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Abstract Von Economo neurons (VENs) are large spin-
dle-shaped neurons localized to anterior cingulate cortex
(ACC) and fronto-insular cortex (FI). VENs appear late in
development in humans, are a recent phylogenetic special-
ization, and are selectively destroyed in frontotemporal
dementia, a disease which profoundly disrupts social
functioning and self-awareness. Agenesis of the corpus
callosum (AgCC) is a congenital disorder that can have
significant effects on social and emotional behaviors,
including alexithymia, difficulty intuiting the emotional
states of others, and deficits in self- and social-awareness
that can impair humor, comprehension of non-literal or
affective language, and social judgment. To test the
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hypothesis that VEN number is selectively reduced in
AgCC, we used stereology to obtain unbiased estimates of
total neuron number and VEN number in postmortem brain
specimens of four normal adult controls, two adults with
isolated callosal dysgenesis, and one adult whose corpus
callosum and ACC were severely atrophied due to a non-
fatal cerebral arterial infarction. The partial agenesis case
had approximately half as many VENSs as did the four nor-
mal controls, both in ACC and FI. In the complete agenesis
case the VENs were almost entirely absent. The percentage
of neurons in FI that are VENs was reduced in callosal
agenesis, but was actually slightly above normal in the
stroke patient. These results indicate that the VEN popula-
tion is selectively reduced in AgCC, but that the VENs do
not depend on having an intact corpus callosum. We con-
clude that in agenesis of the corpus callosum the reduction
in the number of VENS is not the direct result of the failure
of this structure to develop, but may instead be another con-
sequence of the genetic disruption that caused the agenesis.
The reduction of the VEN population could help to explain
some of the social and emotional deficits that are seen in
this disorder.

Keywords Stereology - Anterior cingulate cortex -
Fronto-insular cortex

Introduction

Studies of split-brain patients have shown that callosal
lesions, callosotomy, and agenesis of the corpus callosum
(AgCC) can all have significant effects on social and emo-
tional behaviors, including a reduction in affective range
[10, 32], an inability to express one’s emotional state (a
condition called alexithymia [19, 56]), and difficulty intuiting
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the emotional states of others [5, 62]. AgCC in particular is
associated with deficits in self- and social-awareness that
can impair such capacities as humor [6], non-literal or
affective language [34], and social judgment [5], suggesting
that the abnormal development of the corpus callosum and
surrounding midline brain structures may be particularly
detrimental to socially relevant aspects of emotional cogni-
tion. While symptoms of social impairment in AgCC have
traditionally been interpreted as resulting from limitations
in inter-hemispheric transfer, here we examine the alterna-
tive possibility that other circuitry involved in social func-
tioning may be disrupted in this condition.

VENSs are large bipolar neurons (Fig. 1) localized to two
brain regions that are known to be involved in social and
emotional cognition: the anterior cingulate cortex (ACC)
and the fronto-insular cortex (FI). VENs are radially
oriented and have sparsely branching dendritic trees with
symmetric apical and basal dendrites that could rapidly
relay the output of a cortical column [59]. In human fMRI
experiments, ACC and FI are both activated by paradigms

evoking social emotions such as empathy [47], guilt [46],
unfairness [48], humor [60], embarrassing situations or vio-
lations of social norms [4], and romantic love [3, 23]. The
VENSs could serve as a fast relay of these social emotions to
other brain structures [2, 30]. In frontotemporal dementia
(FTD), a disorder that profoundly disrupts social function-
ing and self-awareness, there is a 74% reduction in the
VEN population relative to controls, and many of the
remaining VENs are severely dysmorphic [44, 45]. Patients
with FTD experience focal degeneration of both ACC and
FI, accompanied by severe deficits in self-awareness,
empathy, “theory of mind,” and moral reasoning [26, 28,
36, 49, 51]. The similarity in the social deficits in FTD and
AgCC suggests that they may share common defects in
neural circuitry. VENs may be particularly vulnerable to
neuropathologies such as AgCC because they emerge late
both in human development and in primate phylogeny.
Examination of a broad spectrum of primates has shown
that VENs are a distinctive feature of great apes and
humans, and are more abundant in humans than in great

Fig. 1 High magnification photomicrographs of VENs. Normal 58-
year-old man (C/) (a). Normal 50-year-old woman (C3) (b). Normal
50-year-old man (C4) (c). Scale bars =25 pnm. While pyramidal neu-
rons (dashed arrow in ¢) are characterized by a triangular-shaped soma
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with a single apical dendrite and numerous basal dendrites, VENs
(solid arrows) are characterized by a large spindle-shaped soma with a
single large apical and a single large basal dendrite
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apes [1, 29], suggesting that they represent a recent phylo-
genetic specialization that must have arisen after the homi-
noids split from other Old-World primates approximately
12-15 million years ago. Interestingly, VENs are also pres-
ent in large-brained cetaceans [18] and elephants [17],
suggesting adaptive convergence for VEN evolution. The
VENs may be a circuit specialization that supports the
capacity to adapt rapidly to a social environment that is
complex and in constant flux [2]. In addition to the late
appearance of VENs in primate evolution, VENs emerge
late in human development [2] compared with other neuro-
nal types [35, 39]. They first appear in very small numbers
at the 35th week of gestation. At full term only about 10%
of the adult number of VENs are present. The late arrival of
these neurons, both evolutionarily and developmentally,
could make them especially vulnerable to errors of neuro-
genesis. If VENs are selectively affected in AgCC, it could
help to explain some symptoms of irregular social and emo-
tional behavior.

To test the hypothesis that VEN number is selectively
reduced in AgCC, we used stereology to obtain unbiased
estimates of total neuron number and VEN number in post-
mortem brain specimens of two adults with isolated callosal
agenesis. We predict that if VENs are selectively vulnera-
ble in AgCC, then the proportion of VENs relative to total
neuron number will be reduced in the disease state com-
pared to normal controls. We also compared the AgCC
specimens with an individual who suffered a non-fatal cere-
bral infarction late in life that left the corpus callosum and
ACC severely atrophied. This comparison is designed to
help understand differences in VEN vulnerability to callosal
pathologies that occur congenitally versus those that are
acquired later in life.

Materials and methods
Case information

Histological sections of AgCC and normal brains were
studied at the Yakovlev-Haleem Brain Collection at the
National Museum of Health and Medicine, Washington,
DC. In this collection of more than 1,300 serially sectioned
brains (most of which were prepared in the 1940s—1960s),
there were several documented cases of callosal agenesis.
Most of the AgCC cases were also associated with other
anomalies such as trisomy, microcephaly, and spina bifida,
but there were two cases of isolated AgCC in which both
ACC and FI were well preserved with a sufficient number
of sections for stereology in at least one hemisphere.

The first case is of a 48-year-old man who died of a cor-
onary thrombosis. Absence of the entire corpus callosum
was discovered at autopsy. As in most cases of AgCC, the

anterior commissure was present, while the hippocampal,
habenular, and posterior commissures were absent [52].
The brain exhibited enlarged ventricles, radiating posterior
cingulate gyri, and longitudinal callosal bundles (bundles of
Probst), all of which are features common in AgCC [25,
27]. There is no documentation about this individual’s
occupation or mental health, though the case file describes
him as “well developed” and “presumably mentally compe-
tent”. Unfortunately, only the left hemisphere was suitable
for this study. The right hemisphere had been cut sagittally
and therefore could not be used for counting VENs as their
elongated shape and size relative to the section thickness
make them identifiable only when they are oriented within
the plane of section. In FI and ACC this is principally in the
coronal plane.

The second case is of a 71-year-old woman who died
from renal and respiratory infection. Autopsy revealed par-
tial AgCC in which the genu and rostral third of the body of
the corpus callosum were present, while the remaining
body and splenium were absent. As in the previous case the
anterior commissure was present, but all of the other small
forebrain commissures were absent. Enlarged ventricles
and radiating cingulate gyri were observed, as were the
bundles of Probst. The museum record does contain some
biographical information. She was born in 1882 and com-
pleted 2 years of high school before beginning the work,
first as a telephone operator and then as a clerk in a county
courthouse. In childhood, she is described as “extremely
sensitive, shy, and retiring,” and in adulthood as “reserved
and prudish.” At the age of 40 she had a “brief attack of
hysteria”, and was later admitted to a state hospital at age
45 after developing violent crying episodes at work.
Although there were no other physical or neurological
abnormalities detected, she was assessed as having a “men-
tal age [of] 12; IQ 77” and remained institutionalized.

The cerebral infarction specimen was obtained from a
55-year-old woman who, 15 years earlier, suffered a non-
fatal localized cerebral infarction of a communicating
branch of the anterior cerebral artery. The stroke resulted in
complete atrophy of the cingulate gyri, and nearly com-
pletes atrophy of the corpus callosum, with only a few
interhemispheric fibers visible on histological sections (see
Fig. 6a). The specimen was obtained at autopsy from the
Mount Sinai School of Medicine Division of Neuropathol-
ogy and consisted of a coronal slab approximately 2 cm
thick containing a portion of fronto-insular cortex on the
left side.

Four neurologically normal control cases were also mea-
sured: one man aged 58 years (C1) who died of myocardial
infarction, one man aged 86 years with no indications of
dementia (C2) who died of myocardial infarction, one
woman aged 50 years (C3) who died of myocarditis, and one
man aged 50 years (C4) who died of myocardial infarction.

@ Springer



482

Acta Neuropathol (2008) 116:479-489

Histology and stereology

Each brain had been immersion-fixed in either formalin or
freshly depolymerized paraformaldehyde. With the excep-
tion of the cerebral infarct specimen, all brains were
embedded in celloidin and sectioned at 35 pm in the coro-
nal plane. Every tenth section was Nissl stained using cre-
syl violet, except for the complete AgCC case which was
stained every 50th section. The cerebral infarction speci-
men was sectioned at 100 um on a freezing microtome.
Because this specimen contained only a portion of FI on
one side, the specimen was measured only for the ratio of
total neurons to VENs.

VENSs are located in layer V of ACC and FI (see Fig. 2
for lamination pattern). They are radially oriented (long
axis perpendicular to the pia) and are morphologically dis-
tinct from pyramidal neurons based on their bipolar cell
body with single large apical dendrite and a single large
basal dendrite. These two large dendrites bifurcate only
sparsely and never close to the soma. In many regions of

Fig. 2 Location and morphology of von Economo neurons (VENs).
Photomicrograph indicating the lamination pattern of fronto-insular
cortex in a normal human. VENs are located in layer V. Scale
bar = 1 mm. Modified from Von Economo and Koskinas [58]
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the cortex, layer VI is dense with small, spindle-shaped
neurons, but these cells are not considered VENs. Our
regions of interest for ACC and FI include only layers ITI-
V. With the exception of the complete AgCC case, ROIs
were defined by the extent of VEN-containing regions in FI
and ACC. In the complete AgCC case, where so few VENs
were evident, the ROIs were defined to encompass an area
around the existing VENs large enough to obtain adequate
stereological sampling of both VENs and other neurons;
this zone typically extended 3—4 mm on either side of the
observed VENS.

Stereological estimates of total neuron and VEN number
were made using a Nikon or Reichert microscope with a
digital camera and motorized stage interfaced to a desktop
computer running Stereolnvestigator software (MBF
Bioscience, Wiliston, VT). Absolute cell number was esti-
mated using an optical fractionator probe [61] at 60x
magnification with a counting frame of 140 x 100 um and
an optical disector height of 25 um (with 5 pm guard
zones). Sampling frequencies were selected by conducting
a preliminary population estimate before each stereological
run and then choosing a virtual grid size appropriate for
counting 300-600 neurons [43]. In most cases, FI was
sampled every tenth section, while ACC—which is much
larger—was sampled every 40th section. However, in the
complete AgCC case, which had been stained at intervals of
50 sections, all available sections were used for stereology.

The regions of interest used for total neuron counts were
the same regions used in the VEN counts, rather than
regions defined by the morphological boundaries of FI or
ACC. In estimating total neuron number, neurons were dis-
tinguished from glial cells by their well-defined cytoplasm
and distinct nucleus with a darkly stained nucleolus. For
each of the stereological estimates the Gundersen (m = 1)
coefficient of error, which reflects the technical reliability
of the sampling, was computed [16].

Statistical testing for differences between each of the
pathological cases and the sample of normal cases was per-
formed with the independent-samples ¢ test, specifically the
special case of comparing a single individual with a sample
[50]. In this case, the degrees of freedom are one less than
the control sample (df = 3 in our case).

Results

Results of the stereological estimates (Table 1) indicated
a substantial difference in the number of VENs in AgCC
cases compared to normal controls. The partial AgCC
case exhibited approximately 30-50% fewer VENs than
the control cases in both FI and ACC (Fig. 3a). In the case
of complete agenesis, the VEN population was estimated
to be only a few thousand cells. Among independent-samples
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Table 1 Optical fractionator estimates of absolute numbers of VENSs and total neurons in layers III-V of fronto-insular cortex and anterior cingulate cortex

ACC

FI

Right

Left

Right

Left

Total Neurons

VEN

Total Neurons

VEN

Total Neurons

VEN

Total Neurons

VEN

18,592,000 (0.04)
20,450,000 (0.04)
22,528,000 (0.05)

208,000 (0.04)
190,500 (0.04)
213,500 (0.05)
127,000 (0.05)
184,750 (0.05)

22,208,000 (0.04)
20,175,000 (0.04)
24,576,000 (0.05)
14,292,000 (0.05)
20,312,750 (0.05)

169,920 (0.05)
178,500 (0.04)
132,000 (0.07)
66,960 (0.07)

128,375 (0.03) 10,700,000 (0.04)
97,920 (0.04) 8,928,000 (0.05)

8,987,500 (0.04)

90,000 (0.04)

Cl1

7,112,500 (0.04)
4,976,000 (0.06)

65,500 (0.05)

C2

4,912,000 (0.06)

60,125 (0.04)

49,500 (0.07)

C3

19,764,000 (0.04)
20,333,500 (0.04)

8,010,000 (0.05) 86,580 (0.05) 9,630,000 (0.04)

75,400 (0.05)

C4

93,250 (0.04) 8,542,500 (0.05) 136,845 (0.06)
a

7,271,500 (0.05)

70,100 (0.05)

Control mean

1,383,171a (0.06)
4,443,000 (0.07)
4,410,000 (0.1)

19,656a (0.06)

27,600 (0.06)
3,200 (0.26)

Callosal infarction
Partial AgCC

35,840 (0.07) 9,612,000 (0.06) 80,800 (0.05) 18,936,000 (0.04)
c

4,875,500 (0.08)

35,920 (0.06)

15,660,000 (0.06)

16,400 (0.11)

Complete AgCC

Values in parentheses represent the coefficient of error (Gundersen, m = 1)

 In the ACC infarction case, only a portion of the left FI was preserved. Therefore, we were only able to measure neuron: VEN ratio in this individual

® In the callosal infarction case, the anterior cingulate cortex was entirely absent

¢ Estimates were not possible for the right hemisphere of the complete AgCC case because of the plane of section

t tests, only the comparison between left FI in controls
versus complete AgCC reached statistical significance
(t=3.515, df=3, P=0.039), while the P values for all
other tests of absolute VEN number ranged between 0.101
and 0.173. It is also interesting to note that a right-domi-
nant asymmetry in VEN number, which has previously
been reported for normal adults and children [1, 2], was
common to the partial agenesis case as well as the control
cases.

There is a large amount of variation in the estimated
number of total neurons within the VEN-containing regions
(Table 1), but this is mainly a product of variation in the
volumetric extent of the VENs. By obtaining the ratio of
VEN:S to total neurons we can normalize for this size differ-
ence and provide an appropriate test of selective VEN
reduction. In the four control cases, the ratio of VENS to all
neurons was estimated to be approximately 1:100 in FI, and
in ACC between 1:100 and 1:200 (Table 2; Fig. 2b). In the
partial agenesis case, this ratio is lower (~1:150 in FI and
~1:250 in ACC), whereas in the case of complete agenesis
the ratio was estimated to be ~1:1,400 in FI and ~1:950 in
ACC.

These ratio differences can be assessed statistically using
the special case of the independent-samples ¢ test (a single
individual compared with a control sample), the results of
which are presented graphically in Fig. 2b. In the partial
agenesis case, left FI has a significantly lower VEN to total
neuron ratio (i.e., fewer VENs) than control specimens (left
FI: t=7.748, df =3, P = 0.0045). In the left hemisphere
of the complete AgCC case, both FI and ACC exhibited
significantly higher ratios than control cases (left FI:
t=20.127, df =3, P <0.001; left ACC: t=-2.574, df =3,
P =0.082).

Unlike in the AgCC cases, in the stroke case, the ratio of
VENSs to total neurons was not reduced. It was in fact
slightly higher than in control cases for left FI (the only
region available for study). This result was statistically sig-
nificant (r = —10.299, df = 3, P = 0.002). This strongly sug-
gests that the VENs in FI were not selectively harmed by
the destruction of the corpus callosum in this case.

Among the control group, none of the variables corre-
lated with age, nor did the woman exhibit any significant
differences in stereological estimates or neuron-to-VEN
ratios when compared with the three men.

We also compared the topographic extent of the VEN-
containing regions in the normal and diseased states
(Fig. 4a—). In normal controls, VENs in ACC are distrib-
uted throughout the subgenual and supragenual gyrus and
are concentrated in the crowns of the gyri. In the partial
agenesis case, the VENs in ACC lie within a malformed
cingulate gyrus that is inverted on the left side, while the
right side appears more similar to the distribution found in
controls. The single hemisphere of the complete AgCC case
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Fig. 3 Stereologic estimates of VEN numbers in FI and ACC. Abso-
lute number of VENs as estimated by the optical fractionater (a). The
two cases of callosal agenesis exhibit fewer VENS than the two normal
controls. The partial AgCC case contains approximately half as many
VENS as the control cases, while the VENs are almost entirely absent
in the case of complete agenesis. In the control group, error bars rep-
resent £1 standard error of the mean. The right-dominant asymmetry
in VEN number present in the controls and partial AgCC is consistent
with previous reports of VEN asymmetry in normal adults and children
[1, 2]. The right hemisphere of the complete AgCC case was not suit-

Table 2 Ratio of VENS to total neurons in fronto-insular cortex and
anterior cingulate cortex

FI ACC

Left Right Left Right
Cl 0.01001 0.01200  0.007651 0.01119
Cc2 0.009209 0.01097  0.008848 0.009315
C3 0.009948 0.01224  0.005371 0.009477
C4 0.009413 0.008991 0.004685 0.006426
Control mean 0.009646 0.01105  0.006639 0.009101
Callosal infarction  0.01421 a b b
Partial AgCC 0.006212 0.007367 0.003729  0.004267
Complete AgCC 0.0007256 ¢ 0.001047 ¢

# In the ACC infarction case, only the left FI was preserved

® In the ACC infarction case, the anterior cingulate cortex was entirely
absent

¢ Estimates were not possible for the right hemisphere of the complete
AgCC case because of the plane of section

has a well-formed cingulate gyrus that appears morphologi-
cally normal.

In the control cases, VENs within FI occupy a limited
space antero-posteriorly, but they extend axially in a long
ribbon lying dorso-medial to the temporal pole (Fig. 5a). In
one hemisphere of the complete agenesis case the VENs
occupy a similar position, but in the partial AgCC brain
they appear to be abnormally located in what would be
morphologically defined as the medial orbitofrontal gyri
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1.2 Left FI
O Right FI
m Left ACC

10 - &3 Right ACC

0.8
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0.4 4

Percent of neurons in area Fl that are VENs

0.2 —

0.0

Control ACC Infarction

(n=4)

Partial AgCC Complete AgCC

able for stereology. Percentage of neurons in FI and ACC that are
VENSs, obtained from stereological estimation (b). In the partial AgCC
case, the percentage of neurons that are VENS is slightly lower than in
controls, while in the case of complete AgCC the ratio is dramatically
lower. In the case of the ACC infarction specimen, the VEN percentage
is higher than in controls. Of the seven possible statistical tests com-
paring diseased states with controls, four tests achieve statistical sig-
nificance. In the ACC infarction subject, only the left FI was suitable
for stereology. The right hemisphere of the complete AgCC case was
not suitable for stereology

(Fig. 5b). The distribution of VENs in the stroke case
appears to be normal despite the morphological abnormali-
ties caused by the infarction and subsequent period of pro-
longed degeneration (Fig. 6).

Discussion

With approximately 180 million fibers interconnecting
homologous areas of association cortex [57], the corpus
callosum is by far the largest interhemispheric commissure.
Callosal agenesis occurs in roughly 1 in 4,000 individuals,
and its genetic and developmental etiology has become
increasingly well understood [32]. The large majority of
AgCC cases occur in conjunction with other abnormalities
(AgCC is a component of at least 28 genetically identifiable
syndromes) but it can also infrequently occur in isolation.
Among these individuals some are essentially asymptom-
atic in daily life, and many cases of AgCC remain undiag-
nosed.

Early research on AgCC emphasized a lack of discon-
nection syndromes, such as hemialexia, that were typical of
callosotomy patients [15, 42]. However, subsequent experi-
ments with high-functioning acallosal individuals have
found specific, often subtle, deficits in several areas [7, 12,
20, 22, 41]. Individuals with AgCC often have deficits in
complex novel problem solving [5, 8, 13, 15, 41] as well as
linguistic deficits that include difficulty in processing some
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Fig. 4 Tracings of coronal sec- Normal 50 year-old woman
tions from specimens examined
in this study illustrating the loca-
tion of VENSs in: a normal con-
trol (a), the partial AgCC case
(b), and the complete AgCC
case (c¢). In normal controls,
VENSs in ACC (grey) are distrib-
uted throughout the subgenual
and supragenual gyrus and are
concentrated in the crowns of the
gyri. In FI (black) the VENs
occupy a limited space antero-
posteriorly, but they extend
axially in a ribbon of cortex
lying dorso-medial to the tempo-
ral pole. In the partial agenesis
case, the VENs in ACC lie with-
in a malformed cingulate gyrus
that is inverted on the left side
(white arrow). Also in the partial
AgCC brain, some of the VENs
are located in the normal FI
gyrus (black arrow) while other
VENSs appear to be abnormally
located in what would be
morphologically defined as the
medial orbitofrontal gyri
(dashed arrows). In the available
right hemisphere of the complete
AgCC case the VENs appear to
occupy their normal position in
ACC and FI despite the absence
of the corpus callosum.

Scale bars =5 cm

18]
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a Normal 50 ycar-old woman

Dorsal

Medial

b  Partial AgCC 71 year-old woman

Dorsal

Medial

Fig. 5 Coronal tracings of the ventro-medial frontal cortex in a normal
50-year-old woman (a) and a 71-year-old woman with partial AgCC
(b). For these tracings, all VENs were plotted on the section and indi-
cated by a filled square. Normally, VENs are distributed throughout the
fronto-insular cortex lying dorsomedial to the temporal pole. In the
partial agenesis case many of the VENs are abnormally located in what
would be morphologically defined as the medial orbitofrontal gyri

phonetic and semantic aspects of language [9, 21, 40, 53—
55] and meaningless or “out-of-place” conversation [21, 31].

Callosotomy patients maintain normal social interactions
or recover them within months of their operation [14, 24].
Recent studies have suggested that AgCC is associated with
deficits in social cognition that often have a more severe
impact on daily living than deficits in sensory integration or
motor coordination [31]. For example, acallosal individuals
tend to exhibit poor psychosocial insight as judged by their
diminished understanding of scenes depicting social inter-
actions [5, 33]. Individuals with AgCC also have difficulty
comprehending non-literal or affective language [34] and
humor [6], both of which require social and emotional
insight.
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b Dorsal

Medial

Fig. 6 The 55-year-old non-fatal cerebral infarction specimen. Histo-
logical section prepared using the Gallyas fiber stain (a). Rectangle
indicates the region of interest pictured in (b). Note that the corpus cal-
losum (fop right corner of the inset box) is severely reduced to only a
few fibers. Scale bar = 1 cm. Tracing of the VEN-containing region in
left FI (b). As in Fig. 5, all VENs were plotted on the section and are
indicated by black squares. Despite the complete absence of a cingu-
late gyrus, this specimen exhibits a large number of VENS distributed
normally along the mediolateral extent of the FI gyrus

The results of our stereologic analysis support the
hypothesis that VEN number is selectively reduced in cal-
losal agenesis. The case of partial AgCC exhibited up to a
50% reduction in the number of VENSs in FI and ACC com-
pared to controls, while the VENs were virtually wiped out
in complete AgCC. The maintenance of a sizable VEN
population in partial AgCC compared with complete AgCC
may indicate that the corpus callosum provides sustaining
connections for the VENs [37, 38], and that even a partial
corpus callosum could be sufficient to preserve the VEN
population. Although only one of the six comparisons of
absolute VEN number between controls and AgCC cases
was statistically significant, the results are qualitatively
striking and suggest that further analysis is warranted.
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A more important measure of VEN reduction is the num-
ber of VENs as a proportion of total neurons. Our results
indicate that the number of VENSs relative to total neurons
decreases significantly in callosal agenesis. In normal con-
trols the ratio of VENSs to total neurons was estimated to be
approximately 1:100 in FI and approximately 1:130 in
ACC. In the case of partial AgCC this ratio is approxi-
mately 1:150 in FI and 1:250 in ACC. In the complete
AgCC case the ratio is estimated to be approximately
1:1,400 in FI and approximately 1:950 in ACC. Of the
seven possible statistical comparisons between normal con-
trols and AgCC cases, four were statistically significant.
We interpret these results to indicate that VEN populations
are at greater risk from the malformations associated with
AgCC than are other ACC or FI neurons.

Although we were able to measure total neuron-to-VEN
ratio only in left FI of the stroke case, our results indicate
that this individual died with slightly more VENS relative to
other neurons compared with control subjects. This result
indicates that destruction of the corpus callosum does not in
itself result in left FI VEN loss. Rather, AgCC and VEN
loss may be independent consequences of a common devel-
opmental defect. Furthermore, our study does not address
the mechanism by which VEN number is reduced. This
could be the result of migration deficits, failures during
neurogenesis, or actual cell death related to the presence of
AgCC. The same mechanisms could be responsible for the
shift in the location of the VENs in FI in the partial AgCC
case relative to normal cases. In immunocytochemical stud-
ies done in normal brains in our laboratory (Nicole Tetrea-
ult and John Allman), the VENs selectively express the
product of the gene Discl (disrupted in schizophrenia).
Discl regulates neuronal migration and the dendritic mor-
phology of postnatally generated neurons in mice [11]. The
targets of VEN projections remain unknown, and although
we have reason to believe that VENs are long-distance pro-
jection neurons, it is not known if they project inter-hemi-
spherically through the corpus callosum. Therefore, our
analyses cannot distinguish whether the reduction in VEN
fraction seen in AgCC is a direct result of the interruption
of callosal connections, or if the reduction is a secondary
consequence of developmental malformations associated
with the disorder. In either case, our results offer important
evidence of a localized neuronal origin for the social and
emotional deficits that are associated with AgCC. This
result is consistent with that observed in frontotemporal
dementia [44]. It remains to be seen if VEN populations are
reduced in other neuropathologies in which social/emo-
tional deficits are a component.

The principal limitation to our analysis is the small sam-
ple size of AgCC cases. AgCC is a rare disorder and there
are very few histological specimens available for the
study. As far as we are aware, the specimens we measured

at the Yakovlev collection are the only complete
histological series available for AgCC in the United States.
Moreover, since AgCC is often associated with other
neurological abnormalities (e.g., seizures, hydrocephaly,
mental retardation, and sensorimotor deficits), histological
specimens of isolated AgCC are especially difficult to find.
However, it is these cases that are the most valuable, since
psychological abnormalities in these individuals can be
more confidently attributed to callosal agenesis specifi-
cally rather than to other confounding factors. We have
restricted our analysis to two cases of isolated AgCC.
Hopefully in the future more of these unique cases will
become available and our experiment can be replicated
with a larger sample.

Conclusion

Callosal agenesis is one of many neurological disorders that
are accompanied by deficits in social and emotional cogni-
tion. In particular, AgCC is associated with impairments in
empathy, humor, and social intuition. We have demon-
strated here that the VEN population is severely reduced in
cases of AgCC, and that VENS are selectively vulnerable in
this pathology compared with other neuron types. The con-
vergence of our data with other studies on VEN numbers in
health and disease provides indirect evidence that VENs
play an important role in social cognition. If VEN popula-
tions are selectively reduced in AgCC their numbers may
also be reduced in other neurological disorders, and this
may help to explain the social and emotional deficits asso-
ciated with neuropathologic changes in diseases such as
autism, schizophrenia, and FTD.
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