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ABSTRACT

Hereditary agenesis of the corpus callosum (CC) in mice was used as a model to
study the guidance of commissural axons traversing the interhemispheric region. and the
plasticity which is inherent when these normal guidance mechanisms are disrupted. Callosal
agenesis results in the partial or complete absence of the CC at midplane, but may also
produce structural defects in the hippocampal commissure (HC), an interhemispheric
pathway that may provide structural support for early callosal axons crossing midline. A
precise description of the timing and route travelled by hippocampal axons traversing the
tclencephalic midline in normal mice indicated that early HC axons travel over the dorsal
septum and along the pia membrane lining the longitudinal fissure. About one day later.
carly callosal axons fasciculate along and between existing hippocampal axons atop the HC,
the first time that such a relationship has been clearly established. In acallosal mice. HC
formation was delayed by the continued presence of a deep cleft extending down into the
septal region; this delay was correlated with the severity of the strain’s CC defect expression.
These results show the importance of the HC for successful CC formation and suggest that
callosal agenesis may arise as a consequence of a developmental defect which affects the
formation of the hippocampal commissure.

Callosal absence produces relatively few behavioural deficits. The anterior
commissure (AC) has been suggested to provide an extracallosal route for the transfer of
interhemispheric information in subjects with the congenital defect. Electron microscopy

was used to compare AC size, axon number, and axon diameter between normal and



acallosal mice. Midsagittal AC areas did not differ. but the number of unmvelinated axons
in acallosal mice was greater; this difference in axon number was accompanied by a decrease
in the mean diameter of these axons which likely enabled higher numbers of axons to pass
through the AC without increasing the midsagittal arca. The higher number of axons present
in the AC of acallosal mice suggests an increase in the efficiency and usage of this
interhemispheric pathway to provide some measure of functional compensation for the loss

of the corpus callosum.
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GENERAL INTRODUCTION

The study of abnormal nervous systems can provide a better understanding of the
processes involved in the development and functioning of the normal nervous system. One
important developmental issue that has been addressed by such study is the precision of
growth by axon pathways that connect the two hemispheres of the brain. Comimissural axons
travel long distances from their origin sites in one hemisphere, cross midline at a specific
time and location in concordance with their environmental surroundings, and then continue
their travel through the opposite hemisphere to their target locations. Developmental delays
or structural omissions in these pathways may arise due to inherent defects within the axons
or their cell bodies, or from defects in the environmental milieux upon which the axons
depend for physiological and structural support and guidance.

Agenesis of the corpus callosum (CC) is one example of a neurological defect in axon
pathway formation, resulting in the partial or complete absence of callosal axons bridging
the midline region between the two cerebral hemispheres of the brain. The corpus callosum
is of particular interest because it is the largest tract of projectien fibres connecting the
cerebral hemispheres of the brain (Aicardi, Chevrie, and Baraton, 1987), containing
approximately 200 million axons in humans (Tomasch, 1954; Aboitiz, Scheibel, Fisher, and
Zaidel, 1992). The absence of this pathway therefore produces a profound change in the
structural architecture seen in the brain. The CC is present in all mammals except

monotremes and marsupials (Granger, Masterton, and Glendenning, 1985). Most of the
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connections through the CC provide communication between homotopic arcas of the cerebral
neocortex. although many heterotopic connections are also present (Ivy and Killackey, 1981;

Segraves and Rosenquist, 1982a,b: Lomber, Payne, and Rosenquist, 1992),

produced by surgical lesion (Lent, 1984), irradiation (Lent and Schmidt, 1986), biochemical
alteration (Gravel and Hawkes, 1990; Gravel, Sasseville and Hawkes, 1990), and by the use
of genetic manipulation (Miiller. Cristina, Li, Wolfer. Lipp, Riilike, Brandner, Aguzzi, and
Weissmann, 1994; Qui, Anderson, Meneses, Pedersen. and Rubenstein, 1993; Stumpo, Bock,
Tuttle, and Blackshear, 1995). Although useful, each of these techniques involves some
form of invasive manipulation that also produces anomalies secondary to the interruption of
the axon pathway by destroying surrounding tissues and/or effecting sysicmic responses.
In contrast to these manipulative techniques, incomplete penetrance allows the
observation of callosal defects that vary in their severity without the necessity of
experimental intervention and the concomitant trauma that often results (see Lipp,
Schwegler, Crusio, Wolfer, Leisinger-Trigona, Heimrich, and Driscoll, 1989). Penetrance
refers to the proportion of animals having a particular genotype that also display a particular
phenotype (Wahlsten, 1982a). Inbred strains of mice are bred brother by sister for at least
20 generations to be considered isogenic, and at least 60 generations to ensure homozygosity
at every genetic locus (Green, 1981); each animal within an inbred strain should therefore
question, the penetrance is considered to be complete or 100%, but if only a fraction of the

animals show the phenotype, the penetrance is considered incomplete. For example, 1/Ln)



3
mice never develop a CC, demonstrating complete penetrance of the defect. In contrast.
about 50% of BALB/c mice and 70% of 129 mice show a complete or partial absence of
callosal fibres. Incomplete penetrance of a genetic mutation therefore results in the
manifestation of normal and abnormal development and functions in animals with identical
genetic backgrounds.

The study of callosal agenesis in humans is confronted with several problems.
Although some behavioural deficits have been found, the effects are often quite subtle and
sophisticated testing is required for their detection (Lassonde, Sauerwein, Chicone. and
Geoffrey, 1991; Sauerwein, Nolin, and Lassonde, 1994). The human corpus callosum forms
prenatally, beginning at about the twelfth week of gestation (Rakic and Yakovlev, 1968).
Callosal agenesis is often identified in association with other neurological anomalies, making
it difficult to apportion symptoms to specific defects (Wisniewski and Jeret, 1994). Gupta
and Lilford (1995) found only seventy cases of human fetal callosal agenesis reported in the
English literature. They reviewed the developmental outcomes of these fetuses and found
that callosal agenesis was originally diagnosed in association with other anomalies in 56%
of these cases, of which only 13% (2 cases) were reported to be developing normally. In
contrast, 85% of the fetuses with apparent isolated agenesis were reported to be developing
normally, while the remaining 15% displayed some level of deficit. The ontogenetic
determination of this defect in humans is rendered virtually impossible due to the ethics
involved with research in human fetal development.

In contrast, the mouse provides an excellent model for the study of callosal agenesis.

Callosum formation also occurs prenatally in mice, increasing the validity of comparison to



4
humans since the developmental morphology of mammals is more similar at carlier stages
of ontogeny. Callosal agenesis in some strains of mice does not appear to be associated with
other neurological defects, permitting a direct analysis of the development of the callosal
defect. As well, the genetic backgrounds in most strains of mice are well established and
several strains that display callosal agenesis have been identified. This allows comparisons
among different genetic strains to determine how their developmental processes affecting
callosum formation differ.

Callosal agenesis in the mouse was first reported by King and Keeler (1932). The
initial research into the defect concentrated on its mode of inheritance and Keeler (1933)
indicated that the defect followed Mendelian single-locus inheritance. This view was later
challenged by King (1936), but the unfortunate extinction of the strain prevented any further

investigation. A similar callosal defect was rediscovered in BALB/cl and 129/1 mice by

of the defect as well as investigations into its pathology.

All commissures develop prenatally in the mouse brain following a distinct order of
appearance according to their morphological age (Wahlsten, 1981). The usc of chronological
age as an indicator of morphological development is ineffective because of the variability
in developmental rates both between and within strains. Wahlsten and Wainwright (1977)
produced a morphological time scale of development in F, hybrid mice that was used to
detect differences in the morphological development of prenatal inbred mice and to adjust
for these differences. The development of F, hybrids was found to be about 0.5 days ahcad

of C57BL/6] mice (a normal inbred strain), which were in turn about 0.5 days ahecad of
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BALB/c, A/J and DBA inbred strains (Wahisten and Wainwright, 1977). These differences
among strains indicate the importance of equating the level of morphological development
when comparing between strains to ensure that delays observed in the formation of certain
brain structures are not the result of a more general delay in overall body growth, and hence
delayed brain growth.

These developmental differences among strains continue to exist postnatally. A
developmental time scale produced by Wahlsten (1974b) demonstrated similar differences
in development of the brain and behaviours of mice at 32 days gestational age. Development
in inbred strains lagged behind that in F, hybrids by 1-3 days. and differences of up to 1 day
were found between different inbred strains (Wahlsten, 1975; Wainwright, 1980).

The interhemispheric axon pathways that form in the mouse brain reach midline in
the following order: posterior commissure, optic chiasm, stria terminalis, habenular
commissure, anterior commissure, hippocampal commissure, and finally the corpus callosum
(Wahlsten, 1981). The last three of these are by far the largest commissural pathways and
are of the most interest to this study. All three pathways cross midline through the medial
septal region. During early brain development, bilateral evaginations in the telencephalon
produce the two telencephalic vesicles which are surrounded by the meninges and are
separated at midline by the interhemispheric fissure. Cells migrate from the third ventricle
rostrally and the lateral ventricles medially to form the septal region immediately ventral to
of the fissure contact, interrupting the meninges, which rejoin dorsal to the contact area to

reform the floor of the fissure (Glas, 1975). The remaining cel's of the meninges are then
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phagocytized by macrophages. In this way. the fissure is moved both rostrally and dorsally
by the migrating septal cells.

The first of the three large commissures to form in the septal area is the anterior

distinct fibre tracts. The anterior tract (AAC) originates in the anterior piriform cortex. the
olfactory tubercles and the anterior olfactory nucleus (Jouandet and Hartenstein, 1983; Lent
and Guimaries, 1991) and migrates to the lateral edge of the septal region. The posterior
tract (PAC) originates in the posterior piriform cortex, perirhinal cortex. and the lateral
nucleus of the amygdala (Jouandet and Hartenstein, 1983; Lent and Guimariies, 1991) and

migrates to meet the AAC. These two tracts combine to form two distinet halves of one

topographic organization (Pires-Neto, Lent, and Hartmann, 1994). Smaller satellite bundles
frequently split off from this main bundle of axons (Wahlsten, 1974a). Some of these
satellite bundles rejoin the main bundle, some travel along beside the main bundle, and
others have been observed to travel very unique routes to terminate in arcas very different

from their originally intended target sites (Cassells and Wahlsten, 1989).

with the columns of the fornix. The fornix columns contain axons conneccting the
hippocampus with the mamillary bodies and septal nuclei (Swanson and Cowan, 1979;
Swanson, Kéhler and Bjorklund, 1987). These axon bundles remain ipsilateral through the

medial septal region, lying just lateral to midline. Axons of the fornix columns and the
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ipsilateral AC arrive at the same location at about the same time, providing an excellent
opportunity for collisions to occur between the two axon tracts (Wahlsten, 1981). These
collisions may vary greatly in severity and appear to be more common in some strains of
mice than in others. BALB/c mice appear to be particularly susceptible to such collisions.
however there is no correlation between the severity of collision in the AC and the severity
of the callosal defect (Livy and Wahlsten, 1991).

Axons of the hippocampal commissure (HC) have been reported to cross midline
dorsal to the AC at about E15 (Wahlsten, 1981). Hippocampal research has concentrated on
adult hippecampal commissure; relatively little is known about the prenatal development of

the HC. The adult hippocampal commissure is typically considered to be comprised of two

subfornical organ, and the dorsal HC, which lies immediately ventral to the rostral part of
the splenium and caudal part of the body of the CC (Blackstad, 1956; Demeter, Rosene, and
van Hoesen, 1985; LaMantia and Rakic, 1990a; Wahlsten and Bulman-Fleming, 1994). In
rodents, these two structures are continuous, forming one large hippocampal commissure;
in primates, these two structures are distinct and separated by the hippocampal decussation,
a projection of axons arising from the hippocampal formation and crossing midline obliquely
to the contralateral septal region (Demeter et al, 1985).

The dorsal HC in the adult rat carries axons from the entorhinal cortex, presubiculum,
and possibly the rhinal fissure (Shipley, 1975; Swanson and Cowan, 1977; Swanson, Wyss,

and Cowan, 1978; Wyss, Swanson, and Cowan, 1980). The ventral HC in the adult rat
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contains homotopic projections from the CA3 region and the pyramidal cells from the hilar
region of the dentate gyrus in the hippocampal formation. as well 1‘1 heterotopic connections
from the CA3 region to the CA1 region (Gottlieb and Cowan. 1973: Laurberg, 1979: Wyss
et al, 1980; Voneida. Vardaris, Fish. and Reiheld, 1981: van Groen and Wyss, 1988).
Homotopic projections have also been found connecting the CA1 regions (Voneida ¢ al.
1981; van Groen and Wyss, 1988). Other projections include heterotopic connections from
the CAL1 region to the subiculum and entorhinal cortex (Voneida e a/, 1981: some evidence
exists for a return connection from entorhinal cortex to the CAl region - see Witter,
Griffioen, Jorritsma-Byham, and Krijnen, 1988), and from the medial entorhinal arca to the
dentate gyrus and from the lateral entorhinal area to the inner dentate gyrus area (Wyss.
1981). Axons from more septal regions in the hippocampal formation were found in the more
caudal areas of the HC, while those axons from the more temporal areas were found in the

more rostral area (Wyss er al, 1980). Similarly, fibres arising from arcas ncar the ependyma

pial border cross through the ventral region. In the neonatal rat, homotopic connections were
present between the CAl, CA3, and dentate regions, however heterotopic connections
between these areas were not found (Buchhalter, Fieles, and Dichter, 1990).

The HC system in primates is greatly reduced relative to that seen in the rat
(LaMantia and Rakic, 1990a), suggesting that the HC in primates may be non-functional
(Wilson, Isokawa, Babb, and Crandall, 1990; Wilson, Isokawa, Babb, Crandall, Levesque,
and Engel, 1991). This reduction is most evident in the ventral HC due to a paucity of

commissural connections between the main bodies of the hippocampi. however the dorsal
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HC appears proportionately similar to rodents, with connections mainly between the
parahippocampal gyri (Amaral, Insausti, and Cowan, 1984; Demeter ef a/, 1985; Demeter,
Rosene, and van Hoesen, 1990). In humans, Gloor, Salanova, Olivier, and Quesney (1993)
have questioned the presence of a ventral HC but have found evidence of a hippocampal
decussation and of a functional dorsal HC.

Callosal axons cross midline immediately dorsal to the HC very close to E16 in
normal hybrid mice (Ozaki and Wahlsten, 1992). Silver er al (1982) suggested that CC
axons cross midline using the "sling", a layer of subventricular cells that form a bridge
between the lateral ventricles just anterior to the HC, Cells covering the surface of the sling
have been identified as primitive astrocytes and radial glial cells (Hankin and Silver, 1986).
Sling cells remain along the ventral surface of the rostral CC until about E18 at which time
some of the cells begin to degenerate, while others remain as astrocytes and oligodendroglial
cells (Hankin and Silver, 1988).

The sling is only about 200um long and callosal axons rostral to the sling are
prevented from entering the septal region by another layer of subependymal cells called the
"corticoseptal barricade" (Hankin and Silver, 1986). Caudal to the sling, callosal axons cross
along the dorsal surface of the hippocampal commissure (Silver et al, 1982).

A similar sling structure has been identified in the cat (Silver, Smith, Miller and
Levitt, 1985) and rat (Katz, Lasek, and Silver, 1983) but not in the rhesus monkey (LaMantia
and Rakic, 1990a). Valentino and Jones (1982) were not able to identify this structure in the
rat; a bed of glial cells were noticed, but were not organized in any pattern and were not

thought to contribute to CC axon migration. Instead, they suggested that the first callosal
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axons may exclusively use the dorsal surface of the HC as a guide.

In fact, Wahlsten (1987a) found that callosal axons in abnormal BALB/c mice were
able to exclusively use the dorsal surface of the HC to cross the midplane. In mice from
acallosal strains the structural integrity of the sling was often damaged at midline due to the
presence of a fluid-filled gap, or bulge, at the base of the longitudinal fissure, usually
resulting in abnormal CC morphology. The use of the HC by these CC axons usually
occurred relatively late in development and the resulting callosum was often abnormal in size
and shape, and appeared sitting directly on top of the HC. A similar use of the HC by
callosal axons in normal mice could not be determined. The Wahlsten (1987a) methodology
employed an eosin stain which does not differentiate between individual axons; the carly
callosal axon bundle in normal mice occupies a position dorsal and rostral to the HC making
it impossible to determine the location of crossing by the early callosal axons.

Tract-tracing using non-selective stains such as cosin (Silver er af, 1982) and
toluidine blue (Zaki, 1985) limits pathway descriptions to gross structure. The binding of

silver stain to neurofilament protein (Gambetti, Autilio-Gambetti, and Papasozomenos,

of individual axonal structure and does not allow differentiation between axons from
differing origin sites (Edwards, Crandall, Wood, Tanaka, and Yamamoto, 1989; Silver,
Edwards, and Levitt, 1993).

Horseradish peroxidase (HRP) is an in vivo tracer that uses active axonal transport
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1o label axons and axon tracts (Innocenti and Clarke, 1984; Olavarria and van Sluyters, 1985;
Lent, Hedin-Periera, Menezes, and Jhaveri, 1990); however, HRP labelling is inconsistent,

especially in nconates, and often produces a reaction product that can obscure details of

requirement of living tissue makes its use inconvenient, especially for prenatal investigation.
In contrast, fluorescent lipophilic tracers can be used with fixed tissue, provide precise
labelling of individual axons, and permit the differentiation of axons from different origins
by the use of dyes with different emission spectra. Their passive transport within the lipid
bilayer of membranes makes them particularly suited for prenatal research (Elberger, 1993).

Using fluorescent lipophilic dyes, Ozaki and Wahlsten (1992) found that callosal
axons arrive at midline along a rostral-caudal gradient. Axons from all regions of the cortex
originated at about 0.4g in normal hybrid B6D2F, mouse embryos, but those axons
originating from the frontal cortex grew faster and crossed midline first, followed by axons

from the parietal, then temporal, and finally the occipital cortex. Axons arising from more

After the callosal axons cross midplane, the callosum undergoes a period of rapid
growth until about 6 days after birth at which time it is within the adult range of size
(Wahlsten, 1984). Myelination of the axons begins at about 11 days after birth, followed by
a period of rapid myelin content increase between 14 and 90 days of age, and then a more
gradual increase to about 240 days of age (Sturrock, 1980). Myﬁelinate’:d axons account for
approximately 18% of all axons in the callosum at 90 days of age and about 28% at 240 days

of age, with the diameter of these axons being about double that of the unmyelinated axons



(Sturrock, 1980).

Myelination in the cat CC occurs along a rostral-caudal gradient; axons in the penu
of the CC begin myelination between P13 and P15 and reach the adult complement by the
fourth month whereas those from the splenium begin between P17 and P21 and do not reach
the adult complement until after the fourth month (Looney and Elberger, 1986). Transcetion
of the cat CC prior to the third week of age reduces both visual acuity and binocular
representation within cortical neurons (Elberger, 1982; Elberger, 1984: Elberger and Smith,
1985). Myelination of axons denotes their physiological maturation but this is obviously not
a requirement fm‘ the effect of the callosum on visual system development, but may instead
be a product of the pattern of connections established by callosal axons (Elberger, 1988).

The increase in the diameter of axons during myelination would suggest a
corresponding increase in the size of the callosum. In the mouse, the actual increase in
callosum size is relatively small (Wahlsten, 1984), suggesting that some axons are eliminated
during the myelination process. Axon elimination has been demonstrated in the CC of the
Rhesus monkey (LaMantia and Rakic, 1990a; LaMantia and Rakic, 1990b), the CC of the
cat (Koppel and Innocenti, 1983; Berbel and Innocenti, 1988), and in the optic nerve of the

cat (Williams, Bastiani, Lia, and Chalupa, 1986) and rat (Crespo, O’Leary, and Cowan,

(Ivy and Killackey, 1981), but the overall number of axons remains fairly stable at 12 million
until day 60 (Gravel ¢t al, 1990). This may indicate that the number of axons being
eliminated is matched by the production of a similar number of new axons and axon

collaterals. The initial exuberance of axon numbers may arise from the production of an



13
excess of axon collaterals, which are then removed to sculpt the adult pattern of connections
(O’Leary, 1992; Simon and O’Leary, 1992); a similar regression of dendritic branches from
callosal neurons produces the adult-like pattern of dendrite morphology in rat neocortex
(Koester and O’Leary, 1992). Despite the elimination of large numbers of axons from the
growth and myelination of the remaining axons. and the differentiation of glial cells

(LaMantia and Rakic, 1990b).

Considering the large fluctuations which occur in axon numbers during this early

the eventual size of the CC. A complex rearing environment leads to an increase in callosum

size in rats (Juraska and Meyer, 1985; Juraska and Kopcik, 1988) but early handling has no

Wahlsten (1982b) found that callosal defects were more prevalent in mice bred by
commercial suppliers than in his own lab. This was due in part to differences in breeding
protocols; calloéal anomalies were found to be more prevalent in mice that were in utero
while their mother was still nursing a previous litter (Wahlsten, 1982¢). A similar protocol
has produced callosal defects associated with a flat-face appearance in ddN mice (Ozaki,
Murakami, Toyoshima, and Shimada, 1984).

Maternal environment contributes to the overall em‘firgnmental variability. Brain
weights are higher in offspring from F, hybrid mothers compared to inbred BALB/c mothers;
among inbreds, BALB/C maternal environments often result in higher brain weights

(Wahlsten, 1983). Low protein diets fed to BALB/c mothers increased the incidence of



14
offspring born with reduced CC size (Wainwright and Stefanescu, 1983), but this may have

been due to a general retardation in fetal growth rate (Wainwright and Gagnon. 1984),

for 24 hours shortly after birth (Wahlsten, Blam, Stefanescu, Conover and Cake, 1987).
However, no differences in the incidence of callosal agenesis were found between inbred
BALB/c pups from an F, maternal environment and thosc from an inbred BALB/c
environment (Bulman-Fleming and Wahlsten, 1988). Prenatal exposure to alcohol inhibits
the development of both the corpus callosum and the anterior commissure, but the callosal
effect is due to an overall inhibition of fetal development (Cassells, Wainwright, and Blom,
1987).

The mouse is a polytocous animal; litter size has a large inverse effect on brain
weight but does not affect the incidence of callosal defect (Wahlsten and Bulman-Fleming,
profound on the body weight of the pups after birth (Wainwright, Pelkman and Wahlsten,
1989). The microenvironments present within the uterus affect the development of some
pups differently. Those embryos at either end of the uterine horn are usually larger

(McLaren, and Michie, 1960; Healy. McLaren and Michie, 1960; Bulman-Fleming and

Thyroxine-treated A/WySn mouse embryos with cleft lip displayed decreased mortality
when implanted at the ovarian end relative to those embryos implanted elsewhere in the
uterus (Juriloff and Harris, 1985). The right uterine horn tends to produce a higher ovulation

rate, number of copora lutea, and fetal and placental weights (McLaren, 1963; Barr, Jensch,
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and Brent, 1970; Wicbold and Becker, 1987), however little evidence is available to suggest
that these environmental differences within the uterus contribute to the alteration of callosum
size in any consistent manner (Bulman-Fleming and Wahlsten, 1991).

Conflicting reports have been produced regarding the effect of sex on callosum
growth. Early handling of rats increases callosum size in males, but decreases callosum size
in females (Berrebi, Fitch, Ralphe, Denenberg, Friedrich, and Denenberg, 1988).
Testosterone has been postulated as being a causal factor in increased callosum size (Fitch,
Berrebi, and Denenberg, 1987), and male rats have been found to have larger callosa, even
after controlling for their larger body (and therefore brain) size (Berrebi er al, 1988).
However, this view was challenged by other reports citing increased callosal size in females
(DeLacoste-Utamsing and Holloway, 1982; Allen, Gorski, Shin, Barakat, and Hines, 1987
[from Berrebi e al, 1988]), while others indicate that no gender differences exist (Juraska
and Meyer, 1985; Kertesz, Polk, Howell, and Black, 1987; Juraska and Kopcik, 1988). The
gender issue has proven rather contentious, however a recent meta-analysis of all gender-
related studies has shown that indeed no real differences can be found between the sexes in
humans (Bishop and Wahlsten, 1996).

The effects of these variations have complicated the search for the mode of
inheritance of the CC defect. The callosal defect seen in BALB mice is similar to the defect
described by King and Keeler (Wahlsten, 1989a). The defect is clearly autosomal recessive
(Wahlsten, 1974a; Wahlsten, 1982b,d; Lipp and Waanders, 1990), and polygenic (Wahlsten,
1982d; Wahlsten and Smith, 1989). The defect displays true incomplete penetrance when

there is no genetic segregation (Wahlsten, 1989b). Evidence to support a two-locus mode
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Livy and Wahlsten (1991) described a mode! that demonstrated the involvement of two loci

in strains with incomplete penetrance (BALB and 129), and the involvement ot a third loci

The polygenic nature and incomplete penetrance associated with the callosal defeet
may indicate the disruption of more than one developmental process during the formation
of the corpus callosum. In some mice with callosal agenesis, defects have been seen in the
size and shape of the hippocampal commissure, suggesting difficultics in the guidance of
HC axons across the telencephalic midline. While these defects are not as severe or {requent
as those seen during CC development, in mice with severe defects in HC structure the corpus
callosum does not form (Livy and Wahlsten, 1991). Clearly, there is some developmental
anomaly occurring at the telencephalic midline that affects CC development but which also

occurs early enough to affect hippocampal commissure development. In minor defects, both

HC development and sling formation, but the HC may still be able to provide a substrate for
late crossing callosal axons; HC morphology is normal in these animals but the resulting CC
is often abnormal in size and shape. Very severe defects affect midline structures to such an
extent that the HC is not able to recover. This in turn affects any future developments within
the area.

The cause of callosal agenesis remains uncertain, however the defect that is
responsible occurs early enough to have an impact on HC development. Little research has

been devoted to the study of hippocampal commissure formation yet a precise description
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of HC development is required to fully understand the relationship between the formation
of the HC and callosal agenesis. The research described herein consists of five different parts

as indicated below:

Experiment 1. Retarded Formation of the Hippocampal Commissure in A callosal Mouse
Embryos. A detailed description is provided of the timing and the route travelled by
hippocampal axons as they cross the telencephalic midline during early HC formation in a
normal mouse strain and in four acallosal mouse strains. In normal mice, this dégription is
extended into the time of early callosal axon crossing in order to determine the-relaticnship

between callosal and hippocampal axons during early CC formation.

Experiment 2. Axon-Substrate Interaction at the Ultrastructural Level. A continuation of
Experiment 1, electron microscopy was used to observe contact between the early
hippocampal and callosal axons and their guiding substrates during midline crossing in a

normal mouse strain.

Experiment 3. Formation of the Medial Septal Region. Commissural axons cross through
the medial septal region. Retarded development in this area may result in the absence of the

cells which are necessary to guide the hippocampal axons across midline. A mitotic index

determine if there are differences in the timing or amount of cell proliferation between

normal and acallosal mice.
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Experiment 4.  Ldentification of Guiding Substrates ar the Telencephalic Midline. 10
commissural axons are not able to cross midline. it is possible that some specific guiding
substrate is missing. In this study, several antibodies were used to discover the presence ol

possible cellular substrates that may be responsible for the guidance of hippocampal axons

across the telencephalic midline in normal mice.

o]
>
b=

L]

.
=

—

2]

-

-
“EJI\

‘ommissural Plasticity in Mice with Callosal Agenesis. 11 callosal axons
are not able to cross midline, the brain loses its largest source of interhemispheric
communication, so why is there relatively little behavioural deficit seen in these animals?

It has been suggested that the anterior commissure may be used to maintain this

communicative ability; however, the increase in volume and diversity of information carried

would imply a modification of AC structure to allow this increased function. Using clectron

microscopy, a comparison was made between normal and acallosal mice to examine

differences in AC size, axon number and axon diameter to determine whether AC structure

is physically altered to allow for such an increase in interhemispheric communication,
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EXPERIMENT 1"

An accurate description of the route travelled by commissural axons is important for
understanding the structural defects that arise during commissure formation. The mouse
forebrain provides an excellent model for studying the traverse of the telencephalic midline
by developing commissural axons. Inherent defects in the structure of the ventral
hippocampal commissure (HC) and cm‘pué callosum (CC) have been described in several
strains of mice (I;ivy and Wahlsten, 1991; Ozaki and Wahlsten, 1992; Wahlsten and

Bulman-Fleming, 1994), but the route taken by axons travelling through the hippocampal

through the medial septum, over the top of the medial septum at the base of the longitudinal
fissure, and have also been suggested to travel extracerébrally through the pia membrane
lining the base of the longitudinal fissure (Glas, 1975). Axons of the corpus callosum cross
midline between the HC and the pia membrane at about E16 in normal hybrid mice
(Wahlsten, 1981; Ozaki and Wahlsten, 1992), which is about one day after the hippocampal
axons cross (Glas, 1975; Wahlsten, 1981). Despite intensive study, the precise route

travelled by callosal axons remains elusive. This is due in part to the difficulty in

1A version of this chapter has been accepted for publication: “Livy DJ, and Wahlsten D

(1996). Retarded formation of the hippocampal commissure in embryos from mouse
strains lacking a corpus callosum. Hippocampus.”
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differentiating between callosal and hippocampal axons at the time of crossing. In some
cases the two structures have been considered as one due to the indistinct border between CC
and HC (Glas, 1975; Wahlsten and Smith, 1989). Silver er a/ (1982) suggested that CC
axons cross midline using the "sling", a layer of subventricular cells that forms a bridge
between the lateral ventricles just anterior to the HC, but it is not yet clear whether these cells
guide the first callosal axons to cross midline. The close apposition between CC and 11C
axons has led to the suggestion that the HC plays a role in guiding carly CC axons across
midplane in rodents (Valentino and Jones, 1982). HC formation is retarded in some mice
with callosal agenesis, suggesting a causal relationship between HC formation and CC
agenesis (Wahlsten, 1987a; Livy and Wahlsten, 1991).

Non-selective staining methods do not conclusively reveal axon routing. Staining
axons with silver and/or hematoxylin/eosin (Glas, 1975; Silver e/ «/, 1982; Wahlsten,
1987a), or ncurofilament antibody (Silver er al, 1993), does not distinguish between axons
of differing origins, nor does this indicate axonal position relative to cellular structure.
Lipophilic dyes (Honig and Hume, 1989) diffuse within the membrane of the axons,
providing a precise labelling of axon position, allowing the route travelled by the axons to
be seen. The use of two dyes with different spectral properties permits differential labelling
between sides of the brain or different structures within the brain. The fine labelling
provided by lipophilic dyes permits a detailed view of growth cone morphology (Godement,
Vanselo, Thanos, and Bonhoeffer, 1987; Ghosh and Shatz, 1992) and the change in
complexity of hippocampal axon growth cones as they approach and cross midline. A

similar description of growth cone morphology in developing callosal axons has revealed a



decrease in structural complexity soon after the growth cones cross the midline region (Ozaki
and Wahlsten, 1992).

In this experiment, the formation of the hippocampal commissure in normal hybrid
mice is examined to provide a more precise description of the timing and location of first
crossing of the HC axons and to show the relationship between the HC and CC during early
development. This description is then used as a baseline for comparison with HC

development in strains of acallosal mice. It will be shown that early HC axons cross midline

contacting existing hippocampal axons. In the acallosal strains, hippocampal axons are

unable to cross due to the presence of a cleft extending deep between the hemispheres.

Animals

Normal development was described using the F, fois‘i:fing (B6D2F,) from hybrid
B6D2F,/] parents (C57BL/6J females x DBA/2] males) obtained from the Jackson
Laboratories, Bar Harbor, Maine, at 7-8 weeks of age, then raised and bred at the University
of Alberta. Acallosal development was described in two inbred strains, BALB/cWahl
(BALB), bred and maintained at the University of Alberta, and 129/J (129), obtained from
the Jackson Laboratories, Bar Harbor, Maine, at 7-8 weeks of age, then raised and bred at

the University of Alberta. Although the expression of CC deficiency is high in these two
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strains, the incidence of total CC absence is relatively low. The F, offspring from a BALRB

x 129 (C129F)) cross show no CC defect. which supports a two-locus recessive model of
inheritance (Livy and Wahlsten, 1991). Among the F, offspring from crossing two C129F,

mice, there is about a 25% incidence of total CC absence (Wahlsten and Schalomon, 1994,

plus unpublished data). Recombinant inbred strains are now being formed from pairs of 129

animal in recent litters has had complete absence of the CC and greatly reduced HC, as is
often seen in the strain I/LnJ (Lipp and Waanders, 1990; Livy and Wahlsten. 1991). This
study used both the C129F, offspring and one line (RI-1) of recombinant inbred animals at
the sixth generation of full-sib mating,.

All mice were housed in 29 x 18 x 13 cm opaque plastic mouse cages with Aspen-
Chip bedding (Northeastern Products Corp., Warrensburg, New York) with a few sheets ol
tissue added. Pregnant females were provided with a Nestlet for improved nest building and
free access to food (ﬁoﬁ—-au_toclaved Wayne Rodent Blox 8604) and tap water. Room

temperature was maintained at approximately 23 °C with a 12/12 hour light ¢ycle (lights on

at 6 am).

One male and one to three females between 80 and 150 days old were placed together
in a cage for 4 hours or overnight, after which the females were checked for vaginal plugs.

Plugged females were weighed and housed individually for the duration of gestation.
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Conception (0.0 days) was considered to be the midpoint between plug detection and the
previous plug check. B6D2F, embryos were extracted between gestational days 14 and 165
(E14-E16.5) to obtain body weights ranging between 0.250g and 0.700g to encompass initial
midline crossing by both hippocampal and callosal axons. As proposed by Kaufman (1992),
all mice studied prenatally are referred to as embryos even though some have completed
organogenesis and might be considered by some to be fetuses. Development is generally
slower in inbred strains than in healthy hybrids (Wahlsten and Wainwright, 1977; Wahlsten.
1987a), and therefore to observe early midline crossing by hippocampal axons in acallosal
strains, embryos were removed between E15 and E17 to obtain body weights ranging
between 0.300g and 0.600g. The number of litters and embryos collected from each of the
strains and providing usable data is shown in Table 1.1.

For extraction of the embryos, pregnant females were euthanized with sodium
pentobarbital (120 mg/kg IP) and their uteri removed and rinsed in a solution of 0.9% saline
in ice. The uteri were cut open and each embryo was separated from its placenta by
cauterizing the umbilical artery. Embryos were then rinsed in ice-cold 0.9% saline. carefully
blotted to remove excess fluid, and weighed to the nearest mg (see Fig. 1.1). Immediately
after weighing, each embryo was perfused intracardially with 3-5mL of 10mM phosphate-
buffered saline (pH 7.6) followed by 10-15mL of 4% paraformaldehyde in 0.1M phosphate
buffer (pH 7.6) using a peristaltic perfusion pump, stereomicroscope, and micropipettes.

After removing the scalp, the embryo head was placed in fresh fixative overnight. The

following day the occipital bone was removed and the head was placed in fresh fixative and

stored until the dye crystals were inserted.



Table 1.1: Number of Litters and Embryos Collected from Each Mouse Strain.

STRAIN NUMBER OF | NUMBER OF
LITTERS | EMBRYOS

'B6D2F, 22 | 149

BALB/cWahl 7 30

129/

~J
|t
ok

RI-1 6 40



Fig. 1.1. Relationship of Embryo Body Weight and Gestational Age. Body weight versus
gestational age from day of conception in 22 litters of B6D2F,/J embryos, 10 litters of
C129F, embryos, and 7 litters of BALB and 129 embryos. Shown are the linear
relationships of litter mean body weight to gestational age of the litter which accounts for
approximately 73% of the variance in body weight in B6D2F, embryos, 74% in C129E
embryos, 86% in BALB embryos, and 90% in the 129 embryos. The addition of a quadratic

term did not significantly improve the fit of any line (with.p=0.10 in a litter means analysis -

Abbey and Howard, 1973).
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Dye Insertion

Labelling of axonal membranes was achieved using crystals of the fluorescent
carbocyanine dye Dil (1,1'-dioctadecyl-3.3.3',3'-tetramethylindocarboeyanine perchlorate)
and the aminostyryl probe DiA (4-(4-dihexadecylaminostryryl)-N-methylpyridinium iodide)
the occipital and entorhinal cortices were removed to expose the hippocampal fimbria. A
crystal of either Dil or DiA, between 30 and 50um in diameter, was placed in the area of the
hippocampal fimbria using the tip of a fine dissecting pin. Most brains were double-labelled:
either the right and left fimbria were labelled with contrasting dyes, or both fimbria were
labelled with one dye and the frontal cortex (if applicable) was labelled with the contrasting
dye (see Fig. 1.2). After insertion of dye crystals, the brains were placed in fresh fixative and
stored in the dark at room temperature for at least 4 weeks, although some brains were stored
up to two years with no apparent loss of labelling quality. Some brains were stored at 37°C

to increase the rate of dve diffusion (Senft, 1990).

Sectioning and Photography

Sections were cut using a microslicer (DSK - DTK 1500E) and a sapphire knife

damage due to shear stress during cutting, particularly at ages where midline fusion was

it =

limited and only one or two axons were crossing midplane. Gelatin infiltration was found
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Fig. 1.2. Dye Crystal Placement. Typical placement of dye crystals (*) within the frontal
cortex (a) and in the hippocampal fimbria (b). Several crystals were inserted in different
spots in the frontal cortex to maximize the number of callosal fibres labelled, “The dashed
line in (a) is the approximate location of the cut made to expose the fimbria,  Using o
stereomicroscope, the brain was placed on its frontal pole and supported at cach temporal
pole using a pair of fine Graefe forceps. A thin vibratome blade was used to make the cut

through the hippocampus, using the forceps as a guide for the cut. Only one cut was made

through the brain to prevent excess damage.
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to provide the necessary structural support. The brains were first rinsed in 0.1M phosphate
buffer for 2 hours at 37°C. They were then infiltrated with 2% gelatin at 37°C for 6 hours,
and then with 5% gelatin at 37°C for 12-24 hours, after which the gelatin was fixed using
glued caudal surface down to the microslicer stage using a cyanoucrylate glue. Coronal
sections cut at 30-60m were submerged in a 1:1 mixture of 8% paraformaldehyde in 0.2M
phosphate buffer (pH 10.0) and glycerin at 4°C overnight and then mounted on glass slides
using the same solution and coverslipped. To provide staining of cell nuclei, 0.02% bis-
benzimide was added to the overnight solution of certain sections (Senft, 1990),

Most sections were immediately viewed and photographed with a Leitz
epifluorescence microscope equipped with a rhodamine filter for Dil (N2) and a band-pass
filter for DiA (L3). In some cases a fluorescein filter set was used (12/3) to view DiA. Best
results for photography were obtained using Kodak P800/1600 Ektachrome film at 1600
ASA, primarily due to the low intensity of the DiA viewed using the L3 filter. Sections not
immediately photographed were stored at 4°C until viewing was possible (usually within 48
hours). Certain brains were viewed using a Leitz Confocal Laser Scanning Microscope
(provided by the Dept. of Anator ;. U. of Alberta) and a Molecular Dynamics CLSM, to

provide a more enhanced view of «.: :n movement and location.

RESULTS

In all brains, clear and complete growth cones could be observed, indicating complete
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anterograde transmission of the dyes. In older embryos retrograde labelling also provided
information about commissural axon origins, although this labelling was often more difficult
1o observe due to contralateral labelling. No evidence of transcellular labelling was found.
Gelatin infiltration did not appear to interfere with the observation of either dye, nor did it
appear to facilitate further diffusion of either dye. The bis-benzimide gave a clear view of
the pia membrane and other cells that were present in the midline region. In most animals,
all of the axons within the hippocampal commissure appeared to be labelled. although there

were some older embryos in which the dye did not include all HC fibres.
Body Weight vs. Chronological Age

Chronological age is a poor indicator of mouse embryo development (Wahisten and
Wainwright, 1977). A more accurate assessment of developmental stage in the brain is
provided by the body weight of the embryo (Ozaki and Wahlsten, 1992; Wabhlsten and
Bulman-Fleming, 1994). Although brain weight would be the most accurate measure of
developmental stage within the brain, removal of the brain from the skull increases the risk

of tissue damage, particularly at the delicate telencephalic midline where there may only be

Fig. 1.1 shows the approximately linear relationship between body weight and
chronological age of gestation between E14.5 and E16.5 in B6D2F, embryos, which is
similar to previous results (Ozaki and Wahlsten, 1992; Wahlsten and Bulman-Fleming,

1994). No significant difference was found in development rate between the B6D2F,,
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C129F,, and BALB embryos, although the C129F, embryos appeared to lag about half'a day
and the BALB embryos lagged about 1 day behind the B6D2F, embryos. The 129 embryos
demonstrated a higher rate of development than all other strains but also displayed a more

pronounced lag of about 1.5 days in their development.
HC Development in B6D2F, Embryos

The descriptions of axonal movement and growth that follow were based on the
observations of all embryos within four time periods: prior to midplane crossing by HC
axons, initial midplane crossing by HC axons, general growth of the HC, and the early
midplane crossing by callosal axons. Specific observations were sometimes limited to only
a few embryos, but were inferred to be accurate for all embryos if the observations fit within
the general pattern of observations seen in embryos that were less and more mature.

The columns of fornix were present in the septal midline region of the youngest
embryo at 0.259g (Fig. 1.3a). From the dye insertion site, the hippocampal axons moved
rostrally and medially through the brain and then turned sharply ventromedially towards
midline, just rostral to the lamina terminalis which is defined here as the most anterior border
of the third ventricle. Upon reaching the midline area, the fornix columns turned ventrally
towards the anterior commissure. The columns of the fornix were initially far apart, largely
due to the presence of the longitudinal cerebral fissure which extended deep bclweeﬁ the
hemispheres with its floor located just above the anterior commissure (Fig. 1.3b). As growth

continued, fusion of the telencephalic vesicles progressed dorsally and rostrally, and the
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fornix columns rapidly thickened and moved closer to midplane. Axons appeared to grow
along the dorsal surface of existing fornix fibres toward midplane with extensive branching
apparent. These axons were identified by their large and complex growth cones (see Fig.
1.4). Axons migrating within the fornix column could not be differentiated due to the

fluorescence of the surrounding fibres.

moved towards midline, even in the youngest embryo (see Fig. 1.3a). These axons moved
through the cells forming the medial border of the septal area and contacted the pia
membrane lining the longitudinal fissure. ‘In younger embryos, contact at the pia did not
appear to be directed to any particular location along the depth of the fissure. Shortly before
the first midplane crossing of the HC axons, most of the contact with the pia was very close
to, but not necessarily directly at, the bottom of the fissure. After contacting the pia, many
of the growth cones tumned ventrally and migrated along the pia (Fig. 1.4). No growth cones
were seen to turn dorsally. Axons emerging from the fornix fibres were seen all along the
length of the ventromedial progression of the fornix column (Fig. 1.4). With increasing
maturity, newly arriving axons continued to travel along the dorsomedial surface of existing
fibres, providing increased contact between these fibres and the pia membrane. However,
these axons were prevented from crossing by the continued presence of the pia-lined cleft
at midline (Fig. 1.3b). Prior to the first crossing, these axons turned away from midline and
reentered the fornix column, becoming indistinguishable from the surrounding fornix fibres.

As development proceeded, the floor of the longitudinal fissure continued to move

dorsally as the midline fused. The first HC axons to cross midline remained in contact with



Fig. 1.3. Development of the Hippocampal Commissure in Mouse Embryos. ¢a) Well-
formed columns of fornix can be seen in the midline region about 800.m from the frontal
pole at 0.259g body weight in normal B6D2F, embryos. One DiA-labelled axon can be seen
extending out of the column towards midline. This particular axon has contacted the pia
membrane lining the longitudinal fissure (arrows). (b) The cleft formed by the longitudinal
fissure (shown by arrows) extends deep between the hemispheres and prevents hippocampal
axons from crossing midline early in development as shown in this 0.345g BALB embryo.
(c) A complex growth cone contacting the pia membrane in a 0.490g BALB embryo. The
lower process from this cone (arrow) is extending ventrally to cross midline. Other growth
cones may make contact farther up the fissure, but they typically proceed in a similar way.
(d) A typical early axon crossing shown here in a 0.595g 129 embryo, but which appcars
similar in all other strains. Note that the smali bundle of crossing axons is at the immediate
base of the longitudinal fissure (arrow). (¢) Dil-labelled axon (indicated with arrows)
extending across midline and continuing up the dorsomedial surface of the contralateral
fornix in a 0.413g B6D2F, embryo. Although some axons were present in the middle of the
fornix column, newly arriving and migrating axons were only seen on the dorsal surfaces of
existing axons. (f) The bridge—like structure formed by the crossing HC fibres is shown in
this 0.410g B6D2F, embryo. Some of the dye has diffused into the surrounding tissuc,
which in this section provides a descriptive view of the entire midline region including the
future floor of the longitudinal fissure (solid arrows), and the cleft extending deep between
the hemispheres to the point of fusion (open arrow). (g) Midsagittal section of the 0.620g
B6D2F, embryo shown in Fig. 1.6. Several early DiA-labelled (green) callosal axons
(arrows) which have just crossed the midplane can be seen sitting directly on top of the HC
(red). (h) Confocal view of a midsagittal section during early callosal axon crossing in
0.692g B6D2F, embryo. Note that callosal axons appear as a bundle just rostral to the HC,
but that individual callosal axons (arrows) have already extended across midline along

hippocampal axons at the dorsal edge of the HC. (Scale: a - f, 50um; g - h, 20um)






Fig. 1.4. Early Fornix Presence in the Medial Septal Region. As development proceeds, the
columns of fornix (F) move closer together in the septal region (S) and an increasing number
of axons extend from the columns to contact the pia. In this 0.275g B6D2F, embryo the
growth cone of one of these axons (arrow) has just contacted the pia and has started to
migrate ventrally along the pia. Note the complexity in many of the growth cones seen.

(Scale: 50.m)
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the pia membrane and followed the contour of the fissure floor (Fig. 1.3¢). The first few
axons did not appear to precede a large bundle of axons-in-waiting. Instead, an increasing
number of fibres gradually emerged from the fornix column to cross. Later crossing axons
were dorsal to those crossing previously but still followed along the fissure floor. The first
two or three axons to cross did not necessarily associate with each other. Some axons were
separated by as much as 60.m along the rostrocaudal axis and 40um along the dorsoventral
axis. However, a small cylindrical bundle of axons was very quick to form at the very base
of the fissure (Fig. 1.3d) and subsequent axons were seen to fasciculate along these existing
axons.

The initial crossing of midline was made earlier by axons from the right hemisphere
in 6 of 8 brains labelled and viewed appropriately, whereas onc brain showed a similar
development between sides and one clearly had initial crossing from the left side. The
earliest HC axon crossing was seen in the brain of a 0.328g embryo which was surprisingly
well formed and was the only one to appear in this manner. In most embryos of this age,
axons had not yet crossed or were just about to cross. Most of the early crossings occurred
between 0.340g and 0.360g body weight, but several larger embryos were found with no
crossing. The largest embryo with no crossing was 0.391g; the fornix columns were well
formed but an unusually deep fissure continued to separate the hemispheres.

New axons approaching midline were seen along the dorsal surface of the ipsilateral
fornix and then across midline on top of existing HC fibres. They continued up the
dorsomedial surface of the contralateral fornix and fimbria up to their target arcas in the

hippocampal formation (Fig. 1.3e). Soon after initial crossing, individual axons were still



39
apparent; however by 0.400g a larger bridge-like structure spanned midline (Fig. 1.30).
Continued growth dorsally and rostrally resulted in a bridge that was roughly cylindrical in
shape at midline with a dorsal-ventral height of about 200.m at 0.620g body weight. Fig.
1.5 shows the rate of dorsal growth of the HC during this time of gestation. The initial
by 0.600g the gradual accumulation of axons in the HC eventually reached or surpassed the
dorsal limit of the primordium of the subfornical organ just caudal to the HC (Wahlsten and
Bulman-Fleming, 1994). Fusion of the hemispheres in the regions ventral and posterior to
the HC appeared to be complete, but the zone directly anterior to the HC was initially;ﬁlléd
by a loose plexus of fibres that later became the cavum septi pellucidum (Hankin, Schneider.
and Silver, 1988).

The visibility of individual HC fibres crossing midline was limited to those on the
dorsal surface. These axons did not tightly fasciculate along other fibres but rather formed
a loose association. By about 0.450g, some axons had travelled far enough into the
contralateral hemisphere to be labelled by the dye inserted into the fimbria. In cases where
the dye was transported retrogradely, cell bodies that were labelled aﬁpeared primarily in the

CA3 region of the hippocampus (Swanson and Cowan, 1977).

Callosal axons were seen crossing midline in association with hippocampal axons as

early as 0.485g, but these callosal axons originated from the cingulate cortex and not the
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Fig. 1.5. Growth of the Hippocampal Commissure in Normal Hybrid Mice. Growth of the
HC in B6D2F, embryos occurs in a fairly linear manner from the time of carly crossing to

about 0.7g body weight. Thickness reaches about 200um by about 0.6g body weight.
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frontal cortex. Axons have previously been shown to emerge from the cingulate cortex and
definitive crossing of CC frontal cortex fibres occurred in an embryo of 0.620g. Fig. 1.6 is
a parasagittal view of this brain in which all of the labelled callosal fibres are emerging from
the cortex and growing directly towards the HC. Fig. 1.3g is a midsagittal view from this

saine embryo. A few callosal axons can be seen directly on top of the HC while a few other

crossing of callosal fibres has been seen with such clarity and precision. The callosal axons
did not follow a continuous straight path, but rather appeared to weave between, and
fasciculate along, the loose association of hippocampal axons at the dorsal HC edge.

Fig. 1.3h is a confocal image of the midsagittal plane from a 0.692g embryo which
shows several callosal axons intermixed among the hippocampal axons at the dorsal edge of
the HC. Callosal fibres rapidly form a small bundle on top of the HC and by 0.700g the CC
appeared relatively large, just dorsal and rostral to the HC in most brains. A layer of cell
bodies was seen immediately ventral to the callosal fibres in the arca rostral to the HC, but
cell body presence was almost non-existent at the interface between the HC and CC. These
cells were likely the sling cells described by Silver er a/ (1993). Cell bodies were seen as a
wedge-shaped mass along the medial edge of the lateral ventricle at the level of the floor of
the longitudinal fissure as early as 0.586g, but no cell bodies were seen to span the

hemispheres in a bridge-like structure until 0.682g, when they were located rostral to the HC



Fig. 1.6. Parasagittal Approach 1o Midline by Callosal Axons. Parasagittal section of a
cortex dircetly in line with the top of the hippocampal commissure (HC). At the midsagittal
planc, the callosal axons were seen crossing directly on top of the HC in association with

hippocampal axons (see Fig. 1.3g). (Scale: 50um)
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and ventral to a well-formed CC.

HC Development in Acallosal Mice

and axons emerged from the columns to extend to midline, but the cleft formed by the
longitudinal fissure remained deep, long past the time of first crossing in B6D2F, mice (Fig.

1.7). As indicated in Fig. 1.8, HC axons first crossed midline at about 0.470g in BALB

was necessary to extend the body weight range of collected embryos in order to see any

evidence of hippocampal axon crossing, which eventually occurred much later than any of

Table 1.2)
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Fig. 1.7. Extension of the Interhemispheric Fissure into the Medial Septal Region. Coronal
section of a 0.503g BALB embryo stained with bis-benzimide. The non-stained arcas show
the location of hippocampal axons (HC) which are definitely in the correet location for
crossing. These axons are not able to cross due to the small clefi (arrows) which can be seen
still extending down directly in the middle of the septal region (S) where crossing would

have occurred. (Scale: 50um)



47




Fig. 1.8. Comparison Among Strains of Their HC Axon Crossing Times. Crossing of the
telencephalic midline by hippocampal axons in all strains. Inverted triangles (W) indicate
embryos in which crossing has not yet occurred, while those pointing up (&) indicate
crossing has occurred. Arrows indicate the approximate median weight of first crossing for
each strain, which occurs at about 0.350g in B6D2F, embryos, at about 0.470g in BALBs,
0.520g in 129s, 0.440g in C129F, embryos, and approximately 0.750g in RI-1 embryos,

Crossing appears to be increasingly delayed in strains with a higher frequency of CC defect.
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Table 1.2: Frequency of Callosal Absence and Defect in Relation to the Time of Initial
Crossing by Hippocampal Axons.

STRAIN % CC % CC INITIAL HC
ABSENCES | DEFECT | CROSSING (g)

B6D2F, 0 0 0.350

C129F, 244 334 0.440

BALB/cWahl 20¢ 55% 0.470

129/] 16.67" 70 0.520

RI-1 100% 100 0.750

3Livy and Wahlsten (1991)

®Wahlsten (1982)

‘Wahlsten (1987)

dWahlsten and Schalomon (1994)
*Wahlsten and Smith (1989)

fWard, Tremblay, and Lassonde (1987)
tunpublished observations
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Growth Cone Structure

Growth cone size and complexity changed during the growth of the hippocampal
first crossing. almost all growth cones emerging from or along the dorsomedial surface of
the fornix columns were large and complex with extensive branching, particularly in those
axons closest to the base of the longitudinal fissure (see Fig. 1.3b). Growth cones that had
contacted and were migrating ventrally along the pia remained larger but no longer displayed
the same degree of extensive branching (see Fig. 1.4). An abrupt change in structure was

usually noted in axons that had just crossed midline. A complex structure was maintained

surface could be seen. Of these, most growth cones were small and simple in structure.
The variability in the sizes and shapes of growth cones prior to midline crossing is
structural variability has also been found in the first callosal axons to approach midline
(Ozaki and Wahlsten, 1993). Growth cones continually change their shape during axonal
growth (Godement, Wang, and Mason, 1994; Halloran and Kalil, 1994) and the variability

seen must result at least partly from the snapshot view of growth cone structure at the time
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Fig. 1.9. Growth Cones of Hippocampal Axons at the Telencephalic Midline. (u) Diagram
medial edge of the fornix column (F) contacting the base of the longitudinal cerebral fissure
(LCF) right at midplane (long dashed line), from which a single simple process has emerged.
(b) A brief representation of growth cones from axons prior to midplane (M) crossing, and
after, in which the change to a much simpler morphology after crossing is evident. (Scale:

50um)
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of fixation.
DISCUSSION

The results clearly indicate that the first hippocampal axons to cross midline travel
over the dorsal septum and along the pia membrane lining the longitudinal fissure. These
axons appear to remain in contact with the pia membrane as they cross but no axons
penetrate the membrane. These axons do not appear to precede a larger "main bundle” of
axons as is seen in callosal axon outgrowth (Ozaki and Wahlsten, 1992); instead axon
emergence is continual and gradual from the fornix columns. Earlier axons emerging from
the fornix columns migrate toward midline but are unable to cross duc to the presence of a
deep cleft formed by the longitudinal fissure.

Dorsal fusion of the fissure eventually enabled midline crossing by the hippocampal
axons at about 0.350g or E14.8 ixl B6D2F, embryos. . Axons arriving carlier migrated
ventrally along the pia to the approximate location of crossing and then re-entered the fornix
columns. This is in contrast to callosal axons that will wait a few hours for midline
development to support their crossing (Ozaki and Wahlsten, 1993). Delayed development
results in callosal axons forming a large Probst bundle (Probst, 1901) from which axons will
either cross midline if development allows (Ozaki and Wahlsten, 1993), or will emerge to
make ipsilateral connections (Ozaki and Shimada, 1988). Axons within Probst bundles
formed by surgical'transection of the midline region during the time of callosal development

retain their electrical function, and in the neonate they are able to emerge from the bundle
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and cross midline after the insertion of a nitrocellulose bridge (Lefkowitz, Durand, Smith,
and Silver, 1991). Hippocampal axons that failed to pass through the HC in the most
severely affected acallosal embryos appeared to rejoin the columns of the fornix rather than
form a local whorl, although their eventual fates are unknown.

The results also provide clear support for the use of the HC by early callosal axons
to cross midline. These CC axons fasciculated along and between the hippocampal axons
at the dorsal edge of the HC. This is the first time that CC axons have been clearly seen to
directly associate with hippocampal axons during their traverse of midline this early in the
development of a normal mouse. Wahlsten (1987a) has observed CC axons crossing on the
dorsal surface of the HC in an acallosal mouse strain, but this was much later in development
and the resulting CC was often abnormal in size and shape. The role of these early callosal
axons remains unclear. Although they may provide structural support for subsequent callosal
axons during midline crossing, early dye-labelled “main bundles” of callosal axons were
usually seen at the dorsal-rostral edge of the HC. A more comprehensive distribution of
cortical dye placements would demonstrate whether a main bundle of callosal axons was also
present immediately dorsal to the HC. The early callosal axons may act as pioneers for the
main bundles, establishing the existence of an intact substrate for crossing and perhaps
effecting a signal change for main bundle crossing.

The earliest callosal axons to interact with the HC axons originated from the
cingulate cortex. Koester and O'Leary (1994) reported an early emergence of callosal axons
from the ventromedial cingulate cortex in the rat and have suggested that these axons may

act as pioneers, defined as the first axons to cross midline, for the corpus callosum.
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Although these cingulate axons may be the first callosal axons to cross midline, their use as
a structural support by callosal axons from the cerebral cortex is questionable. Fnscicq!ulim\,
along the cingulate axons would obviate the need for sling cells guiding the cortical callosal
axons to midline, however callosal axons have been shown to orient toward midline alter
contacting the lateral wedge of sling cells (Wahlsten, 1987a).  Also, axons that usce an
existing axon pathway for directional guidance often display a simplified growth cone
morphology (Dodd and Jessell, 1988; Harrelson and Goodman, 1988). yet growth cone
morphology is complex in early cortical callosal axons first approaching midline and then

Growth cone complexity is thought to be related to environmental assessment
occurring within the cone (Bovolenta and Mason, 1987; Norris and Kalil. 1991; Tessier-
(Nordlander, 1987). Callosal axons continue to display some degree of complexity during
their growth through the contralateral hemisphere until they migrate up into their cortical
target sites (Norris and Kalil, 1990; Halloran and Kalil, 1994). Growth cone complexity
those migrating along the pia, and for a short distance into the contralateral hemisphere as

these axons made critical decisions about direction of travel. Once crossing was complete,

axons fasciculating along existing axons.
The cell bodies that formed a wedge towards midline from the longitudinal fissurc

are likely the sling cells purported to provide support for early crossing callosal axons.
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These cells did not span midline until well after carly callosal axon crossing and then only
crossing may provide a barrier to prevent callosal axon entry into the septal region (Hankin
and Silver, 1986) and may guide the CC fibres in the direction of midplane (Wabhlsten.
1987a). A similar sling structure has been identified in the cat (Silver, e/ al, 1985) and rat
(Katz, ¢t al, 1983). Cells covering the surface of the sling have been identified as primitive
astrocytes and radial glial cells (Hankin and Silver, 1986). Silver e al (1993) identified
primitive astroglial and radial glial cells at midline prior to the arrival of callosal fibres but
no cell bridge was seen until later in development when callosal axons had already crossed.
The sling has been thought to be critical for successful callosal formation because
damage to he sling occurring naturally (Wahlsten, 1987a) or by experimental intervention
(Silver and Ogawa, 1983; Schmidt and Lent, 1987) results in the absence of callosum
formation; however, such damage also extends to other structures, including the HC, which
may have a direct impact on callosal axon crossing.  Although damage to these structures
may result in Probst bundle formation rostral and dorsal to the HC (Silver et al, 1982), this
does not necessarily indicate the site of first crossing by callosal axons, as suggested by the
variability in Probst bundle positioning described by Ozaki and Wahlsten (1993). Hankin
and Silver (1988) have indicated that the sling cells form a floor along the ventral surface of
the rostral CC. dorsal to the cavum septi pellucida, which axons do not penetrate. Sucha
floor for callosal axons would also constitute a ceiling for HC fibres, yet the movement of
the hippocampal axons crossing on the dorsal surface of the HC did not appear to be

influenced by any overlying structure and, in fact, callosal axons have been shown
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intermingling and fasciculating along with hippocampal axons during midline crossing.

During CC formation in the cat, axons from the visual cortex form a transient
projection through the sling into the ipsilateral fornix. suggesting that these axons were able
to pass through the sling cells or were present prior to sling cell arrival (McConnell, Ghosh,
and Shatz, 1994). This may also explain the interaction between hippocampal and callosal
axons; they may interact before the sling cells bridge the hemispheres, or the axons may be
able to penetrate through any sling cells or pracesses that may be present. Both the HC and
sling may be essential for successful formation of the intact CC. The polygenic involﬁ:mum
and incomplete penetrance associated with the CC defect in several of the acallosal mouse
strains (Wahlsten, 1982d) suggests that more than one structure may be involved in guiding
CC fibres very early in CC development indicates the particular importance of normal HC
development for normal CC development.

This importance is clearly demonstrated in the acallosal strains. FIC development in
these strains was delayed by the continued presence of the longitudinal fissure extending
deep between the hemispheres. The eventual time of inivial crossing by the HC axons was
later in strains with a more severe incidence of adult CC defect. Initial crossing occurred at
about 0.470g or E16.25 in BALB embryos and about 0.520g or £16.5 in 129 embryos.

Because most adults of these strains have a normal HC structure (Livy and Wahlsten, 1991),

HC structure is often abnormal (Livy and Wahlsten, 1991). Initial crossing by hippocampal



9

L

axons may be too late to permit the normal growth of the HC. In the RI-1 embryos, first
crossing was estimated as about 0.750g or E17.5, but there were several older embryos that
had not displayed crossing. HC absence in adult mice has never been reported, and therefore
it can be presumed that the HC axons do eventually cross in all animals. This suggests there
is a large window of competence for these axons to cross midline, Callosal axons in RI-1
mice arrive at midline prior to first crossing by the HC axons and must wait for these axons
to cross and then for the HC to grow to the proper position to support callosal axon crossing.
The callosal axons eventually grow back into the ipsilateral hemisphere to form Probst
bundles before this can occur (Ozaki, Murakami, Toyoshima. and Shimada. 1987; Wahlsten.
1987a; Ozaki and Shimada, 1988). Therefore, the crossing of the interhemispheric fissure
hippocampal axons.

The substrate used by commissural axons crossing midline is qften specific for that
event. Commissural axons display an affinity for specific glial cells in the grasshopper

(Bastiani and Goodman, 1986) and in Drosophila (Jacobs and Goodman, 1989). In the

chiasm by retinal ganglion cell axons (Marcus and Mason, 1995; Marcus, Blazeski,

Godement, and Mason, 1995; Sretavan, Puré, Siegel, and Reichardt, 1995). Axons of the

using a tunnel-shaped formation of glial cell processes (Silver e al, 1982). In vertebrates,

floor plate cells have been identified in the ventral midline of the spinal cord and brainstem
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vitro (Tessier-Lavigne, Placzek, Lumsden, Dodd, and Jessell, 1988: Placzek, Tessier-
Lavigne, Jessell. and Dodd, 1990). and may provide a physical substrate for these axons to
cross midline (Bovolenta and Dodd. 1990; Kuwada., Bernhardt, and Chitnis, 1990;
Yaginuma, Homma, Kunzi, and Oppenheim, 1991). The lack of these cells disrupts the
normal pattern of axon crossing (Bovolenta and Dodd, 1991). It is possible that similar
events occur during hippocampal axon crossing: carly axons that emerge {rom the fornix
columns and grow toward midline may be orienting in response to a chemoattractant. Such
chemical signals may emanate from the pial cells lining the longitudinal fissure, which
would explain the early axon emergence toward the pia from the fornix column: however,
the greater growth cone complexity and extensive branching seen in axons approaching the
area immediately ventral to the fissure suggests that chemical signals are released (rom the
area of hemispheric fusion, perhaps due to the degradation of the trapped pia membrane.
Once these axons contact the pia membrane they grow along the pia across midline. In some
embryos, axons reached the midline but did not cross despite the lack of an obvious
obstruction. This may indicate the necessity of a second event for completion of the crossing
event which is likely to be specific for the substrate that provides physical guidance to the
crossing axons. The proximity between axon and pia suggests that the pia provides this
contact guidance, although it is known that later in development the pia does not act as a
substrate for callosal axons, even when their usual midline substrate is missing in BALB

mice (Wabhlsten, 1987a).
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callosal axons and hippocampal axons when early callosal axons cross midline. Although
bis-benzimide labelling did not show any cells at midline, this does not preclude the presence
of cell processes whicil could also aid the growth of axons across midline. Combining
1990) should enable the observation of axon interaction with specific substrate antigens.
Similarly, the use of photo-oxidized Dil with regular and/or immuno-clectron microscopy
(von Bartheld, Cunningham, and Rubel. 1990) should provide a very detailed view of
hippocampal axons as they first cross midline to determine if they remain in contact with the
pia or whether there is another substrate present. Increased precision in dye labelling should
determine whether later axons also travel within the columns of fornix and the HC as well
as on their dorsal surface. It should also permit the identification of developing projection
patterns of the hippocampal axons. In adult rat HC. axons from more septal regions in the
hippocampal formation are found in the more caudal areas of the HC, while those axons from
the more temporal areas are found in the more rostral area; fibres arising from areas near the
ependyma of the lateral ventricles cross in more dorsal regions of the HC. while those arising
along the pial border cross through the ventral region (Wyss er al, 1980). Of particular

interest is whether any particular axon can indeed cross within the commissure or whether

only certain axons from particular origins cross the midline first.
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EXPERIMENT 2

INTRODUCTION

The results of Experiment 1 suggest that the first hippocampal axons cross the
telencephalic midline in close apposition to the pia membrane lining the longitudinal fissure
and that the first callosal axons cross midline by fasciculating along existing hippocampal
axons at the dorsal surface of the hippocampal commissure. Observation at the
these structures, or whether a third substrate is mediating that contact. Electson microscopy
was used in conjunction with two specific preparation techniques to observe this contact.
Fixation using tannic acid provides an excellent view of the apposition between membranes
membrane. The differentiation of CC and HC axons is necessary to observe any interaction
that may occur between them. Axons were labelled with Dil and/or DiA and the dyes were
photooxidized using diaminobenzidine to produce a reaction product discernable at the

electron microscopic level (Sandell and Masland, 1988; Bhide and Frost, 1991).
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METHODS
EM Preparation for Hippocampal Axon - Pia Membrane Apposition

Two B6D2F, embryos from one litter at gestational age E15.1 with body weights
0.387g and 0.444g were perfused intracardially with 3-5mL of 10mM phosphate-buffered
saline (pH 7.6) followed by 10-15mL of fixative consisting of 1% paraformaldehyde, 4%
glutaraldehyde, and 0.01% tannic acid in 0.1M phosphate buffer (pH 7.3) followed by 40-
50mL of 4% glutaraldehyde in 0.1M phosphate buffer. The brains were then extracted and
one was blocked parasagitally (0.387g embryo), whereas the other was blocked coronally
(0.444p embryo) by cutting off the caudal half of the brain through the thalamus. Each brain
was rinsed in 0.1M phosphate buffer (2x30min), postfixed in 2% OsO, in 0.1M phosphate
buffer for 4 hours, and then rinsed again in 0.1M phosphate buffer (2x15min). The brains

were dehydrated through an ethanol series (1x15min 50%; 1x15min 70%; 2x15min 90%;

then infiltrated with a graded series of Epon 810 starting with a 1:2 mixture of Epon and
propylene oxide and gradually increasing the concentration to pure Epon in which the brains
were left for 48 hours. The brains were then placed cut side down onto a coverslip over
which an Epon-filled embedding mold was placed. The Epon was cured for 48 hours at
60°C. after which the embedding mold was removed, and the tissue block dipped in liquid
nitrogen to remove the coverslip.

Tissue blocks were trimmed by cutting 1m thick sections using glass knives on a
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Reichert-Jung Ultracut E ultramicrotome. Several thick sections were stained every 20-
30um using Toluidine Blue O to determine position within the brain and to provide
information about angle-of-cut adjustment. Upon reaching the midsagittal plane and the
coronal location of HC crossing, thin sections were cut using a DuPont diamond knile in the
same microtome. Sections obtained were picked up on either 2x1mm copper slot grids or
1mm copper aperture grids. Certain grids were coated with either 0.25% Formvar or 0.25%

Butvar, or carbon, or a combination of Formvar or Butvar and carbon. Sections were then

and then viewed using a Philips 400 TEM.

Photooxidation of Di-Labelled Axons

Two B6D2F, embryos from an E16.75 litter with body weights 0.738g and 0.791g
and one PO neonate weighing 1.265g were extracted and/or perfused as described in
Experiment 1. Brains were extracted from the skulls, and the lipophilic dyes Dil and DiA
were inserted into the hippocampal fimbria and frontal cortex as described in Experiment 1.
Coronal sections were cut at 100xm using a vibratome and steel blade from the PO and
0.791g embryo brains, while the 0.738g embryo brain was sectioned horizontally at 200.m.

Sections were cut and stored in PBS (pH 7.6). Sections were visually inspected and selected

rinsed (1x5min) in Tris buffer (pH 8.2) and then submerged in a solution of 0.1%

diaminobenzidine (DAB) in Tris buffer. The sections were photooxidized with a Leitz
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Laborlux epifluorescence microscope equipped with filters for viewing both Dil and DiA

using a 10x objective. After bringing the Di-labelled axons into focus, the sections were left

were then rinsed (2x10min) in Tris buffer and briefly viewed using a Leitz Dialux
microscope to ensure that the brown photooxidation reaction product was present.
Sections were then processed for observation by electron microscopy. Selected
sections were rinsed (2x10min) in 0.1M phosphate buffer (pH 7.4) and then post-fixed in 2%
0s0, for 2 hours. Sections were then rinsed (3x10min) in acetate buffer (pH 5.2), followed
by en bloc staining in 2% urany] acetate in 0.1M sodium acetate for 2 hours and rinsed again
(2x15min) in acetate buffer. Sections were then dehydrated through an ethanol series
(1x10min 50%; 1x10min 70%; 2x10min 90%; 2x10min 95%; 2x15min 100%) and then
rinsed in propylene oxide (2x15min). They were then infiltrated using a graded series of
Epon 810 in propylene oxide beginning with a 1:2 mixture and gradually increasing to pure
Epon which was left on the sections for 24 hours, Sections were then placed in an
embedding mold in fresh Epon which was cured for 48 hours at 60°C. After curing, the
embedding mold was cut away from the tissue block and the blocks were trimmed to expose
the midplane region. Thick sections (about 1.m ) were cut using glass knives on a Reichert-
Jung Ultracut E ultramicrotome and stained using Toluidine Blue 0 and viewed to determine
whether the position of cut was through the appropriate midline region. Thin sections (about
90nm gold) were then cut using a DuPont diamond knife and collected on copper grids
varying between 50 - 200 mesh. These sections were then stained for 2 hours with 4%

uranyl acetate (aq) and for 1 minute with Sato’s lead citrate (aq) and then viewed using a
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Philips 400 TEM.

Early HC Formation

The results from these observations were inconclusive. Section instability prevented
accurate viewing; most sections disintegrated in the clectron beam. The application of
various grid coatings improved section stability in some cases, but usually proved too thick
to provide informative resolution. Section thickness was increased with limited success also
due to both instability of preparation and decreased resolution. An additional problem was

noted with insufficient osmium penetration into the tissue.

HC - CC Interactions

Photooxidation of both Dil and DiA produced a brown-pigmented reaction product
visible to the unaided eye and very clear under light microscopy. Unfortunately, no
difference in reaction product colour was noticed between Dil- and DiA-labelled axons,
preventing their visual differentiation. Examination at the EM level maintained this finding;
no apparent difference was seen between Dil- and DiA-labelled axons. In sections from the
brain with single-labelling in the HC, little difference was apparent in the appearance of
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sections not postfixed in OsO,, a clear difference was seen between axons that were
photooxidized and those that were not, however very little cytoarchitecture was apparent in

these areas, likely due to the relatively mild fixation procedure to which these areas were

exposed.

DISCUSSION

Despite the lack of obvious results from these experiments, these procedures should
not necessarily be discounted as irrelevant for these purposes. An increased precision in
tissue sampling (see Experiment 5) would provide a greater degree of section stability. The
use of a high-powered electron microscope (about 500 kEV) would also enable the resolution
of detail in thicker sections or in sections supported by a thick layer of medium. The use of
photooxidized Di-labelling remains suspect as a means of providing differentiation between
HC and CC axons, however it may be used in combination with immunoelectron labelling
to provide a detailed description of the interaction between axons and their supporting
substrates (von Bartheld er al, 1990; Smiley and Goldman-Rakic, 1993). The reconstruction
of serial sections from electron microscopy (eg: Shoukimas and Hinds, 1978; Hall and
Russell, 1991; Sorra and Harris, 1993) would also enable the detailed three-dimensional
description of axon growth and substrate contact as axons make their way through the
midline region. Until these technical considerations can be implemented, the exact

relationship between the HC axons and the pia membrane will remain uncertain.
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EXPERIMENT 3

INTRODUCTION

Axon outgrowth requires the presence of structurally supportive substrates such as
glial cells or other axons (Raper, Bastiani, and Goodman, 1983: Hatten, Fishell, Stitt. and
Mason, 1990; Wang, Baird, Hatten, and Mason, 1994). In acallosal mice, the continued
extension of the interhemispheric fissure deep in the medial septal region would disrupt the
presence of any substrates that would normally serve to provide structural support for
commissural axons crossing midline. In normal mice, the growth of the septal region allows
the medial hemispheric surfaces to fuse and moves the fissure farther anterior. The
continued fissure presence in mice from acallosal strains suggests that they have a defeet in
the growth of the septal region; measurement of the midsagittal thickness of this region
indicated that the rate of septal growth was indeed retarded in the acallosal strains (Wahlsten

A reduction in the number of cells entering the septal region could result from a
decrease in the rate of cell proliferation, a decrease in the number of cells actively
undergoing mitosis, or a defect in the migration of postmitotic cells to their target sites. Cell
proliferation initially occurs in the neuroepithelium, or ventricular zone, which is the layer
of cells immediately adjacent to the lumen of the ventricle. Sauer (1935a,b, 1936, 1937)

noted that the neuroepithelium consists of columnar cells that span the ncuroepithelial layer
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in a perpendicular orientation relative to the lumenal surface. Nuclei of these cells
demonstrate interkinetic nuclear migration (Seymour and Berry, 1975), a radially oriented
movement of the nuclei between the juxtalumenal surface (mitotic zone) and the (distal) deep
ventricular layer (synthetic zone). The position of the nuclei denote their mitotic phase:
nuclei in the synthetic zones are labelled one hour after short pulse *H-thymidine labelling
(Sidman, Miale, and Feder, 1959) indicating that the nuclei are actively synthesizing DNA
material, whereas nuclei in the mitotic zone display mitotic figures. The orientation of the
mitotic spindles may indicate the fate of the daughter cells; those parallel to the lumenal
surface produce daughter cells that remain attached to the lumenal surface (Sauer, 1935a,b),
while daughter cells produced when mitotic spindles are oriented perpendicular to the lumen
may then leave the ventricular layer (Smart, 1973; Zamenhof, 1987). The specific direction
of parallel orientation may influence the direction of ventricular growth (Smart. 1985;
Tuckett and Morris-Kay, 19835).

The subventricular layer (Boulder Committee, 1970) first appears in the area of the
ganglionic eminences at E11 in the mouse (Smart, 1976; Sturrock and Smart, 1980) and E16
in the rat (Altman and Bayer, 1990). Subventricular cells are mitotically active; Smart
(1976) indicated that the subventricular layer accounted for approximately 50% of dividing
cells in the E14 mouse brain. By E15, mitotic activity in the ventricular layer decreased
sharply, followed by a decrease in the subventricular layer at E16. The subventricular layer
assumes the role of primary germinative layer after the differentiation of the neuroepithelium
just prior to birth (Altman and Bayer, 1990), and maintains this role into adulthood

(Paterson, Privat, Ling, and Leblond, 1973; Smart, 1976; Sturrock, 1979; McDermott and
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Lantos, 1990). In the adult. the subventricular zone produces both neurons and glia
(Blakemore, 1969; Privat and Leblond, 1972: Lois and Alvarez-Buylla, 1993). The plial
cells differentiate to both oligodendrocytes and astrocytes (Paterson, 19831 Levison and
Goldman, 1993).

Neuroblasts migrate out from the ventricular layer attached to radial glial fibres that

brain (Rakic, 1971. 1972; Hatten, 1990). The glial {ibres span the cm‘tic:al-stmla in {ascicles,
initially in a straight radial orientation from the ventricle. and gradually becoming arched as
the refative positions of cortex and ventricle change during growth (Misson, Edwards,
Yamamoto, and Caviness, 1988; Gadisseux, Evrard, Misson, and Caviness, 1989; Gudisseux,
Kadhim, van den Bosch de Aguilar, Caviness, and Evrard. 1990; Misson. Austin, Takahashi,

Cepko, and Caviness. 1991). The migration of daughter cells from one proliferative cell has

column of cells in the cortex (Turner and Cepko, 1987; Rakic, 1988; Wetls and Fraser,

1988), however tangential migration has been described using retroviral (Walsh and Cepko,

transgenic (Tan and Breen, 1993) techniques. Such migration has also been found to occur
by progenitor cells within the ventricular layer (Fishell, Mason, and Hatten, 1993).

Many studies on cell birth and migration have been performed using *H-thymidine,

Vigliani, and Attanasio, 1993; Fike, Goffel, Chou, Wijnhoven, Bellinzona, Nakagawa, and

Seilhan, 1995) have used bromodeoxyuridine (BrdU), a thymidine-analog that may be
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incorporated into the DNA of dividing cells, labelling all neural progenitor cells undergoing

tags, affording the possibility of double-labelling with antibodies to other antigens. Several
litters of mice were labelled with BrdU to provide information on the birth and migration of
the cells into the medial septal region. Additionally, a developmental series of brains in
sagittal and coronal orientation was observed to provide more detail on the movements of
cells and uevelopment of morphological structures occurring within the septal region during

the time of hippocampal commissure development.

METHODS

BrdU Immunohistology

Intraperitoneal injections (50ug per gram body weight) of BrdU (Sigma) dissolved
in a solution of 0.007N NaOH in 0.9% saline were given to seven pregnant B6D2F, female
mice 24 hours prior to litter extraction. Litters of the B6D2F, embryos were extracted (as

described in Experiment 1) between gestational days E13.75 and E16.1, producing embryos

about 5mL of 10mM phosphate-buffered saline (PBS - pH 7.6) immediately followed by
about 20mL of 70% ethanol using a peristaltic perfusion pump, stereomicroscope, and
micropipettes. Two longitudinal slits were made in the dorsal skull using a diamond knife

to expose the brains and the heads were then postfixed in 70% ethanol for 24 hours. Brains
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were then extracted and placed in a 30% sucrose buffer overnight, and then placed in OCT
embedding solution, frozen at -20°C and sectioned at 10um using a cryostat at -20°C,
Sections were mounted on slides and rehydrated, followed by immersion in 0.07N NaOll for
2 minutes and then in 0.1M PBS (pH 8.5) for 30 scconds to partially denature the DNA to

single strands against which the BrdU antibody is dirccted (Gratzner. 1982). The presence

of BrdU was detected by direct immunofluorescence using an anti-BrdU antibody conjugated
to fluorescein isothiocyanate (FITC) (Becton-Dickinson) diluted 1:5 in PBS. The sections
were incubated in anti-BrdU antibody for 30 min, rinsed (2x5min) using PBS (pH 7.4), and

then mounted using glycerol/p-phenylenediamine (Johnson and Nogucira Aranjo, 1981).

set.

Hematoxylin-Eosin Histology

Cell proliferation and cytoarchitecture were compared and contrasted between normal
hybrid B6D2F, embryos and embryos from the inbred strains BALB/cWahl and 129/] (also
included were embryos from the substrain 129/Rel, which demonstrate similar callosal
defects - see Livy and Wahlsten, 1991). Embryos included in this study were compiled from
several previous studies that had been undertaken in the lab of Dr. D. Wahlsten, but none of
which had been used for this particular purpose. These embryos were extracted (as described
in Experiment 1) and immersed in Bouin-Duboscq fixative (Humason, 1972) for about 5

minutes (until the brains appeared yellow). To facilitate entry of fixative into the brain, the
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scalp was removed and two longitudinal slits were made parasagitally in the skull. The
embryos were then placed in 50mL fresh fixative and placed on a rotator for 48 hours. The
embryos were decapitated, and the heads placed in 70% ethanol and returned to the rotator
for another 48 hours with one ethanol change after 24 hours. The embryo heads were
embedded in paraffin by standard procedure (Humason, 1972). The resulting paraffin blocks

were trimmed and 10um serial sections were cut from each block in either the sagittal or

coronal plane, Two rows of 10 sections were set on 1% gelatin-subbed slides and allowed

1972) to differentiate nuclei, which appear a dark purple, {from extranuclear tissue, which
appears pale pink in colour.

Embryos with brains cut in the sagittal plane were included up to 0.6g body weight
body weight range of embryos included from each strain in each cutting orientation.

For brains cut in the sagittal plane, a Leitz Dialux microscope with a drawing tube
attachment was used to make tracings of the ventricular layer, velum transversum, anterior
commissure (AC) and hippocampal commissure (HC), if present, of the midsagittal section,
and then the third and sixth sections from either side of the midsagittal plane at a

magnification of 100x. The number of mitotic figures present in the lumenal ventricular



Table 3.1: Number and Body Weight Range of Embryos in the Hemotoxylin/Eosin
Stained Brains.
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STRAIN SAGITTALSERIES | ~ CORONAL SERIES
#of Body Weights #of Body Weights
| Embryos (2) Embryos (&)

B6D2F,

14

0.175-0.594

0.264 - 0.689

BALB/cWahl | 1

0.308 - 0.592

0.270 - 0.699

129/]

0.262 - 0.598

0.259 - 0.672
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arca of the ventricular layer was measured using a Numonics digitizing tablet connected to
a PC and the SigmaScan digitizing morphometry program.

of the midline region using the same apparatus as above. Approximately every third section
was drawn within the range of HC/CC crossing as well as several sections rostral and caudal
to this range in an attempt to establish appropriate boundaries for counting mitotic figures.
Unfortunately, such boundaries were not able to be adequately established with sufficient

precision, and therefore the coronal results were recorded in a descriptive manner.

Statisticys
Multiple regression was used to obtain the best prediction of the number of mitotic
figures during the developmental period indicated for all strains. Dummy coding for strain
indicated if differences existed between strains for this relationship (an e level of 0.05 was
used to indicate a significant improvement in the fit of prediction for individual strains). All
statistics were performed using SPSS for Windows v6.1.
RESULTS

BrdU Immunohistochemistry
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this purpose and was therefore halted after the processing ol too few brains to provide

informative data.

Cell Proliferation in the Third Ventricle

mitotic figures were apparent through the ventral area, however one mitotic ligure was seen
just dorsal to the AC in most of the sections viewed in all strains (sec Fig. 3.1). All mitotic
figures viewed appropriately displayed spindle orientation parallel to the ventricular surface.
Within the range of body weights observed, few mitotic {igures were observed in the
subventricular layer and were not included in the overall mitotic numbers.

Fig. 3.2 shows the relationship between the total number of mitotic figures in the
ventricular layer and body weight for each strain. Body weight accounts for approximately
93% of the variance in mitotic figure number across all strains; the addition of dummy
variables for strain did not improve the goodness of fit. Mitotic activity in the ventricular
layer occurs only in the juxtalumenal position and therefore the number of mitotic figures
is constrained by the length of the ventricular layer. Fig. 3.3 shows the change in mitotic
figure number per mm of ventricular layer length during growth. Again, no difference was

found between strains, and very little difference is present between this curve and that shown
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Fig. 3.1. Sagittal View of Third Ventricle Neuroepithelium. A typical sagittal section
through the third ventricle neuroepithelium shown here through the midplane of a 0.317g
B6D2F, embryo (rostral to the left, caudal to the right). Neuroepithelial areas and lengths
were measured between the junction of the primordium of the subfornical organ (PSFO) and
the velum transversum (VT) dorsally to the level of the dorsal surface of the anterior
commissure (AC) perpendicular to the ventricular surface ventrally. The small arrows show
the location of various nuclei in mitosis. Most of the mitotically active cells were located
dorsally in the area of the PSFO, although one mitotic figure was ofien located just dorsal
to the AC (open arrow) in most of the sections viewed. Also shown is the apparent rostral
migration of post-mitotic cells (asterisk) from the third ventricle to an area just dorsal to the
hippocampal commissure (HC). These cells eventually extend rostrally to the area of the HC

where they lie just lateral to the longitudinal fissure (see Fig. 3.5). (Scale: 50um)
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Fig. 3.2. Change in Number of Third Ventricle Mitotic Figures in the Midplane Region
During Growth. Relationship between the total number of mitotic figures in the third
ventricle and embryo body weight for each strain. This relationship configures to the
biological decay curve e¥/(1+e? as shown. The adciition of dummy coding for strain

indicated no differences between strains. Body weight accounted for approximately 93% of

the variance in mitotic figure number across all strains. -
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Fig. 3.3. Change in Density of Mitotic Figures in the Midplane Region During Growth.
Relationship between the number of mitotic figures per mm of ventricular layer length and
embryo body weight for each strain. Because mitotic figures only appear within the
juxtalumenal layer of the third ventricle, the number of mitotic figures may be constrained
by the length of the ventricular layer. As shown in Fig. 3.2, the relationship configures to
the biological decay curve e¥/(1+¢*). Dummy coding indicated no differences between
strains. Mitotic figure density accounted for approximately 88% of the variance in body

weight across all strains.
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in Fig. 3.2, suggesting that the number of mitotic figures is not affected by changes in

ventricular length within each strain.
Coronal Cyloarchitecture

A comparison between strains of cell proliferation in the coronal plane was not
possible due to an inability to provide sufficient control over the relative location and
position within the brain for comparison purposes. Qualitative observation of these coronal
sections indicated no apparent difference between the strains in location or number of mitotic

figures. This was supported by the lack of difference when comparing the cytoarchitecture

medial aspect of the lateral ventricle with a concentration of figures at the medial ventricular
flexure near the cortico-septal boundary. The only apparent structural difference was the
normal passage of HC axons across midline as suggested in Experiment #1.

HC axons traversing midline appeared to associate with the pia membrane, but also
with a small population of darkly-staining cells present at the junction between the
ventromedial cingulate cortex and the pia membrane (Fig. 3.4). These cells could be

differentiated at about 0.3g and were very prominent by 0.4g. They appeared to be

at midline, these cells were present as a layer lateral to the fissure. Hippocampal axons

approached and appeared to contact these cells but also passed through this cell layer to
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Fig. 3.4. Third Veniricle Cells at the Septal Midline. A coronal view ofa 0.264g BOD2F,
embryo showing the location of two small populations of cells (arrows) just lateral to the
longitudinal fissure near the septal midline. These cells appeared continuous with cells

.1). Some hippocampal axons contacted these

Vot

emanating from the third ventricle (see Fig.
cells during their approach to midline but it is unclear whether these cells provide guidance

information to HC axons. (Scale: 50um)
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animals they appeared continuous with cells migrating medially from the lateral ventricles.
HC axons contacted the cells migrating to midline from the subventricular zone in
the area of the medial flexure of the lateral ventricle, These cells were likely the sling cells
described by Silver er al (1982). They were abundant in the area rostral to the HC, forming
a clear demarcation between the cortical and septal areas (Fig. 3.5a). Caudally, these cells
were n;uch more diffuse, forming a loose accumulation of cells apparent among the axons
of the HC (see Fig. 3.5b). In the B6D2F, mice, these cells were first seen to span the midline
region at 0.643g but this was again more as a loose accumulation of cells. A more definite
wedge of cells appearing as a solid substrate was not seen until 0.689g in B6D2I", mice (see
Fig. 3.6), well after the time of first crossing by callosal axons.

As described in Experiment 1, a deep cleft extended down into the septal region in
the younger B6D2F, embryos. This cleft was similar to the sulcus medianus telencephali
medii (SMTM) described in humans by Rakic and Yakovlev (1968). With increasing age,
the cleft appeared farther rostral and dorsal due to hemispheric fusion and growth of the
septal region. 1t was interesting to note the apparent continued presence of a small, pia-filled
groove or notch at the bottom of the interhemispheric fissure at midline in B6D2F, mice after
midline traverse by the hippocampal axons (Fig. 3.7). This notch did not appear to impede
the crossing of either the hippocampal or callosal axons and in some cases the very bottom
of the notch was not apparent due to the volume of axons in the area. The notch was not a
unique structure but rather appeared as a gradual and continual extension of the deeper cleft

appearing in the more rostral regions. In the area near the very caudal part of the HC, the
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Fig. 3.5. Subventricular Cells from the Lateral Ventricle, Coronal section of u 0.567g
B6D2F, embryo showing subventricular cells emanating from the medial flexure of the
lateral ventricle. (a) Rostral view - cells from the lateral ventricles form a clear demarcation
(arrows) between the septal region (S) and the cortical region (C). These cells may create
the cortico-septal barricade described by Hankin and Silver (1986) who proposed that the
barricade prevented axonal movement between these regions in rostral brain arcas. (h)
Caudal view - subventricular cells can be seen extending from the lateral ventricle towards
midline (arrows) but are much more diffuse and form neither a clear demarcation between
septal (S) and cortical (C) regions, nor a solid mass which may be used as a bridge by axons

approaching midline. (Scale: 50um)
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Fig. 3.6. Subventricular Cells and the Corpus Callosum. Coronal view of a 0.689¢ B6D2F,
embryo showing the thick wedge of subventricular cells (arrows) from the lateral ventricles
(LV) extending towards midline. These cells can be scen under a well-formed corpus
was the first age at which these cells were seen to span midline in a cohesive “bridge-like”

manner. (Scale: 50um)
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Fig. 3.7. Continued Midline Notch Presence in Older Embryos. Coronal section of'a 0.611¢
B6D2F, embryo showing the presence of a small notch (arrows) at the midline. This notch
was continuous with the cleft extending into the septal region seen farther rostrally. Similar
to the cleft, the notch is lined with the pia membrane. Although this notch structurc was

present in older embryos (see Fig. 3.6), it did not appear to interfere with midline traverse

caudal positioning within the brain. (Scale: 50um)
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notch was not as apparent and in older brains the fissure tloor in this aren appeared relatively
“flat”.

The acallosal strains demonstrated a similar cytoarchitecture to that of the BOD2F,
mice. The only apparent difference was the continued presence of the cleft extending deep
within the septal region which resulted in the ventral deflection of hippocampal axons upon
their arrival at midline. In each of the BALB embryos. the pia membrane was observed
withii the cleft, similar to the B6D2F, embryos. but a narrow gap was also apparent between
the pia and the adjacent sepral cells. In most BALBs this gap was present along the entire
length of the cleft with a more pronounced bulge apparent bilaterally, just ventral and luteral
to the area of the fissure floor. A similar gap, or bulge, was previously described by
Wahlsten (1987a) and was suggested to disrupt the substrate that guides callosal axons across
midline. The size of the bulge increased caudally within the brain, usually appearing largest
in the area of hippocampal axon arrival at midline. In older BALBs, the bulge occupied
much of the midline region ventral to the midline notch (see Fig. 3.8). Caudally in these
animals, the HC was still present but was interrupted in spots by this gap. Blood filled the
gap unilaterally in the 0.592g BALB embryo (see Fig. 3.8), but was the only embryo in
which blood was observed.

The gap was present in all BALB brains observed but only in the largest 129 brain

(0.672g). In the rostral part of this 129 brain, the gap was small and located at the basc of

consistency in structure of these gaps would suggest that they do not result from artifact. In



Fig. 3.8. Anomalous Gap Presence in Acallosal Embryos. In some of the acallosal embryos,
a gap in the tissue was apparent immediately ventrolateral to the floor of the longitudinal
fissure and the clefi in the septal region. 7op: Coronal view of a 0.672g 129 embryo
showing the gap (arrows) at midline. Gap size increased rostral to caudal within the septal
rcgion but in older brains hippocampal axons were still observed crossing midline. Bottom:
Coronal view of a 0.592g BALB embryo showing a blood-filled gap (arrows) lateral to

midline and rostral to the main bulk of HC axons crossing midline. (Scale: 50.m)
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some embryos it appeared as though the pia membrane had simply become detached from
the surrounding tissue, maintaining a few remnant connections, however in most brains the
gap appearcd to be filled with fluid. No other anomalies could be seen in the immediate

vicinity of the bulge areas that could account for the formation of such a structure.

DISCUSSION

The results indicate that the number of mitotic figures in the rostral aspect of the third
ventricle does not differ between the normal and acallosal mouse strains. Qualitative
observations suggest a similar finding for the medial aspect of the lateral ventricles, however
an accurate count will have to be made to substantiate this observation. The lack of
difference between strains indicates that the difference in septal growth between normal and
acallosal mice reported by Wahlsten and Bulman-Fleming (1994) is not due to a difference
in the number of proliferating cells. Therefore, the differences apparent between strains in
their septal development may be due to a lower rate of mitotic cycling in the acallosal strains,
or perhaps a difference in the rate or direction of migration of the differentiated cells. Smart
(1984) reported a slower rate of migration of cells to the medial cortical plate than to the
isocortical plate, which was proposed to reflect a different developmental strategy for the
evolutionarily “newer” isocortical area. The septal region is an even older phylogenetic area
and may also demonstrate a slower rate of migration. This is supported by the paucity of

mitotic figures observed in the subventricular layer near the midline region which may

indicate a general delay in septal region development relative to other areas of the brain.
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Therefore, a very subtle change in the acallosal strains may result in relatively Jarge
differences in the timing of development in the midline region.

Recent evidence has indicated that cell tates are determined prior to leaving the
neuroepithelial layer (McConnell and Kaznowski, 1991: McConnell. 1992). and callosal
axons have been seen to emerge from cortical neurons during their migration to the cortical
plate (Auladell, Martinez. Alcantara, Supér. and Soriano, 1995). Therefore. anomalies in ccll
migration may not only depend on the physical migratory process. but also on the presumed
fate of the cell. The cytoarchitecture observed in the present study appeured similar in all
strains and similar to that reported in hybrid mice by Crandall and Caviness (1984). This
suggests that cell proliferation and migration.to the cortical plate does not differ between
strains. but further observation will be required to determine the validity of this statement for
cells in the septal region.

Wahisten (1987a) determined that the thickness of the medial cortex from the medial
flexure of the lateral ventricle to the longitudinal fissure remained relatively unchanged
between E16 and E18 (0.38¢g - 0.76g) in BALB brains. Although cortical measurements
were not made in the present study, differences in cortical thickness were not apparent when
comparing within the acallosal strains or between the normals and acallosals; however it
must be noted that an accurate measurement of this arca will have to be repeated alter
coronal positioning can be determined with greater precision.

The movement of HC axons toward midline appeared to follow the gencral pattern
established in Experiment 1. HC axons were initially unable to cross midline duc to the

presence of the longitudinal fissure extending ventrally in the septal region. During their
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growth to midline, these axons often contacted a layer of cells lateral to the pia membrane
that appeared contiguous with the third ventricle. Silver er al (1993) identified two columns
of RC1-positive (primitive astroglial) cells extending rostrally from the lamina terminalis to
appear at midline in a zipper-like fashion in conjunction with midline fusion between the
hemispheres. They indicated that these cells spanned the midline region and were later
joined by the subventricular cells from the lateral ventricles to form the midline “sling”™
structure. In the present study, the rostrally projecting cells were not observed to span the
midline region but instcad appeared to remain lateral to the pia membrane lining the
longitudinal fissure. These cells were contacted by axons traversing the hemispheres. but
tl_mcir presence in these cases was always dorsal to the axons and did not appear to form a
ventral bridge as suggested by Silver ef al (1993). Similarly, both hippocampal and callosal
axons contacted the postulated sling cells from the lateral ventricles during their growth
toward midline, however these cells did not appear to form a bridge-like structure until after
the time of crossing by callosal axons. As indicated in Experiment 1. these sling cells did
form a dense wedge lateral to midline and may be responsible for directing callosal axons
toward midline. It is unclear whether the cells emanating rostrally from the third ventricle
play any role in the guidance of axons toward midline, however it is possible that they may
provide an intermediate signal during axonal approach to midline.

The cause of the gap formation in some of the acallosal mice is uncertain. Wahlsten
(1987a) suggested that the formation of this gap may be due to differences in growth rates
between the medial cortex and the adjacent septal areas while midline fusion is delayed.

Differential growth within the brain has been suggested to affect the vasculature within the
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brain (van Overbeeke, Hillen, and Vermeij-Keers. 1994) and to produce the brain’s flexures
(Goodrum and Jacobson, 1981; Pikalow. Flynn. and Searls, 1994). If the migration of septal
cells into the midline region is compromised in these strains, it is certainly plausible to
consider that this would create tensions between different cell layers which would lead to a
degradation of tissue integrity. This stress existing within the tissue could be further
augmented by dynamic tensions produced by the movement of large cell volumes; Silver ¢/
al (1982) have suggested that the influx of subventricular cells into the septal region may
generate tension that causes the medial surfaces of the latcral ventricles to draw in and form
the medial flexure.

The continued presence of a midline cleft extending into the septal region in the
acallosal mice is indicative of the extended time period required for the fusion of the
hemispheres. It is assumed that midline fusion results from the ingrowth of cells to this
region, the forced apposition of the midline membranes, and the subsequent degradation of
these membranes, resulting in “one” continuous structure. However, it is possible that cell
presence in the midline region is normal and that the process of “*fusion” conjoining the two
hemispheres may somehow be deficient. In a study of midline defects within the bodies of
human infants, Martinez-Frias (1995) reported that fusion (closure) defects were the most
frequently observed midline anomaly. Optiz and Gilbert (1982) have proposed that the
mi-dline region in chordates is a primary developmental ficld and that although polygenic
buffering systems are generally adequate in protecting developing systems, their
effectiveness is compromised during midline development, resulting in a high proportion of

midline developmental anomalies. Optiz (1993) further extended this theory to
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blastogenesis, proposing the entire embryo as a primary developmental field, again with
compromised midline buffering, resulting in very severe, usually lethal. defects. as well as
the occurrence of monozygotic twinning. A decreased buffering capacity within the acallosal
strains may play a role in the delayed fusion of the telencephalic midline, Such a theory may
be applicable when considering the decrease in incidence of callosal agenesis in hybrid

offspring from acallosal inbred parents (Wahlsten, Sparks, and Bishop, 1996).
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EXPERIMENT 4
INTRODUCTION

The growth of axons within the developing brain is guided by specific cues in their
environment. These cues have been identified to assume two forms. substrate-bound
molecules which provide guidance through physical contact (see Dodd and Jesscll, 1988;
Hynes and Lander, 1992) and chemotropic factors, released by distant target sites, which
establish diffusible gradients and provide directional guidance to axons (see Tessier-Lavigne
and Placzek, 1991; Tessier-Lavigne, 1992; Tessier-Lavigne, 1994). Contact guidance cues
may provide both permissive (Rauvala and Pihlaskari, 1987; Matsunaga, Hatta, Nagaluchi,
and Takeichi. 1988; Mendez-Otero, Schlosshauer. Barnstable, and Constantine-Paton, 1988)
and repulsive (Fawcett, Rokos, and Bakst, 1989; Stahl, Mueller, von Boxberg, Cox, and
Bonhoeffer, 1990; Raper and Kapfhammer, 1990) information, respectively encouraging or
inhibiting axonal extension into these areas. Experimental evidence has also indicated the
presence of chemoattractive (Heffner, Lumsden, and O'Leary, 1990; Placzek ¢/ al, 1990;
Zheng, Felder, Connor, and Poo, 1994) as well as chemorepulsive factors (Fitzgerald, Kwiat,
Middleton, and Pini, 1993; Pini, 1993). |

Laminin is one of the major extracellular matrix (ECM) glycoproteins providing
permissive contact guidance for developing axons (Liesi, Dahl, and Vaheri, 1984;

Hammarback, Palm, Furcht, and Letourneau, 1985; Hall, Neugebauer, and Reichardt, 1987).
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It has been identified on the surface of glial cells (Liesi, Dahl, and Vaheri, 1983: Faivre-
Bauman, Puymirat, Loudes, Barret, and Tixier-Vidal, 1984); glial cells are thought to
provide structural support for the extension and outgrowth of axons in part due to their
expression of several different guidance molecules on their cell surface (Neugebauer.

Tomaselli, Lilien, and Reichardt, 1988; Smith, Rutishauser, Silver, and Miller. 1990).

in the developing brain including the fornix and corpus callosum (Liesi and Silver, 1988).

In this experiment, immunohistochemical techniques were used to investigate the
presence of glial cells and the ECM protein laminin during the time of growth by
hippocampal axons across the telencephalic midline. Vimentin and glial fibrillary acidic
protein (GFAP) are both intermediate filaments known to be expressed by glial cells
(Lazarides, 1980). Vimentin is the major cytoskeletal protein found in immature glial cells
(Dahl, Rueger, Bignami, Weber, and Osborn, 1981) and its expression has been described
as early as E£12 in rat brain (Bignami, Rajug and Dahl, 1982). In contrast, the expression of
GFAP is not found until about E18 (Bignami and Dahl, 1974; Raju, Bignami and Dahl.
1981; Valentino, Jones, and Kane, 1983), reflecting the differentiation of glial cells into
oligodendrocytes and astrocytes and the resultant onset of myelination (Dahl, 1981). Due
to the variability in midline development already shown in several mouse strains, the
investigation of both vimentin and GFAP expression in the developing midline of mouse
brain remains valid and potentially very useful. Glial cells have also been identified by the
~ presence of J1-31 (Predy, Singh, Bhatnagar, Singh, and Malhotra, 1987), a protein unique

from both vimentin and GFAP; the expression of this protein increases dramatically in



103
reactive astrocytes which are proximal to a site of injury or discase process in the CNS (Eng.
1988; Malhotra, Svensson, Aldskoguis, Bhatnagar, Das. and Shnitka, 1992). While no
external force has been suggested to affect the course of midline development, the midline
region does experience some level of internally generated trauma duc to the fusion of the
hemispheres and degradation of glial and pial rrembrane cells at the midpoint between the
hemispheres. Such activity may produce a response similar to that seen in cases of externally

applied trauma.

METHODS

Four B6D2F, embryos from one litter at gestational age E15.3 with body weights
0.436g, 0.441¢g, 0.471g, and 0.507g, were obtained as described in Experiment I. Each
embryo was perfused intracardially with 3-5mL of 10mM phosphate-buffered saline (pH 7.0)
followed by 10-15mL of 8% paraformaldehyde in 0.1M phosphate buffer (pH 7.6) using a
peristaltic perfusion pump, stereomicroscope, and micropipettes. After gelatin infiltration
(described in Experiment 1), brains were cut coronally at 20-30xm using a microslicer
(DSK - DTK 1500E) and a sapphire knife (Pelco). Sections were stored in 0.1M phosphate
buffer (pH 7.6) and viewed to determine those sections in which the HC was crossing
midline. Adjacent sections were then mounted on slides subbed with 1% gelatin.

Indirect immunofluorescence staining was performed using MAb mouse anti-human
J1-31 ascites fluid (1:500 dilution), rabbit anti-cow GFAP (Dakopatts; 1:1000 dilution),

rabbit anti-mouse laminin (Sigma; 1:1000 dilution), and MAb mouse anti-human vimentin
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ascites fluid (Sigma; 1:300 dilution). Control sections were incubated with normal mouse
and rabbit serum (Sigma) as aj.propriate diluted 1:500 and 1:1000 respectively. Sections
were rinsed in PBS (3x5min) followed by incubation with 30% goat serum for 30 minutes,
and then an additional rinse in PBS (1x5min). Each section was double-labelled using
primary antibodies to J1-31 and GFAP, or laminin and vimentin. After incubation with
primary antibody overnight, sections were washed in PBS (3x15min) followed by incubation
for one hour in secondary antibodies, goat anti-mouse 1gG+IgM conjugated to fluorescein
(Boehringer-Mannheim; 1:100 dilution) and goat anti-rabbit IgG conjugated to rhodamine
(Sigma; 1:100 dilution). Sections were given a final rinse in PBS (1x15min) and then
mounted using buffered glycerol with p-phenylenediamine (Johnson and Nogueira Araujo,
1981). Sections were viewed using a Zeiss epifluorescence microscope equipped with

rhodamine and fluorescein filter sets.

RESULTS

In all sections, antigen staining was clear with no apparent indiscriminate background
staining. All control sections were clearly negative. No antigen staining was observed for
J1-31 or GFAP anywhere in the telencephalon. In contrast, staining for both laminin and
vimentin was apparent throughout the telencephalon. Laminin staining was seen as punctate
stain similar to that shown previously (see Liesi, 1990), whereas fluorescence indicating
vimentin appeared in larger quantities and more widely distributed. The amount of laminin

and vimentin staining was high in the midline region but did not appear to be isolated to any
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particular area or structure. Both antigens were present in the area of the pia membrane, but
also directly adjacent to it, including in the areas where axon pathways were present, making

it difficult to differentiate between cell types.

DISCUSSION

The lack of both J1-31 and GFAP staining indicates that neither antigen is expressed
at E15.5 in B6D2F, mice, or is present at a level too low to be discerned. A masking effect
due to the paraformaldehyde fixation is unlikely because both antigens have been detected
in paraformaldehyde-fixed rat tissue (Predy ¢t a/, 1987). Despite the absence of GFAP, the
abundance of vimentin and laminin would suggest that glial cells may yet be present in the
midline region, however the comprehensive distribution of both laminin and vimentin
throughout the midline region would suggest that neither are unique to glial cells at this age.
Vimentin has been identified in both neural and glial cells early in development (Bignami
et al, 1982; Cochard and Paulin, 1984) and has also been found in cells of both mesenchymal
and non-mesenchymal origin (Schnitzer, Franke, and Schachner, 1981; Yen and Fields,
1981). Besides being an ECM glycoprotein, laminin is also a major component of basement
membranes (Timpl, Rohde, Gehron Robey, Rennard, Foidart, and Martin, 1979) and has
been used to identify blood vessel endothelium in the brain (Bignami, Chi, and Dahl, 1984).

Many other antigens have been identified in the guidance and support of axonal
outgrowth. Perhaps the best known of these antigens is N-CAM (Rutishauser, Acheson,

Hall, Mann, and Sunshine, 1988), however it is thought to be present in higher quantitics
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than laminin (Dodd and Jessell, 1988). Fibronectin (Rogers. Letourneau, Peterson. Furcht,
and McCarthy, 1987), thrombospondin (O’Shea and Dixit. 1988; O’Shea. Rheinheimer. and
Dixit, 1990), tenascin/cytotactin (Grierson, Petroski, Ling, and Geller. 1990; Faissner and
Kruse, 1990). F3/F11 (Gennarini, Durbec, Boned. Rougon. and Goridis, 1991). axonin
(Ruegg, Stocckli, Lanz, Streit, and Sonderegger, 1989), and contactin (Moss and White.
1992) have all been implicated in the guidance and support of axons in the CNS and any or

There are several antigens which may have particular relevance in the investigation
AGf‘ HC and CC formation. Radial glial cells have been identified during the pre-GFAP
expression period in embryos using RC-1 (Edwards, Yamamoto. and Caviness, 1990) and
RC-2 (Misson ¢ al, 1988) antibodies as early as E9-10 in mice and could therefore be used
to identify the growth of cells into the medial septal region. RC-1 and RC-2 have been used
by Silver er al (1993) to demonstrate the presence of glial boundaries existing at the
telencephalic midplane within the mouse and cat brain which are thought to provide a
repellent substrate for the guidance of commissural axons. Keratan and chondroitin sulfate
proteoglycans inhibit axonal outgrowth and have also been identified in similar glial
boundaries (Snow, Lemmon, Carrino, Kaplin, and Silver, 1990; Snow, Steinler, and Silver,

1990; Snow, Watanabe, Letourneau, and Silver, 1991). In the epichordal CNS of embryonic

by commissural axons approaching the floor plate but is replaced by the expression of L1
after crossing through this area (Dodd, Morton, Karagogeos, Yamamoto, and Jessell, 1988).

During this time, the floor plate cells express p35/LC1 (McKanna and Cohen, 1989;
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McKanna, 1993a) and F-spondin (Klar, Baldassare, and Jessell. 1992) which may act as
substrate adhesion molecules. Although the floor plate ends at the rhombencephalon -
mesencephalon junction (Jessell, Bovolenta, Placzek, Tessier-Lavigne. and Dodd. 1989).
LC1 has also been identified on glial cells during commissure formation in prechordal arcas
such as the optic chiasm and infundibular decussation (McKanna, 1993b).  Another antigen.
the limbic associated membrane protein (LAMP), has been found in the neuronal soma.
dendrites and axons originating from regions in the limbic system (Levitt, 1984). The
discovery of this antigen on developing axons and their target cells in embryonic rat suggests
that it may play a role in initial pathway determination and has been implicated as one of the
important molecular components necessary for the formation of proper connection between
limbic system regions (Horton and Levitt, 1988 Zhukareva and Levitt, 1995).

The early outgrowth of hippocampal axons from the fornix columns towards the
telencephalic midline suggests the presence of a chemoattractant factor. Several such
chemotropic factors have been identified. Nerve growth factor (Johnson and Taniuchi, 1987)
has been shown to affect the direction of regenerating axons (Gundersen and Barrett, 1979)
but not developing (embryonic) axons (Davies, 1987; Hoyle, Mercer, Palmiter and Brinster,
1993). Netrins have been identified as attractant factors released by the floor plate to direct
commissural axon growth towards the midline during development of the spinal cord
(Serafini, Kennedy, Galko, Mirzayan, Jessell, and Tessier-Lavigne, 1994; Kennedy, Serafini,
de la Torre, and Tessier-Lavigne, 1994) and hindbrain (Shirasaki, Tamada, Katsumata, and
Murakami, 1995), and may also act as a repulsive factor on other axons to dircct them away

from the floor plate (Colamarino and Tessier-Lavigne, 1995). Similarly, cells of the septal
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midline are thought to emit a diffusible chemorepellent that acts to prevent the passage of
olfactory axons through this region (Fitzgerald et al, 1993; Pini, 1993).

The use of in vitro designs with the meninges or the medial septal cells may provide
insight into their effect on axonal outgrowth. However, given the number of compounds that
may play a role in the outgrowth of axons, any such investigation into the possible effectors

of this growth would require an extensive amount of time and effort and should be

considered as worthy of a separate thesis project, or indeed an entire research program.
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EXPERIMENT 5

INTRODUCTION

Neural plasticity may effect functional recovery when structural morphology is
altered during abnormal development of the brain. Congenital absence of the corpus
callosum (CC) arises from a defect in the formation of the substrate that normally guides the
callosal axons across the telencephalic midline (Silver er al, 1982: Wahlsten, 1987a; results
from Experimeﬁt 1). Although this defect is hereditary, it is not developmentally fixed:
instead, the plasticity in this developing system allows animals with identical genotypes to
display a wide range of phenotypic expression. Hippocampal commissure (HC) formation
in most embryos from acallosal strains is retarded, vet mest adults demonstrate normal a HC
structure, suggesting an ability to recover from these early structural deficits. In contrast,
callosal structure in some mouse strains can range from decreased CC size to total callosal
absence. Callosal axons that do not cross midline form a new structure, the Probst bundic
(Probst, 1901), which runs longitudinally just lateral to the longitudinal fissure (Wahlsten,
1987a; Ozaki and Shimada, 1988).

Despite the absence of this large interhemispheric communication route, very few
behavioural deficits are obvious both in animals (Lipp', Waanders, Berther, Glanzmann, and
Bolla, 1989; Lipp and Waanders, 1990; Gruber, Waanders, Collins, Wolfer, and Lipp, 1991;

Schmidt, Manhaes, and DeMoraes, 1991; Lipp and Wahlsten, 1992), and in humans
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(Ettlinger, Blakemore, Milner, and Wilson, 1972; Ferris and Dorsen, 1975; Milner and
Jeeves, 1979; Chiarello, 1980; Milner, 1983; Lassonde ef a/, 1991; Sauerwein et al, 1994).
This is in contrast to surgical transection of the callosum, . ::ien used in the control of
epileptic seizure activity in humans, which results in many readily discernible behavioural
deficits including access to language centres (Sperry, Gazzaniga, and Bogen, 1969), memory
decreases (Sass, Novelly, Spencer, and Spencer, 1988), reduced speed and accuracy of tactile
discrimination (Lassonde, Sauerwein, Geoffroy, and Decarie, 1986), decreased motor
performance and coordination (Preilowski, 1977; Chen, Campbell, Marshall, and Zaidel,
1990; Provinciali, DelPesce, Censori, Quattrini, Paggi, Ortenzi, Mancini, Papo, and
Rychlicki, 1990), and reduced depth perception (Mitchell and Blakemore, 1970; Jeeves,
1991). Although some recovery from the effects of transection in adults is apparent due to
neural plasticity and learned effects (Sperry, 1968; Lassonde, Ptito, and Lepore, 1990;
Jinkins, 1991; Reeves, 1991), this deficit recovery does not result in the same level of deficit
attenuation as expressed in callosal agenesis.

This difference in expressed behavioural deficit suggests that more effective
compensatory mechanisms are employed in the developmental defect. In a study of human
patients, Persson (1970) could not find any disturbance in the transfer of information
between hemispheres despite complete agenesis and proposed that extracallosal pathways
wér;: used. Several researchers have suggested that the anterior commissure (AC) acts as this
route in humans (Loeser and Alvord, 1968; Bossy, 1970; Ettlinger, Blakemore, Milner, and
Wilson, 1974; Chiarello, 1980; Muente and Heinze, 1991). Monotremes and marsupials

have no corpus callosum and the anterior commissure provides the main route of
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interhemispheric communication (Ebner, 1967; Ebner, 1969; Heath and Jones, 1971
Granger et al, 1985). Hypertrophy of the AC in acallosal patients has been reported by
Loeser and Alvord (1968), Geschwind (1974), Stefanko and Schenk (1979), and Fisher,
Ryan, and Dobyns, (1992). Rauch and Jinkins (1994) reported an increase in AC arca in
10% of patients with callosal agenesis but a decrease in AC area in another 10% of patients.
hamsters with surgically induced agenesis, suggesting a reorganization of the
interhemispheric connections in acallosal animals. However, no evidence for such
reorganization has been found in mice with hereditary callosal absence (Wahlsten and Jones,
1983; Ozaki, et al, 1987; Ozaki and Wahlsten, 1993; Olavarria, Serra-Oller, Yee, and van
Sluyters, 1988, 1994).

If the anterior commissure ig being used to compensate for the loss of the corpus
callosum, it would be expected that the number of axons in the AC would increase to manage
the increased communication volume, thus increasing AC size. In this study, AC sizc,
number of axons, and axon diameter have been compared between acallosal and normal mice
using electron microscopy. !;‘The number of unmyelinated axons present in the anterior
commissure of acallosal mice was found to be higher than that in normal mice but this higher

in the diameter of these axons.



METHODS

Animals

The subjects were the F, offspring from hybrid 129CF, parents (129/Rel] females x
BALB/cWah! males), bred and raised at the University of Alberta, and two recombinant
inbred (R1) lines obtained from 129CF, pairings. The callosal defect is expressed variably
in both BALB/cWah! and 129/ mice (Wahlsten, 1982d; Wahlsten, 1987a; Ward et al, 1987,
Livy and Wahlsten, 1991), and about 25% of their F, offspring express 100% total CC
absence (Wahlsten and Schalomon, 1994, and unpublished observations). The recombinant
inbred lines used were propagated at the University of Alberta and were in their sixth
generation of inbreeding (Wahlsten and Sparks, 1995). Rl Line #1 has complete absence of
the CC similar to that seen in the strain I/LnJ (Lipp and Waanders, 1990; Livy and Wahlsten,
1991). RI Line #22 has consistently shown normal callosal structure. Normal CC and AC
development was confirmed by comparison with the F, offspring from hybrid B6D2F /J
parents (C57BL/6] females x DBA/2J males) obtained from the J ackson Laboratories, Bar
Harbor, Maine, at 7-8 weeks of age, then raised and bred at the University of Alberta. These
mice have often been used to demonstrate normal development and have never been found
to have any developmental defects in brain architecture (Wahlsten, 1987a; Wahlsten and
Smith, 1989; Ozaki and Wahlsten, 1992; results from Experiment 1).

Chip bedding (Northeastern Products Corp., Warrensburg, New York) with a few sheets of
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tissue added. Mice were allowed free access to food (non-autoclaved Wayne Rodent Blox
8604) and tap water. Room temperature was maintained at approximately 23°C witha 12/12
hour light cycle (lights on at 6 am).

5

Histology and Microscopy

Adult mice (see Table 5.1) were euthanized with sodium pentobarbital (120 mg/kg.
IP) and immediately perfused intracardially with about 10mL of 10mM phosphate-buffered
saline (pH 7.6) followed by 80-100mL of fixative consisting of 3% paraformaldehyde, 1.5%
glutaraldehyde and 0.02% CaCl, in 0.1M cacodylate buffer (pH 7.2). The brains were
processed as two groups with slightly different methodologies. B6D2F, and 129CF, brains
were immediately extracted, trimmed, and weighed to the nearest mg (see Table 5.1), They

were then post-fixed overnight in the same fixative. The following day the brains were

blocked sagittally and 25-30m sections were cut using a microslicer (DSK - DTK 1500[)
and a sapphire knife. Sections were collected in 0.1M cacodylate buffer and immediately
viewed to determine the midsagittal section. The sections immediately preceding and
following the midsagittal section were removed and further processed for electron
microscopy. The remaining sections were stained using gold chloride (Schmued, 1990) to
determine the size of the CC and HC. Sections for EM were placed into 4% glutaraldchyde
in 0.1M cacodylate buffer (pH 7.2) at 4°C overnight, then rinsed in 0.1M cacodylate buffer
(3x15min) and placed on poly-L-lysine coated coverslips. They werc then coated with 2%

gelatin in 0.1M cacodylate buffer and the gelatin was allowed to set. The gelatin was fixed
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using 4% glutaraldehyde in 0.1M cacodylate buffer for 30-45 minutes.

Brains from RI-1 and RI-22 mice were immediately extracted and postfixed
overnight in the same fixative. The following day the brains were trimmed and weighed to
the nearest mg (sec Table 5.1). The brains were then bisected in the midsagittal plane. The
left hemispheres were stained using gold chloride and measured using a Java video image
analysis system (Jandel Scientific) to determine CC and HC midsagittal area. Right
hemispheres were blocked parasagittally und further trimmed to reduce the cutting surface
section, were cut at 50um using a microslicer and steel knife into 0.1M cacodylate buffer.
Sections were placed into fresh 0.1M cacodylate buffer for about 4 hours, and then on 1%
gelatin (aq) coated coverslips. They were then coated with 2% gelatin in 0.1M cacodylate
buffer and the gelatin allowed to set at 4°C for 4 hours. After trimming excess gelatin, the
remaining gelatin was fixed using 4% glutaraldehyde and 0.02% CaCl, in 0.1M cacodylate
buffer at 4°C overnight.

All sections were further trimmed to leave a small square containing the AC that
would fit within the embedding mold, rinsed (2x10min) in 0.IM cacodylate buffer and
postfixed with 1% 0s0,, 1.5% K;Fe(CN), and 0.02% CaCl, in 0.1M cacodylate buffer for
3 hours. This was followed by rinsing (3x10min) in acetate buffer (pH 5.2) and en bloc
staining in 2% uranyl acetate (aq) in 0.1M sodium acetate for 45 minutes and then an
additional acetate buffer wash (2x15min). Sections were then dehydrated through an ethanol
series (1x10min 50%; 1x10min 70%; 2x10min 90%; 2x10min 95%; 2x15min 100%) and

then rinsed in propylene oxide (2x15min). They were infiltrated with a graded series of
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Epon 810 beginning with a 1:2 mixture of Epon and propylene oxide, and ending with pure
Epon which was left on the sections for 24 hours and trimmed to the size of the gelatin block.
Fresh Epon was then applied to the section and an embedding mold was lowered over cach
section and filled with fresh Epon which was allowed to cure for 48 hours at 60°C. After
curing, the embedding mold was removed and the block dipped in liquid nitrogen to remove
the coverslip from the block face.

Tissue blocks were trimmed to expose the anterior commissure and thick sections
(about 1.4m) were cut using glass knives on a Reichert-Jung Ultracut E ultramicrotome and
stained using Toluidine blue O at 60°C for 15 seconds. A Leitz Laborlux microscope with
a drawing tube attachment was used to make detailed tracings of the AC arcas from these
sections at a magnification of 400x (Fig. 5.1). Thin sections (90nm gold) were cut using a
DuPont diamond knife in the same microtome. Sections obtained were picked up on 1,000
mesh cnpper grids and stained for 2 hours with 4% uranyl acetate (aq) and for | minute with
Sato's lead citrate (aq).

Thin sections were viewed on a Philips 400 TEM at a magnification of 1,800x.
Fifteen photos were taken of the anterior part of the AC (AAC) and 10 from the posterior
part (PAC). Photos were shot using 35mm film at the approximate middle of the grid pore.
Grid pores were selected to provide an evenly spaced distribution of the AC; care was taken
to avoid the AC edges, the junction between the AAC and PAC and grid pores that contained

tissue anomalies due to processing.
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Fig. 5.1. Midsagittal Morphology of the Mouse Anterior Commissure. A midsagittal tracing
of the anterior commissure of a 129CF, mouse showing the relative sizing of the AAC and
PAC areas, as well as the size and positioning of an unmyelinated axon field which may

comprise part of the commissural section of the stria terminalis.



117

KEY

ESXSXY  Unmyelinated Axon Fields

BM Cell Bodies

Bicod Vessels




118

Axon Counts and Measurements

Counts and diameters were measured blind to the identity of the mouse. Kodabrome
RC 111 glossy paper developed in a Rapidoprint DD 5400 automated printer was used to
produce 8x10 prints from the approximate middle of the negative at an enlargement factor
of 9.2x. The counting region was outlined in the middle of the print using a 15.1cm x
20.1cm counting template and the number of myelinated and unmyelinated axons within the
outline was counted. Of the axons touching the border of the template, only those touching
the top or left border were included in the count.

Axon diameters were measured separately for myelinated and unmyelinated axons.
Two 15.1cm x 20.1cm templates were prepared with fine wire producing a grid with 12
intersection points. These points differed for each template. A coin toss was used to
determine which template was to be used, and this template was lain over the outline from
the counting template. The diameter of the axon closest to'the grid intersection was
measured. The diameter of non-spherical cross-sections was considered to be the largest

distance across the shorter of the axon’s outline dimensions.

Statistics

Axon counts were extrapolated to the appropriate area to give a final count. Multiple
regression was used with effect coding to test main effects of corpus callosum presence

(129CF, acallosal and RI-1 mice vs. 129CF, normal and RI-22 mice) and genetic background
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(129CF, vs. recombinant inbred), as well as their interaction. on morphometric and axon
count data. Differences in axonal diameter were tested using t-tests with diameter means.
and Mann-Whitney U nonparametric tests with the diameter distributions. All statistics were

performed using SPSS for Windows v6.1.

RESULTS

A total of 15 mice were included in the study, 3 from B6D2F,, 3 normal and 2
acallosal 129CF, mice, 4 from RI-1, and 3 from RI-22 (see Table 5.1). Fixation quality was
excellent in most animals, enabling the distinction between axonal type and extra-axonal
tissue (Fig. 5.2a). Differentiation between the AAC and PAC was facilitated by the

increased quantity of myelination in the AAC (see Fig. 5.2b; Sturrock, 1976). The external

In both normal and acallosal brains, very dense fields of unmyelinated axons were scen in
certain areas around the perimeter of the AC (see Fig. 5.2¢). These fields were quite distinct
from the AC proper due to a lack of myelinated axons and by the consistency in the shape
These fields of unmyelinated axons were not included in the area measurements or axon
counts, because it is likely that they are part of the commissural division of the stria
terminalis which crosses midline in close association with the AC (Sidman, A;gcvinei and

Taber Pierce, 1971; DeOlmos and Ingram, 1972).
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Fig. 5.2, Ultrastructure of the Mouse Anterior Commissure. (a) PAC area of a B6D2F,
mouse showing fields of myelinated (m) and unmyelinated (u) axons, as well as an
oligodendroglial cell (0). (b) AAC area from the same mouse showing the higher proportion
of myelinated axons. The fields of unmyelinated axons seen around the perimeter of the AC
are shown in (¢). Note the consistent size and shape of these axons; these axons are likely

part of the commissural division of the stria terminalis. (Scale: 1um)
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Morphometric Measurements

Multiple regression was used to test for a main effect of sex on AC morphology and

axon count data; no significant effect of sex was found so mice were pooled in two groups

as follows:

normals - 129CF, normals + RI-22

acallosals - 129CF, acallosals + RI-1

A comparison of midsagittal AC area and total AC axon number between the normals and

L]
=

the B6D2F, mice indicated these two groups did not differ and therefore it was assumed that
the normal group provided an adequate estimation of normal development for comparison
to the acallosal group.

Brain weight of B6D2F, mice was lower than in the normals (p=0.037) but this was
reflective of the smaller body size of these mice and did not result in a significant difference
in corpus callosum area (see Table 5.1). No difference in brain weight was evident between
the normals and acallosals; however an expected decrease in HC arca was found in the
acallosal animals (p<0.0001). Callosal agenesis may result from a defect in the traverse of
the telencephalic midline by hippocampal axons forming the hippocampal commissure and
therefore animals with callosal absence are often accompanied by a defect in HC structure
(Livy and Wahlsten, 1991; Wahlsten and Bulman-Fleming, 1994).

AC measures were not corrected for the shrinkage caused by the rigorous fixation
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protocol required for electron microscopy. AC tissue from both acallosal> and normals
underwent identical fixation protocols, and area measures obtained were compared between

the two groups. No difference in midsagittal AC area was found between the normals and

Axon Numbers

Axon counts from the entire AC are shown in Table 5.2. The total number of axons
in the acallosal animals was 15.7% higher than in the normal animals (529.073 vs. 457,381,
p=0.0003). This difference was specific for the number of unmyelinated axons (419,271 vs.
353,539; p<0.0001). Although the 129CF, acallosals had a greater number of myelinated
axons than the 129CF, normals, as a group the acallosals did not differ significantly from the
normals. RI mice did have more myelinated axons than the 129CF, mice (113,517 vs.
97,448; p=0.02); however Sturrock (1976) has reported an increase in the number of
myelinated axons in older animals. A corresponding increase in unmyelinated axon number
was found in the 129CF, animals (408,495 vs. 370,627, p=0.0012).

Because the AAC and PAC arise from different origin sites (Jouandet and
Hartenstein, 1983); it is possible that the difference in axon number may be present in only
one of these areas. Axon numbers for the anterior part of the AC are shown in Table 5.3.
The differences found in the AAC were similar to those found in the total AC. Acallosal

animals had a 17% greater total number of axons (256,203 vs. 219,040; p=0.0026) and this
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difference was again specific for the number of unmyelinated axons (188,619 vs. 155,122;
p=0.0004). An effect of genetic background was only present in the comparison of
unmyelinated axon numbers, 129CF, animals having a greater number than the RI strains

(184,210 vs. 163,056; p=0.0064).

animals had a 15.3% greater total number of axons than the normals (275,841 vs, 239,324,
p=0.034). No difference in myelinated axon number was found between the acallosals and
normals, but was again found between the RI strains and the 129CF, animals (p=0.018). A
significant interaction between genetic background and callosal absence was found for the
number of unmyelinated axons (p;OiQﬁil ); axon number was similar in the 129CF, normals

and acallosals, but in the RI strains. RI-1 mice had a much larger number of axons than the

RI-22 mice.
Reliability Measures

Two series of blind axon recounts of myelinated and unmyelinated axons were made
to determine the reliability of the counting protocol. For both series of recounts, fifteen
photographs were selected (one from each brain) to cover a range of original axon counts;
different photographs were selected for each series. In the first series, recounts were
performed using the same area outline to determine if the criteria used to differentiate
between axon types and extracellular material was reliable. The correlation between the

original counts and the recounts for myelinated axons was 0.995 and for unmyelinated axons
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was 0.978, indicating an excellent count-recount reliability. In the second recount series, the
area outline from which the counts were made was moved to a different location of the
photograph to determine if the axons counts obtained for each brain was a reliable estimation

of the actual axon number. Again, the correlations between the original counts and recounts

counts obtained were indeed excellent estimates of the actual number of axons contained

within each area being measured.

Axon Densities

axon densities of the AC as a whole. The results support those from the axon counts, with
acallosal mice having a higher density of unmyelinated axons than normal mice (p = 0.026);
no differences in myelinated axon density were apparent. Similarly, the unmyelinated axon
density in the AAC (Table 5.6) was higher in acallosal mice that in normal mice (p = 0.021).
A similar pattern was seen in the PAC (Table 5.7), but the difference was not significant.

It is interesting to note that the effect of genetic background was greater in the axon density

data than in the axon count data, with a higher density usually present in the 129CF, mice.

Axon Diameters

One explanation for the existence of more axons in the anterior commissure of
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acallosal animals without a corresponding increase in AC size, is a reduction in the diameter
of the axons in these animals. Mean axonal diameters are shown in Table 5.8. Examination
using one-tail t-tests indicated that unmyelinated axon mean diameters were indeed lower
in the acallosal animals than in the normals (t=2.59, df=10, p=0.014), a diffcrence that was
maintained for both the AAC (1=2.37. df=10, p=0.020) and the PAC (1=1.89. di=10,
p=0.044). No differences were found in the diameter of myclinated axons.

The distributions of myelinated and unmyelinated axon diameters for both the
acallosal and normal animals are shown in Figs. 5.3 and 5.4 respectively. The group
distributions were created by adding, or overlaying, the distributions of individual animals
within a group. A relatively high proportion of axons was of smaller diameter, producing
diameter distributions that were positively skewed. As reported by Sturrock (1976). no
axons less than 0.24..m in diameter were myelinated; however about 4% of the unmyelinated
axons were larger than 0.6um, the largest being 1.5.0m. A visual analysis of the distributions
indicates no apparent differences between acallosal and normal animals for the distribution
of myelinated axons, a result supported by Mann-Whitney U nonparametric tests. In
contrast, Mann-Whitney U analysis indicated that the distribution of unmyelinated axons in
the acallosal animals is shifted toward the range of smaller diameters (p<0.0001), a
difference that is maintained in both the AAC (p=0.0007) and PAC (p=0.0004). These
differences support the t-test results, suggesting that the diameters of the unmyelinated axons

in the acallosal animals are reduced.
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diameters is shown in normal CC (top) and acallosal (bottom) mice. A mean-centered
normal curve is superimposed on the distributions to assist the comparison between the
normal and acallosal mice. The shape and position of the average diameter distributions of
myelinated axons are similar in both normal and acallosal mice, suggesting no difference

between them, which was supported by statistical testing.
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Fig. 5.4. Unmyelinated AC Axon Diameters. The average distribution of unmyelinated axon
diameters is shown in normal (top) and acallosal (bottom) mice. A mean-centered normal
curve is superimposed on the distributions to assist the comparison between the normal and
acallosal mice. The extrapolation of axon diameter measurements resulted in no axons
measuring within the 0.25.m range resulting in the gap seen in the histograms, however as
this is consistent for both normal and acallosal mice, this does not affect the comparison of
their distributions. The average diameter distribution of unmyelinated axons in acallosal
mice shows more kurtosis than that shown in the normal mice and is also shifted towards the
range of smaller diameters. This smaller diameter of unmyelinated axons in the acallosal
mice may enable more axons to pass through the AC without significantly increasing the AC

area.



Frequency

Frequency

500

400

3001

200+

1007

oL

Normal Mice
Unmpyelinated Axons

5001

400+

3004

200+

100+

Acallosal Mice
Unmyelinated Axons

725 825

Axon Diameter (um)

925 1.025 1.125 1225 1325




DISCUSSION

The results clearly show a large increase in the number of axons in the anterior
commissure of acallosal mice. Although this increase was specific for unmyelinated axons,
it was found in both the anterior and posterior halves of the AC. The increase in the number
of unmyelinated axons was accompanied by a decrease in the diameter of these axons,
resulting in no net increase in AC size. Although some differences were noted in the number
of myelinated axons, none were statistically significant. Similarly, no differences were noted
acallosal animals.

The increase seen in unmyelinated axon number is far less than the number of

interhemispheric axons lost due to the absence of the corpus callosum. Tomasch and

mouse but this estimate was severely compromised by the lack of resolution afforded by light
microscopy. Extrapolating the number of callosal axons in the rat (12 million in 2.563mm?,
Gravel ef al, 1990) to the mouse provides an estimate of 3.5 million in B6D2F, mice and 4.3
million in 129CF, mice; a rough estimate using direct callosal axon counts found about 7.1
million in a 42 day old female B6D2F, mouse (see Appendix A).

The increase in unmyelinated axons through the AC may help to compensate for this
loss of callosal axons by improving the efficiency of information transfer between the
hemispheres in the acallosal animals. However, the large net loss in commissural axon

numbers, particularly myelinated axons, may explain the increased time required for
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information transfer between hemispheres in humans (Jeeves, 1969; Milner, Jeeves, Silver,
Lines, and Wilson, 1985; Jeeves, Silver, and Jacobsen, 1988).

The critical question of where these "extra" axons come from still remains. Although
the higher numbers may be suggestive of re-routing by callosal axons through the anterior
commissure, a recent study using retrograde labelling of AC axons in acallosal mice has not
shown this to occur (Lent, personal communication), supporting previous findings by
Wahlsten and Jones (1983), Olavarria er af (1988) and Ozaki and Wahlsten, (1992). All
labelled axons were traced back to normal sites of AC origin, showing qualitatively normal
patterns of labelling, except in the anterior piriform cortex where a clear deficit was snlmwn
in both BALB and 129CF, mice, regardless of callosal size.

The plasticity in the number of AC axons may be due to transient branching of fibres
within the AC. similar to that shown by callosal axons in the hamster (Khadim, Bhide, and
Frost, 1993). Alternatively, the results could be explained by a decrease in the amount of
axon elimination after an initial period of overabundant proliferation. Axon elimination
following a period of rapid axon production during early development has been shown in the
corpus callosum of the rat (Gravel and Hawkes, 1990; Gravel et al, 1990), cat (Berbel and
Innocenti, 1988), and monkey (LaMantia and Rakic, 1990b). Similarly, a developmental
elimination of AC axons has been reported in monkeys (LaMantia and Rakic, 1994) and
opposums (Cabana and Martin, 1985). However, in both rats (Berbel, Guadafio-Ferraz,
Angulo, and Cerezo, 1994; Guadaiio-Ferraz, Escobar del Rey, Escobar, Innocenti, and
Berbel, 1994) and hamsters (Lent and Guimardes, 1991) this elimination of AC axons was

not apparent; this may have been due to a simultaneous production and elimination of axons
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resulting in no net change in axonal number, similar to the pattern of development seen in
the rat CC (Gravel and Hawkes, 1990). In the mouse, the mid-sagittal arca of the AC
increases rapidly during development to about 6 days afier birth (Wahlsten, 1984). Sturrock
(1976) found that myelination of AC axons starts at about P8 - P9 in ASH/TO mice, and
continues rapidly to about P50. During this time, the size of the AC remains relatively
12% of axons in the PAC and in 27% of axons in the AAC, there is also a gradual decrease
in axon number from P6 - P30. This suggests that the mouse also undergoes an climination
of AC axons during normal development, and it is possible that the number of axons
eliminated is reduced when the CC is absent.

bicommissural axons from the lateral cortex of developing hamsters which project through
both the corpus callosum and the anterior commissure. These bifurcating axons are not seen
in the adult, suggesting that one branch is eliminated during development. It is possible that
callosal agenesis would favour the survival of the axonal branch travelling through the AC.

The anterior commissure provides interhemispheric transfer of visual, auditory,
olfactory, and mnemonic information in animals (Black and Myers, 1964; Pandya, Hallett,
and Mukherjee, 1969; Sullivan and Hamilton, 1973; Butler, 1979; King and Hall, 1990;

Kucharski, Burka, and Hall, 1990) and humans (Risse, LeDoux, Springer, Wilson, and
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Gazzaniga, 1978 - but sce McKeever, Sullivan, Ferguson, and Rayport, 1981). Although
similar functions are performed by the corpus callosum, cortical areas served by these two
commissures have in some cases been found to be distinct (Zeki, 1973). The unique use of
the anterior commissure as an extracallosal commissural pathway would not provide the
level of compensation generally seen in acallosals, and it is probable that the uses of all other
commissures are also enhanced. Ettlinger and Blakemore (1969) suggested that the posterior
commissure and superior colliculus mediate the interhemispheric transfer of colour and
intensity discrimination in cats and monkeys. Work by Sergent (1986, 1990) and Milner
(1994) has indicated the importance of subcortical pathways for the transfer of visual
information. An increased bilateral representation of function in the brain, an increased use
of ipsilateral pathways, and the use of behavioural cross-cuing have also been proposed to
assist in the compensation of interhemispheric function (Jeeves, 1992). No one form of
compensation appears to be sufficient to explain the extent of recovery of function displayed
in acallosals, and Chiarello (1980) has suggested that all four mechanisms may be involved.
These may be accompanied by a general re-organization of cortical communication to
improve the efficiency of interhemispheric transfer. Surgical lesion often produces a
reorganization of axonal and dendritic connections leading to some form of functional
recovery (Steward, 1984) and it is possible that the loss of connections by a more natural
occurrence may elicit the same effect. In fact, Wolff and Zaborszky (1979) have
demonstrated functional recovery after surgical lesion due to the plasticity of callosal
connections in the rat cortex.

Electron microscopy has shown that the number of AC axons is higher in mice with
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complete absence of the CC. This is the first direct and consistent morphological evidence
supporting a compensatory role for the anterior commissure in callosal agenesis. AC axon
counts in mice with callosal dysgenesis will indicate whether a total absence of callosal
fibres is necessary for the increase in AC axon number, or whether the few callosal axons
that do manage to cross midline are sufficient to maintain effective interhemispheric
communication. Olavarria ef al (1988) have shown that the abnormally small callosum that
forms in callosal dysgenesis maintains the topographic pattern of connectivity seen in normal
development, permitting interhemispheric communication in all areas of the cortex.
However a large net loss of axons would still be evident and further investigation would
determine whether the increase in AC axon number is maintained in animals with callosal
dysgenesis or whether there is a smaller increase in number that is correlated with the size
of the callosal remnant. Similarly, a developmental series of axon counts in both normal and
acallosal mice would be useful for comparing the patterns of proliferation of AC axons to
determine when the axonal increase occurs in relation to the callosal defect and to determine
whether there is a critical period for the effect of callosal absence to affect AC morphology,
similar to the critical period during which callosal absence affects visual cortex development
(Elberger, 1988). Such information would provide insight into the brain’s ability to alter its

structure in response to developing anomalies.
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SUMMARY AND CONCLUSIONS

Agenesis of the corpus callosum has been used as a model to study the guidance of
commissural axons during their traverse of the interhemispheric region in the brain and the
disrupted. Several important and unique discoveries have been described within the scope
of the present research.
commissure were described in both normal and acallosal strains of mice. Axons of this
commissure cross midline immediately prior and ventral to axons of the corpus callosum,
and the HC has been suggested as a possible substrate for callosal axons during their midline

traverse. Therefore, the interaction between hippocampal and callosal axons was also

telencephalic midline at the base of the longitudinal fissure in association with the pia
membrane at about 0.35g body weight. These axons were initially prevented from crossing
due to the presence of the interhemispheric fissure which extended deep into the septal
region. Callosal axons were first seen crossing midline at 0.62g body weight, approximately
29 hours after the HC axons. These early callosal axons were identified fasciculating along
and between existing hippocampal axons at the dorsal surface of the hippocampal
commissure. It is important to stress that this is the first time direct evidence has been

demonstrated to support the use of the hippocampal axons by early callosal axons to cross
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midline in normal mice. No callosal axons were seen to cross midline on top of a cellular
formation.

In acallosal strains, the continued presence of the interhemispheric fissure deep
hippocampal axons for an extended period of time. The delay in fissure fusion and
subsequently of midline crossing by HC axéns was found to be longer in strains with a
higher incidence of callosal defect. These results suggest that callosal agenesis may be a
secondary defect resulting from a primary defect occurring during the time of HC formation.

The delay in HC formation in acallosal mice was related to the continued presence
of the interhemispheric fissure at midline. An attempt was made to determine the cause of
(1994) did find a retardation in the rate of rostral growth of the septal region in acallosal
strains, results from the present study indicated that this retarded growth was not the result
of a difference between normal and acallosal mice in the number of cells in mitosis in the
neuroepithelium of the third ventricle. Qualitative observation suggested a similar lack of
difference between strains within the medial neuroepithelium of the lateral ventricles and in
general cytoarchitecture.

These experiments described the structure of the midline region and the activity and
interactions of the commissural axons as they approached and crossed the telencephalic
midline. In Experiment 5, the consequence of the failure of CC axons to cross midplanc was

addressed. The absence of the corpus callosum represents the loss of a large
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interhemispheric communication route, yet it produces relatively few behavioural deficits.
The plasticity inherent in developing systems suggests that structural morphology could be
altered to compensate for this loss of axons. In non-placental mammals the anterior
commissure provides the largest route for interhemispheric axon travel and has been

suggested to act as a compensatory route for interhemispheric communication in placental

compared between normal and acallosal mice.

The number of axons in the AC of acallosal mice was higher than that in normal
mice, a difference specific for the number of unmyelinated axons. Despite this higher
number of axons, the midsagittal area of the AC in acallosal mice did not differ significantly
from that in normal hybrids. This was likely possible due to a smaller diameter of the
unmyelinated axons in the acallosal mice. Again it should be stressed that this is the first
time that direct and conclusive evidence has been reported for use of the AC as a mechanism
to compensate for the loss of the callosal communication route.

Despite the importance of these observations, several issues remain unresolved.
Early callosal axons were observed crossing midline on top of the hippocampal commissure
but it is possible that they may cross elsewhere in some normal brains. Indeed, callosal
axons did not cross as a bundle in one location but rather were dispersed in different
locations on top of the HC. In more mature brains, a main bundle of callosal axons was
observed réstral and dorsal to the HC which brings into question the role of those axons atop

the HC; these axons may serve to guide following callosal axons, they may signal the
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to the crossing of following callosal axons. Although an attempt was made to maximize the
number of callosal axons labelled, it is possible that such labelling was incomplcte. A more
extensive labelling protocol would ensure that all callosal axons are labelled to help dispel
doubts pertaining to present, but unlabelled, callosal axons.

Intimate contact between the early callosal axons and HC axons was directly
observed in only one brain; although certainly suggestive of a facilitatory role for HC axons,
this observation will have to be repeated to determine whether this is the usual method of
crossing. It is also possible that this intimate contact was mediated by glial processes. Glial
structures identified at the midline of the developing brain and spinal cord are thought to
provide a guiding substrate for commissural axons (Silver, 1993). The use of existing axons
by callosal axons during their traverse of midline is a major departure from this guidance
mechanism that is apparently well-utilized by other commissural axons. Glial cells likely
guide early callosal axons towards the midline; cell bodies were not identified to form a
ventral bridge across the midline region but this does not preclude the existence of glial
processes which may extend between the hemispheres as a guiding substrate (see Silver er
al, 1993).

Similar questions remain regarding the specific substrate utilized by early
hippocampal axons during their traverse of midline, which appeared in close apposition with
the pia membrane lining the longitudinal fissure. The nature of this relationship, and that
between the HC and early CC axons, was examined in Experiment 2 using electron
microscopy but did not produce definitive results. Repetition of this study with the use of

a refined technique (see Experiment 5) may provide more information about these
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relationships. Immunofluorescent techniques were used in Experiment 4 to identify the

been identified in axon guidance, as well as one (J1-31) which has been identified at CNS

trauma sites. Both laminin and vimentin were present at the midline in abundant quantities.

guidance of the commissural axons. The absence of GFAP in the midline region likely
indicates that the age of these animals was too young to demonstrate the presence of GFAP
antigen (Bignami and Dahl, 1974; Raju et a/, 1981; Valentino et al, 1983). The absence of
J1-31 may indicate the lack of any trauma response at midline resulting from the fusion of

the guidance of axons and a thorough investigation into the presence of these antigens is

critical for understanding their potential role in the guidance of hippocampal and callosal

be the cause of the delay in the traverse of midline by the hippocampal axons in acallosal
strains, but the reason for this continued presence remains unclear. A decrease in septal
growth may result in a delay in hemispheric fusion and the amplification of differential
growth rates between adjacent tissues in the septal region, both of which may serve to retard
the midline development. A decrease in the mitotic index of neuroepithelial cells from the
lateral ventricles would result in a decrease in septal growth, however a precise method of
determining coronal position will be required to provide an accurate comparison of this



measure between normal and acallosa! mice. Septal growth may also be affected by an
aberrant migration pattern of post-mitotic cells from the third and lateral ventricles toward
the midline region. As described in Experiment 3, the use of BrdU to observe cell migration
was not found to be suitable for the present study; however, BrdU-labelling did prove to be
an effective marker for identifying cell position and movement and may be considered to be
superior to such methods as cell-marking with *H-thymidine due 1o the possibility of its use
The increase in the number of AC unmyelinated axons in acallosal mice occurred in
the absence of a significant concurrent increase in AC size. This increase in number was
accompanied by a decrease in mean axonal diameter, yet it is possible that this decrease in
axonal diameter does not adequately compensate for the higher number of axons and that
differences must also be present in the amount extra-axonal tissue present in the AC.
However, a rough estimate using mean values for axon number and diameter indicates that
difference is only 4% but in favour of the acallosals, suggesting that the decrease in axonal
diameter in the acallosals may indeed account for their higher number of axons.
Determining axon counts from other commissures in acallosal brains will indicate
whether this increase in axon number is unique to the anterior commissure. It is also
important to understand the timing of this increase relative to the development of the CC; a
critical period may be present within which the AC can respond to the loss of callosal axons.
Similarly, the AC may respond in a graduated fashion, altering axon number relative to the

number of callosal axons that are able to cross midline. However, such differences, if



150
present, are likely to be very subtle and will require much larger sample sizes for their
determination.

Juraska and Kopcik (1988) reported a difference between sexes in the number of
axons in the splenium of the rat corpus callosum, however a recent study by Kim, Ellman.

and Juraska (1996) found that sex differences were only present for the number of

areas for sampling axon number. Axon density varies throughout the CC (Berbel and
Innocenti, 1988; Gravel et al, 1990; LaMantia and Rakic, 1990b; Aboitiz ef a/, 1992) and
therefore sampling error may not provide an accurate reflection of axon complement. The
sampling method employed in Experiment 5 was used to provide equal representation from
all areas within the AC and thus help to eliminate this problem. It is interesting to note that
sex differences were not apparent for the number of axons within the AC. However it is
possible that such differences were masked by the effect of callosal absence; larger sample
sizes would be required for a more accurate assessment of sex effect on AC axon number.
The results that have been presented here redirect the focus of attention to the time
of HC formation in order to understand the mechanisms responsible for callosum absence.
Indeed, if the defect is severe enough, it should be possible to identify some mice, or
HC size. If the defect is the product of only two genes, recombinant inbreds (RI) produced
from acallosal inbreds should isolate at least one strain with HC absence or at least a
consistently severe HC defect. Wabhlsten ef al (1996) recently developed a series of

recombinant inbred strains from 129 x BALB F, parents and demonstrated that certain of



these RI strains do indeed express severe HC defect in every mouse.

The continued study of these RI strains may provide turther insight into anomalous
HC formation. In many ways, questions regarding the loss of HC axons mirror those
concerning the loss of callosal connections. Results from Experiment 1 indicated that
hippocampal axons unable to cross midline return to the fornix, but it was not possibie to
continue the observation of these axons during their subsequent growth. Of interest is
whether these axons remain viable to make connections in the septal region and mamillary
bodies and thus increase the functional capacity of the fornix columns. If these HC
connections are indeed “lost”, questions are obviously raised as to the presence of functional
deficits or the possible mechanisms of compensation to overcome deficits.

The Wahlsten ef a/ (1996) study also indicated that the mode of inheritance of the
defect appears to fit a two-gene model with a threshold. The presence of a threshold in this
defect may explain the variability in the expression of the defect. Although a difference of
two alleles may alter the level of penetrance of the defect, the severity of the defect differs
within different mice of the same strain. It would be easy to consider that all offspring from
an inbred pairing should be identical because al! offspring have an identical genotype and
all are exposed to the same uterine environment. Although it is possible that the uterus may
contain microenvironments that may affect each embryo in a unique manner, it is difficult
to presume'that such subtle differences could cause such a drastic range of differences in
phenotype.

This leaves the strong suggestion of a third source of variability to account for the

individual differences observed within a strain. Stochastic differences within (Spudich and
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Koshland, 1976) and between (Wahlsten, 1987b) cells at early stages of growth have been
suggested 1o create larger differences later in development. Stochastic differences and
uterine microenvironments may create small differences in facial morphology which can
result in nonsyndromic cleft lip with or without cleft palate in A strain mouse embryos
(Juriloff, 1995); embryos that are able to surpass this developmental threshold go on to
develop normal facial morphology. Monk (1995) has proposed that the relative positioning
of a differentiating cell during gastrulation will add to phenotypic variability by permanently
altering the future genetic activity of that cell. Such subtle differences in cell positioning are

likely due to random fluctuations in the interactions and movements of cells. Computer

modelling has demonstrated the amplified result of such subtle changes in early cell
configurations through a period of simulated growth (Kurnit, Layton, and Matthysse, 1987),

The research described herein has provided a unique contribution to the study of
callosal agenesis in particular, but also to the general study of neural system development.
The developmental defect labelled agenesis of the corpus callosum does not appear to be a
defect of the corpus callosum per se, but rather occurs due to a defect that manifests during
the formation of the hippocampal commissure. Although the cause of this defect remains
unknown, significant evidence has been provided to indicate its association with the
continued presence of the interhemispheric fissure at the septal midline. Present results
suggest that early callosal axons may use glial cells to guide them toward midline, but then

use existing axons of the hippocampal commissure during the actual traverse. Such a
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developmental strategy is a departure from the exclusive use of glial tissue which is thought
to provide guiding support for most other commissural pathways examined but is certainly
a very plausible mechanism.

The developmen't of the three commissural pathways studied is not fixed. Instead,
these pathways have demonstrated a large amount of developmental plasticity even within
mice with identical genotypes, ranging from the recovery of severe structural delays in the
hippocampal commissure, to the increase in axonal complement in the anterior commissure
when the callosum is absent. This is further evidence to refute the idea of a “hard-wired™,
regimented developmental process, suggesting instead that necural systems have the
capability to respond to subtle changes in their environment and effect compensatory

changes to maintain the functionality of these systems.
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APPENDIX A

Anaccurate quantification of the developing mouse corpus callosum has not yet been
reported. Similar studies in the rat (Gravel ef al, 1990), cat (Berbel and Innocenti, 1988), and
area, axon number, axon diameter, and myelin content during callosal development. Such
data for the mouse would be extremely valuable in comparing CC functional sparing,

between the acallosal strains and normal strains, A pilot study was performed to indicate the

pentobarbital (240mg/kg body weight) and perfused intracardially with 10ml, 0.01M PBS,
followed by 25mL of 1% paraformaldehyde and 1% glutaraldchyde in 0.1M phosphate
buffer (pH 7.4), followed by 200mL of 4.3% glutaraldehyde in 0.1M phosphate buffer (pl1
7.4). After perfusion the skin and skull top were renioved to facilitate perfusate entry into

the brain and the head was post-fixed in the second fixative overni ght. The brain was then

extracted, trimmed (removing olfactory lobes, meninges, optic nerve, and all non-cerebral

a vibratome and steel blade. Three serial scctions on either side of midline were kept and
stored overnight in the first fixative. Sections were washed (3x10min) in sucrose-phosphate
buffer (pH 7.2), post-fixed in 2% OsO, in sucrose-phosphate buffer (pl 7.2) for 2 hours,

then rinsed (5x10min) in a sucrose-acetate buffer (pH 5.0), stained en hloc using 2% uranyl
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acctate in acetate buffer (pH 5.2) for 1 hour, and then rinsed again (3x10min) in sucrose-
acctate buffer (pH 5.0). Sections were then dehydrated through an ethanol series (1x10min
30%; 1x10min 50%; 1x10min 70%; 1x10min 90%; 1x10min 95%; 2x15min 100%), and
then rinsed in propylene oxide (2x15min). They were then rinsed (Ix15min)in a 1:1 mixture
of propylenc oxide and Epon 812 followed by incubation in fresh Epon 812 for 48 hours at
room temperature and then a further 48 hours at 60°C for polymerization.

The resulting tissue blocks were cut into three pieces containing the genu, truncus and
splenium (estimated) of the CC each of which were then sectioned individually. Several
14m sections were cut using 6mm tungsten-coated glass knives on a Reichert-Jung Ultracut
E ultramicrotome, heat mounted to glass slides and stained with toluidine blue for 5 minutes.
The CC area was traced using a Leitz Laborlux microscope with an attached drawing tube
and measured using a Numonics graphics tablet connected to a PC and ihe morphometry
analyzed by SigmaScan (Jandel Scientific). Care was taken to limit tracing to the CC proper,
thus excluding the dorsal columns of the fornix, the superior fornix, and the longitudinal
striae.

Thin sections (70-100nm) were then cut and collected cnto 300 mesh CuPd grids,
stained for 1 hour with uranyl acetate (aq) and then 1-2 minutes in lead citrate (aq). Sections
were observed using a Philips 400 TEM at 100kV. Low power was used to select a grid pore
from the middle of the section. Consecutive photographs were taken of this area at a
magnification of 6700x and a montage of these photographs was created using 8x10 prints.
Three areas measuring 900cm? (representing an actual area of 27.69.m > within the CC) were

selected and within this area, measurements were made of axon numbers, axon diameters,
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and myelin content (measured as number of lamellac). Data from within these three arcas
were averaged and extrapolated to the area of the callosal section being measured, and then
to the entire CC.

Total area of the CC was 0.726mm? The total number of axons was found to be 7.1
million. Of these, 847,000 (13.5%) were myelinated. Mean diameter of the myelinated
axons was 0.74um (+0.18) with an average of 6.3 (x1.9) lamellac (accounting for
approximately 20% of the diameter). Mean diameter of unmyelinated axons was 0.11 um
(£0.04). Throughout the CC, total non-axonal tissue accounted for 37.2% of the total arca.

These results were only meant to provide a very quick estimate of axon numbers
within normal mice. The small s .mple size and limited sampling areas within the CC will
of course greatly confound both the reliability and validity of these findings, however they

‘may be useful if considered simply as a rough estimate. The number is a reasonable



