likely that the
changes seen in intakes of sweet and salt
solutions in vagotomised animals are
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predominantly due to the loss of vagal
afferents from the stomach (17). The
visceral vagal and gustatory afferents, first
synapsing in tractus solitarius, pro]ect to
parabrachial nucleus of pons, and thence
to the hypothalamus, kamygdala, bed
nucleus of striaterminalis and also to the
reticular formation. The interactions could
be taking place anywhere in these sites.
The probability of visceral afferents
contributing to the control of ingestive
behaviour via the ‘solitary-reticular
ingestion system’ has been suggested,
among others, by Norgren (18). The
interception of these ingestive signals from
the gut could be acting through the gastro-
gustatory interaction sites mentioned: above
and conceivably bring about alteratlon in
the gustatory preferences of the animals.

The flow of mformatlon from  the
alimentary receptors to the brain is not all
in-one direction but is rather achieved by
‘turning’ of the receptor systems through
use of centrifugal controls. These controls
allow sensory pathways to act as variable
filters so that stimuli tagged with a
particular attribute or feature are alone
allowed through for detailed analysis. By
such means it is possible to:attenuate or
amplify afferent signals, or switch on or
off the inputs, thereby selecting a particular
input at a particular time. These studies
have shown that gastric and intestinal
sensory mechamsms, operatmg at the
intermediate level between oral and
systemic factors, are concerned with the
‘sensory” appraisal of food including its
texture, viscosity, volume, temperature, and
other physicochemical properties of diet.
The gastrointestinal mechanism is a fast-
acting system and shares in large measure
the organisational control characteristics of
the oral sensory system (19, 20).
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“What are the consequences of food
1'11gestion? How does an organism being
fed ablib or under conditions of food
deprivation, or in varying ‘states of hunger,
handle the information from the dietary
source? What 31gnals operate before birth
when feeding is aquatic and contmuous?
How are .these signals related to the
u)ndmons in the adult, where assimilation
within the body is also aquatic and
continuous?. How does the state of ‘energy
homeokinetics’—surfeit or deficit -state,
interface with external dietary and
environmental cues to guide the feeding
behaviour? How indeed feeding fits in the
domain described under the rubric of
homeostatic motivations? These and allied
questions have attracted the attention of
several workers during the last few
decades. In the following description while
global perspective has been kept in mind,
work conducted in India has been
highlighted and to that extent may show
some bias.

Ontogeny of Feedmg

Examples of ontogenetlc analysis
suggest that each stage of development is
complete. The common supposition that
adult regulations are in some way superior
to those of the infant cannot be sustained.
Physmloglcal changes do more than keep
an animal alive in a_constant state, and,
when repeated day after day, they alter
as time passes and produce the long-term
changes of ontogeny. Food and water
affects, and is affected by, this adaptability.
Observations on ontogeny of saccharine
preference in neonate rats clearly suggested
that the apparent learning curves for

saccharine, were infact ‘maturation curves
(11) and were linked to the maturation of
gustatory system which is complete by
about 14 days of neonatal life of rat (21).
It appears that neonate is primarily
dependent upon ‘taste’, rather than
“calories’, a feature also ‘seen in adults
under certain conditions of ‘nutritional
stress; food depriVation, metabolic
disorders and psycho- soc1ocu1tura1
overtones.’

An alternative possibility has also been
proposed. It has been found that the
neonate rats ate enough atleast to double
the average growth rate if competition for
food was eliminated by limiting the litter
size. This would indicate that the neonate
is primarily dependent on taste cues, and
fails to regulate ‘calories’. The above results
may appear contradictory to ‘the
observations in adult animals who are
considered to eat for ’‘calories’ (2) and
generally regulate body weight over a
period of time inspite of the day to day
variations in mput-output relationship.
However, these dissimilarities are, at best,
only superficial. Need-related changes in
palatability and taste sensitivity are well
known. Our approach has been to vary
hunger by mealtime restriction, graded
food deprivation, insulin or thyroxine
injection. We then observed food intake
and preference shifts in responses to “liked’
items e.g. fat, glucose orsaccharine or
‘disliked” items like cellulose, NaCl or
quinine which were added to stock diet
or put into solution. Normal adult rats
and dogs, hypothalam1c hyperphagic rats
and neonate rats have been used as
subjects (1).




Taste Vs. Calories

Studies extended to include other
animals than rat and: using different
methods. to. vary taste and calories
independently: have generally - confirmed
the notion-that the importance: of taste
and calories is related to the state of energy
balance: hunger potentiating taste (Figure
1). Physicochemical information from the
diet feeds into two. detector systems -which
can respond to signals from taste or
calories. It is not a dichotomous system
but both sets of cues are acting all the
time. Whether the nervous system makes
use of either set of signals in monitoring
further intake is a function. of the state of

PHYSICO CHEMICAL
CHANGE -
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energy balance. The “energy pool’ acts. as
a biasing system, assigning priority to.taste
when the animal is in deficit and to
calories when it is in balance or surfeit.
The terms used here as ‘taste” and
‘calories’ are infact meant to mean the
‘sensory’ and the “metabolic’ properties of
diet  respectively (22). This hypothesis is
similar ‘to ‘behavioural regulation’
hypothesis of Richter, Katz's avidity
theory, and Le Magnen’s concept of
‘primary response’ in assuming that
organic ‘needs alter perceptual bias on an
innate basis so that the animal seeks out
and ingests the needed food on the basis
of its'sensory ‘qualities. The fact that food

DETECTOR SYSTEM

_1

BIASING SYSTEM

l__

J—
NTEGRATING SYSTEM
b
EFFERENT SYSTEM SATIETY
[T

Deticit

Figure 1. Model showmg the dual deteLtor system: and the role of the energy pool.as a blasmg system, in the
overall control of food intake (From Sharma et al, ] Neural Transmission 33 : 113-154, 1972),
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contains: nutrients: is con31dered coin=
Cldental

For‘ instance, adapted rats:to chronic
undernutrition when  tested. for oral
ingestion. of various solutions such as
glucose, saccharin, sodium chloride, and
quinine showed. over-reaction  of.sweeter
substances becoming more acceptable, and
bitter substances becoming more aversive
as a function. of increasing degree of
chronic food deprivation (23). This has
parallels  between . such effects of food
deprivation on gustatory responses and
the gustatory responses. observed during
neonatal stages (11, 20). These results also
indicate that there is a gradual develo-
pment of saccharin preference and quinine
avoidance with daily testing, from birth
to weaning at 21 days of age. Although
the interesting suggestion that these delays

may be correlated with differential matu-
ration -of taste buds (necessary to
discriminate - the 'stimuli) »cannot: be
overlooked, the results also suggest that if
such acceptability for sweetness is
reinforced, ‘as partially happens with the
lactose of mother’s milk taken by neonates,
this contiguous pairing confers a biological
significance 'in establishing the sweet
preference and in regulating mtake on the
basis of taste. :

aCo,ntrbl , of ;Ih‘put‘ and ‘Regulatiokn‘ of
Energy Level

There has been yet another very
important dimension added as a result of
the studies conducted in sixties and
seventies. Two problems have been
separated-control of input and regulation
of energy level (Figure 2). Available diet
provides both sensory and nutrient signals

CONTROL
OF
SENSORY ‘
e & NERVOUS | = | CONSUMMATORY
> | NUTREENT fmeee> | SYSTEM. oy [ gi;fﬁvﬁg
SIGNALS ~ | BiAS I ' PERA
AN
AVAILABLE
DIET
REGULATION 8 ENERGY | cpo
OF ~ : : b ;
ENERGY NUTRIENT GASTROINTESTINAL NUTRIENT =2 BEHAVIOR
LEVEL & BULK -+ BYSTEM POOL IPROTEIN
OUTPUT MODULATING TRANSIT: TIME, UTILIZATION, WORK;
VARIABLES 'METABOLISM ACTIVITY

‘ ABSORPTION

Figure 2. Scheme of input control (top) and energy regulation (bottom) as interacting systems involved in
homeostatic regulation of consummatory behavmur (From ‘Sharmia KN In Advances n I’hysmloglca] Sciences,

Macmillan India, 1992, pp 639-647).
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FEED BACK

A

N

N ' “MEMORY
| ~
ENVIRONMENT | ] rem— N
‘ 2  RESULTS: |
INTERNAL ACCEPTOR OF I
STIMULUS | — .| DECsION . JacTion resuLTs | [ Resurr oF
T —_—T | 4 FRENT. ACTION |
, MAKING EFFERENT TIC
INNATE ‘ SYNTHESIS —
e ‘ ACTION ]/
~ I CONDITIONED -} : ’
- . A R
‘ AFFERENT MOTIVATION
: SYNTHESIS
N
A

EFFERENT
"EXCITATIONS

Figure 3. Schematic block diagram showing varioiis interlinked and interacting stages depicting the relationship
of - stimulus :characteristics, ‘afferent: synthesis,’ decision-making, ‘efferent excitations, and the role of feedback
control . system -and- memory. mechanisms in.guiding the motivational behaviour (From :: Sharma:KN;:In :
Advances in Physiological,Sciences, Macmillan India, 1992, pp 639-647),

that the brain in turn compares to other
81gnals coming from the energy-nutrient
pool, which prowde information about the
sensory and metabolic consequences . of
these nutrients. The brain then uses this
information in modulating food intake
(Comummatory behaviour) or learned food
related behaviour. :

One finds that the available diet
provides nutrients and bulk going to the
body. From this point of view, the
regulation of body weight can be effected
by a series of output modulating variables,
before, during, and after the food enters
the energy-nutrient pool. It is easy to see
that the combined action of gastric
emptying time, intestinal absorption rate,
efficiency of food utilisation and metabolic
activity, -and the behavioural output of
muscular work and  general activity can

be important in regulating the energy-
nutrient pool. As the energy pool is
modified, it can mﬂuence feeding itself by
prowdmg approprlate signals as to its
condltlon, which the nervous system uses
in the control channel. The sensory signals
from avallable diet and the two-way
connecting pathways (vertical arrows)
between the control channel and the
regulatmg channel, provide a blologlcal
basis for the role of taste in energy
exchange, as well as in food intake, by
various possibilities of interaction between
these channels. Thus in this scheme. body

~weight is not only influenced by food

intake and changes in output, but also by
taste-induced appetite shifts from energy-
nutrient pool (24). The scheme thus biases
us to look at the regulation channel more
directly than we have in the past and to
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look for interaction among taste signals,
output shifts, food intake, and body~we1ght
set pomts

Systems Approach

The: teclmologlcal advances and the
accompanying approach and methods of
investigation during eighties and nineties
have unravelled newer directions and
information not hitherto known. Systems
approach, role of emotions and motivation,
neuro-humoral net-working, and intimate
mechanisms involved -in understanding
feeding behaviour, have all been applied
to get a more detailed holistic picture.

Essentially, homeostatic motivations

meet the driving: biological needs in the

preservation of the species or genus of the'

individual. The concept of motivation,
according to some, is restrlcted to the
analysxs of behaviour that is goal directed,
or need related, or purposive. Still others
define the study of motivation as a search
for the determinants of human and animal
ad1v1ty, ranging from systems approach
to levels of membrane functioning and
molecular and mtracellular genetic
memory Each approach has its distinctive
value, but is not dxvorced from the
]1m1tat1ons it concurrently poses

~In this complex organisation of
systems ‘analysis (Figure 3) afferent
synthesis forms the first step in which
juxtaposition, selection and synthesizing of
functionally diverse inputs linked to" the
dominant need, past experience or
memory, simultaneous presence of other
afferent stimuli, and straight through hot-

line passage of information are all taken
into consideration. This stage then
determines the subsequent stages of the
systems organisation of the behavioural
act and underlines the formation of

_ purposive behaviour crucial for survival
‘ and_ adaptatlon Characterlshcally, a conti-

num of behaviour patterned on the lines
of a specific heirarchy is formed in which
the particular driving biological need
becomes prepotent, and others at that
instant of time are lower in the heirarchy
even though showing a well defined line-
up of heirarchical dependence (25).

The afferent synthesis leads to the
specific state of readiness in which both

.motivationand ‘environmental . stimuli

interact as activated by memory mecha-
nisms and bring into focus the prepare-
dness of the organism. This in turn leads
to triggering of the behavioural response
activation time and determining the whole
act to include mltml and subsequent stages
of decision making, formation of
mechanisms of predlctmg results, and
satlsfymg the speuﬁc needs Dovetalled
with this is the next stage of decision-
making in a manner that the behavioural
act becomes imperative. It is precisely this
stage that shapes the significance of
resultant activity in need satisfaction, and
form the basis of the organism’s capability
not only to monitor and correct behaviour
errors but to bring about behavioural acts
to their precise end point. The develo-
pment of biological motivations appears
related to a retrieval of genetic information
stored in CNS cells, and can appatently
induce such neuronal changes as lead to
the activation of DNA and RNA fragments

t



responsible for synthesing specific polype-
ptides. This is: the process: which shapes
the pattern of afferent synthesis and
decision-making and with which the
results of behaviour are constantly
compared through feed: back influences.
Some of the recent. findings have laid a
fairly good groundwork indicating that the
control and regulation: of sensory and
metabolic events resulting in the particular
behavioural act, say, of feeding behaviour,
may.-come from higher levels of the same
sensory pathways, from motor pathways,
from pathways mediating other modalities
and a number of other sources. One of
the ways by which this regulation is
achieved is by the ‘tuning’ of receptors
through the use of centrifugal controls via
short and long feedback loops (22). It may
not be difficult to surmise on the basis of
such possibilities as to how centrifugal
controls, by differently registering and
“responding to a particular stimulus or set
of “stimuli; could indeed influence the
~ widely varying spectrum of feeding
behaviour. : ‘

- In a series of recent studies jointly
undertaken with the Institute of Normal
Physiology, Moscow, .the -above possi-
bilities have been examined more closely.
It:-has-been known. . that neuronal
population in lateral hypothalamus (LH)
and the ventromedial hypothalamus
(VMH), particularly the units responding
to nutrient substance such as glucose,
generally behave in a reciprocal manner,
and the differential activity levels is linked
to the state of hunger or satiety (23). This
hypothalamic neuronal activity, influencing
motivation of feeding and associated
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behaviour, can alsobe differentially
influenced by the basal ganglia and frontal
cortex supporting the concept of motiva-
tional systems guiding behaviour through
such modulating influences. The reactivity
of sensorimotor cortical (SMC) neurons to
micro-iontophoretic application of oligope-
ptides such as tetragaétrin and bradykinin
in SMC neurons in hypothalamic-induced
food reactions were investigated in.
unanaesthetised, freely-moving fed rabbits
possessing chronically-implanted eIeCtro-
dkes‘. The cortical neuronal activity was
recorded in presence or absence of food
placed infront of the animal following
stimulation of lateral hypothalamus. The
results indicate that lateral hypothalamic
stimulation induced hunger and the animal
would eat vigorously. In such a situation
majority of the SMC neurons showed
excitatory responses. If, however, LH
stimulation was done but food was not
placed in front of the animal, the same
SMC neurons now predominantly showed
an ‘inhibition ie.’ non-reinforcement of
food, switched the excitatory pattern to
inhibitory one. Micro-iontophoretic appli-
cation of gastrin and bradykinin decreased
the percentage of ‘neurons showing
activation on LH stimulation in the
presence of food, but enhanced the number
of positively responding SMC neurons in
the absence of -food. Thus gastrin and
bradykinin produced qualitative changes
in SMC neuronal responses to LH stimu-
lation: neurons that initially responsed with
activation or inhibition to LH stimulation

changed  their response in an opposite

direction. It would seem. that tetragastrin
and bradykinin applications lead to specific
reorganisation of the neuronal-circuits for
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decision-making and theraby differentially
influencing  the motivational and  rein-

forcing components in-the compos1te
feedmg behavmur (26 27)

Appetmve Behaviour in humans

What relevance does this type of
behavioural and electrophysiological data
in animals have to the observations in
humans? The work of Thompson and
Campbell (28) on human gustatory
responses for both magnitude estimation
andhedonic matrix shows a number of
features obtainable from animal models.
Their studies demonstrated increased
hunger ratings as well as enhanced
magnitude estimates of pleasantness for
sucrose solution following infusion of 2-
DG. The results are interpreted to show
that 2-DG produces glucoprivation in
neuronal units, as shown in experimental
animals (29). The change in neuronal
activity brings about variation in ingestive
behaviour, favouring taste and showing
the increased hunger state of the person,
analogous to the food-deprived state in
animals over-reacting to sensory properties
of food (11, 30). The affective behaviour
toward a sweet taste in man has been
shown to be modified by a variety of
changes influencing the internal state of
the individual (31). For example, reduction
m body weight increased food satisfaction
in man and delayed ingestion-induced
unpleasantness (30), much in the same
nanner as chronic' food-deprivation in
animals potentiated sweet taste. Similarly,
nsulin-induced hypoglycaenua increases a
eelmg of hunger in humans (32), which

has parallel in insulin-induced gustatory
and olfactory potentiation in animals (33).
Perceived sensory intensity and hedonic
value  in neurons has shown:important
features of gustatory profile linked to
internal 'state of the individiuial, and has-a
parallel in animal models (23). These
studies “thus indicate sthat nutritional
background (internal state), previous
dietary history (ontogeny of feeding), and
external environmental factors interact in
stuch a way that the prepotent sensory
properties of food and experiential factors
subserve to bring about relevant metabolic
adaptive changes, taste preferences, and
food habits. o

When these studies were extended to
high altitude conditions some interesting
aspects have been revealed. Sojourners to
high altitude (HA) often complain of
anorexia leading to decrease in food intake,
and the degree of anorexia seems to be
related to the height of ascent. Sensory
and metabolic signals from food are
known to alter in certain nutritional
stresses and one such stress is high altitude
exposure, which causes decreases in food
intake both in animals and man" (1, 34;
35). This decreases in food intake in HA
leads to decrease in body weight which is
known to influence the food choice and
uptake (36, 37). Our recent study (38) was
designed to investigate the changes in taste
responsiveness ‘in terms of threshold,
hedonicity and intensity in Indian soldiers
during their stay at an altitude of 3500m.
There was a change both in threshold and
hedonicity. While threshold was increased,
the hedonicity ratings for glucose at HA




were higher than at sea level, indicating
increased pleasantness and palatability for
glucose. Interviews with the soldiers at
HA showed that while they had taken a
full plate of food items, they did not feel
like eating it after having a few bites.
Perhaps it was the altered hedonicity
which created this  early satiation
emanating from a “not-so-palatable” food.
Sweet  substances and carbohydrate-rich
diet improved the appetite. It seems quite
certain that once the nutritional stress leads
to body weight loss or deficit energy state
of the body, hedonics plays a rather
prominent role in regulating food intake
as observed at high altitude. Quinine
sulphate and citric acid thresholds showed
a decrease on exposure to HA, and appear
to induce lower
concentrations than could be expected at
sea level. This nicely fits with the bimodal
model suggested by Jacobs and Sharma

aversion at far
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Neural Regulation of Sleep as Understood During
Pre-Baldev Singh and Baldev Singh FEras
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SUMMARY

Neurons in the midbrain reticular formation, primarily making up the ascending reticular
activating system (ARAS), are important for production of low-voltage, fast-frequency, EEG
pattern, commonly associated with wakefulness. . The old notion that sleep is a passive
phenomenon resulting from inactivation of the ARAS, is not true. There are specific brain

“-regions that promote slow wave sleep (SWS) and others that are responsible for rapid eye
movement (REM) sleep. Brain regions above the brain stem, namely the preoptic area (POA) of
the hypothalamus, play an important role in the regulation of sleep. In spite of growing
evidence in favour of the theory that the hypothalamus is the major centre regulating SWS,
sleep-wake cycle, and even wakefulness, the recent findings confirm the important role of the
brain stem in genesis of REM sleep.' The importance which was previously given to the
thalamus, for the regulation of SWS, is now seriously questioned, although it is still considered
important for the genesis of the EEG spindles of normal sleep.

Chemical stimulation and neurotoxic lesion studies showed that the major function of the POA
is sleep maintenance, rather than sleep initiation. Though there is’interaction between
thermoregulation and sleep regulation, there are different sets ‘of neurons in the POA, endowed
with the ability to regulate these two functions independently. At the same time, the POA
could play an important role not only in integrating these two functlons, but also in fine tuning
the entire energy balance of the organism.

Key words : : Sleep, Wakefulness, Preoptic area, Hypothalamﬁs, REM sleép, Slow wave sleep,
Brain stem, Thalamus, Ascending reticular activating system, EEG .

INTRODUCTION : books on sleep which were not available
even in our libraries. Buying books was
some kind of hobby for him. He used to
lend those books to me, and discuss with
me the theories of sleep prevalent during

This article is dedicated to the
“memory of Prof. Baldev Singh who had
a deep interest in the field of sleep and
consciousness. He had with him several

Dr. V. Mohan Kumaz, Professor Dept. of Physiology, AJLLM.S, Ansari Nagar, New Delhi-110 029
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that period. Neurophysiology of sleep was
a pet topic for him, and he used to select
this subject, whenever he was invited to
deliver lectures. The passion with which
he spoke about this topic created such an
interest in me that I took up this field of
research and I have never deviated from
it since then.

The wunderstanding of mneural
regulation of sleep had undergone a
drastic change in the last few decades.
According to the classical concept of sleep
which was prevalent till the sixties, which
could be termed here as Pre-Baldev Singh
Era,
reticular formation played a major role
in waking, consciousness and sleep. The
later section of this article deals with the

hypothalamic regulation of sleep, which

dominated the scientific thinking during
the Baldev Singh Era. The concept of
sleep regulation by the brain stem, along
with the latest modifications to the
classical concepts, are also described here.

Brain stem regulation of wakefulness
and passive deafferentation theory of
sleep ‘ ‘

Till around 1970, the sleep theory
which dominated the text books were
based on the findings of Moruzzi and
Magoun (1). According to their findings,
interruption of ascending flow of reticular
impulses from from the brain stem (as it
happens in the case of acute cerveau isole
preparation), would result in a state of
EEG recording which is similar to that of
slow wave sleep (1). So, they concluded
that the ascending influence, exerted by
the brain stem on waking structures of

the mneurons: of the brain stem .

the cerebrum, maintains the wakefulness.
The sudden withdrawal .of the influence
of the ascending reticular activating
system (ARAS) would be the cause of slow
wave EEG pattern obtained during sleep.
It was then shown that the EEG pattern
observed in acute cerveau isole (isolated
brain) preparation is irreversible, similar
to that found in a state of coma; rather
than that of slow wave sleep (SWS). On
the other hand, the EEG pattern observed
in SWS is reversible. So, the original theory
of withdrawal of ARAS influence was

modified.

According to a new version of the old
theory of passive deafferentation, a tonic
ascending flow of reticular impulses
would be responsible for the state of
wakefulness, its complete interruption

~ would lead to a state of coma. But, a

temporary slackening of the tonic ARAS
discharge might be responsible for the
onset and the maintenance of natural
sleep (2,3,4). These doctrines postulated
that sleep is basically an inability to
remain awake. When the tonic barrage
falls below .a critical level, the animal
would fall asleep, simply because it is
unable to stay awake.

Several years after being first
proposed (1), the concept of a tonic
reticular control of wakefulness and sleep
still maintains some validity. Any level
of cerebral activity is probably related to,
and actually maintained by, a given level |
of reticular activation. ARAS projects to
the thalamus and excite cells, which in
turn send fibres to widespread areas of
the cerebral cortex to produce the cerebral



cortical activation that occurs during
wakefulness. ‘In ‘addition, brain stem
reticular neurons project to the hypot-
halamus and other regions of the basal
forebrain, The neurons which project from
there to the cerebral cortex also participate
in the maintenance of an “alert” state of
the brain. In addition, there are also fibres
projecting to the cortex, directly from the
brain stem reticular formation. Changes
in single unit and integrated discharge of
the reticular system undoubtedly occur
during the sleep-waking cycle (5,6,7).
Whenever an arousal phenomenon
interrupts the state of SWS, or when a fit
of rage occurs against a background of
relaxed wakefulness, there is phasic
increase in the ARAS barrage. The level
of reticular activity is assumed to be
higher during wakefulness than during
sleep (8,9,10). Both the mild tonic
activation required for the maintenance
of “wakefulness, “and the ‘strong phasic
discharge responsible for rage outbursts,
require the support of the ARAS. The
sudden ‘withdrawal -of the activating
reticular influence would produce a
striking imbalance, which might be
responsible for the coma of the acute
cerveau isole. The statement does not
imply that the ARAS exerts a nonspecific
facilitatory control upon the cerebrum
(11).

Sleep generating mechanisms in the
brain stem

Structures functionally antagonistic to
the. ARAS have been discovered in the
lower brain stem. and in the cerebrum
itself, ‘At least ‘two. of these regions are
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tonically active, as shown by the fact that
their inactivation produces striking
hyposomnia, They are localized in the
lower brain stem and in the forebrain area
(preoptic area). Several experiments
suggest that deactivation is an active
process, probably related to inhibition of
the ascending reticular barrage. There is
some electrophysiological evidence to
show that the hypnogenic structures
inhibit the ARAS (12,13). There are
interrelations between activating and
deactivating structures, and they have
functional significance in sleep inducing
mechanisms. Sleep could be broadly
divided into two categories, i.e. slow
wave sleep and rapid eye movement
sleep.

Slow wave sleep (SWS): Several lines
of evidence indicate that the nucleus of
the solitary tract (NTS) is involved in
sleep generation. Distention of the carotid
sinus, a powerful stimulus for the NTS
region, induced behavioural sleep. Low
frequency stimulation of the vago-aortic
nerve (which carry impulses from aortic
sinus) produced slow waves in the EEG.
Electrical stimulation of the NTS
produced synchronization of the EEG and
behavioural sleep, though high frequency
stimulation of the same region produced
arousal (14), Inactivation of the lower
brain stem regions, including the NTS,
produces a profound arousal.

There is some evidence that certain
NTS. neurons. increase their discharge
during SWS and that these neurons are
reciprocally connected with the cells in
the midbrain EEG -arousal region. Thus,
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these data suggest that the NTS region
may constitute. a “center” for the
regulation of SWS. However, there has
been relatively little recent research in this
area and.the evidence for an NTS role in
SWS control is weaker than that for the
preoptic basal forebrain region.

Kumar et al (15) have localized the
synchronizing structures at the nucleus
gigantocellularis at the caudal brain stem.
This study fulfilled the lacunae in our
knowledge regarding the location of the
regions in the caudal brain stem that bring
about cortical . EEG synchronization on
electrical stimulation. It also characterized
the features of synchronized waves
elicited from those regions. Stimulation
of ventromedial regions of the caudal
brain ‘stem, with low frequency, elicited
stimulus-bound synchronized waves in
the cortex;  which were more prominent
ipsilaterally:. On the other hand, low-
frequency stimulation of dorsal ‘and lateral
areas produced synchronized waves
which were either equally prominent on
both sides, ‘or more prominent on the
contralateral - The
synchronized waves showed amplitude
modulation and did not outlast the train
of stimuli (15). These evidences indicate
the strong possibility that these caudal
brain stem regions play an important role
in the genesis of sleep.

side. induced

Rapid Eye Movement (REM) Sleep:
The primary role for the genesis of SWS
is played by structures above the brain
stem, but the activity of certain groups
of neurons in the brain stem is important
in the generation of REM sleep. Some of

these neurons are characterized as REM-
on.neurons because -of their selective
activity during this state. Many of these
neurons ‘are located in the laterodorsal
tegmental .(LDT) and pedunculopontine
tegmental (PPT)  nuclei and use
acetylcholine” as a mneurotransmitter.
According to Datta (16), the cholinergic
neurons involved in sleep-wakefulness are
located at the peribrachial area (PBL). The
major nuclei of the PBL are the PPT, the
LTD, the cuneiform nuclei, and parts of
the central tegmental field and
paralemniscal tegmental field. The activity
of PBL' cholinergic and noncholinergic
cells are also responsible for the EEG
activation process during wakefulness and
REM sleep. During wakefulness, together
with noradrenergic and serotonergic cells

of the brain stem, PBL cholinergic and

noncholinergic cells activate . the
diencephalic EEG desynchronizing
structures, which: in turn activate cortical

“neurons. ;I—I‘owever, during REM. sleep,

only PBL cholinergic and noncholinergic
cells are responsible for activating those
diencephalic  EEG  desynchronizing
structures,

Several findings suggest that there are
two populations of cholinergic neurons
which have different influences on sleep-
wakefulness regulation. A population of
cholinergic neurons in the brainstem
which are most active during paradoxical
sleep (PS-on neuron) are .inhibited by
carbachol and excited by bicuculline.
Another population of neurons, which are
active both during waking and
paradoxical sleep, are inhibited by
carbachol and excited by noradrenaline



and histamine. Non-cholinergic PS-on
neurons are.excited by carbachol and

inhibited by noradrenaline (17).

According to McCarley (18) the LDT
and PPT neurons activate the neurons
located in the pontine reticular formation
(PRF) which are the effector neurons for
REM sleep phenomena. They begin to
depolarize even before the onset of the
polysomnographic signs of REM  sleep.
These neurons begin to discharge (i.e.
generate action potentials) as REM sleep
is approached, and the high level of
discharge is maintained throughout REM
sleep (18). PRF neurons are important for
the rapid eéye movements saccades and
the PGO waves, which are the cardinal
signs of REM sleep. A group of
dorsolateral PRF neurons controls the
muscle atonia of REM sleep, and these
neurons become active just before the
onset of muscle atonia. Neurons in the
bulbar reticular formation are also
important for muscle atonia:

Neurons in the locus ceruleus (using
norepinephrine) and neurons in the dorsal
raphe (using serotonin) have an opposite
time course of activity compared to the
LDT and the PPT neurons. They become
selectively inactive during REM. They do
suppress’ REM sleep-promoting activity
of the LDT and the PPT neurons. These
neurons, with an opposite discharge time
course, are called REM-off neurons. REM-
off neurons are most active in the wakiryg
state. Their discharge declines during
slow-wave sleep, and are virtually silent
during REM sleep. They resume discharge
near the end of the REM: sleep episode.
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This inverse pattern of activity to REM-
off neurons has led to the hypothesis that
these neurons may be REM-suppressive
and interact with REM-on neurons in
control of the REM sleep cycle. This
concept is indirectly supported by
production of REM sleep on cooling (i.e.
inactivating) the nuclei where REM-off
neurons -are found. In vitro data from
Luebke' and  co-workers (19) have
provided direct support for the inhibition
of cholinergic LDT neurons by serotonin.

Several classes. of neurons are REM-
off. Apart from norepinephrine-containing
neurons in the locus ceruleus, and
serotonin-containing neurons located in
the raphe system, the midline collection
of neurons that extends from the bulb to
the midbrain, with serotonin-containing
neurons in the more rostral regions, and
histamine-containing neurons in the
posterior hypothalamus, are REM-off. But
transection studies indicate that the
histaminergic neurons are nol essential
for REM sleep.

Roie of thalamus in the genesis of sleep

There are ‘three main systems in the
brain which ‘may be regarded as
responsible for; or at least: contributing
to, the onset of sleep. They are localized
respectively in the basal forebrain, in the
lower brain stem; and in the midline
nuclei of the thalamus. ‘

Ac¢cording to Koella (20), the
thalamamus is the head ganglion of sleep.
Koella brings several interesting
considerations in support- of this
hypothesis originally  put forward by




32  Velayudhan Mohan Kumar

Hess. Probably the most important among
them is the striking similarity between
natural sleep and the sleep induced by
stimulation of the thalamus. Koella
regards the hypnogenic regions of the
basal forebrain, including the anterior
hypothalamus, and of the lower brain
stem, ‘as subordinate sleep controlling
structures. At the same time, he recalls
that ‘Hess (21) obtained a syndrome of
generalized muscular relaxation, without
typical sleep behaviour, from an area
closely related to the basal forebrain.
According to Steriade (22), brain stem,
diencephalic and basal forebrain systems
influence the functional modes of thalamic

and cortical neurons during the
behavioural states of vigilance. The
posterior hypothalamus and the

preoptico-anterior hypothalamus (PO-AH)
can influence the neurons of the midline
thalamus. A majority of the influenced
neurons of the midline thalamus showed
increased firing on stimulation of the
posterior hypothalamus. Although the
number of neurons showing increased or
decreased firing on the preoptico-anterior
hypothalamic stimulation were nearly
equal, stimulus bound increased firing in
many neurons was followed by a
prolonged decreased firing. It is likely
that the hypothalamo-thalamic circuit
constitutes ‘a parallel pathway to the
reticulo-thalamic circuit for alteration of
the cortical EEG (23).

Stimulation experiments of Hess and
electrophysiological investigations on
thalamic driving of electrocortical EEG
spindles (24,25) had focused the attention
of sleep physiologists on the thalamus

for several years. Thalamocortical
projection exhibits two distinct states of
activity (a) synchronized rhythmic activity
in the form of delta, spindle, and other
slow waves during EEG-synchronized
sleep and (b) tonic activity during waking
and rapid-eye-movement sleep. Spindle
waves are generated largely through a
cyclical interaction between
thalamocortical and thalamic reticular
neurons involving both the intrinsic
membrane properties of these cells and
their anatomical interconnections (26).

The old literature on the effects of
thalamic lesions was reviewed by Knott
et al (27). A careful re-examination of
these findings showed that the old
experiments were contaminated by lesions
of the hypothalamus and are therefore of
little interest for the physiology of sleep.
Naquet et al (28), who were able to follow
six completely thalamectomised cats for
up to 25 days, showed that the sleep-
waking cycle was still present in these
animals, although the EEG spindles were
absent during behavioural sleep. Clearly
sleep may occur even in the absence of
the thalamus.

There is as yet no evidence of a
marked hyposomnia produced by lesion
of the midline: thalamic nuclei(29).
According to Moruzzi (29) the ARAS and
a group of neurons lying in the posterior
hypothalamus are probably concerned
with the maintenance of wakefulness. The
lower brain stem and the basal forebrain
area contain structures with an opposing
function, which exert a tonic deactivating
influence and lead ultimately to sleep.



The role of hypothalamus in sleep-
wakefulness

The ability to maintain a state of
wakefulness do reappear in the chronic
cerveau isole preparation. This shows that
structures endowed with an activating
influence are present in the cerebrum.
They are mainly, though probably not
exclusively, localized in the posterior
hypothalamus. It is likely that these
activating structures coincide with, or are
at least strongly related to, the
hypothalamic centre which is responsible
for the outbursts of sham rage after
decortication and for the defense-
aggression behaviour of the normal
animal. ‘

Though it was known for years that
there are centres or regions in the brain
which could play an active role in the
genesis of sleep, it was never given that
much importance as to merit a place in
the text books of neuroscience and
physiology. In fact it was the statement
of Moruzzi himself, in his review:article
which appeared in 1972, which played a
major role in informing-the world about
the importance of the preoptic area (POA)
in the genesis of sleep (29). Attempts have
been made to locate within the POA the
critical area for genesis of sleep. But the
areas involved are not likely to restricted
within this area. So, people have referred
to this hypnogenic area as the basal
forebrain or the anterior hypothalamus.
But some others have referred to the area
as the preoptic-anterior hypothalamus
(PO-AH). In this manuscript, an attempt
is made to refer to the areas using the
terms mentioned by the authors
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themselves. Information gathered about
the role of the hypothalamus in sleep-
wakefulness is listed under different
techniques employed in collecting the
evidences.

. Brain lesions and section studies: von
Economo (30) was the first to draw the
attention of physiologists to the
involvement of the rostral hypothalamus
in sleep, on the basis of his observations
in some cases of encephalitis. On post-
mortem examination of brain material
collected from cases of encephalitis
lethargica, he described two symptomatic
patterns. of the disease, associated with
two different localizations of inflam-
matory lesions in the nervous system. In
those cases in which somnolence was the
distinguishing symptom, the lesions were
regularly found in the posterior wall of
the third ventricle, continuing caudally
to the level of the occulomotor nucleus.
In contrast to this, there were other cases
in which insomnia was observed.
Inflammation in these latter patients was
associated with the rostral hypothalamus,
the tuberal region and the adjacent
portion of the striatum. From these
observations, von Economo concluded
that the rostral hypothalamic zone was a
part of a “sleep regulating center” which,
when appropriately excited, actively
inhibited the thalamus and cerebral cortex
and caused “brain sleep”. Therefore, he
concluded that the rostral hypothalamus
is a “sleep center”. In 1936, Ingram and
co-workers (31) reported that in cats a
lesion between mammillary bodies and
the third nerves, which involved the
caudal hypothalamus and the upper part
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of the mesencephalic tegmentum, led to
a state that resembled catalepsy. In 1939,
Ranson  (30) ‘demonstrated ' in rhesus
monkeys, that bilateral lesions in the
lateral hypothalamus which extended up
to the mammillary bodies, produced a
lethargic syndrome. He reported that
there was a lack of motor initiative and
the symptoms were similar to those
observed in catalepsy. '

After von Economo’s observations
(30), several studies were carried out to
elucidate the role played by the POA in
the regulation of sleep. In 1946, Nauta
(33), employing the knife cut lesion
technique, showed that the rats became
insomniac, restless and irritable after the
lesion of the POA. They reacted
vigorously even to minor stimuli. Those
rals ‘which survived up to 13 days did
not show a return to what he called the
“capacity of sleeping”. He thought that
the POA was an important region for
sleeping and he termed this area as “sleep
centre”. Nagel and Satinoff (34) reported
hyperactivity in rats after bilateral
electrolytic lesion of the mPOA. McGinty
and Sterman (35) reported that large
bilateral POA lesions produced complete
sleeplessness in cats. Smaller lesions
resulted in significant reduction in SWS
as well as in REM sleep. The severity of
sleep suppression was found to be related
to the size and localization of the lesions
placed specifically within the POA (36).
These lesions shortened the mean
periodicity of the sleep awake cycle with
a decrease in SWS and no alteration in
REM sleep (36). Neurotoxic lesion studies
provided convincing evidence of the

involvement of the POA neurons in the
regulation of sleep. Lesions produced by
neurotoxins such as kainic -acid, which
spares the fibres of passage in the medial
and lateral POA, reduced both SWS and
REM sleep (37,38). Suppression of sleep
produced by the NMDA lesion of the
medial preoptic area (mPOA) neurons
showed the importance of this area in
the regulation of sleep. (39). Persistence
of hyposomnia for three weeks after the
lesion further showed that the deficits
produced by the mPOA lesions were not
compensated for. Insomnia was primarily
due to a reduction in the duration of
SWS episodes. There was a trend towards
a reduction in the frequency and duration
of REM sleep episodes. Recovery of sleep
in the lesioned rats, after the fetal neural
tissue transplantation, indicated the vital
role of the mPOA in the regulation of
sleep (40).

- ¢-Fos expression studies: c-fos
expression is strongly induced by both
spontaneous and forced wakefulness in
many brain regions. ¢-Fos expression was
considerably increased in regions involved
in the regulation: of S-W, such as the
locus coeruleus and the mPOA. With c-
fos antisense injection in the mPOA; it
was demonstrated that c-fos expression
in this region is causally involved in sleep
regulation. c-Fos expression in other areas,
such as the cerebral cortex and the
hippocampus, are explained as related to
the functional consequences of prolonged
wakefulness and to the need for sleep
(41). Periods of wakefulness result in the
induction of immediate-early gene c-fos
in the mPOA. Injections in the rat mPOA



of c-fos antisense, oligonucleotides,
blocked the -expression of Fos protein
detected immunocytochemically. Rats
receiving bilateral antisense injections
showed a higher percentage of wake-
fulness, the day after the injection, than
controls receiving sense or sham injections
or antisense injections outside the POA.
These results suggest that: blocking the
expression of fos protein in the POA may
interfere with the homeostatic regulation
of sleep -and wakefulness (42). Immu-
nocytochemistry was used to identify the
fos protein, an immediate-early  gene
product, in a group of ventrolateral POA
neurons that is specifically activated
during sleep. The retrograde tracer
cholera toxin B, in combination with fos
immunocytochemistry, was used to show
that - sleep-activated ventrolateral POA
neurons innervate the tuberomammillary
nucleus, a posterior: hypothalamic “cell
group, thought to participate in the
modulation of arousal. This monosynaptic
pathway‘ in the hypothalamus may play
a key role in determining sleep-wake
states (43).

Stimulation studies: Sterman and
Clemente (44), on the basis of behavioural
and electrophysiological - observations,
reported -that bilateral stimulation of the
POA -in - unanaesthetised - freely . moving
cats, produced sleep. Low frequency
stimulation was effective in inducing
sleep. The effect of low frequency
stimulation (5-25 cycles/sec) on induction
of sleep was confirmed by Hernandez-
Peon (45), and Yamaguchi et al (46). In
addition, they showed that high frequency
stimulation: (200-300 cycles/sec) induced
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cortical EEG desynchronization and some
signs- indicative of behavioural arousal.
Thus, it can be concluded that both sleep
and arousal responses can be obtained
from electrical stimulation of the POA,
depending upon the rate and site of
stimulation. ‘

Local intracerebral injection studies:
Injection of norepinephrine (NE) at the
mPOA -produced arousal and the alpha
receptors were involved in this response
(47,48). Locally applied NE can act on
both the presynaptic and postsynaptic
receptors (49). It was later shown that
the administration of NE did not induce
arousal when the noradrenergic fibres in
the mPOA were lesioned (49). These
findings showed that the NE induces
arousal by acting on the presynaptic
alpha-2 receptors. Stimulation of alpha-2
receptors by externally applied NE and
clonidine, would produce decreased
release of endogenous NE from the
presynaptic terminals (50). So, it is very
likely that the decreased release of
endogenous NE produced arousal in
normal animals. This assumption was
further supported by the finding that the
alpha-2 agonist, clonidine, also produced

- arousal when applied at the mPOA (51).

Alpha-2 receptors are primarily present
on the presynaptic noradrenergic
terminals (50,52). The presynaptic site of
the action of clonidine was confirmed by
the studies on VNA lesioned animals (53).
Similarly, yohimbine, an . alpha-2
antagonist, induced sleep by its action on
the presynaptic terminals, as the effect
was attenuated after the VNA lesion.
Thus, the observations in the VNA
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lesioned rats further confirmed the
contention that these responses are
mediated through presynaptic alpha-2
terminals (49,51).

Injection of beta adrenergic blocker,
propranolol, at the mPOA was ineffective
in changing sleep-wakefulness (47,54). But,
beta receptors -are also thought to be
indirectly -involved: in the regulation of
sleep-wakeful function: Beta agonist,
isoproterenol injection into the mPOA
induced wakefulness (55). Beta receptors
in: the. mPOA have been shown to:be
important in inducing sexual arousal (56),
which: would in turn cause generalized
arousal. So, it is possible that the injected
isoproterenol would have produced
arousal through a stimulatory action on
the sexual arousal system. It may be
hypothesized that there are different sets
of meurons in the mPOA, controlling
sleep, sex drive and other functions. It
could be possible that the sleep regulating
neurons are primarily stimulated through
alpha . receptors, whereas . the ‘neurons
controlling the sex .drive- are activated
through beta receptors.

Progesterone has also been reported
to induce sleep, when applied directly
into the rostral POA or basal forebrain
area in cats, whereas no change was
observed when it was injected into the
caudal or lateral regions (57).

Prostaglandin has been shown to alter
sleep: ‘by its action at thePOA
Prostaglandin D2 (PGD2) is present in
high “concentration in the hypothalamus
in the rat brain. Ueno et al (58) reported
that PGD2 application into the POA of

conscious rats increased SWS. On the
other hand prostaglandin E2 (PGE2)
produced - arousal in rats (59,60).
According to Hayaishi (61} PGD2 is the
endogenous sleep inducing substance in
rats, mice, monkeys and probably in -
humans. PGD synthase (PGDS), :the
enzyme that produces PGD2 in the brain,
is the key enzyme in sleep regulation.
When the enzyme activity is inhibited by
its specific inhibitor, SeCl4 in vivo, rats
can no longer sleep.  PGDS is present
mainly in the arachnoid membrane and
choroid plexus. It is secreted into the
cerebrospinal fluid to become beta-trace.
PGD2 thus produced is bound to the
receptors on the surface of the ventro-
medial region of the rostral basal
forebrain. This signal is probably
transmitted into the brain parenchyma by
adenosine via adenosine A2a receptors.
PGE2 plays a major role in the
maintenance of wakefulness.

Hernandez-Peon (62) showed th. the
application of ACh at the POA elicited
EEG synchronization and sleep, in cats,
whereas carbachol, a cholinergic agonist,
when applied at the mPOA, produced a
falliin rectal temperature and an injection
bound long lasting arousal in rats (63).
Administration of GABA at the mPOA
did not produce any significant alteration
in S-W (64). Application of 5-HT crystals
in the ‘POA produced drowsiness and
SWS in freely moving rats (46). But, Datta
et al (65) showed that 5-HT application
at the same site did not have any change
in SW. Intracerebral injection of melatonin
into the POA has been shown to increase
SWS and REM sleep in rats (66).



Single unit recording studies: Mallick
et al (67) showed that a majority (55%) of
neurons of the POA showed alterations
in their firing ‘rate during transient
changes in EEG. Among these 62.5%
showed increased firing during synchro-
nization and the remaining 37.5% showed
increased firing during desynchronization
of the EEG. Findlay and Hayward (68)
showed that the majority of the neurons
in the hypothalamus, including POA in
freely moving rabbits, showed an increase
in their firing rates during sleep as
compared to the awake state.. The POA
neuronal activity was recorded during all
states of sleep and wakefulness, and were
classified into five groups according to
their firing behaviour in relation to sleep-
wakefulness states (69). One third of the
neurons showed no clear correlation with
the sleep-waking states. Out of the 65
neurons which showed changes in activity
with sleep-wakefulness states, 26 were
most active during REM sleep. There
were 16 neurons which were most
inactive during REM sleep, some of which
were inactive during SWS also. Those
which were specifically active during SWS
were 14 in number. Nine were less active
during SWS than during wakefulness and
REM sleep. About one third of neurons
which showed increased discharge with
SWS and REM sleep, began to increase
their sleep-related activity in advance of
the shift of sleep-wakefulness state
recognized in EEG. These results suggest
that ‘the PO-AH  areas are involved, -at
least in rats, in regulation of not only
SWS but also REM sleep.
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The role of the mPOA in the mainte-
nance of sleep-wakefulness

There was persistent reduction in
sleep (light SWS, deep SWS and REM
sleep) and increase in the awake periods
in rats after the mPOA neuronal lesion
using NMDA (38). In cats, light SWS was
not much affected. after electrolytic and
neurotoxic lesion (35,70). So, there was
reduction in deep SWS and REM sleep in
both rats and cats, after the mPOA lesion
(39,70). The reduction in REM sleep
suggests that the integrity of the POA is
important for the regulation of this phase
of sleep also (70,71). It is worth noting
that the majority of the POA neurons
show higher firing rates during' REM
sleep, than during SWS (69,72).

. There was a significant decrease in
the duration of SWS episodes after the
mPOA lesion in rats (39). There was no
significant increase in SWS frequency after
the mPOA lesion. Thus, the initiation of
sleep was not affected significantly by
the mPOA lesion. This indicates that it is
the maintenance of SWS rather than its
initiation, which seems to have been
mainly affected after the mPOA lesion.
Lucas and Sterman(36) have also reported
that there was a decrease in SWS bout
duration, ‘and an increase in the number
of transitions of sleep stages after the
basal forebrain lesions in cats.

There ‘was a reduction in -sleep
pressure after the mPOA lesion, ‘which
shortened the sleep episode duration (39).
This produced a reduction in the duration
and frequency of deep SWS and REM
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sleep episodes. Normally, deep SWS
occurred after the animal had spent some
time in slow SWS. Similarly REM sleep
appeared after the animals had spent
some time in deep SWS. Thus, the
reduction in sleep episode duration
produced a reduction in frequency and
duration of deeper stages of sleep, namely
deep SWS and REM sleep. Unlike in
human beings, in rats and cats, REM sleep
forms a part of the deeper stage of sleep.
So, the studies on NMDA lesioned rats
indicate the possibility that the mPOA
neurons are important for the main-
temance and initiation of REM sleep.

Marginal “increase inthe “frequency
and - daration of rawake ‘episodes, after
the mPOA lesion (39), could be due to-a
release of the waking mechanism from
the inhibitory influence of the POA (73).

Role of the mPOA in c1rcad1an and
sleep-wake rhythms

Circadian rhythms are major features
of the adaptation to our environment (74).
In mammals, circadian rhythms are
generated and regulated by a circadian
timing system. This system consists of
entertainment pathway, pace-maker, and
pace-maker output to effector systems
that are under circadian control, The
primary entertainment pathway is the
retinohypothalamic tract, which termi-
nates on the circadian pace-maker, the
suprachiasmatic nuclei of the hypot-
halamus. The output of the suprach-
iasmatic nuclei is principally to the other
nuclei of the hypothalamus, the midline
thalamus, and the ‘basal forebrain. This

provides a temporal organization to the
sleep-wake cycle, in addition to many
other physiological, endocrine and
psychomotor functions (74).

In young adult human beings, the
sleep-wake cycle coincides with the
circadian cycle. But in cats and rats, and
even in children, they do mot exactly
coincide. They are polycyclic and go
through several cycles of sleep during the
day and night. But all the same, they do
show a circadian variation in the amount
of sleep during day and night. The effect
of brain lesion on sleep-wakeful cycle
could be better studied in‘polycyclic
animals, where the circadian cycle and
the sleep-wakeful cycle could be viewed
sepai‘ately. :

Many reglons of the brain have the
ability to produce arousal, or sleep. But
it is necessary to locate the brain areas
essential to generate the normal pattern
of sleep-wake cycle. Neural regulation of
sleep is highly incomplete without a
proper regulation of sleep-wake cycle
itself. Study of the sleep-wakeful cycle
would also help in looking at the change
in the duration and frequency of sleep
episodes, as mentioned in earlier section.
The sleep-wake cycle could be due to the
slow accumulation and dissipation of
chemical products within well defined
groups of neurons in the brain (75).
Rhythmicity is potentially present both in
the ‘cerebrum and in the brain stem, as
shown by the experiments on the chronic
cerveau isole ‘and: chronic decerebrate
preparations (29). It is difficult to state
where rhythmicity arises in the normal



animal, but several considerations suggest
that  the  cerebrum; especially the
hypothalamus, is the most likely location.
According to one theory the sleep-waking
cycle. would normally arise within the
cerebrum, and they are controlled by the
ascending . flow of brain stem impulses
from the ARAS and the sleep inducing
structures of the-lower brain stem.’ But
the important role of the hypothalamus
for sleep-wakefulness  change is partic-
ularly emphasized by Kawamura (76) on
the basis of experimental data. According
to- him - the mechanism - of sleep-wake-
fulness change, produced by the forebrain,
doees not depend on the lower brain stem
structures and ARAS. One week after
rostral:midbrain transection, the isolated
forebrain showed sleep-wakefulness
change, with circadian rhythm. In this
preparation, after additional bilateral
preoptic or posterior hypothalamic
lesions, ECoG “insomnia” or *
pattern appeared, respectively. Hypoth-
alamic sleep-wakefulness ‘mech-anism
usually receives strong influénce from the

“coma”

suprachiasmatic’ nucleus, but it can
produce its own ‘ultradian “rhythms”
(sleep-wakefulness change), though very
irregular, even without this input.

The mPOA lesion in rats produced a
proportionate reduction in sleep during
the day and night, without any obvious
change in the day-night sleep ratio (39).
Absence of any persistent change in the
night-day ratio of sleep would suggest
that the mPOA has no role to play in the
circadian distribution of sleep. Asala et
al (77) have reported an uneven suppr-
ession of sleep after the radiofrequency
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lesion of the mPOA. In those rats the
reduction in the light period sleep was
compensated for by the dark period sleep.
It is difficult to assign any reason for the
differences in the observations in the
radiofrequency lesioned and the neur-
otoxic lesioned rats. The damage to the
input from suprachiasmatic nucleus in the
radiofrequency lesioned rats, could have
been instrumental in disrupting the night-
day distribution of sleep. Night-day
distribution of food and water intake was
also not significantly altered after the
mPOA lesion. Though there was no
alteration in night-day sleep-wakefulness,
food and water intake, the rest-activity
cycle was disturbed by the mPOA lesion.

Inter-relationship between hypothalamic
thermoregulatory and -sleep regulatory
mechanisms. .

R(jb'erts and Robinson (78) ‘have
suggested that the POA thermoreceptore
may provide input to the POA sleep-
regulating mechamsms Stmmldtmn of
central receptors by changmgr blood
temperature is likely to be an important
source of 1mpulses driving the sleep
inducing structures of basal forebrain (30)
It was hypothemsed that the SWS in

‘mammals and birds is controlled by

thermoregulatory mechanisms (79). Local
warming of the POA pr‘oduces: sleep
(78,79,80). PO-AH warming increases EEG
delta frequency activity during SWS (80).
So, it was suggested that the PO-AH
thermoregulatory mechanisms. participate
in the regulation of the depth of SWS.
According to Nakao et al (81) the SWS is
controlled by thermoregulatory - mech-
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anisms - of the ‘PO-AH. Circadian and
homeostatic - thermoregulatory processes
may be integrated in this brain area. Sleep
could be induced by radio frequency
diathermic warming of the POA in cats
and opossum- (78).  Cooling ‘the POA
produces huddled posture (82). Low
ambient temperature suppressed sleep
and' mild ‘environmental “‘warming
enhanced sleep in normal rats (83,84).
Studies have shown that SWS is facilitated
when brain temperature exceeds a
threshold level (79). This threshold ‘is
hypothesized to be determined by
responses of the PO-AH thermosensitive
neurons and to be regulated by both
circadian  and homeostatic processes.
SWS-induced brain and body cooling
would provide several adaptations
including lower energy utilization,
reduced cerebral metabolism, protection
of the brain against the sustained high
temperatures of wakefulness, fauhtatlon
of immune defense processes and regu-
lation of the timing of behavioural activity
relative to the Clrcadmn light-dark cycle.
So, it was suggested that the mPOA,
anterior hypothalanuc and basal forebrain
network integrates thermor-egulatory and
hypnogemc controls and induces EEG and
behavioral deactivation, through suppr-
ession of the ARAS,

It has been demonstrated that there
are neurons in the mPOA involved in the
regulation of sleep and body temperature
(85,86,87). Thermosensitive neurons of the
PO-AH have been implicated in the
regulation of both body temperature and
SWS (88). The activation of sleep-related
warm-sensitive neurons (WSN) and the

deactivation of wake-related cold-sensitive
neurons (CSN) may play a key role in
the onset and regulation of SWS (89).
During SWS, ‘a majority of WSN of the
PO-AH exhibit increased discharge
compared to wakefulness. CSN exhibit
reduced discharge in SWS, compared to
wakefulness. WSN  with increased
discharge in SWS exhibited increased
thermosensitivity ‘during SWS compared
to wakefulness.  CSN with ‘decreased
discharge during SWS exhibited ‘decreased
thermosensitivity in SWS. In addition, 9
out of 47 neurons that were thermo-
insensitive - during wakefulness became
warm-sensitive during SWS. Changes in
PO-AH neuronal thermosensitivity could
be a component of the mechanism for
stabilization of state after state transition
(88).

WSN did not exhibit a significant
change in thermosensitivity during REM
sleep compared with wakefulness and
SWS. (90). In contrast, CSN. exhibited
decreased mean thermosensitivity during
REM sleep compared with wakefulness.
CSN as a group did not retain significant
thermosensitivity in REM sleep. These
findings are consistent with evidence that
thermoeffector responses to cooling are
lost in REM sleep, whereas some
responses to warming are preserved (90).

The mPOA lesions do increase the
rectal temperature (70,71,91,92). Hypert-
hermia observed during the first week
after the mPOA lesion was severe. This
was followed by a constant mild hypert-
hermia during the subsequent weeks
(39,92,93). On the other hand, there was




no variation in the magnitude of
reduction in sleep throughout the post-
lesion period. Thus, there was no
temporal - correlation between the sleep
and temperature changes after the mPOA
lesion. Though hyperthermia is the
commonly observation,
hypothermia was also reported after the
lesion of the POA (94,95).

reported

.Though the‘ possible ~ strong

interrelationship between the regulations

of body temperature and sleep-

wakefulness has been suggested on the'

basis of single unit and local warmmg
studies (79), they are not supported by
intracerebral 111]ect10n studies. Neurotr-
ansmitters and their antagonists, injected
at the mPOA, could not always produce
simultaneous alterations in*sleep and
body ‘temperature (48,63,96)." Carbachol
administration at “the mPOA produced
hypothermia and arousal. But the changes
in these physiological parameters did not
have a temporal correlation. The arousal
response outlasted far beyond the changes
in body temperature (63). Administration
of 5-HT at the mPOA produced
hyperthermia without any change in
sleep-wakefulness (65). So, it is possible
that the changes in- sleep-wakefulness
resultmgr from the mPOA stimulation and
lesion are not dependent on the body
temperature changes Thus, . it may be
suggested that the mPOA controls sleep
and temperature through 1ndependent
but overlappmg, neuronal circuits. This
conclusion is also supported by the
observations of Krueger and Takahashi
(97).
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Effects of noradrenaline (NA) on the
activity of sleep-related neurons in- the
POA and the neighboring basal forebrain

. were-examined in the rat by Osaka:and

Matsumura (86). Sleep-active meurons
were generally inhibited by NA ‘and the
alpha 2-agonist - clonidine, ‘whereas the
alpha 1-agonist methoxamine ‘and the
beta-agonist  isoproterenol thad-no-effect
on them. Thus, alpha 2-receptors medi-
ated the NA-induced inhibition. Waking-
active neurons were excited by NA and
methoxamine, whereas:isopro-terenol and
clonidine . were- 'without « effect: -Accor-
dingly,  alpha 1-receptors probably
mediated the NA-induced excitation.
State-indifferent neurons, ant: REM sleep-
active neurons were mostly insensitive to
NA. These results suggest that NA
promotes wakefulness by inhibiting sleep-
active neurons and. by exciting waking-
active neurons (86): ‘

The noradreriergic terminals, when
activated, bring about sleep and
hypothermia._On the bdels of local
application of NA, it has been postulated
that there are also two separate groups
of afferent noradrenergie inputs, ending
on the mPOA neurons. One of them,
termmatmg on eleep mducmg neurons, is
tonically active during sleep Those
afferents which synapses on the
temperature regulatory neurons are
suggested to be normally inactive (53).
Clonidine administration at the mPOA
produced arousal (51), but it was
ineffective in producing any change in
temperature (98). Clonidine (alpha-2
agonist) injection into the mPOA, in
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normal ‘rats, resulted in:the activation of
presynaptic alpha-2 receptors; on both the
groups of noradrenergic afferents, but it
brought: about: decreased release. of
endogenous NA on those neurons in
which: -there “was a tonic: release. This
decreased  release of endogenous NA
produced arousal in sleeping animals (51).
Clonidine :also actedon  theinactive
which synapse on the
temperature regulatory neurons. Since
these fibres normally secrete very little
NA, there was mo change in ‘the-body
temperature when this drug was applied.
Yohimbine, an alpha-2 antagonist, blocks
the " presynaptic receptors and facilitates
the release « of endogenous NA.
Postsynaptic action of the released NE
on alpha-1 receptors, induces sleep in
normal animals < (51,99,100). Yohimbine
failed: to ‘exert-facilitated release:of NA
from those fibres which synapse on to
the temperature regulatory neurons, since

terminals

they are normally inactive. Hence, there
was no Change in the body temperature
on application of this drug

Changes in body weight, food and water
intake on sleep regulatlon ‘

' Earher reports have shown that the
alteration in food intake can dlsrupt sleep
(101) There are reports in the literature
which 111d1(‘ate that the REM sleep
deprlvatlon or. total sleep depnvatmn
increases the food intake (102 103,104).
But the decrease in SWS and PS resultlng
from the mPOA lesion, did not produce

any ‘increase in food intake and water
intake (39). Food deprivation in birds and
squitrels resulted in a lowering of the
thermoregulatory ‘set point during sleep
along with increased SWS (105).

Though there was no significant
persistent change in food intake, there
was a reduction in the body weight of
the rats after the mPOA lesion with
NMDA, and electrolytic lesion of the POA
(39,84). Higher locomotor activity and
mcreased body temperaturc, after the
mPOA lesion, would produce mcreased
energy expenditure, This might have
resulted in a decrease in the body weight
because  there was no: concomitant
compensatory addition in energy intake
(food intake), in.spite.of the. increase. in
locomotor activity, rectal temperature and
awake period. Therefore, after,yath‘e lesion,
the -animal ‘did notrecognize low:energy
reserves, ‘and:so~it. did mot - bother: to
conserve energy. Thus, it can be
hypothesized: that the mPOA" lesioned
animals had lost the mechanism for the
fine tuning of food intake regulation in
response ‘to the alteration 'in body
homeostasis. The functional integrity of
the mPOA may be essential for the
regulation of food intake, in response to
alterations in the temperature, locomotor

activity and S-W. It can also be argued

that the POA would normally facilitate
sleep, an energy-conservmg state, when
energy reserves are at a cr1t1cal level
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INTRODUCTION

In recent years nothmg in the field of
surgery has captured the imagination of
cominon man ‘more: than the subject of
organ. transplant: Ever. since Christian
Bernard successfully transplanted a
human heart, not only the lay public but
even ‘the ‘members of the scientific
community have often asked us. “When
will ‘a brain transplant be done?” A
decade ‘or so ago, the simple answer
would be “Never”. - However, much has
happened during the past decade to make
us a bit more circumspect in giving “a
categorical answer. Thousands of
neuroscientists all around the world,
including a group in our own Institute,
have been currently working hard to
explore various possibilities leading to
such .a goal.. A large number of
publications both in  scientific and lay
press refer to. the tantalising possibilities
of at least replacing part of the damaged
or-diseased brain, by viable neural tissue,
with: capabilities to- grow, - differentiate,
develop connections with the host brain,
produce chemicals responsible for

transmission of nerve impulses and
ultimately compensate for the lost
function. It is therefore timely to take stock
of the current status and future
perspectives.,

Why the Whole Brain caanot be
Transplanted :

It is natural to question that if heart,
liver, lungs, kidneys can be transPlan(:ed
as an ‘organ’ why brain Cahnot be
transplanted in the same manner. Heart,
liver and kidney are connected with the
body primarily through blood vessels,
which can be divided and sutured to the
vessels of the donor organ. Sumlarly the
ureter or bile duct which have to be
divided while removing a kidney or liver,
can be easily stitched to the appropriate
tissue of the donor. These structures i.e.,
blood vessels, ureter or bile duct are
simply mechanical conduits which can be
sutured easily and successfully. In contrast,
in addition to the blood vessels, the brain
is.connected to the body by the spinal
cord. The donor brain will thus be
required -to- be anastomosed with this
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structure, which is not easy to be sutured.

Even if it is sutured, it has no capacity.

to regenerate, or, to develop functional
connection with the donor brain. In
addition, the brain is connected to the
body by twelve pairs of cranial nerves
which would have to be cut if brain is to
be removed. Some of these, like the optic
nerves connecting the eyes to the brain,
even if connected to the nerve of the
donor brain, somehow fail to become
functional,

The next best thing to full brain
replacement is therefore replacement, if
possible, of a part of the brain which is
diseased or damaged. This is what is
currently being tried.

Historical Background

Historically, attempts at’ mammalian
neural transplantation started nearly one
hundred years ago. Thompson in 1890
attempted exchange of large pieces of
brain tissue between adult cats and dogs.
Saltykow in 1905 reported the survival of
transplanted mammalian cortical tissue.
Nevertheless, it soon became ‘obvious that
adult neural tissue seldom survived and
that too for a very short duration. Dunn
in 1971 demonstrated that immature
neural tissue had longer survival.
However, ‘it ‘'was only “in 1940 that Le
Gros Clark successfully transplanted
embryonic brain tissue ‘in the cerebral
ventricle of a six week old rabbit. Four
weeks after transplantation, ‘hedemons-
trated well differentiated neurons attem-
pting to reproduce the laminar arrange-
ments. of adult cortical neurons. Sporadic
efforts by a series of workers (May 1954,

Greene and Arnold 1945 : Royo and Quay

.. 1959) reconfirmed the capability of

embryom'c‘neural tissue to grow when
transplanted in anterior chamber of the
eye in adult host. On the other hand,
Willis (1935) and Glees (1955) could not
confirm the ability of embryonic neural
transplants to survive. However, conc-

. erted efforts in this direction started only

in early seventies, when the work of Das
and Altman from USA and Bjorklund and
his colleagues from Sweden in a series of
publications unequivocally demonstrated
growth, differentiation, integration and
even production-of appropriate neurotra-

nsmitters following-embryonic: neural

tissue transplanted in various regions of
the brain in-adult rats (Das 1983). These
successes have resulted in . a virtual
explosion of researches -in -this - field- so
that thousands of neuroscientists all over
the world: are currently. .engaged in this
field -of study. According to Morrison
(1987),..in 1983--alone, -as . many: papers
were published on neuronal grafting in
mammals. as..in -the whole century
preceding 1970.

Need for Neural Tranéplantation |

Brain cells - the netirons - have no
capacity to regenerate when they are
damaged. In addition, groups of neurons
and their'interconnections' constitute
functional systems with specific functions.
Damage to any component of a particular
system leads to loss of that function. Brain
has limited capacity to delegate or transfer
this function to any other region. Just to
give an example, if the area: of the brain

.concerned with speech is damaged, the

patient loses his speech. The remaining



healthy brain cannot take over this
function. This is true for other specialized
functions like seeirig; - hearing, voluntary
movements, sensory perception etc. The
individual wunits -of a- functional system
communicate with each other through
electrical signals which utilise specific
chemicals called neurotransmitters. Some
neurotransmitters - are - also specific for a
particular functional -system. Thus for
maintenance. of .smooth motor functions,
besides the motor cortex and cerebellum,
the nigrostriatal system is essential. The
specific neurotransmitter that subserves
this system is dopamine. Deficiency of
dopamine results in abnormal motor
symptoms like poverty of movement
(akinesia), stiffness or rigidity and
involuntary ‘movements (tremors) so
characteristic ‘of Parkinson’s disease. No
othier netirolransmitter, of which there are

alarge number, can take over the function -

of dopamine. In contrast, in the case of
liver or kidney, all the liver cells
(hepatocytes) or kidney cells (nephrons)
have ‘identical functions. When'" diseased,
remaining healthy cells can take over the
function. Furthermore, upto a certain
limit these organs have an inherent
capacity to regenerate. Brain unfortuately
does not possess any of these characters.
Hence, once any specific part of it is
damagod it can only be replaced by those
cells which have genetlcally been ascribed
that particular function or which are able
to produce the specific neurotransmitter
involved in tha* function. To make
matters more Comphcated for some
complex functions, large number of
functional units are required to work in

harmony and thm may mvolve more than ,
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‘one transmitter. This is:characteristically

seen in respect to memory. Impairment
of memory, so characteristic a feature of
ageing, especially in:cases of Alzheimer’s
disease, represents such a situation. -

Theoretically SPeaking, sequelae of
injury, infections, stroke and a large
number of degenerahve dlsorders of brain
which have no medical or surgical
therapy available for restoration of
function, are all potent1a1 candidates for
neural transplantation. Experlmental
neural transplantation in animal models
of a host of such disorders has been
shown to benefit to a varying degree the
impaired function. Thus, neural tissues
from a_number of morphologically,
biochemically and functionally identified
regions have been “harvested” from foetal
brain and successfully transplanted in the
appropriate region of the adult brain with
pre-existing mechanical, biochemical or
pathological lesion. These grafts have been
shown to. develop organotypic matur-
ation, produce appropriate neurotrans-
mitters and result in varying degree of
recovery. of lost function. However the
procedure has so far been utilized for
treatment of Parkinson’s disease only. The
remaining portion of this article will
predominantly deal with this disorder.

It is now well established that the.
dominant abnormahty in pat1ents W1th
Parkinson’s disease involves the mgro—‘
striatal dopammerglc neurons A vanety
of expenmental models of this disorder
have been developed in ‘animals by
destroymg the dopammerglc neurons
cither chemically or mechanically. It is
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possible to isolate dopaminergic neurons
from - either embryonic' brain or adult
adrenal - medulla. These neurons have
been transplanted in the lesioned ‘animals.
Morphological, Neurophysiological,
biochemical, histochemical and behavi-
oural studies have unequivocally demons-
trated that such transplants are able to
revert the lesioned animals towards
normalcy (Bjorklund et al 1981, Schmidt
et al 1982, Dunnett et al 1983). This
knowlédge has already been utilized to
treat patients suffering from Parkmqon s
dlsedse (seo later)

- Two decades of intensive research all
over the world has established that the
most suitable ‘tissue for grafting in the
brain‘and spinal cord is'the fresh neural
tissue obtained from a developing foetus.
Atleast in lower mammals one can easily
achieve a success rate of 80 to 85 percent.
Most such studies have been carried out
in rodents. These findings have also been
confirmed  in ‘a ‘host: 'of ‘other animal
species including sub-human primates
and” even man.” However, ‘the "work
carried out in monkeys has been very
limited (Ridley and Baker 1991) and the
work' carried out in rhesus monkey has
been far from satisfactory (1992). It “is
therefore not" surprising *that several
investigators have questioned the
advu;ablhty of using this procedure in
man on the basis of results obtained in
rals (Fl‘;hman 1986, Tandon 1988, Sladek
and Gash 1988, Sladek and Shoulson 1988,
NMJ 1986 Lmdvall 1991). Inspne of such
resorvatlons, it is surprising ‘that more
than 400 human patients have been
subjected to such transplants, using either

autologous adrenal medulla or foetal
substania nigra. Such “experimental”
surgery has no doubt demonstrated the
feasibility of the procedure to succeed
and - atleast  partially ‘and ' temporarily
alleviating some' of the deficits resulting
from Parkinson’s disease. The develop-
mental window during which ‘the fetal
cells need to be harvested is reasonably
well established for rodents. The optimal
donor-age may vary depending upon the
region of ‘the brain selected for
transplantation. On the other hand, while
most persons believe that in the case of
human foetuses, the desirable age to take
the graft is from 6 to 12 weeks '

::Successful transplantatlon has . been
achieved using cell suspension or solid
pieces of: foetal tisue. Bjorklund et al
(1980),. - Dunnett et -al (1987). and. many
others advocate cell suspension to. . be
better than solid pieces. Das et al (1979)
and others including us, find the latter to
grow as well, The size of the graft in
animal experiments was not a critical
parameter, but it acquires great impor-
tance when the technique is used for
therapeutm purposes in human patients.
Lindvall et al (1987) estlmated that the
human putamen and caudate nucleus
(striatum) . are normally innervated by
about 60,000 dopammerglc neurons each.
Graftlng ventral mesencephalic. tissue
from one fetus into one of these structures
mlght then be able to restore upto 30%-
40% of the normal number of cells. Hence,
they used tissue from four foetuses for
each of their patients (Lindvall et al 199%0),
though Madrazo et al ,(1991) and
Hitchcock (1991) claimed satisfactory
results using cells from a single fetus.




It is  now obvious: that, for proper
functional integration, the graft must be
located as near the target as possible.
However, the problem arises when one
deals” with® such a large stricture “as
striatum. With the restricted axonal
growth into the host and limited diffusion
of dopamine into the surroundmg brain,
it appears to be deqlrable to transplant at
several sites and not at one (Perlow 1987).
Madrazo et al 1990). Furthermore. It has
been demonstrated that selected aspects
of behavioural abnormalities are benefited
by transplants at different sites in the
caudate nucleus (Dunnett et al 1989,

erlow 1987). Efforts are, therefore,

underway to evaluate the utility of
transplants in only caudate nucleus or
putamen or both unilaterally or bilaterally,
at single or multiple sites in. cases of
Parkinson’s. disease . (Freed ..et al 1990,
Hitchcock -et.al 1989).

It must be stated at the outset that
neural transplant has not been attempted
in India so far inspite of the fact that we
have . extensive experience in achieving
successful transplantation of foetal tissue
in adult animals. The technique itself is
simple, does not require any sophisticated
equipment. and can be performed with
little, if any risk to life. There will be no
dearth of patients, the cost. of surgery
itself would be affordable by a common
man. The reasons for not attemptmg it is,
however, based on its purely experlmental
nature as at present. In addition results
of our animal studies as also a host of
others entreat us to resolve some of the
controversial and ‘unanswered questions
through experimentation in animals. Some
of these are: briefly:described below.
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Donor Tissue

As mentloned above, so far, the only
sultable tissue necessary for successful
transplantatmn is human foetal tlS‘;U(‘,
that too from a foetus of a partlcular age.
To procure such tissue raises some
practical and ethical issues notwiths-
tanding the fact that abortion havmg been
legalized in the country, thousands of
such procedures carried out every day
could easily provide the requlred donor
tissue. The current practices of medical
termination of pregnancy may need to be
modified to procure the desired donor
tissue in suitable condition. The donor
tissue thus obtained will have to be
transplanted promptly

Preservation of Graft

Most: :investigators - studying. -neural
transplant. used . fresh. donor. tissue.. For
clinical use, specially keeping in mind
the need for tissue from more. than one
foetus for a patient, it would be more
practical to use stored tlssue Attempts
have been made to use cryopreserved
tissue (Brurldm et al 1985, Redmond et al
1988, Gibbs et al 1986, V1ctorov ‘and Ly)m
1990) We were dble to su((cssfully
transplant Cryopreserved foetal tissue in
rhesus monkey (Tandon et al 1990)
However, Gash and Sladek (1989)
observed that survival of human foetal
Cells whether eryopreserved or dr;socxated
m—v1tro is still extremely low (5% to 15%)
A proper protocol needs to be developed
to achieve better survival. In addltlon one
would have to ensure that tissue thus
obtained is free from any infection,
specially the ‘human immunodeficiency
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virus [HIV], and is not contaminated
durmg collectmn, transportation and
preservation. In view of these problems,
efforts are being made to look for
sat1sfaetory alternatives (Vlde mfra)
However, before we do that we may have
a look at what has already been achieved
using human foetal tissue transplantanon
for Parkinson’s disease, since this is the
only disease kfor which this procedure has
been utilized and very carefully studied.

‘The first operation, using autologous
adrenal medullary cells was performed
by Backlund and his colleagues in March
1982. A second operation was performed
in May 1983. A suspension of chromaffin
cells of the patient’s own adrenal medulla
which secrete a precursor of dopamine
was stereotactically implanted into the
The ‘transitory and
equivocal improvement observed in these
patients, while establishing the validity
of such an approach, ‘dictated a review
of the strategy (Backlund et al 1987).
Madrazo and his colleagues in Mexico,
modified this operatlon and cla1med
dramatle results They carried out an open
operanon, exposed the caudate nucleus
in the lateral ventricle, made a cav1ty in

caudate nucleis.

it and nnplanted adrenal medulla into
the cavity. Few others could Verlfy their
dramatic resulte and soon _the operatlon
fell into dlsrepute This’ promoted Hitch-
cock-et -al. (1989), Lmdvall et al (1989),
Madrazo et al (1990) to use foetal
substantla nigra neurons (Ventral mesen-
cephalon, of ,embryo of 8 to 10 weeks
gestation) for transplantation. Till date,
this is the only transplant which has

provided symptomatic relief lasting atleast
for more than 2 years in selected patients.

The benef‘icial effects of mnigral
transplants may be summarised as
follows :

e Some. general mlprove:ment of motor
symptoms has been reportcd by all.
_ However, the degree of improvement
is rated as mild to moderate. In no
case there has been a full reversal of
Parkmsoman syndrome (Lmdvall et

al 1990, 1992);

e The most consistent improvement has
been in rigidity and bradykinesia.
There is little 1mprovement in
tremorq

e DPositron emission tomography [PET]
" 'scan studies have established long
term survival of the ‘graft (Lindvall

et al 1990, 1992). ‘

® Restoration of dopamine synthesis
and 'storage in the grafted striatum
has been established using an isotope,
fluorodopa [6 FD PET] uptake (Sawle
et al 1992). Vingerhoets et al (1994)
" summarising the current information
based on 6 FD PET studies concluded
that some of the relevant reports
currently available ‘are highly
encouraging but “there are “also
inconsistent, pamdoxzcul and contro-
b verszal ﬁndmgs

Futume Du'ectmns

.To. overcome the drawbacks and
limitations of  foetal  tissue transplant;
efforts are being made to-look for




satisfactory alternatives. Cells from
superior cervical sympathetic ganglia,
glomus cells of the carotid body and
pheochromocytoma cell line [PC 12]
encapsulated in semipermeable membrane
have been shown to provide variable
beneficial effects in rat, guinea pig and
monkey models (Tresco et al 1992). A
variety of other genetically manipulated
cell lines have been developed to provide
a source of the appropriate neurotra-
nsmitter, dopamine or acetylcholine. It
may be possible to do so for other
transmitters and trophic factors as well.
Wolff et al (1989) genetically modified
fibroblasts to provide L-dopa and
demonstrated its utility for relieving
symptoms in a rat model of Parkinson’s
disease. Immortalized cell lines have been
generated by retrovirus-mediated V-myc
transfer into murine cerebellar progenitor
cells, by culturing cells from human
megalencephaly, and by somatic-cell
fusion.

Cells capable of secreting a specific
neurotransmitter can be encapsulated in
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a nonbiodegradable polymer. This pre-
vents immunological destruction. These
encapsulated cells have been shown to
survive for long time and compensate
for lesion induced deficit (Tresco et al
1992). 1t is still too early to say whether
these efforts will succeed in providing a
reliable source of transplants for
therapeutic purposes in humans.
Continued studies are no doubt essential.

In conclusion, at the current stage of
our knowledge and the experience gained
from limited human trials it is obvious
that neural transplantations holds lot of
promise for relief to a large number of
neurologically disabled individuals, who
have no other hope. It is ethically
permissible, not as a routine treatment
but as a measure of last resort carried
out by well qualified teams, under
controlled conditions, in institutions with
capabilities to scientifically monitor such
patients for long periods. Meanwhile
efforts should continue in experimental
laboratories to resolve the uncertainities
still associated with the procedure,

.

advances in India in this field.

-

This review is dedicated to the memory of Prof. Baldev Singh
who was the inspiration behind several experimental studies
done by the author along with Prof. G.S. Chhina and Prof. V.
Mohan Kumar, which added to our current concepts of neural
transplantation. Prof. Baldev Singh was associated with pioneering
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PREAMBLE

" The energy demands of the body
under resting basal, active and stressful
conditions are adequately and
appropriately responded to in a short
period of a few minutes, by glucose
which constitutes a most dependable
energy supply source on a short term
basis, although in the long term, body
adipose:tissue responds to the needs: for
the maintenance of energy. balance. Based
on:our.collaborative -studies, Bajaj et al
in 1975 proposed the existence of an
Entero-hypothalamo-insular axis’. Subseq-
uently Bajaj: (1976)5 ;su'mmarisekd ‘the
‘evidence for its metabolic role delineating:
neuroendocrine mechanisms involved in
the regulation of energy balance. In this
publication, it was specifically observed:
“The rate of glucoce utilisation seems to be
the set point in_the reguklatzonkof - entero-
hypoth,t;lamo zncular axis. However, this may

be. so_for the maintenance of energy balance.

on a short term basis. Adipose tissue
functions as the major source of energy fuel;
during starvation, glycogen stores in the
human body may sustain_life for less than
24 hours while energy stored as triglycerides
can maintain supplies to vital organs for 30-
60 days, It is thei‘efore possible that control
of triglyceride storage may be of ;coynsidemble
influence as g long range regulator of entero-
hypothalamo-insular. axis’.. . The present
review provides: a critique .of information
generated during the last two decades
and assess the validity and authenticity

+ of the foregoing statement in the context

of current state of knowledge.

Thué two phy‘;lologlcal control
systems seem _to operate constantly and
efficiently, essentlally by bulldmg
sufficient carbohydrate and triglyceride
reserves and by ensuring their regular
replenishment and mobilisation. A
complex interplay of nervous, hormonal
and metabolic pathways is involved in

The review is dedicated to the memofy of‘Prof Baldev Singh who along with Prof. G.S. Chhina closely
collaborated with the author in several expenmental studies wluch formed the basis of the concept of ‘entero-

hypothalamo-insular axis.
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this process. Our understanding of
actions of insulin and glucagon, of the
metabolic processes such as gluconeo-
genesis and glycogenolysis on the one
hand and of lipogenesis and lipolysis on
the other, and of the neuroregulation of
secretion and action of other hormones
regulating and controlling intermediary
metabolism, has been facilitated by rapid
developments in the fields of molecular
biology and immunology. A clearer
picture has therefore emerged since the
time our group (G.S. Chhina, late Dr.
Baldev Singh and ].S. Bajaj) published
our. first review of the subject in 1972},
and followed it up with a series of
publications based on additional
experlmental studies (Bajaj et al 1974 a,
b*?, Bajaj et al, 1975%. The preeent review
is an attempt to establish the continuity
of our early work underlymg the
conceptual framework of entero-
hypothalamo-insular axis, with the
subsequent developments in this field,
finally providing an insight into the state

of the art at the turn of the millennium.

HISTORICAL PERSPECTIVE

N eurbregﬁiatioh of Glucose hkom‘eosytaksis
- Priorto our studies referred to above,
there seemed to be a general consensus
among the investigators regarding the
following key aspect of brain glucose
metabohsm, with the tacxt assumptlon
that

(1) insulin-was: not requlred for
utilisation of .glucose by the
central nervous system;

(i) insulin did not, and indeed was.

not capable of, crossing blood-

brain barrier (BBB), and thus
produced no metabolic effects in
the brain:

In contrast, entero-hypothalamo
insular axis (EHI) proposed by us was a

 radical departure from the generally held

view, and operated on the premises that:

(i) insulin affects glucose utilisation
of neurones in the ventromedial
(VMH) and lateral hypothalamus
(LHA), thus modulating neuronal
activity in these areas;

(ii) electrical stimulation of LH in the
conscious . rhesus = monkey
stimulated insulin secretion from
pancreatic beta cells; and

(iii) similar electrical stimulation of
“VMH resulted in a decrease in
pancreatic insulin secretion.

These premises, along with the
demonstration of evoked responses (ER)
from the - VMH. and "LHA ‘following
stimulation of mesenteric nerve and the
changes ‘producedin the ER“following
acute administration: of glucose ‘and
insulin, provided the essential scaffoldmg
for our proposed hypothesis.

Entero-hypothalamo—insular ‘Axis

The entero-hypothalamic afferents of
the proposed axis were demonstrated
through the evoked responses (ER)
elicited from the defined regions of
hypothalamus as a result of electrically
stimulating  mesenteric nerve in
anesthetised cat, with stainless steel
bipolar electrodes implanted



sterotaxically in the VMH and LHA.
Mesentric nerve was stimulated by
employmg positive square wave pulseq
of 005 - 0.2 msec duration, and an
amphtude of 5- 15V (Mohanl\umdr 19715
Chhina and Bajaj, 1972'). From the VMH
evoked responses with a prominent
negative phase were obtained. In contrast,
ER from the LHA almost always showed
the first deflection of positive polarity
followed by.a negative phase. The
reciprocal relationship between the state
of excitatory neuronal activity in- the
VMH and the inhibitory activity in LHA
was “confirmed by the ‘consistent
observation ‘that the negative phase” of
ER in the VMH corresponded with the
positive phase of the evoked re%pome
from the LHA.

Intravenous glucose “ad ministration
produced a potentiation of the ER from
VMH; this effect was more pronounced
on the negative phase and was
demonstrable within one minute of
glucose adminitration. In contrast, a
decreased (inhibitory) response in the
amplitude of both the negative and
positive phases was observed from the

LHA concurrently with the increase

(excitatory) in the negative phase ER from
VMH. Intravenous administration of
insulin resulted in.a sudden transitory
increase in the amplitude of ER from the
VMH; this lasted for about 5 minutes
and ‘was. followed by a decrease in ER
amplitude. The ER from LHA imme-
diately following insulin administration
- showed a decrease in amplitude of both
phases, with complete recovery of the
response in about ‘5 minutes, followed
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b‘y‘ a ‘slight potentiation of 1ie:gative
phase after a further lapse of 5 minutes
(Fig. b. ‘

MINUTES

CONTROL - - ! o 20
‘== GLUCOSE T pt— T
A= INSULIN = =

Figure 1. Effects of glucose and insulin-on ERs from
lateral hypothalamus: on stmulation of mesenteric
nerves. Glucose produced initial dropkih amplitude
which gradually recovered and then even increased
(ot shown in this figure): Insulin caused“an ‘initial
shost-lasting -inhibition  followed by sanincrease:in
emplitude (From: Chhina and Bajaj, 1972; Ba]a) et al.,
1975),

While these experiments provided
evidence for the existence of some of the
intestinal  afferent pathways to
hypothalamus, the afferent (effector) part
of the EHI axis were elucidated by a
series of experiments in normal and
9tf‘ept‘ozotocin-induCed diabetic rhesus
monkeys as reviewed in the followmg
paragraphs : ~

Hypothalamus: Then and Now

Chronologically, the credit for
demonstrating the role of hypothalamic
mechanisms in the regulatlon of energy
balance must be glven to Hetermgton
and Ranson who in 1940, produced
obesity in the rat by lesions confined to
VMH. Subsequently, Brobeck et al (1943)”
showed that the hypothalamic obesity
was due to hyperphagia. The functional
role of hypothalamus through autonomic
nervous system received major attention
culminating in the award of Nobel prize
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to Walter Rudolph Hess in 1949 for his
poineering studies on hypothalamus and
autonomic function. Such a recongnition
provided further impetus to those
involved in the study of leisons in
selected areas . of hypothalamus.
Subsequent investigations by Anand and
Brobeck (1951)® demonstrated aphagia
and adipsia as a result of localised
lesions in the LHA, while confirming
hyperphagia and obesity as a result of
lesions restricted to the medial portion
of the hypothalamus. They proposed the
terms ‘feeding’ and ‘satiety’ cenires to
describe defined areas in the lateral and
ventromedial hypothalamus, respectively:

Bernardis and Bellinger in a recent
review (1993)° concluded that several of
the changes originalﬁly ascribed to lesions
in LHA might be due to a reduction in
food intake, while a number of metabolic
alterations :were possibly due to a ‘true’
lesion effect, involving profound changes
in glucose metabolism such as glycolysis,
g}ycogenesis and glucbneogenesis. qt is
argued that the rats with LHA lesions
regulate their body weight ‘set’ point in
a primary.: manner, .and- not: because -of
the destruction of a feeding centre. In
the early stages of the syndrome,
catabohsm and runnmg act1V1ty were
enhanced and so was the activity of the
sympalheuc nervous system as bhOWll
by increased excretion of norepmephrlme
which tends to. normahze after. about 4
weeks: . Such. observations. p;rovlded, ~the
requisite interface between the feeding
behaviour: and.-the autonomic activity,.
both regulated by the hypothalamus.

Additional data on VMH lesions
prov1ded a strlkmg complementarlty and
a cohesive conceptual matrix. In addition
to hyperphagla the VMH-lesioned rats
show hypermsuhnemla Furthermore, in
the first phase following VMH lesion,
rats are hypersensitive to insulin with
exaggerated response to small doses. In
contrast, as obesity bec'okmes‘ manifest,
VMH-lesioned rats become insulin
resistant with a decrease in sensitivity
and responsiveness of tissues such as
liver and muscle to the administration of
hormone (Penicaud et al; 1986)™.

- There is progressive development of
insulin resistance in the muscle after the
lesion of the VMH. Six weeks. after the
lesion, the muscle of the lesmned animals
utilised less glucose than those of
controls. Simultaneously, there was a
transient insulin. hypersensitivity .in: the
white adipose tissue, wherein glucose
utilisation was increased more than two-
fold after one week but returned to
normal in six weeks. This, together with
hypersecretlon of Jinsulin, possibly
contributed to the increase in body fat
mass by redlrectlng glucose fowards the
adlpose tlssue (Penicaud et al, 1989)“

In our studies, different hypothalamlc
areas, namely the VMH, LHA, preoptic,
posterior hypothalamus and  mamillary
body were stimulated = through
stereotaxically implanted electrodes in
conscious male rhesus monkeys. A
significant decrease was observed in

blood glucose following the VMH and

the preoptic area stimulation: An opposite
response was obtained from LHA and
posterior hypothalamus. There was a




generalised significant increase produced
in serum free fatty acids, but triglycerides
and cholesterol remained largely
unaffected (Bajaj et al, 1974a)%.

‘A 4:to:-6-fold increase in circulating
immunoreactive insulin. was observed
following the LHA stimulation (Fig. 2).
An opposite response was obtained from
the: VMH “(Fig.- 3). ~Thus, -insulihogenic
‘and: insulinoprival  responses: were
obtained from feeding and satiety ‘centres,
suggesting a significant role of these areas
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Figure 2. Effect of electrical stix’ﬁulatikon‘ of lateral
hypothalamus onserum insulin.
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Flgure 3, Effecl of electncal sumulatlon of
ventromedial hypothalamus on serum insulin.”™
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in insulin regulatlon (Chhina and Bajaj,
1972 Ba]a] et al, 1974 a)>. The growth
hormone and cortisol release were
facilitated by the stimulation of the LHA
and the VMH (Bajaj et al, 1974 a)%. The
endocrinal responses from preoptic area
resembled that of the VMH. The posterior
hypothalamus and mamillary body
showed trends which were common to
both the LHA and VMH (Garg etal,
1983)]2

Electrlcal stlmulallon of .the VMH in
streptozotocin-induced diabetic, conscious

male rhesus. monkeys, significantly

increased. growth - hormone; - and
decreased blood glucose. Serum - insulin,
free fatty acids, triglycerides and. cortisol
were largely unaffected, in contrast to
the normal control animals where the
insulin level showed a significant
decrease. Cortisol and free fatty acids
increased significantly by the VMH
stimulation. None of the biochemical
parameters showed any significant
change at any time following the
electrical stiniu,lation of the parietal
cortex; .. Thus..the VMH: stimulation did "
not.alter the.diabetic .syndrome
drastically. It .also"did::not prevent the
changes in metabolism seen after 'VMH
stimulationin control anlmals (Garg et
al, 198())’3 ~

Insulin’ and Hypothalamus ;

Three years after the postulation of
entero-hypothalamo-insular axis, the first
supportive evidence for the role of insulin
in CNS came from the studles of Jessie

Roth’s group (Havranl\ova et al 1978
a,b)"® who demonstrated the presence
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of insulin in the rat brain, with the
kconcentratlons in the hypothalamus bemg
2-3 fold higher than in other regions of
brain excepting olfactory bulb!®,
Likewise, insulin. receptors, - with  the
largest. population in the ‘hypothalamus,
were ;cmwincingly documented...Subse-
quently, expression-of. proinsulin: messe-
nger RNA by neurones . (but not glial
tissue) isolated: from neonatal rabbit brain
was documented (Schechter, 1988)',. @A
similar proinsulin mRNA expression was
also ‘demonstrated ‘in“fieuronal cultures
(Schechter - ‘et al 1990)"." Interestingly

proinsulin’ mRNA"~expression “was

localised ‘only to the neurones in the
periventricular hypothalamus, an area
suggested  to have arolein feedlng
behaviour. :

; Thus the earher and trad1t10na1 bellef
sugg,eetlng brain as an insulin-insensitive
tissue, which was directly challenged and
rebutted by the experimental evidence
based on our collaborative studies (cited
above), has now been substantially
repudiated and our contention regarding
metabolic effects of insulin on neurones
in the hypothalamus, largely validated
and accepted ' Indeed, insulin 'is
recognised - as:‘an- afferent CNS: signal
which regulates normal energy balance;
although the.contention whether: it is
synthesised de novo in brain, or is largely
transported from plasma through blood
brain barrier, remains a matter of ongoing
debate.

Satiety ‘hormones and peptides
Whlle dlscussmg thé role “of

gastromtestmal hormones as posmble
modulators of neuronal signalling and

as regulators of gastrointestinal blood
flow, motility and absorptlon (Bajaj,
1976)°, a reference was made to our
observation regardmg an 1ncrease in the
circulating levels of gut GLI (Glucagon—
Like-Immunoreactivity) - following VMH
stimulation “in: conscious restrained
monkeys. It ‘was further observed: that: ‘..
no-other stiydies :are quailable regarding the
alterationsin -gastrointestinal - hormones
followiny “ablation: or stimulation-of VMH
and "LHA: It “is likely that when the-results
of “such’ studies are made “available in the
future, these may provide further evidence
for entero-hypothalamo interactions, as some
of the gastrointestinal hormones are known
to influence glucose utilisation....".

As if on a cue, 2-3 years later, the
first report indicating that administration
of cholecystokinin (CCK) to rats prior to
food availability produces a dose-
dependent decrease in the following meal
size. These ob“ser\‘?at‘ions ‘have
subsequently been enlarged to show the
effect on meal size of a large number of
gut peptldes followmg exogenous
administration. These peptides are
secreted from the gut under physiological
conditions during and following meals.
The list includes amongst others,
bombesin, gastrin-releasing peptide, and
glucagon. It has also been shown that
blocking the action of endogenous satiety
peptides through the administration of
specific antisera or specific antagonists,
restores the meal size to normal.
(Reidelberger and O’Rourke, 1989)'
More importantly, it has been shown that
satiety peptides modulate impulses
through vagal afferents, in addltlon to




their effect through receptors in the brain.
‘Such afferent neuronal information passes
through the brainstem to hypothalamus
where it is processed and integrated with
diverse neuroendocrinal-metabolic cues.

Long-term regulation of energy balance

While the role of FHI axis during
the Jast quarter of century since the term
was first coined, has been further
clarified, expounded and validated, there
is no-doubt that it largely operates as a
short-term control mechanism. Likewise,
even though the satiety peptides produce
a: demonstrable decrease ‘in::meal size
when  administered . immediately
preceding a meal, their repeated
administration -does not alter body
‘weight. This is in direct contrast to the
observation of aphagia and weight loss
which follows the lesions of LHA in the
rat. Additional cues, through alternate
neurohormonal mechanisms, - must
therefore operate, aimed at maintaining
constancy.of body weight on a long-term
basis.: :

- It is in t‘hi‘s context that the
information during the last five years has
been truly phenomenal. Essentially, it
deals with two interrelated operational
systems:

(i) Leptin-insulin system and

(ii) Agouti-melanocortin system

- There is evidence to suggest a cross-

talk between these two systems.

(i) Leptin-insulin system:

Ob and db genes and their products
serve as ligand and receptors;
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respectively, for a central pathway
controlling and regulating satiety state

.and .metabolic rate;.:

The recesswe obe51ty (ob) single gene
mutallon in mouse produces marked
ObESlty and results in a type of dlabetes
resembling human NIDDM (Frledman
and Leibe], 1992)19 The mouse ob gene
was subsequently isolated by positional
cloning (Zhang et al, 1994)®,

These ob/ob mice, in addition to
being severely hyperphagic, also have a
low body temperatuire thus combining
increased energy intake ‘due to excess
appetite with reduced energy expen-
diture, leading to explosive weight gain.
Additional features, such as high
circulating levels of glucose, insulin and
cortisol, tend to indicate a wider role of
leptin in  mammalian physiology.
Furthermore, these ammal@ are infertile
suggesting involvement of leptin in
hypothalamic pituitary-gonadal axis
(Cameron, 1996). All of these features
are reversed by administering mice leptin,
the product of ob/ob gene (Campfield,
1995)2. Not only is the fertility restored
in ob/ob mice following leptin
administration, such a treatment also
accelerates the outset of reproductive
function in normal rodents (Chehab et
al, 1997)%. Thus plasma leptin may act
as a signal of nutritional state, laying
down the hierarchial priority of self-
survival (feeding behaviour) over species
survival (reproductive behaviour).

Fasting and. exercise decrease ob gene
expression while feeding increases
expression in adipose tissue ob mRNA.
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Interestingly;:these ‘changes parallel
insulin‘levels in circulation (Becker et al,
1995)4. There is substantive evidence to
indicate that the adipocyte-specific
* hormone leptm, the product of the ob
‘g,ene, reg,ulates mass of adlpose tissue
“through effects on satletv and by
kregulahon of energy e‘<pe11d1ture In
contrast to the satiety peptides such as
CCK, the repeated admlmqtrallon of
leptin induces weight loss by decreasing
food intake .and/or. increasing. energy
expenditure (Levine et al 1996)®. Leptin
acts: through.- a ksin;gl‘e; transmembrane
domain receptor.:gene which is located
on.chromosome 4 in. the mouse. The long
form of the leptin receptor is primarily
expressed .in hypothalamus,. while. the
short forms of leptin receptor are
expressed..in other.areas of the brain, as
well as in several other tissues (Lee et al
1996)%, In situ hybridization with
antisense - riboprobe..shows. strong
expression in . ventromedial, paraven-
tricular and.arcuate nucleiof hypotha-
lamus (Mercer et al 1996)”. In the mouse,
homozygous mutation in gene encoding
leptin. . receptor. causes..obesity, hyper-
phagia and reduced energy expenditure.
A,recent‘ publication . (Montague et al,
1997)% describes the association of early-
onset: obesity with a .mutation.in. the
leptin gene..As was only to be-expected,
a subsequent publication followed early
this. year, describing: for the first. time
human obesity and pituitary dysfunction
as a result: of ‘a.mutation in-the human
leptin receptor gene (Clement et al
1998)%. The authors ‘conclude: * QOur
results ‘indicate that a functional leptin
receptor is required not only for: the

regulation of body weight but also for
sexual ‘maturation and - for ‘secretion® of

growth and thyrotropic hormones. Leptin

is therefore a critical link between energy
stores and hypothalamic pituitary
functions in humans’.

Hormonal regulation of Leptin

Circulating :leptin 1evels remain
unchanged folowing:food ‘intake:in
human subjects; - suggesting--a ' lackof
effectof ‘postprandial’ hyperinsulinemia
on -circulating ~leptin (Considine ‘et al
1996)*.: Liikewise combined ‘glucose ‘and
tolbutamide challenge, whichis a major
stimulus:for f-cells; did notproduce any
significant change in<basal leptin levels
in - lean - insulin-sensitive, lean insulin-
resistant:and obese insulin-resistant male
subjects ‘withnormal-glucose “tolerance
(Segal et al 1996)*. Flowever, small but

significant gender difference may be

present ‘as shown in the study of
Kennedy et al (1997)* wherein a 20%
rise inbasal leptin ‘was observed in the
females subjected to hyperinsulinemic-
euglycemic clamp while no effect was
demonstrable in male sub]ects under
slmxlar‘experl‘,mental condltmns :

In conirast to in vivo studies in the
human, in vitro studies using
differentiated  human. adipocytes, a
stimulatory effect of insulin on leptin
secretion was consistently demonstrated
(Wabitsch et al 1996)*. The reasons for
differential in vivo and in vitro effects,
and their physiological significance if any,
need further.elucidation..

In summary, leptin has a dual
regulatory function in human physiology,




affecting feeding and reproductive
behaviour. During the period of weight
mamtenance, ‘when energy intake equals
energy expendlture, circulating lept1n
levels reflect total body fat mass.
However, during a mgnlﬁcant alteratton
in body weight, leptin levels serve as
sensor of energy imbalance: increase in
body fat-mass results in enhanced leptin
secretion from pertpheral adipocytes
while even a short term fastmg decreases
leptin secretion, with mrculatmg leptln
levels declining to nearly 30% of initial
basal levels. Unlike marked changes in
serum leptin, CSF leptin is only
moderately increased in obese subjects
and the CSF leptin/serum leptin ratio
decrease logarlthmrcally wrth 1ncreasrng
body mass 1ndex ‘ ’

Mechanism' of Leptm Action

The regulatory pathways underlylng
central action of leptin have recently been
reviewed and summarised (Flier and
Maratos-Flier, 1998), At the onset of
obes1ty,_w1th increasing . tr1glycer1de
storage in adlpocyteq leptm secretlon is
enhanced resulting in increase in both

the perlpheral and CSF c1rculat1ng levels‘

of leptm In the CNS, leptin acts on
receptors in the arcuate nucleus of the
hypothalamus, and inhibits secretron of
nemopepttde Y (NPY). NPY is a 36
aminoacid polypeptlde synthesised by
neurones in the CNS as well as in the
peripheral nervous. system. In the CNS,
NPY synthesm is localised to neurones in
the arcuate nucleus of hypothalamus and
its subsequent release is through their
axons in the paraventrlcular nucleus, The
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production of NPY (in the arcuate) and
its secretion (in:PVN) is affected by the
state of energy balance. Increased: levels
of leptin, in response to increased
adipocyte mass, suppress appetite  and
reduce food intake by inhibiting NPY
synthesis and release, thereby constituting
a major’ regulatory mechanism.

It-is-of considerable interest.{o:note
the role of NPY as a common regulatory
pathway, shared both by leptin and
insulin. Like leptin, insulin also is a
peripheral adiposity signal to CNS. Such
a.contention is supported by a large
dataset..cumulated over:the. last .few
years: basal plasma. insulin levels show
marked. increase in obesity as: well as in
those states characterised by a reduction
in every expenditure; there is a dose-
dependent entry of peripheral circulating
insulin into the CNS; neurones - express
high concentration of insulin receptors
in hypothalamtc areas known to regulate
feedmg behaviour;. and. fmally, the most
significant effect ol small doses of insulin
following_either central or peripheral
admlnlqtratlon (90 long as hypoglycemia
is avoided) is to produce a marked
reduction of food 1ntal\e and a state of
negative energy balance resultmg in
weight loss. That such an effect is
medlated through the VMH was shown
by an increase in food mtake followmg
acute m]ectlon of insulin ant1bod1e9 1nto‘k
the VMH of rats durlng dark portlon of
day/nlght cycle (to time it w1th the
natural diurnal eatmg pattern in the rat) '
More recently, McGowan et al (1990)®
have reported a more chrontcally
increased food 1ntal\e and rate of welght
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gain following repeated chronic infusion
of ‘insulin antibodies into ventromedial
hypothalamus in the rat.

There is now evidence to suggest that
like Jeptin, insulin also mediates its effects
through NPY. Inhibition of hypothalamic
NPY gene expression by insulin has been
reported (Schwartz et al, 1992)%.
Complementary data, supporting insulin
-'NPY interaction in the hypothalamus
has been provided in ‘both the

spontaneously diabetic (non-insulin -

dependent) BB and in streptozotocin -
induced insulin-dependent ‘animals" rat

(Abe et al, 1991)7. In the latter, with

marked insulin deficiency, augumentation
of hypothalaimic expression of preproNPY
mRNA was demonstrated (Sahu et al
1990)*. Both the NPY and its mRNA
showed increased hypothalamic levels in

insulin deficient animals, and both were

normalised following systemic insulin
therapy. In this connection, it may be of
interest to recall our data regarding
bipolar EEG recording in the normal and
streptozotocm»mduced monkey  which
showed a slower activity in the
ventromedlal hypothalmm, returning to
normal after insulin administration (Ba}a],
1976)’ It is therefore ]ustlfled to suggest
that both the EEG changes in VMH and

hyperphagla in the diabetic monkey, were

possibly due to augumentatlon of NPY
levels in the arcuate- paraventrlcular
nuclei, The changes were reversed
followmg systemlcally administered
insulin therapy Both 1n€u1n and leptin
are secreted in increased amounts in
obe31ty, ~and_both act through central
receptors 1nvolvmg NPY system.

(ii) Agoutl-Melanocortm system

Recent studies based on clomng and
characterlzatlon of a number of mouse
obesity genes (Ob and db genes have
been discussed in detail above), such as
agouti, tub and fat have provided mutant
mice which are suitable models of
moderate, slow-onset mouse obesity, that
may be closer to adult-onset obesity (and
dxabetes) in the human (Naggert et al
1995%; Noben—Trauth et al 1996)*. Agouti
was the first amongst these obesity genes
to have been cloned (Bultman et al,
1992), This gene is normally involved
in coat colour regulation in mice. It
encodes a 131-aminoacid molecule which
exerts a paracrine action on melancocytes.
Dominant mutations at the agouti gene
result in mice, with predominantly yellow
fur, characterised by progressive obesity,
hyperinsulinemia, peripheral insulin
resistance, impaired gluco%e tolerance,
decreased thermogenesis and mild
hyperphagia (Liebel et al, 1997 Michaud
et al, 1997)%. As agouti modulation of
pigmentation is mediated through the fact
that the agout1 proteln competltlvely
inhibits oMSH binding to melanocyte
melanocortin-1 receptor (MCI-R), studies
were initiated to investigate whether a
sumlar antagomsm at other MC—receptors
may form the basis of the metabolic
syndrome in agouti mutant mice. In
addition to MC1-R, there are four other
members of the MC-R famlly MC2-R is
the ACTH receptor, MC3-R is found in
the hypothalamus and limbic system,‘
MC4R is widely expressed in may
reglons of the bram, and MC5-R is
expressed in a large number of body



tissues.: As both MC3-Rand MC4-R are
expressed in the VMH, it was suggested
that agouti antagonism'at these sites may

explain® hyperphagia. Indeed, targetted

disruption of the murine MC4-R (Husgar

et al,; 1997)% and the recent data from a

family study in Quebec (Chagnon et al
1997)* tend to support such a hypothesis.

Several studies indicate that there is
a significant cross-talk between the leptin
and agouti-melanocortin signaling
pathways. . Leptin, while. inhibiting

secretion of NPY, increases.the release of.

(MSH and at the same time decreases
the secretion of agouti-related peptide
(AGRP) which is-an-antagonist of aMSH
at. melanocyte melanocortin-4 . (MC4)
receptor and is expressed in several
regions.-of - the. brain.:It.is the MC4
receptor which is ‘feeding-inhibitory’. The
net output from the feeding inhibitory
MC4 signalling pathway located in: the
ventromedial hypothalamus may be

determined by the ratio of agonist

(aMSH) and the antagonist (AGRP) at
the MC4 receptor neurone. Leptin alters
the ratioin favour:of a«MSH/ AGRP: by
increasing oMSH, “and -reducing. AGRP
secretion, in the ventromedial hypotha-
lamus thus suppressing food intake.

It is abundantly clear that for the
first time, it is. possible to visualize
molecular basis of signalling of ‘satiety’
neurones,: described :by - Anand.-.and
Brobeck nearly 50 years ago, -and
followed by our subsequent studies
resulting in the concept of entero-
hypothalamo-insular axis, and. its role in
energy:balance on a long term basis. .-
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OREXINS: ::The Feeding Molecule(s)

The mechanisms of molecular
signalling in the ventromedial
hypothalamus and of the agouti-leptin-
insulin cross talk in and through the
neurons and synapses, have been
amplified -and properly ‘tuned” to
optimise the noise: signal ratio. In
contrast, ‘the ’‘silence’:of the: lateral
hypothalamus remained intriguing till
early this 'year when modern tools of
molecular biology were used to explore
this hitherto silent area. The result is an
exciting ~ and ~ most fascinating
development. ‘

~Using the modern methods of
molecular recognition, Sakurai et al
(1998)% discovered two key hypothalamic
neuropeptides, now named Orexin A and
B (Gk. orexis, appetite) which are located
in. the ’‘feeding’ cenire. of. . lateral
hypothalamus. Perhaps, recognising that
the original observations of Anand and
Brobeck wherein ablative lesions
produced in the rat lateral hypothalamus
resulted in aphagia and weight loss were
true and valid, Sakurai et al set upon
the task to find neuropeptide(s), if any,
underlying the behavioral and metabolic
changes which result from such lesions.
Expressed sequence tags (ESTs) available
from public databases, with sequence
homologies to known G protein-coupled
cell-surface receptors (GPCRs) were used
for screening with human brain cDNAs
to obtain full length ¢cDNAs and fifty
stable transfectant cell lines were
generated as a result. Each of these cell
lines expressed a distinct orphan GPCR
¢DNA. Crude peptide extracts from rat
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brain were tested on the transfected cells
for GPCR agonist activity by measuring
mcrease, if any, in cytoplasmlc Ca*™ level,
a common response o G protem receptor
actlvatlon

A major active peptide fraction was

isolated, purified to homogeneity in four .

steps by HPLC, sequenced, and its
structure: established «by :mass
spectrometry. The resultant peptide,
called Orexin A consists of 33 aminoacids
(MW .= 3562 Da).. A second peak of
activity was separated and named Orexin
B AMW: = 2937 Da)..Orexin-A cDNA: was
made by reverse transcriptase. treatment
of rat brain mRNA followed by PCR.
The structure of prepro-orexin gene has

been determined, and it has been located

on chromosome 17q21. Both the 33
aminoacid ‘Orexin ‘A and 28-aminoacid

Orexin B are encoded by a single mRNA

transcript. Also identified were two
Orexin receptors. Orexin A receptor
(Ox1R) showed a 26% identity with NPY.
While ‘Orexin ‘A was a = specific high
affinity “agonist for ‘Ox1R stimulation, a
second receptor Ox2R with 64% identify
to OxIR and bhigh affinity binding of
Orexin B has also been sequenced OXZR
also bmds Orexin“A: ‘ :

~ TO, locahse Orexm expression within
the CNS, in situ hybridization and
immunohistochemical analyses in the rat
brain was performed. It showed the
presence of prepro-orexin mRNA bilater-

ally and: symmetricallyin the lateral and

posterior hypothalamic- areas and  the
perifornical nucleus. It is noteworthy that
no signal was detected in neurons of
paraveniricular, ventromedial or arcuate

neclei, areas which are known to contain
neuropeptides. such as NPY associated
with food consumptin, which are leptin
sensitive. Impressed by the ‘striking
localisation” of Orexin containing neurons
in the lateral hypothalamus and some of
its adjacent areas, and none in the VMH-
Arcuate-PVN area, Sakurai et al investi-
gated the effect of Orexin administration
through preimplanted indwelling cath-
eters. Within one hour of intracerebro-
ventricular administration of ‘Orexin A
bolus, food consumption was stimulated:
in a dose~dependent manner. Human
Orexin-B administered similarly " in ‘the
rat ‘also "augumented food intake
significantly but the duration of its action
was shorter. These actions of Orexin were
similar to, albeit of lesser order of
magnitude, than those observed following
NPY admlmetratlon AN

Epilogue :

In concluding our papef published
in 1976 (Bajaj, 1976)°, it was stated:

‘Obesity. resulting  from a functional
disorder of the hypothalamus remains. a
remote. possibility. A clear delineation. of
possible alterations in  the normal
physiological control mechanisms involved.in
the EHI axis is likely to produce better
insights in the diagnosis as well as
management of diabetes mellitus. The possible
thergpeutic effects of yoga may be mediated
through alterations either at the level of
sensory inputs (entero-hypothalamic) or at
the level of central receptor mechanisms
(Bajaj, 1976 a)”, Future development of
specific neuropharmacological agents,
modifying EHI axis remains a distinct




therapeutic ~possibility in - the
management of obeszty and dlabetes
IIIE']]IflIG' : ‘

It is grat1fy1ng to note that nearly a
'quarter century‘later;” in concluding the
discussions of their paper (Sakurai et al,
1998)* amplify the above views, using
their own work and citing other
observations, eventually suggesting
similar, - if . not identical, k;future
possibilities. The concluding paragraphs
of their discussion are reproduced below:

‘Recent studies continue to reveal the
molecular basis for  the role of
periventricular/medial hypothalamic
regions in energy homeostasis, e.g.,
ventromedial nucieus, arcuate necleus,
and paraventricular nucleus: Neurons
containing neuropeptides such as NPY
(Bing et al, 1996)*, melanocortins
(Jacobowitz and O’ Lonohue, 1978)%,
glucagon-like peptide-1 (Shughrue et al,
1996)”, and galanin (Warembourg and
Jolivet, 1993)", as well as the leptin and
melanocortin-4 receptors (Mountjoy et al,
1994, Tartaglia et al, 1995)® are
abundant in..one or :more of these
periventricular/medial::hypothalamic
regions. In contrast, few neuropeptides
have been described to be produced
chiefly in the lateral hypothalamic
regions. .Other .than the orexins, we are
aware of only one distinct neurotrans-
mitter that is specifically produ.ced in
the lateral hypothalamus melanin
concentratmg ‘hormone (MCH). has been
localised - in..the :zona incerta .and the
lateral hypothalamic area (Bittencourt et
al,. 1992)*. Intriguingly, MCH was
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recently reported to stimulate food intake
upon - central -administration. Moreover,
MCH mRNA is up-regulated in ob/ob
mice ‘and’ by fasting “in *wild-type ‘mice
(Qu et al, 1996)%. It will be important to
investigate further the possible interplay
of -orexin with: this and -other positive
(e.g.;Agouti-related - protein, :NPY,
galanin, and opioids) and negative (e.g.,
leptin,  melanocortins; corticotropin-
releasing factor, glucagon-like peptide:1,
and cholecystokinin) regulators of energy
balance both within and outside: the
central nervous system (Arase et al,
1988%; Roeenbaum et al, 1997)5’

A decline of blood glucose levels can
signal the initiation of food intake
(Oomura, 1980)®. The lateral hypotha-
lamic area contains glucose-sensitive
neurons that are activated by glucopenia
and-thus implicated in the positive short-
term regulation ‘of feeding and energy
expﬂndlture It is tempting to speculate
that all or some of the orexm-contammg
neurons may be glucose~sena1t1ve, or that
they may receive ‘stimulaiory projections
from glucose-sensitive neurons. Future
experiments will also determme whether
orexins have -additional actions relevant
to nutritional homeostasis, such as effects
on the regulation of systemic energy
expenditure, secretion. of. metabolic
hormones. such as insulin, and. ultimately,
the regulation.of body weight,

The present discovery of orexins and
their receptors may provide a novel
molecular basis for the role of the lateral
hypothalamic areas in:the regulation of
feeding behaviour. It is clear, however,
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that the definitive assignment . of
physiological roles: for: orexins requires
further pharmacological as well as
molecular genetic @ investigations.
Nevertheless, - pharmacological -interve-
ntion directed -at the orexin receptors
may prove to be an attrative avenue
foward -the discovery of novel ‘therape-
utics “for- diseases involving: disregu-
lation of ‘energy ‘homeostasis, such as
obesity and diabetes mellitis.
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