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Baker, in collaboration with notable researchers in dyslexia, in the

late 1980s. Funds were provided through the generosity of the Un-
derwood and Baker families to support the establishment of the first Dys-
lexia Research Laboratory at Beth Israel Hospital, Harvard Medical School,
Boston, Massachusetts; the laboratory opened in 1982, with a goal of inves-
tigating the neural underpinnings of dyslexia. Baker became the director of
research for the Orton Dyslexia Society, and he convened top researchers
from cognition, neuroscience, and education in a 1987 meeting at the urg-
ing of Dr. Albert Galaburda. That scientific symposium was held in Flor-
ence, Italy, under the auspices of the Orton Dyslexia Society, with generous
support from Emily Fisher Landau. Ideas were presented and discussed
at the symposium, with sufficient time to disagree, identify research chal-
lenges, and brainstorm solutions—and the concept of a dyslexia sympo-
sium series was born. The National Dyslexia Research Foundation (later
renamed TDF) was formed in 1989 to focus more specifically on research
while the Orton Dyslexia Society continued its primary focus on treatment
and education. The new foundation sponsored the next symposium in Bar-
celona, Spain, in 1990. The Extraordinary Brain Series was born during this
second symposium, which was the first to be held under the foundation’s
auspices!

This volume celebrates the 15th symposium in the Extraordinary Brain
Series. Currently, these symposia result in volumes that reflect the papers
presented and the discussion that was spurred by those presentations. The
series volumes make the thoughts of scholars across various disciplines
accessible to all researchers as they tackle various aspects of the behavior,
neurobiology, and genetics of dyslexia and learning to read and write. Fol-
lowing is a listing of TDF symposia and the related volumes to date:

The Dyslexia Foundation (TDF) was founded by William H. “Will”

I. June 1987, Florence, Italy. Symposium Director: Albert M.
Galaburda.
Galaburda, A. M. (Ed.). (1989). From reading to neurons. Cam-
bridge, MA: Bradford Books/the MIT Press.

II.  June 1990, Barcelona, Spain. Symposium Director: Albert M.
Galaburda.
Galaburda, A. M. (Ed.). (1993). Dyslexia and development: Neuro-

biological aspects of extra-ordinary brains. Cambridge, MA: Brad-
ford Books/Harvard University Press.
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Duane, D. (Ed.). (1999). Reading and attention disorders: Neuro-
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practice. New York, NY: Psychology Press, Taylor & Francis
Group.

XL January 2010, Taipei, Taiwan. Symposium Directors: Peggy
McCardle, Ovid Tseng, Jun Ren Lee, and Brett Miller.

McCardle, P., Miller, B., Lee, J. R., & Tseng, O.]. L. (Eds.). (2011).
Dyslexia across languages: Orthography and the brain-gene-behavior
link. Baltimore, MD: Paul H. Brookes Publishing Co.
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Preface

ore than three decades ago, Norman Geschwind and Peter
| \ / I Behan reported an increased prevalence of left-handedness and
autoimmune disorders in individuals and families with devel-
opmental dyslexia. Following that report, Geschwind collaborated with
Albert Galaburda and wrote a three-part paper in the Archives of Neurology
(1985a, b, c) that discussed developmentally relevant associations among
brain development, hormones, immune activity, and brain lateralization,
which resulted in human diversity in talents and disabilities. The Dyslexia
Foundation hosted a symposium in 2016 that was organized by Gala-
burda, along with Nadine Gaab and Fumiko Hoeft, to review some of the
Geschwind-Galaburda Hypothesis (GGH) claims and predictions and as-
sess the current state of the science regarding them. This volume is based
on the presentations and discussions at that symposium.

Because much of the information presented and discussed is at times
highly technical, the co-editors of this volume asked the contributing au-
thors to include a summary that includes less technical language at the
beginning of each chapter. These summaries are intended to make the vol-
ume more accessible to a wider audience because they outline the informa-
tion that will be presented in each chapter and commentary. In addition,
an integrative summary for each of the sections integrates thoughts across
each chapter of the section.

The design of the volume itself is also intended to make the material
more accessible. In Section I, Galaburda (Chapter 1) introduces the GGH
and Urion (Chapter 2) reflects on its impact on clinical practice in child
neurology and developmental neuroscience since the mid-1980s, with im-
plications for the future. The following five major sections examine specific
areas of scientific investigation responding to and influenced by the GGH,
with each chapter making suggestions for future research based on what
has been learned since Geschwind and Galaburda’s publication of those
three seminal papers.

In Section II, four chapters and an integrative summary address brain
development, hormonal influences, and immunological issues as intercon-
nected issues or processes. Rubenstein (Chapter 3) examines developmen-
tal, genetic, hormonal, and random processes that may play a role in the
development of language processing circuits and, thus, may influence or
underlie some developmental disorders, including dyslexia. He outlines
four specific additional mechanisms regulating brain development that
scientists should consider as they explore potential underlying mecha-
nisms of dyslexia. De Vries (Chapter 4) discusses the GGH and sex dif-
ferences from a whole body perspective and offers new thoughts on the
influences of sex differences in the brain, circulating sex hormones during
postnatal through adult development, environmental context, and vulnera-
bilities for functional and behavior disorders. O’Connor, Barrett, and Sefair
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(Chapter 5) examine what is known about prenatal maternal distress and its
association with a range of neurodevelopmental outcomes in children and
discuss these in the context of the GGH, noting a striking confluence with
implications for future research. Nguyen (Chapter 6) presents the biologi-
cal processes of brain development and increasing sex hormone production
in middle childhood; she addresses the role of androgens in the pattern of
brain maturation and the link with developmental cognitive and behavior
changes. The final chapter in this section is the integrative summary by
McCarthy. She reflects on the central goal of revealing the origins of brain
disorders and pulls together thoughts on developmental impacts, from
prenatal through adolescent development, and highlights the plastic and
dynamic aspects of brain development, citing the GGH as a framework for
such revelation.

Section III's four chapters and an integrative summary focus specifi-
cally on sex differences. Ramus, Altarelli, Jednorég, Zhao, and di Covella
(Chapter 7) review their own team’s studies on the neuroanatomy of dys-
lexia, which show differences in boys and girls. The authors assert that the
key to understanding dyslexia’s neuroanatomical basis lies in brain asym-
metry, which differs at least, in part, by sex. Luders (Chapter 8) also ex-
amines sex differences in brain anatomy, with a focus on brain size differ-
ences, and demonstrates how matching males and females for gross brain
size may serve to unscramble whether sex are artefactual or exist indepen-
dently of size effects. Hong (Chapter 9) focuses on sex differences in learn-
ing disorders, offering the model of sex chromosome anomalies such as
those found in Turner and Klinefelter syndromes. He calls for future work
to further explore the mounting evidence that sex plays a role in learning
disorders, including dyslexia. Fitch, Bodge, Szalkowski, and Smith (Chap-
ter 10) present findings on sex differences in atypical cognitive outcomes in
animal models that are relevant to language and reading and bring these to
bear on the issue of greater prevalence of dyslexia among males. Cutting’s
integrative summary notes the lack of clarity of the relation between sex
and dyslexia diagnosis as we look across neuroimaging, genetics, and ani-
mal model research linked to the GGH, and it offers suggestions for future
directions that research might take to clarify this picture.

Section IV on laterality contains only two chapters and an integrative
summary. Grigorenko (Chapter 11) presents information on genetic con-
cepts—mosaicism, epigenetic, and the endophenotypes—and how using
these can help us understand complex human traits such as laterality and
its underlying processes by breaking complexity down into component
parts. Ocklenburg and Peterburs (Chapter 12) focus on genetic factors un-
derlying handedness and left-hemisphere language dominance; they argue
that the assumptions of the GGH offer an opportunity for development
of a multifactorial model that could integrate neurogenetic evidence into
those core constructs. Paracchini’s integrative summary points out that
complex processes must be controlled by more than simple genetic models

Excerpted from Dyslexia and Neuroscience: The Geschwind-Galaburda Hypothesis 30 Years Later
by Albert M. Galaburda, M.D., Nadine Gaab, Ph.D., Fumiko Hoeft, M.D., Ph.D., & Peggy McCardle, Ph.D., M.P.H.
Brookes Publishing | www.brookespublishing.com | 1-800-638-3775
©2018 | All rights reserved



FOR MORE, go to http://www.brookespublishing.com/dyslexia-and-neuroscience
XXiv Preface

and embracing advances in genetic sequencing will likely be important in
advancing our understanding of laterality.

Reading and dyslexia are specifically addressed with regard to genes
and behavior in Section V. Kornilov and Grigorenko (Chapter 13) begin
this section with an overview of genetics and reading disability, includ-
ing genome-wide association studies, studies using neuroimaging pheno-
types, and those examining the role of common genetic variants. They ar-
gue strongly for the importance of studies that integrate all three in the
study of reading disability. Hoeft and Hancock (Chapter 14) describe their
work on intergenerational transmission of reading and the brain networks
that underlie it. These authors introduce the intergenerational neuroim-
aging approach to studying the relation of cognitive and neural pheno-
types across generations from parent to child; they hope this process will
affect early identification and intervention and result in the identification
of modifiable intervention targets. Gaab, Yu, and Ozernov-Palchik (Chap-
ter 15) also examine the heritability of dyslexia and early identification
and intervention, combining neuroimaging of infants and young children
with behavioral research to identify children at risk. Feldman (Chapter 16)
examines a different risk factor (i.e., preterm birth) and compares white
matter brain differences and their correlations with reading and language
skills in children born pre- and full-term. Her findings suggest a loss of
hemispheric specialization in the preterm group, and she calls for addi-
tional studies to explore the GGH and determine these children’s specific
reading intervention needs. Landi’s integrative summary notes the value
of being able to more accurately identify the relative contributions of genes
and environment in the atypical development of reading brain regions, but
it also notes that the advanced methods that have been discussed come
with an increased need for specialized training and with a requirement to
communicate to educators and policy makers both the importance and the
nuances of the findings these tools enable us to obtain.

These section chapters and integrative summaries explore key ele-
ments of the GGH, looking at how far we have come and how many ques-
tions have been answered. They also look, however, at how we might build
on both the original GGH and the recent work that addresses many of
the issues it raised. They suggest how the field might move forward with
modern technologies and advanced methods to continue to tease apart the
puzzles of the developing brain, learn what underlies differences in brain
development, how genes and environment interact with our neurocircuitry
and neurochemistry in ways that result in individuals who read well or
who have difficulty learning to read, and how best to prevent or remediate
those difficulties. The contributing authors have attempted to communi-
cate highly technical information in ways that are accessible to an audience
broader than just scientific colleagues, and the editors have attempted to
design a book that also facilitates information sharing for a broader au-
dience. The information gained since the mid-1980s and the directions
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recommended for the future are important and clearly worth sharing not
only with researchers but also with practitioners, parents, and all those in-
terested in dyslexia, its origins, and its prevention and remediation.
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CHAPTER 1

The Geschwind-Galaburda
Hypothesis

Albert M. Galaburda

SUMMARY

The Geschwind-Galaburda Hypothesis (GGH), which was first published
as three consecutive papers (1985a, b, and c), is, despite its name, a theory
comprising several testable hypotheses that address associations among
brain development and function, sex hormones, immunological health,
and brain lateralization. Clinical manifestations of this theory may lead to
individuals with special talents or disabilities. The theory was inspired by
the report of Geschwind and Behan (1982), indicating a relationship among
left-handedness, developmental dyslexia, and immune disorders.

The GGH suggested that testosterone in utero slowed development of
the left hemisphere, increasing the risk for left-handedness and language-
based learning disorders, as well as superior development of right hemi-
sphere skills, both of which would occur more often in boys. Testosterone
also suppressed immune function, leading to an excess of immune-based
disorders. An elaboration of the theory posited that the retardation of left-
hemisphere development could lead to neuronal migration anomalies,
which represented the mechanism underlying the language-based learning
disorders. The neuronal migration anomalies were recreated in rodents by
using various approaches, including early, timed brain injury and knock-
down of dyslexia risk genes, but not simply by the effects of testosterone,
although the latter did alter the functional consequences of the develop-
mental anomalies. Additional work in genetically modified mice (Truong
et al,, 2014; Wang et al., 2011) showed that structural anomalies could, but
were not necessary to produce cortical dysfunction. In addition, recent
work on the effects of cilia function ( Hamada, Meno, Watanabe, & Saijoh,
2002) on organ laterality were suggested to play a role in the anomalous
brain lateralization seen in dyslexia, especially as cilia dysfunction is asso-
ciated with some dyslexia risk genes. The GGH generated a great deal of
research, which continues to this date.

INTRODUCTION: THE ORIGINS
OF THE GESCHWIND-GALABURDA HYPOTHESIS

This chapter reflects a presentation and subsequent discussions that took
place during a conference in June 2016, which was organized and spon-
sored by The Dyslexia Foundation. Both the presentation and this chapter
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rely heavily on the three-part paper published by Geschwind and Gala-
burda (19854, b, ¢).

The GGH is an attempt to relate observations not only about a specific
learning disorder (i.e., dyslexia) but also other male-predominant devel-
opmental disorders (e.g., stuttering, autism spectrum disorder, Tourette
syndrome) to cerebral lateralization for a variety of cognitive tasks, includ-
ing handedness and hemispheric dominance for language, certain auto-
immune disorders, and hormonal and genetic characteristics. The papers
specifically stressed male—female differences in the incidence and occur-
rence of these phenomena and attributed the male sex steroid testosterone,
or its metabolites, as a main causative role, rather than the environment
or direct genetic influences. The hypothesis states that intrauterine testos-
terone increases anomalous functional or physiological lateralization (left-
handedness, ambidexterity, and right-hemisphere or bilateral language in
the brain), anatomical brain asymmetry (affecting the language-relevant
planum temporale [PT]), learning disabilities (dyslexia, stuttering, Tourette
syndrome, autism spectrum disorder), learning superiority (architects,
visual artists), and immunological and other disorders (asthma, thyroid
disorders, ulcerative colitis, premature graying of the hair).

The GGH is not really a hypothesis but a theory that is complex enough
to generate several testable hypotheses on sex differences, handedness, and
hemispheric dominance, specifically regarding the relations and interac-
tions among brain development, hormones, immune activity, and brain
lateralization, which resulted in human diversity in talents and disabilities.
The work of Peter O. Behan, a neuroimmunologist from Glasgow, Scot-
land, initially contributed to the GGH; thus, the theory has also been called
the Geschwind-Behan-Galaburda Hypothesis. Most important, however,
is that the theory is primarily the brainchild of Norman Geschwind (see
Figure 1.1; see the dedication in this volume).

The Planum Temporale and Cerebral Asymmetry

Although Geschwind died in 1984, only months before the publication of
the GGH, it is likely that kernels of the theory had their origin as early
as the mid-1960s, when he and Levitsky (1968) revisited a set of findings
by Von Economo and Horn (1930) and Pfeifer (1936). These findings sug-
gested that the PT, the triangle-shaped cortical region lying immediately
posterior to the transverse gyrus of Heschl containing the primary auditory
cortex, was larger on the left-side.

Geschwind and Levitsky (1968) were stimulated by these anecdotal
reports and dissected 100 human brains. They determined that the left pla-
num was larger in 65% of the brains, it was larger on the right in 11%, and
it was of equal size on the two sides in the remaining 24%. Geschwind be-
came curious about the fundamental causes of cerebral asymmetry and its
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Figure 1.1. Original figure from Geschwind and Levitsky (1968) showing a larger right planum
temporale (PT) and a second observation, the more common duplication of Heschl's gyrus or
transverse gyrus on the right side. From Geschwind, N., & Levitsky, W. (1968). Human brain:
Left-right asymmetries in temporal speech region. Science, 161(3837): 186-187; reproduced with
permission.

biological associations. In 1976, he encouraged Albert Galaburda, a physi-
cian in the last year of neurology residency training, to look deeper for the
underlying causes of brain asymmetry. But anatomical brain asymmetry
was only part of the investigation of brain functioning. Links between this
asymmetry and behaviors, such as handedness and learning, and to other
conditions involving the immune system were also of interest.

Left-Handedness, Language-Based
Learning Disorders, and Immunological Conditions

Geschwind was a dedicated and keen clinical observer. He used to say
that most of his ideas came from listening to and observing his patients.
An informal cataloguing of conversations and observations led him to two
conclusions.

1. Unusual manifestations of acquired aphasia (an impairment of lan-
guage comprehension or production usually caused by injury to the
left-hemisphere of the brain) and various forms of language-based LDs
occurred more frequently in left handers.

2. His left-handed patients seemed to complain of more ailments than his
right-handed patients, especially allergic and autoimmune conditions.

These anecdotal observations led to studies with Behan, first of self-
reported immunological conditions and then of a hospital record-confirmed
assessment of left-handed people arriving at a shop for left-handed objects in
London (Geschwind & Behan, 1982). Both indicated more autoimmune con-
ditions and language-based LDs in left handers and their family members.

Sex Differences, Handedness, and
Hemispheric Dominance: The Testosterone Hypothesis

Sex differences is the fourth component of the theory. LDs that af-
fected left-hemisphere brain functions (e.g., dyslexia, stuttering, autism
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spectrum disorder) were far more common in boys than in girls. In ad-
dition, the affected individuals often exhibited superior performance in
right-hemisphere functions (e.g., visuospatial abilities). These gender dif-
ferences could have been the result of X or Y chromosome factors. If the
differences were linked to the X chromosome, however, then the male
predominance would be very high—much higher than that observed —or
if the differences were linked to the Y chromosome, then these disorders
would be nonexistent in females. Thus, Geschwind posited that the ex-
cess of left-handedness and LDs in males suggested a failure of proper
development of left-hemisphere dominance patterns that were testoster-
one mediated; this was possible because males and females are exposed
to intrauterine testosterone, albeit at different concentrations. This was
the origin of the testosterone hypothesis of the GGH, and the testoster-
one hypothesis was at the core of the theory. Summing up, LDs linked to
left-hemisphere function are noticeably more prevalent in males, but they
also occur in females, which suggests that testosterone exposure in utero
mediates the development of proper patterns of left-hemisphere domi-
nance. The fact that male fetuses are exposed to greater concentrations of
testosterone may be linked to the greater prevalence of these LDs among
males.

ELEMENTS OF THE GESCHWIND-GALABURDA HYPOTHESIS

The GGH represented an attempt to link observations on left-handedness,
brain asymmetry, learning differences, immune disorders, and male—
female differences. Testosterone effect (a combination of testosterone level,
the distribution of testosterone receptors, and the sensitivity and specific
activity at these receptors) is the unifying causal factor that occurs dur-
ing development. In brief, the theory postulated that testosterone acting in
utero slowed the development of the left hemisphere of the human cere-
brum, which, in turn, led to

e Possible enhancement of right-hemisphere development and more left-
handedness (or underdeveloped right-handedness)

® DPossible LDs involving left-hemisphere functions
e Possible superior skills in right-hemisphere functions
e Greater prevalence in males

e A disturbance in the development of the immune system by the direct
action of testosterone on the thymus gland and other immunological
targets that are poorly understood

Related Research: Gross Cerebral Asymmetries

The theory depended heavily on the finding of structural brain asymme-
tries. Several early observers (Flechsig, 1876; Pfeifer, 1936; Von Economo &
Horn, 1930) reported on PT asymmetries as well as others (e.g., asymmetry
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of the crossing of the motor tracts in the brain stem on their way to the spi-
nal cord). LeMay (1976) examined human brain endocasts that were 30,000
years old and reported asymmetries in Neanderthals. She also examined
cerebral arteriograms of adult humans and found asymmetries in the syl-
vian point, the spot where the middle cerebral artery exits to the surface
of the brain posteriorly (LeMay & Culebras, 1972). The main observations
were that the sylvian fissure was longer on the left and the sylvian point
was higher on the right side than on the left side. It was shown later that the
length asymmetry reflected the longer PT on that side.

It became important to find the cause(s) of these asymmetries. The
right shift theory is a genetic explanation proposed by Annett (1964) that
suggests the presence of a laterality gene causes the brain to acquire the
standard asymmetry, causing the individual to become right handed. The
absence of this laterality, or right shift gene, produced an individual who
would be randomly right or left handed 50% of the time. Annett even cal-
culated the prevalence of the gene in the population to explain the numbers
of right and left handers. Annett could not distinguish between right hand-
ers having the gene and right handers arising from random assignment,
but no left handers possessed the gene. The GGH, however, predicted that
even in the presence of the right shift gene, testosterone in utero could
affect the degree of expression of this gene in an epigenetic fashion and
impede the full shift to the right-handed pattern, leading to incomplete
left-greater-than-right asymmetry, or even asymmetry in the opposite di-
rection, as well as LDs. The tension between the Annett theory and the
GGH is that the former did not require any nongenetic factors, whereas
the latter introduced a factor in the form of testosterone, which acted as an
epigenetic regulator of the gene effect. As of this writing, the Annett theory,
which has in practice been replaced or expanded on by the new discover-
ies on cilia function—which responds to multiple genetic and epigenetic
actions (Hamada, Meno, Watanabe, & Saijoh, 2002) —has not included any
additional testosterone effect. This said, without hormonal influences (see
Chapter 6), neither the Annett theory nor the cilia biology can explain the
male predominance that inspired the GGH.

Related Research: Architectonic Cerebral Asymmetries

Galaburda and colleagues (Galaburda & Sanides, 1980; Galaburda, San-
ides, & Geschwind, 1978) published a series of papers attempting to find
the fundamental underpinnings of brain asymmetries. First, they found
that asymmetries in gross anatomy reflect asymmetries in the volume (sur-
face area x cortical thickness) of architectonic areas (cf. Brodmann areas),
and asymmetries in the PT are specifically accounted for by asymmetries in
the auditory temporoparietal association area on the posterior upper sur-
face of the temporal lobe. Other architectonic areas comprising the perisyl-
vian language zones (e.g., Brodmann area 44 and 39) also tended to favor
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the left side (Eidelberg & Galaburda, 1984; Galaburda, 1980; Galaburda &
Geschwind, 1980). The GGH attempted to provide explanations for these
language-related asymmetries and for the cases in which the asymmetries
develop anomalously, and here are some of the findings of the architec-
tonic work that followed the publication of the GGH but did not support
the GGH. This work was carried out on an adult rodent cerebral cortex
because technical aspects for the preparation of tissue could be better con-
trolled for precise quantitative assessment (Galaburda, Aboitiz, Rosen, &
Sherman, 1986).

Thus, one claim of the GGH in the case of anomalous asymmetry (i.e.,
less left-sided predominance) was that as the left hemisphere was inhib-
ited during development by the effect of testosterone, the right hemisphere
grew larger than normal, shifting brain structures from the left to the right.
It was as if there was a given amount of brain that was variably distrib-
uted more to the left, more symmetrically, or even more to the right, ac-
cording to the magnitude of the testosterone effect. In the case of language
areas, correcting for variability of general brain size, everyone was sup-
posed to have an equivalent amount, and the only thing that changed was
how this equivalent amount was stored in the left and right hemispheres.
Thus, correcting for the overall variation in brain size, the GGH predicted
that the left planum area plus the right planum area was constant (Gala-
burda, Rosen, & Sherman, 1990). In fact, this was not the case when asym-
metric and symmetric areas were compared. The total amount of tissue in
the area did not remain constant in human and animal studies, in which
there is variation in degree of asymmetry of a given gross or architectoni-
cally defined area. Instead, it varied inversely with the degree of asym-
metry —the more asymmetric the areas were between the two sides of the
brain, the smaller their sum. Thus, symmetric areas were larger than asym-
metric areas, which suggested that asymmetry could represent a pruned-
down version of the symmetric case and not simply a different distribution.
Furthermore, at the architectonic level, symmetric brain areas in one brain
contained a larger complement of neurons (as opposed to larger neurons)
than homologous asymmetric brain areas in another brain (see Figure 1.2)
(Galaburda et al., 1986; Rosen, Sherman, & Galaburda, 1991, 1992).

Several additional studies showed that the lateral difference in the
number of neurons was neither the result of differential neuronal prolif-
eration prior to neuronal migration, nor differential cell death or pruning
after neuronal migration (Rosen et al., 1991). Although this was not looked
at directly, it was likely that asymmetry in the number of neurons on the
two sides reflected early patterning events before neuroblast proliferation,
neuronal migration, or neuronal death and maturation (see Chapter 3). If
there was pruning at all, then it had to occur very early in the life of the em-
bryo. The GGH considered that a mechanism for shifted dominance to the
right hemisphere by testosterone implicated greater cell death on the left,
with compensatory lesser cell death on the right, and this was implicitly
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Figure 1.2. The generation of asymmetric brain areas requires developmental reduction from
an originally symmetric state. Indirect evidence suggests that this reduction occurs before neuro-
nal proliferation and neuronal migration to the incipient cerebral cortex and may be mediated
by cilia function.

considered to be a postmigrational event. Instead, the likely scenario is that
initial patterning of the cortex is symmetric, and early events, perhaps un-
der the effect of cilia and possibly still modulated at least in part by testos-
terone, produce reduction of one side—the right side in the case of language
areas—so that fewer neuroblasts remain available on the right side and a
smaller architectonic area is subsequently generated.

Related Research on Language-Based
(Left-Hemisphere) Learning Disabilities:
Cortical Malformations and Left-Handedness

The GGH made a strong claim about the origin of left-hemisphere learn-
ing disabilities such as dyslexia, autism spectrum disorder, and stuttering.
Thus, implicating testosterone again, another hypothesis of the theory was
that retardation of growth of the left hemisphere was so severe in some
cases that it caused neuronal migration anomalies on that side, which, in
turn, caused the LDs, either alone or in combination with decreased left-
ward asymmetry of the language areas and left-handedness. No attempt
was made to distinguish cases in which dyslexia versus stuttering versus
autism would result, but the implicit assumption at that time was that tes-
tosterone acted on different genetic backgrounds to produce different dis-
orders. Suffice it to say, testosterone effects occurred in all three conditions,
thus explaining the male prevalence in all three. Subsequent experimental
research failed again to support the notion that testosterone was responsi-
ble for neuronal migration anomalies, although another, previously unsus-
pected action of the male hormone probably did play a role in the gender
difference.

Cortical Malformations Galaburda and Kemper (1979) reported
the case of a dyslexic young man whose brain showed neuronal migration
anomalies. Multiple instances of molecular layer heterotopia were present
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in the perisylvian regions of both hemispheres, but they were substantially
more prominent on the left, as well as one focus of micropolygyria affect-
ing the auditory regions of the left temporal lobe. Similar small cortical
malformations were present in several other dyslexic brains later studied
at autopsy (Galaburda, Sherman, Rosen, Aboitiz, & Geschwind, 1985). The
first strike against the GGH suggesting that neuronal migration anomalies
were the result of excessive inhibition of left-hemisphere development was
the fact that neuronal migration abnormalities were found on both sides,
even if more commonly on the left. Although the theory hypothesized
an inhibitory effect on the left, it also claimed a stimulatory effect on the
right. Although there was the possibility that neuronal migration anoma-
lies could result from over-inhibition or over-stimulation and would be
worse with inhibition than with stimulation, no data were ever gathered to
support this possibility. In the end, the pathogenesis of the malformations
was related to different factors such as injury, infection, toxic exposure, or
genetic defects (Kuzniecky & Barkovich, 1996; Pilz, Stoodley, & Golden,
2002), without evidence that testosterone has any role to play in neuronal
migration abnormalities.

Neuronal heterotopias in the molecular layer of the cortex and micro-
polygyria (both found in the dyslexic brain) have been induced in rodent
brains by applying a freezing probe on the skull of the newborn animal
during a time when neuronal migration to the cerebral cortex is continu-
ing. Neuronal migration anomalies can only occur if the causative agent
acts during the time neuronal migration is actively proceeding to the
cerebral cortex and not later (see Figure 1.3) (Humphreys, Rosen, Press,
Sherman, & Galaburda, 1991). Different, but perhaps associated, forms of
neuronal migration anomalies have also been caused in the fetal rat brain
exposed to short hairpin micro ribonucleic acid sequences constructed
against genes in the rat homologous to human dyslexia risk genes (Rosen
et al., 2007; Szalkowski et al., 2012; Wang et al., 2006) and, in some cases, in
mice knocked out for these genes (Truong et al., 2014; Wang et al., 2011).
These manipulations were identical in males and females, and the cortical
effects were also the same, but there was an effect of testosterone. Thus,
males with induced cortical malformations showed secondary changes
in the thalamus, whereas females did not. But the secondary thalamic
changes emerged in female rats when they were exposed perinatally to
testosterone (Rosen, Herman, & Galaburda, 1999). Thus, testosterone did
not influence cortical malformations per se during the experiment on the
rodent, but rather a form of secondary thalamic plasticity. An additional
interesting finding was that induction of cortical malformation resulted in
auditory processing deficits in male animals but not female animals, sug-
gesting that it was the response to the initial manipulation that produced
the deficits, rather than the cortical malformations themselves. The human
thalamus is asymmetric (Eidelberg & Galaburda, 1982); thalamic anoma-
lies have also been reported in the human dyslexic brain (Galaburda &
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Figure 1.3. Molecular layer ectopia in the rat cortex. Neurons are stained with red-fluorescent
protein. The cloud of neurons lying above in the photograph have migrated abnormally beyond
their standard locations in the subjacent cortical layers. These malformations occur spontane-
ously in the dyslexic cerebral cortex and can be induced in rodent brains for further analysis.

Eidelberg, 1982). It is possible that the action of the human cortical anoma-
lies in dyslexia have been overestimated and the effects of the second-
ary thalamic changes have been underestimated. Effects of testosterone
on injury-related plasticity were not something considered in the GGH,
but they appear to account for the sex differences and should be further
studied in the biology of left-hemisphere learning disabilities. It seems to
account for sex differences not by causing neuronal migration anomalies
per se, but rather by modifying plasticity in response to a negative devel-
opmental event.

Left-Handedness As previously noted, the biology of cerebrocor-
tical abnormalities in relation to testosterone seems to be more complex
than simply slowing the development of the left hemisphere. We do not
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understand the relationship of testosterone to handedness. We also do not
know why anomalous hand dominance is more common in males, and the
answer may have something to do with testosterone; if it does, then it may
be by mechanisms other than slowing the development of the left hemi-
sphere. The biology of cilia has come to the forefront in the study of later-
alization (Hamada et al., 2002). Cilia seem to play an important role in the
lateralization of somatic organs, and the absence of cilia function may lead
to situs inversus (Pennekamp, Menchen, Dworniczak, & Hamada, 2015).
Interestingly, 50% of animals with abnormal cilia develop a heart pointing
to the right, and 50% develop a heart pointing to the left. The same random
lateralization is true for the positioning of the liver and spleen.

In other words, the absence of cilia function leads to random lateral-
ization of the body organs, and this is strikingly similar to what Annett’s
(1964) right shift theory predicts; thus, the absence of the right shift gene
leads to random lateralization in the brain. Annett’s lateralization gene
may not be a single gene but may instead reflect dysfunction of any of the
genes that govern normal cilia function. This statement makes a strong as-
sumption that cannot be adequately defended at this time and implicates
cilia dysfunction in brain lateralization as well as in body organ lateraliza-
tion. Furthermore, Annett’s theory makes additional predictions. For in-
stance, the cilia and Annett’s explanations predict that in any group of right
handers there will be some who are anomalous right handers because they
randomly became right handed from lack of the normal drive, either cilia
or gene based. An equal number of left handers will be anomalous for the
same reason. Implications of this biology of handedness would be that there
are so-called normal right handers and anomalous right handers based on
whether they have the right shift gene or cilia effect, and all left handers are
anomalous because all lack the gene or cilia. Is this an obligatory conclu-
sion about left handers? Not necessarily! Thus, for instance, there may be
drives equivalent to the right shift drives that make people left handed,
and some within this group may also lack this left shift drive. In this newly
postulated left shift theory, the presence of left shift factors would produce
standard left handers and the absence would lead to random left and right
handers who are anomalous because they are missing the left shift effect.
The frequency in the population of this postulated left shift factor must be
lower than that of the right shift factor; otherwise, there should be an equal
number of standard right and left handers, which is not the case. Whether it
is from the absence of the right shift factor or the absence of the postulated
left shift factor, there should be an equal number of anomalous right- and
left-handed individuals, albeit a greater number of standard right handers
than left handers. Furthermore, it is not currently possible to distinguish
anomalous from standard right handers and left handers; this fact would
tend to produce problems for studies attempting to uncover relationships
between handedness and other traits, including disorders such as learning
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disabilities and immunological disorders, because anomalous right and left
handers would be mixed in with the standard groups.

Left Handedness, Immune Disorders, and Language-Based Learn-
ing Disabilities Geschwind and Behan (1982) uncovered a relationship
among LDs, immune disorders, and left-handedness, which became fod-
der for the GGH. Yet, following the publication of the three-part paper
(Geschwind & Galaburda, 1985a, b, c), several papers failed to find the
same relationship, whereas others confirmed the original findings (e.g.,
Bryden, McManus, & Bulman-Fleming, 1994; Galaburda, 1990; Hugdahl,
Ellertsen, Waaler, & Klove, 1989). Leaving aside the null hypothesis (the
failure to demonstrate a finding does not mean that there is no finding),
there may be other reasons for this inconsistency. Assume that the absence
of the right shift factor (or the postulated left shift factor for that matter; I will
call them the laterality factors for the present discussion) is accompanied
by an altogether different brain organization and represents an important
risk factor for language-based learning disabilities (i.e., a sine qua non). If
one examines a population of individuals with these disorders, then nearly
50% of them will be right handed and 50% will be left handed because the
absence of the laterality factors produces random handedness. Therefore,
studies performed in this way will not find a prevalence of left-handedness
in a population of individuals with the mentioned disabilities. If, however,
a general population of left handers are sampled, then a greater proportion
of them will have a language-based learning disability than a similar popu-
lation of right handers because anomalous left handers represent a greater
proportion of the total number of left handers (standard and anomalous)
than anomalous vis-a-vis total number of right handers. Unless attention is
paid to the way the study is constructed, there will be disagreement as to
whether left-handedness is associated with a language-based learning dis-
ability. A similar argument can be made regarding immunological condi-
tions. It is also likely that absence of laterality factors occurs in a very small
proportion of the population to produce either anomalous left- or right-
handedness; studies need large n’s to produce robust, replicable findings.
This is, in part, a likely explanation for the lack of agreement on the ques-
tions of handedness, immune disorders, and language-based LDs among
the papers that followed the publication of the GGH.

CONCLUSION

The GGH postulated that in utero testosterone slows the development of
the left hemisphere, thus promoting superior development of the right
hemisphere, and interferes with the proper setup of the immune system
so that males and testosterone-exposed females will exhibit increased left-
handedness, language-based LDs, better right-hemisphere skills, and more
immunological disorders. The increased incidence of LDs is supposed to
be doubly caused by testosterone-based slowing of development of left
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hemisphere language areas and malformations caused by inhibited mi-
gration of neurons to the cerebral cortex. Several findings from the 1930s
through the 1980s provided evidence for building the theory, including ex-
cess left-handedness and language-based LDs in boys, the presence of vari-
able handedness in the population, the presence of variable brain asym-
metry, the link between left-handedness and language-based LDs, the link
between left-handedness and immunologically derived human medical
conditions, and the finding of neuronal migration anomalies in the brains
of individuals who have dyslexia.

A great deal of research since the publication of the GGH (Geschwind
& Galaburda, 1985a, b, c) has shed additional light on the biology of later-
ality and the mechanisms underlying neuronal migration abnormalities—
enough to cast doubt on the role of testosterone, at least the role the GGH
attributed to testosterone. Testosterone clearly seems to have a role in de-
velopmental plasticity, which may affect handedness, but this remains hy-
pothetical. In fact, the role of testosterone in handedness remains a mystery
and will require additional research. Similarly, testosterone does not seem
to cause neuronal migration anomalies as proposed in the GGH, but it may
modulate the anatomical functional consequences of these neuronal migra-
tion anomalies. The role of cilia in the production of organ laterality has
come to the forefront of research, but we have yet to learn what cilia have to
do with lateralization of the brain, even though they are ubiquitous in the
central nervous system. If cilia play a role in handedness formation, then
this role will provide a cell-molecular mechanism to explain the observa-
tions of Annett (1964) and her right shift theory and will help dovetail some
predictions of the GGH. In addition to testosterone’s effects on plasticity
and recovery of function, it will be useful to investigate whether it plays a
role in cilia function and laterality in the brain. Finally, a coherent under-
standing of the immunological connection to testosterone is beyond the
reach of the present discussion.
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