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Professor MLG.K. Menon, President of the Insuwte, Professor 5.K. Pal, Director of the

Institute, members of the faculty, distinguished guests, and students and stall of the
Institute:

[t is a particular privilege for me to address the 43™ Convocation of the Indian Statistical
Institute. 1 offer my warmest congratulations to the students who are receiving their
degrees today. Your degrees represent the culmination of considerable effort on your part,
as well as on the part of your teachers and your families and loved ones. They too deserve
our congratulations, and our gratitude,

The ISI has a special place in the intellectual istory of interdisciplinary research and
education not enly in India but also in the world, The foresight of P.C. Mahalanobis was
to recognize that the practice of science starts with measurements, and extends through
the analysis of data to the extraction of concepts that form the intellectual foundations of a
field. This scientific method can be applied to a range of phenomena, which may seem
superlicially disparate but are united conceptually.,

I am privileged to work in a new field, Neuroscience, which is being transformed by this
method, Neuroscience is a quintessentially interdisciplinary field, for it relies for its
advances on fields as diverse as biology, physies, chemistry, mathematics, psychology,
engineering and even the social sciences. Today, 1 hope to share with you some of the
insights that our field has denived into the workings of the brain and the mind. [t is always
tempting to claim a great deal for a field, but neuroscience holds particular lessons for
understanding the role of change in nawre, and the nature of change isell,

The human brain

The human brain is the most complex machine in the umverse, It has 100 billion (or
10**11) neurons, Neurons convey information via elecirical spikes, and cach neuron
interconnects with hundreds of other neurons via, on average, 10 thousand (or 10%*4)
connections or synapses. Thus, the brain has about a thousand trillion {or 10**15)
synapses - this staggering number of connections is one reason for the complexity of brain
processing, Another is the precision of wiring between neurons in order to make networks
and modules, Neurons are not simply interconnected with any and all other neurons;
rather, they make precise connections with a subset of cells and form newworks that
process information. Pathways that convey information and networks that process them
are at the core of the brain’s function, for they transform simple inputs to make complex
outputs, often via nonlinear operations, Complexity and nonlinearity are the essence of
higher brain functions, and of the mind,



For millenna, humans have reflecied on the bran and nund, The bram has rontinely
been compated to the most advanced machine of the age - to a clock,  an engne. and
weday 1o @ computer, But these compansous have hnnted valize excepr as metaphor, There
are many ways i which a present-day computer far onisirips the brain. A computer, for
example, can u:ulh|ui:r two large numbers faster than we can read out even a small part of
one mmmber. But there are a few wavs in which the human bran s well ahead of our most
athvanced compaers, and 1s likth‘ 1o rema so lor qllitr somnie tine. | hese pr:l".'.'mill 1o the
wicans by which we derve meanng from the world, and are perlaps best exemplified by
two phenomenal capacites of the human mid, One of these 15 language - 108 nothing
short of a mracle thiae the sonmds 1 am attenng ata steady stream are besng understomd by
vou (I hope) as conveving some meaning. Another s siston = the faet that we can
recogmize objects and scencs from the pattern of light that comes into our eves, and thi
we can often do so ina few tens of unlliscconds, at a single glance.

The mission of Neuroscience and Cognttive Science 15 to understand how we do tlus, and
e peneral to understand the rules by whiseh the braan works and how 1 gives rise 1o the
mind, Untl recemly, the study of the imnd was consadered to be the realm of phitlosopliy
alone. Under the sway of behavionsi, the nind was not even considered an mportant
subject of stdy: all operanons of the mind were considered to anse from a black box that
learnt 10 produce an output when conditoned by rewand, However, the nse of cognitve
setence as a liekd has ransformed tus view, We now know that the mund has specific
domams of operation, such as language, vision and memors. While these domains
|r.u||'.1||.}' m'clh]: andl Illlﬂdigil:ﬁt. they also anse from .-».p-.*riﬁ{ bram modules that have
spectlic mputs, networks, and outputs, And pethaps most importandy, the bram and
mind can be considered 10 process mlormation and cany out computations = thiat 1,
logical operations on mputs i order 10 produce outputs that excruphily our human
capacittes, Thus, aliost every sentence we utter 1s new and inigue in some way - we have
e one brains the capaaity to string together words nwas that make sense, and we can do
son an minie vanely ui"n‘.i}'n. Faen mlm'lllill.g S oMl as vision ivolves H:'t.‘-.lg'-ulliﬂll
of patterns and amages that we have almost never encountered before in exacily the same
way = vel we see effortlessly. All this 1s possible becanse we have i our brams not the
details of every possible sentence or e, but the rules of how 1o construct infinte
numbers of sentences from fre words, and mterpret mfinite inages from fimte views,
T'hese rules are the embodiment of how the bram creates the mand, and thas of cogmnon,

Brain winng and brain funcaon
How ts 1t thit the brun, compnsed of 1 kg of matter, possesses these capricities, vet our

most advanced computers do not? The answer lies i understanding how the brain 1s
wiredl. Someone has to wire a computer and prograny it But the bram wires itsell,

| )



The brain's wiring consists fundamentally of laving down pathways of information flow
and networks of information processing. Brain wining is carmed out by processes that are
detived from the genome, but the information for (his wiring is not entirely conamed
within the genome isell. Rather, the brain develops by a progressive sequence of sieps
that cach involve an interplay hetween genetie programs and enwironmental inlluences,

This view has antecedents, The physicist Erwin Sclirodinger, in s 1944 book “What is
life’ published before the discovery of the straciure of DNA. pomted out the necessity of a
ervstalline genetic matenal in Iving organisms that would form the templae for
reproduction, The biologist Sydney Brenner has pointed out thit the defining feature of a
living organism is its ability to clone or recreate itsell from its geneue code, We add that
the brain wires iself from ended nstrictions that are open o and interpret extrinsic
imformation, and this 1s in fact contral to understanding human cogmuon and ologeal
ntelligence,

The earliest events in brain development consist of neurons being born and migrating to
the right place. Subsequently, cells in one region of the brain extend axons or wires thant
link that region with another, Thus the exes projeet 10 visual centers deep in the bram,
and connections from there project to the visual cortex. These projections are haghly
specilic — there are hardly any nustakes tolerated dunng such pathway development - and
evolution has set up a large number of genes that orchiestrate this specificity.

The human genome project has transformed our ways of mapping genomic sequences
and identifving genes, and has turned biology mto an information setence. OF the
approximately 20,000 genes that comprise the human genome, about 0% are expressed
in the brain, Different genes are expressed in different parts of the developing nervous
systern, and at different nmes. Sometimes the same gene is expressed m different brain
regions, and sometimes 4 gene stays on lor varable duratons m different regions, but
mrely is a gene wmed off and then on agun n the same region, Each gene thus has 4
unique function n space and time in the developing brain, but one that is influenced by
context.

One of the most remarkable discoveries of recent yeurs is that genes can be regulaced in a
large number of ways, They can be wened off and on by eritical contral elenients,
including epigenetic meclanisms in the genome and small pieces of RNA, And not only
what protein a gene makes but also how much it makes ts influenced by a host of factors
inside and ouside the genome.

Pathways in the brain bring information but networks process them. The lormation of
networks must require more information than even allowed by combinatonal combmation
of genes, due to the sheer complesity in the number of synapses involved. This



mformanon is derived from the eovitonment, or from the wotld, The principal way by
which the bramn knows about the world is by the pattern of elecnical activity in braim
pathways, Another major finding of recent years 1s that clecineal actmaty can have & huge
mflizence on gene expression. Furthermore, evolution has produced specilic mechanisms
that extract the details of infonmation awnd use 1t to wire the brin, These mclude receptors
o svnapses and channels on nenrons that are exqmisitely sensitive 1o the quantiy, o
amonnt, and quality, or smng, of clecincal spikes. Plasncny is fundamental for the
formation of networks, and the bran encodes rules of plasncny through muluple
mechamsins,

The debate between natre and nuriure thus seems outmoded to a nenroscienust like me
- we now know that there s no such thing as a gene that acts misolation and that every
gene needs an environment, whether the emaronment is the presence of molecules made
In other genes, sigmals generated internally within the developing nenvons svstem, or
electincal actmity transduced from the external world, At the ame e, bram wanng nseli
1s carrted out by molecules that age made by genes. Rather than ask about nawre versus
nirtire, it s more uselul o probe the mtegration of nature and nurture, and even more,
to the nature of nurtore ~ that s, what are the kinds of enwaronmental influences that can
mpact genes and  developmemal mechanisms at speailic ome pomts ol lrain
development,

The nature of such emaronmental influences is a matter of active mvestigation. At the
carliest stages, such as dunng developing of long-range pathways, merely the presence of
certain molecules or signals may be sofficient. Later on, such as dunng development of
cortical newworks, the mfluence of the envronment may be instructive, so that the spealic
patiern of signals or of elecincal actvity shapes bran newworks and funcuion,

Rewinng the brun

My laboratory studies plasticny during bran development and in wdulthood, Souw years
ago, my students and 1 did an expenment 10 demonsirte the phenomenal capaaity of
change in the developing brain, Vision starts with the eves but is created 1 the bran,
Normally, informatton from the cves 1s conveyed by speaific pathwavs o visual brain
centers and processed there, Newworks i the wisual cortex extract informaton from the
visual image, such as the orientation of line segments that ondine olyjects, and thus setup
the elements of vision, We asked whether a very differem pant of the brain, sucli as (he
auditory or heanmg cortex, would also creae similar networks if it was dnven by visual
informanon. We thus rewired the bron in very young ammals, by inducing projeciions
from the eye 1o target the auditory centers of the bram, We discovered that by adulthood
the auditory cortex was transformed by visual nput. Tt developed nerworks that extracted



the onentation of line segments, and had many other features of the visnal cortex. Rewired
animals were even able to use therr auditony cottex to see.

In complementary natral expenments, wt s known that humans who are bom
congenitally deal due to an wnfortunate genctic defect undergo rewaning of their anditory
cortex so that it processes viston. Similarly, humans with congenttal hlimdness have novel
[unctions i their visual cortex: 1t responds to and processes hearing or touch, Indeed, one
reason for the heightened sensory capacities of people deaf or bl from bieth is the fact
that a larger extent of cortex is devoted to other sensory modalitics.

These discoveries demonstrate the profound influence of the external world in shaping
bramn networks, Mechamsms of plasticity operate dunng development as a means of
utihzing mformation from the world, Specific pathwavs convey information required for
plasucity, and plasucity sharpens the specificity of networks that process the information,

Many disorders of bramn development have their toots in mechanisms of plastucity, In the
US and Europe, there is ncreasing awareness of a disorder known as autism, in which
there are profound delicis i socal interaction and communmcaton, and exaggeration of
restiicted and repetiive behaviors. My laboratory also studies the mechanisms of aunsm,
manly using ammal models wm which we v and capture cenam key clements of the
disorder. One of the disorders we study 1s Reut Syndrome, which is a rare but devastanng
sttbset of autism in which a single gene called MeCIP2 1 muated. Reut Syndrome stnkes
I i about 10,000 grls. Because the gene 1s on the X chromosome, and bovs have 1 X
and 1Y chromosome, boys do not sunive a deletion of one copy: in conrast, gils have 2
X chromosomes and survive duc 1o a [unctioming copy of the gene on their other X
chromosome. The carly development of the bram eccurs normally, but by 2 vears of age
the g@els begin to show the effects of the disorder. They develop serious deficits in
movement, speech and cogmtion, and the quality of their life is drastically limited for the
duration of their lives.

It was discovered some years ago that the McCP2 gene regulates ranscapuon: that is, 1t
illuences the funcaon and effectiveness of many other genes. We and others discovered
that mice m which the gene s removed recapitulated severul aspecis of the disorder (as
best as can be measured i a mousc). Importandy, synapses in the cortex showed 00
much plasticity and stayed immature for a prolonged penod of time. Based on these
findings, we have propesed a therapeunic for the disorder — a molecule that makes
symapses matre rapidly - and we hope that the therapy enters clinical trials soon, Other
subsets of audsm are likely due 0 too linle plasticity, and newroscientists are working
acively to discover the synapuc mechanisms underiving different subsets along wath
appropnate therapies,



These approaches represent the lrst steps in understanding brain disorders i a rational,
mechamistic way, As we discover how the brain 15 wired and how it works, we can
understand s luncton and disorders i much the same way that we understand the
[inction and disarders of ather organs of the bady. My hope 15 that nearoscience will thus
remove the stigma assoctated with brain disorders. T'here are concrete physical reasons
why the Drain works and why it sometimes tdoes not wark, even il us produet, the mind, 15
not a physical entity. And the mind also has specific mules and mechanisms that can be
specilied and understood,

Plasucity and statistics

Mechunistos of plastieny are prominent nat anly i the developing brain but also persist
mto adulthood as mecharsms of leaming and memory.  Plasticity gives nise 1o the
tremendons dvnamies and llexibility of the brn, regardless of age, und underlies our
ability to Jearn, remember, adapt, change, view things 10 context, understand speech, and
ke sense of visual images, Our brain starts wath o sealfold of connecnions that anchor
the rules of cogniton, then continnally sharpens its neeworks and updates its cogninve
fHograms,

As an Elecincal Engineer who studies the brain, 1 have always been impressed by the
breadth of intellectsal moquiry represented at the Indian Statistical Institnte, The activities
ol 181, imitated by P.C. Mahalanobis and nurtured hy generations of its leaders, span the
range and even the aspirations ol the humarn mind, Indeed, (he function of the braim is
deeply e riwined with stanstics, Statisues as the act of analyzing measurements, assigming
probabilities, and making predictions describes well many components of cognition. The
precision of brain winng denves from the ability of bruin cells 1o make millions of
synapses and shape them according to the statistics of the mput, The brain extracts
mformation abont regulanties i the world and encodes them via changes i synaptic
strengih and the construction of networks that are the best-estimate match to incoming
information, From the imprecision of millions of synapses that are not precisely specified
as to location and strength anses the precision of brain funcion,

Plastienty of synapses implies that informauon transmission and coding are inherently
statistical ~ our neurons compute average rates of finng summed over time intervals of ens
and hundreds of milliscconds in order w0 code and decode information. Such
mechamsis may seem termbly imprease, Yet mformation transfer and transformation 1s
highly precise, due 10 pooling over thousands of neurons and millions of synapses for even
the simplest tasks. Staustical processing is at the core of bran wiring as well as of brain
computations and cognition,



Conclusion

| have ontlined here some of the key emerging concepts that underlie the field of
nenroscience and cognitive science, For the fiest time, we are able to pose answerable
questions and make measurements that can prove or disprove hypothieses. We are
beginning to get a ghmpse of what it ts to know oursclves, We know more about the brain
in the past 25 or 30 years than we bave known o all of Tunan history before that,
Neuroscience is truly a field as ald as muost of YOI i,

But lots of questions remain to be answered, The hardest questions i our lield pertan o
the products of the Tnman mind: how does the nund create culture, what are the sowrees
of creatmaty and humanism, what are the roots of power in sociely, even a question
appropriate for our times: what makes human bemgs greedv?

Some argue that the actions and beliaviors of humans are wnate or hard-wired o our
brains, that social and economic systems are the way they are because there can be no
other way, But that answer belies the deepest irth about our hram and ound. thac w s
shaped by change. and formed by an inseparable confluence of innateness and
experience, While newroscientists have the hubris of o new and expanding field, [ believe
the answers to many of the deepest questions about our place in the world will come from
the work of thoughtful social scientists.

Above all, the goal of our ficld, as of all science and technology, must be o improve the
human condition and be a force for soctal justce. Too often, the fruns of sciennfic
research seem obscure w common people or even antithetical to their interests. The
capacity of the human mind to change is itsell & potent force that requures vigilance, for i
can be used [or good or for evil,

So at this ume wn vour lives, | urge vou to explore the world, perhaps even with some
degree of imprecision, for imprecision is not the enemy of precision but sither the ronte to
preciston and direction. As you choose your areas of endeavor, | also urge you 1o think
about the world and iis nules, and of making it a hetter place. As a famous phitesopher
ance said: ‘Philosophers have only mterpreted the world: the point, however, 1s 1o change
it.” We have the means at our disposal, in onr very bruins,

Thank you.
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