The Power of the Genes

Heredity is law.
—Charles Darwin

The cerebral machine constructs mental representations because it
contains, in its anatomical organization, in its neurons and synapses,
representations of the world around us. This organization is characteris-
tic of a given species. According to Carolus Linnaeus in 1770, the
description of a species relies on those “parts that are not subject to
variation.” Its scientific name often refers to these characteristic traits
in abbreviated or symbolic form. Thus, modern man designated him-
self Homo sapiens sapiens, doubtlessly to emphasize a property that he
feels characterizes his brain.

The definition of the species Homo sapiens sapiens depends just as
much on the form of the brain as on the form of the skull, the hands,
or the spinal column. Recall the reproductions of the human brain from
Vesalius during the Renaissance (Figure 2), Willis in the classical age
(Figure 3), and Leuret and Gratiolet in the nineteenth century (Figure
5). If we compare them with modern photographic atlases, we find the
various pictures differ more in the way they are drawn and reproduced
than in the actual form of the brain. Allowing for differences in artistic
style and the technique of reproduction, the brain seems to have re-
mained invariant since the sixteenth century, in spite of tremendous
changes in the social and cultural environment.

The stability of the brain’s gross anatomy, which serves as a basis for
the neurobiological definition of the species (Figure 49), is also found
in its microscopic details. Medical students have to learn a precise and
rich nomenclature for the nuclei, tracts, and convolutions of the human
brain. The very existence of this nomenclature is a measure of the
invariance of the detailed anatomy. When Santiago Ramén y Cajal
drew the neurons and fibers that make up the brain centers, he was
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Figure 49. Drawings of the human fetus made by Leonardo da Vinci (around 1510). The number
of neurons and the major anatomical features of the human brain are set at birth. The power of
the genes ensures the “cerebral unity” of the species. (From L. da Vinci, selected by P. Huard,
1961.)

unconcerned that his tissue samples came from different individuals.
This indifference would have been a grave mistake if the cellular organi-
zation of the brain varied greatly from one individual to another.
Macroscopically as well as microscopically, the anatomy of the nervous
system seems basically reproducible within a given species and between
generations. How can one explain this?

ANATOMICAL MUTATIONS

One way of trying to understand how a power exerts itself is to challenge
it and analyze its reactions to the attacks. Are there exceptions to the
invariability of the nervous system? If so, is its organization subject to
variations that are perpetuated from one generation to another, in-
scribed in its genome? Or, on the other hand, are the variations elimi-
nated in subsequent generations, thus belonging to the phenotype?
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Figure 50. The albino mutation causes a major reorganization of the lateral geniculate nucleus
in the thalamus, which relays the visual pathways on their way to the cortex in man and several
mammalian species. On the left is a normal human; on the right, an albino. There is abnormal
fragmentation and fusion in layers 2 through 5. Bar length: 2 millimeters. (From R. W. Guillery
et al,, 1975.)

We have already discussed the differences in brain weight in man
(see Chapter 2). Recently, in 1979, Terry Hickey and Ray Guillery
reexamined the histological variability of the human brain in a reason-
ably large sample of fifty-nine people who had died from causes inde-
pendent of the nervous system. In their postmortem examinations,
they studied the lateral geniculate nucleus, the relay between the retina
and the visual cortex (see Chapter 4). They noticed a significant varia-
tion in the stratified pattern of this area from one case to another.
Certain segments were missing, others were fused together. A surpris-
ingly wide anatomical variability does exist between individuals. Is it
hereditary (genotypic) or, on the contrary, unstable from generation to
generation (phenotypic)?

Some answers were obtained from one particular case among the
ffty-nine, that of an albino who died of uremia.! The reorganization
of the lateral geniculate nucleus was amazing. Instead of a regular
layered pattern, there were scattered groups of cells, sometimes fusing
one layer to another (Figure 50). Similar major anatomical variations
are also found in other mammalian species subject to albinism, such as
the Siamese cat, the white mouse, the Himalayan rabbit, and the white
tiger.2

Albinism affects about one person in 17,000 and its genetics are well
known. The disease is transmitted from generation to generation as a
recessive trait according to simple Mendelian laws. It can also appear
spontaneously, although rarely, in populations not having an “albino”
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gene. The albino trait results from an abrupt change in genetic
makeup, transmissible by heredity, which we call a mutation. 3

The principal target of the albino mutation is known. Strangely, the
affected molecule has nothing to do with the central nervous system,
at least at first sight. One or several enzymes responsible for the synthe-
sis of the skin pigment—melanin—are lost, causing a lack of melanin
and thus the white skin and hair characteristic of albinos. Also, the eyes
appear red, for they are no longer lined by a dark layer of pigmented
cells. Careful study of the anatomy of the central nervous system has
shown that the lesion is not restricted to the lateral geniculate nucleus.
It is present in the eye or, more precisely, in the optic nerve. In the
normal individual, optic nerve fibers divide into two bundles, one of
which “crosses” so that half the fibers coming, say, from the left eye
project to the right geniculate nucleus, while the other half in the same
optic nerve remain on the same side of the brain. In the albino, the
fibers do not cross in the same way: some that ought not to have crossed
do in fact go to the geniculate nucleus of the opposite side, where they
become mixed up with those that are projected there normally. This
explains the fragmented appearance of the layers of the lateral genicu-
late nucleus. But that is not all. Neurons of the lateral geniculate
nucleus normally send their axons to the visual cortex. This is also the
case in the albino, whatever the origin of the optic nerve fibers, which
means that the information sent to the cortex is not correct. Thus the
whole visual pathway is reorganized in a “chain” from the eye via the
lateral geniculate nucleus to the cerebral cortex.

The albino mutation is in many ways typical of mutations that affect
the nervous system. A single change in one gene can simultaneously
modify several characteristics, as different as the color of the skin or
the fundus of the eye and the organization of the visual pathways.
What is more, an anatomical defect in a specific part of the nervous
system has secondary effects in other, directly or indirectly related
centers. In genetics the term pleiotropism, derived from the Greek, is
used to designate the multiplicity of effects of a single mutation. Muta-
tions of the nervous system are very frequently pleiotropic.

The neural targets affected by genetic mutations vary considerably
from one mutation to another. An extreme case is that of anencephaly,
which in man, as in the mouse, involves the absence of the cerebral
cortex. It is relatively frequent, affecting one to five births in a thou-
sand.
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The impact of well-defined gene mutations has been carefully
analyzed in the cerebellum.# As we learned in Chapter 2, the cerebel-
lum is made up of a small number of cell categories, organized quite
regularly in layers of granule and Purkinje cells, and other layers con-
taining the branchings and synapses of these cells (see Figures 21 and
51). In the mouse the reeler mutation affects this stratification: most
of the Purkinje cells are grouped in amorphous cellular masses in the
center of the cerebellum; they no longer form regular cellular “crys-
tals.” The Purkinje cell degeneration mutation, as its name suggests,
involves the loss of almost all Purkinje cells in the cerebellum. The
weaver mutation is characterized by the disappearance of the granule
cells. In all these cases, the lesion involves members of the same cell
category. The staggerer mutation affects the synapses that link the
granule cells and the Purkinje cells in the normal cerebellum. Similar
genetic disorders also occur in man. They demonstrate unequivocally
that the major features of the brain’s anatomy—such as the distribu-
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Figure 51. Highly schematic diagram of the effect of genetic mutations on the organization of
the cerebellum in the mouse. The “nervous” mutation causes the death of Purkinje cells (P). In
the “weaver” mutation the granule cells (G) disappear. In the “reeler” mutation the Purkinje cells
migrate abnormally, while in the “staggerer” mutation synaptic contacts between the granule cells
and the Purkinje cells are not formed. (From J.-P. Changeux and K. Mikoshiba, 1978.)
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tion of the main cell types, their differentiation into categories, and the
formation of the principal connections and pathways linking them
together—can vary as a consequence of genetic mutations and are
therefore subject to the authority of the genes.

A large number of mutations occur in man. More than 2,000 have
been described, resulting from changes in different genes. Among
these, at least 300 affect the central nervous system and result in various
anatomical lesions. In addition to these “localized” mutations, more
drastic changes can occur in the chromosomes, which carry the genetic
material. Their number and their length can change. A fragment can
be lost (deletion) or transported from one chromosome to another

_(translocation). A well-known example of a disorder of the nervous

system related to a change in the chromosomes is mongolism. It is
found in humans and monkeys when three number 21 chromosomes
are present instead of two: thus, it is called trisomy 21.5 Nevertheless,
chromosome defects and mutations are rare events. On average, a given
gene mutates in each generation between once in a hundred thousand
and once in a million times. The rarity of mutations, and their equally
rare reversion, means that most genes persist without modification for
generations. This stability of the genetic material ensures the invari-
ance of the characteristics of the species, in particular the invariance
of the anatomy of its nervous system.

HEREDITY AND BEHAVIOR

Individuals with hereditary anatomical lesions, such as those just de-
scribed, inevitably show important changes in behavior. Siamese cats
squint; reeler, weaver, and staggerer mice, as their names suggest, have
great problems in walking. They move slowly and hesitantly, falling
over and getting up again with great dificulty —symptoms characteris-
tic of cerebellar lesions. These defects do not improve with age. Indeed,
if we remove the cerebellum of a normal mouse at birth, when it grows
up it has fewer behavioral problems than the “weaver” mouse, which
has no granule cells. As a consequence of the mutation, synapses form
abnormal circuits, which can hardly be modified or compensated for
by experience. Genes are powerful dictators!

There are subtler behavioral changes consequent to mutations, ones
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that do not cause obvious anatomical defects in the nervous system,
sense organs, or motor apparatus. A relatively simple example is found
in the fruit fly (Drosophila), with which Thomas Hunt Morgan and
his collaborators established the basis of modern genetics in 1923. As
noted, mutations are rare events, and the geneticist is confronted with
a major experimental problem: how to isolate and select mutants in-
volving a given function.

Seymour Benzer developed a very ingenious method of “concentrat-
ing” behavioral mutants in the fly.6 He treated populations of Droso-
phila as if they were solutions of proteins. He suspended a mixture of
normal and mutant flies in a test tube, forcing them to the bottom of
the tube and then letting them move freely toward a source of light
at the mouth of the tube. The normal fruit flies moved spontaneously
toward the light and tried to escape; the others remained at the bottom
of the tube. Thus, the population of flies was progressively divided.
Those that consistently did not move toward the light were collected.
Many were abnormal for obvious reasons, perhaps being blind or par-
alyzed. But some were of interest to us: they showed clear behavioral
problems without major reorganization of their anatomy. The shaker
mutant, for instance, beats its wings vigorously when it is anesthetized.
The nap mutant becomes paralyzed when it is warmed to 35° Centi-
grade. The bang-sensitive mutant dies in a few seconds after a mechan-
ical shock. What is the origin of these defects?

Electrophysiological study of the propagation of the nerve impulse
and its transmission at the neuromuscular junction has supplied the
answer.” In the shaker mutant, the postsynaptic wave is abnormally
long due to a prolonged release of neurotransmitter, which in turn is
due to a change in the potassium channel. In the nap mutant, propaga-
tion of the action potential along the nerve is disturbed due to a defect
in the sodium channel. Although not yet definitely established, it is
probable that the bang-sensitive mutation involves the enzyme pump
responsible for maintaining differences in sodium and potassium con-
centration inside and outside the nerve cell (see Chapter 3).

Thus each of these mutations affects one of the proteins involved in
maintaining the membrane potential or propagating the nerve impulse
(the sodium and potassium channels and the enzyme pump). They
probably affect the “structural” genes that code for these proteins. The
behavioral effect can thus be explained simply by a defect in the
propagation of nerve signals or by the absence of these signals.
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These first examples will probably not satisfy ethologists and psy-
chologists, who find the behavior of these mutant fruit flies totally
uninteresting. It is true that generalized paralysis is too crude a model
for studying normal behavior. They would perhaps be more interested
in the genetics of the cricket’s song. As noted in Chapter 4, the song
of the male is made up of specific phrases, consisting of a chirp followed
by ten trills of two notes (see Figure 33). Raising the larva in isolation
and even making it deaf does not change this behavior: it is totally
innate. On the other hand it differs from one species of cricket to
another (Figure 52). In the Australian cricket Teleogryllus commodus,
the number of notes in the trill is much greater than that in Teleogryl-
lus oceanicus. If these two types are crossed, the first-generation hy-
brids have a different song from either of their parents. There is a clear
hereditary element in the song of the cricket. If these hybrids are
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Figure 52. The heredity of the song of crickets of the genus Teleogryllus. In A and F, we see
the songs of the male T. oceanicus and T. commodus, species capable of interbreeding. From
B to E, we see the songs of various hybrids obtained by crossing the two species and their
descendants. The case of hybrid B is particularly interesting. Each trill contains three notes
instead of two. Bar length: 100 milliseconds. (From D. Bentley, 1971.)
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coupled with one of the parents—for example, a mother Teleogryllus
oceanicus— the new hybrids have a remarkable song. Their trill has
exactly and systematically one note more (that is, three), than the trill
of the Teleogryllus oceanicus (Figure 52). How can we explain such a
subtle difference? We know that oscillating neurons determine the
form of the trill. We also know that a few proteins determine the
rhythm of these biological clocks (see Chapter 3). Differences in the
few genes that code the structure of these proteins may thus sufhice to
cause distinct differences in the structure of the song.

The cricket does not learn to sing. The fruit fly is capable of learning,
but not to sing! It can distinguish two odors innately. If, during training
sessions, one odor is associated with an electric shock, but not the other,
it progressively learns not to be trapped by the odor associated with the
shock. Benzer and his collaborators managed to isolate mutants that
were “unconditionable” for an olfactory stimulus coupled with an
electric shock. They had not lost their sense of smell or become insensi-
tive to the shock, nor were they paralyzed. They simply learned poorly
or not at all.8 The amnesiac mutant loses its memory four times more
quickly than the normal fly. The half-life of its memory is only fifteen
minutes. The dunce mutant seems unable to store information, while
the rutabaga mutant can store but not use it. We still do not know the
exact nature of the biochemical defects in these mutants. Nevertheless,
in the dunce mutant, an enzyme that breaks down cyclic AMP is
missing.® This finding agrees with that in the experiment of “cellular
learning” performed on the sea slug (see Chapter 5) in which cyclic
AMP seems involved in the long-term modification of synaptic proper-
ties, perhaps by regulating the efficiency of the release of the neuro-
transmitter by nerve terminals. The basic coupling mechanisms
between neurons in the fruit fly, sea slug, and probably man may be
determined by a few structural genes, just like the propagation of the
nerve impulse and synaptic transmission.

Our next example involves man. From the genetics of behavior in
the fruit fly to that in man is quite a leap, one that may elicit cold
silence or even violent opposition. The severity of these reactions is easy
to understand for many reasons, including ideological ones. Political
exploitation of genetics has led to racism and thereby discredited the
objectives of this discipline. Also, methodologically, the great genetic
heterogeneity of human populations, together with often insuperable
problems in performing experiments on humans, makes the collection
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of data and their interpretation difficult. Yet despite the limitations
imposed by ideological conflicts that have falsified its objectives, and
despite the technical difficulties involved, the study of human genetics
has made considerable progress.10

Some mental diseases that at first glance do not seem to be associated
with an anatomical disturbance of the brain have been the subject of
genetic analysis. Firm results have been obtained only in a few cases
so far. The best-documented example is that of so-called bipolar manic
depression. In the nineteenth century, Etienne Esquirol and Emil
Kraepelin emphasized the hereditary character of the disease, but ob-
jective proof of this has obtained only been recently.1! As a first step,
one can compare the mental state of identical twins (who come from
the same egg and are therefore genetically identical) with that of
nonidentical twins. Such a comparison shows that the signs of the
disease appear in both identical twins in between 50 and 92 percent
of cases with a mean of 69 percent, whereas for nonidentical twins
there is from 0 to 38 percent incidence in both members, with a mean
of 20 percent. A second piece of evidence comes from studies of family
genetics. Close relatives have a 20 percent risk of suffering from the
same disease (which is ten times the risk in a normal population). The
risk is the same whether the person was raised in his own biological
family or adopted. Within a given family, the incidence of the disease
can be followed from one generation to another, but it is also possible
to follow certain genetic “markers,” totally unrelated to the psychosis,
such as the absence of color vision or glucose-6-phosphate dehydroge-
nase deficiency. These markers are situated close together on the map
of the X chromosome and have a high chance of being transmitted
together from one generation to another. They are linked. Analyses of
many family trees have shown the linkage of at least one well-defined
type of manic depression with these genetic markers within a family.
The contribution of heredity in predisposing to this serious mental
illness cannot be doubted. The most likely explanation of these genetic
findings is that one or several dominant genes on the X chromosome
are concerned. The physiological or biochemical disturbances brought
about by these genes are not yet clear. Noradrenaline and acetylcholine
seem involved, as well as, not unexpectedly, the hypothalamus and the
limbic system (see Chapter 4). No particular anatomical lesion seems
present. Is it again a question of the regulation of a biological clock, per-
haps in the midbrain “regulatory” nuclei?
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