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In the mammalian animals, the axons of the optic nerve from each eye merge into the
optical chiasm, where some of the axons cross the midline to project into the
contralateral optic tract, while a small number of others turn away and form the
ipsilateral optic tract. This pattern of axon routing gives the characteristic X—shaped
pathway at the optic chiasm. Three main changes of axon order take place when retinal
axons grow from the optic stalk to the optic tract: i) segregation of crossed and
uncrossed axons before they reach the midline; ii) age-related reorganization of axons in
the chiasm and the optic tract; iii) retinotopic organization in the optic tract [1].

Sonic hedgehog (Shh), found originally in the notochord and floor plate, is a member
of hedgehog family[2] involved in eye formation[3][4][5], retinal ganglion cell production
[6], development of the optic disc and stalk neuroepithelial cells[7]. In chick embryos,
ectopic Shh expression also leads to such abnormal development as expansion of the retinal
pigmented epithelium, enlargement of the optic stalks and reduction of the neural retina
[8]. In our previous study, we detected the expression of Shh and its receptor, Patched
(Ptc), in the developing optic chiasm, which underwent changes during different periods of
development[9]. In this study, we attempted to define the role of Shh in the developing
chiasm of mouse embryos by disturbing Shh signaling pathway using 5E1, a monoclonal

antibody to Shh.

MATERIALS AND METHODS

Animals

The experimental procedures of the present study were approved by the Animal
Experiment Ethic Committee of the Chinese University of Hong Kong. Time—mated, pigmented
C57 mice were obtained from the University Animal House. The day on which the vaginal plug
was found was considered as the embryonic day 0 (EO).

Preparation of brain slices

The pregnant mice were sacrificed by cervical dislocation and the mouse embryos from
E13 to E15 were removed by caesarean section. The embryos were decapitated and kept in
chilled Dulbecco’ s modified Eagle’ s medium (DMEM)/F12 medium containing penicillin (1 000
U/ml) and streptomycin (1 000 pg/ml). After removing the dorsal and ventral part just

above and below the eyeball, the brain slices containing the optic pathway (from the eyes



to the optic tract) were obtained from E13-E15 embryos. The brain slices were cultured in
DMEM/F12 supplemented with 10% fetal bovine serum (Life Technologies, USA) at 37 C in a
rolling incubator for 5 h, during which a jet of oxygen was supplied 3 times to the
culture. H5E1 (mouse anti-Shh IgGl, DSHB) was added into the culture medium at the
concentration of 40 pg/ml. The control preparations included brain slices cultured in the
absence of the added chemicals, or with addition of normal mouse IgG (Chemicon, USA).
After culture, the brain slices were fixed in 4% paraformaldehyde at 4 ‘C overnight. A Dil
(1, 1-dioctadecyl-3, 3, 3, 3’ —tetra— methylindo—carbocyanine perchlorate, DiIC18(3),
Molecular Probes, OR, USA) granule was inserted into the optic disc in one eye and the
brain slices were treated in 2% formalin. Seven days later, the tissue overlying the optic
chiasm was removed to expose the Dil-labeled chiasm, which was observed under a confocal
microscope.

Confocal microscopy

Dil-labeled retinal axons in the optic chiasm were examined in whole mount
preparations of the optic pathway. These Dil-labeled whole mounts were examined using a
confocal imaging system (Bio—Rad MR600, Hertford, UK) connected to a Zeiss Axiophot
photomicroscope with a green excitation filter set (GHS, 514 nm excitation and 550 nm
emission long pass). The digital images were processed using confocal assistant software
(Bio—Rad, USA) and stored on Zip disk (Iomega, USA).

Analyses of retinal trajectory at the optic chiasm

Retinal axons in whole mounts of the chiasm were imaged using the Extended Focus Image
command in COMOS software (Bio—Rad, USA) that captures the images at low magnification (X
10, Zeiss Plan-Neofluar, Germany) and then at higher magnification (X20, Zeiss Plan-—
Neofluar, Germany). The effects of Shh antibody 5E1 on axon crossing at the midline of the
chiasm were measured in whole—mounts of the optic pathways in E13-14 embryos, the early
period when retinal axons were growing across the midline[10][11]. The pixel intensities
of all labeled retinal axons and growth cones within two areas (each measuring 100 pm X 200
um) flanking both sides of the midline (Fig.1A) were measured individually using the
“"Region Measurements” functions in METAMORPH Software (Version 4.6r5; Universal Imaging
Corp., USA). The degree of axon crossing was calculated as the ratio of adjusted pixel
intensity past the midline vs. that before the midline.

We also observed the changes of the uncrossed axons in E15 brain slices when a
substantial number of axons turned and projected to the ipsilateral optic tract in
response to H5E1 treatment. We used METAMORPH software to measure the pixel intensity and
area of a defined region in the projected images of the initial segment of the ipsilateral
tract (Fig.3 B). The axons projecting to the ipsilateral side were represented by the
average pixel intensity (accumulated pixel intensity divided by total area). The data in
various experiment groups were analyzed using one—way ANOVA in the INSTAT software
(GraphPad, Inc., USA).

RESULTS

5E1 disrupted the crossing of early axons in E13

In E13 mouse embryos, the first axons had arrived at and crossed the midline of the



chiasm[12][13][14]. The effects of anti—-Shh antibody 5E1 on axonal growth at the chiasm
were investigated in this early stage of optic pathway development by means of brain slice
culture. In the control group without addition of the chemicals, the early axons were
found to enter the ventral diencephalon and grow perpendicularly towards the midline. Some
axons had already crossed the midline (Fig.1A and B). The crossing in these brain slices
was quantified by measuring the fluorescence intensity of Dil-labeled axons within a
defined region before and after axon crossing of the midline (see the placement of grids
for this measurement in Fig.1A), and presented as the ratio of pixel intensities in the
post— versus pre—midline regions of the chiasm. In the brain slices treated with normal
mouse 1gG (40 ug/ml), no obvious change was noted in the trajectories of retinal axons at
the chiasm in comparison with the slices cultured without antibody addition, suggesting
that normal mouse IgG did not influence the pathfinding of the axons at the chiasm (Fig. 1C
and 1D). After 5El treatment, the number of axons crossing the midline reduced in the
brain slices obtained at E13 (Fig.1lE and 1F). In this experiment, analyses showed that
fewer axons crossed the midline after 5E1 treatment (P<0.05; Fig.1G).

5E1 did not affect axon midline crossing in E14 chiasm

At E14, more retinal axons joined the mouse retinofugal pathway (Fig.2A and B).
Addition of normal mouse IgG did not affect the axon routing in the chiasm as compared
with the control group (Fig.2C and D). We investigated the effects of Shh function
perturbation on axon routing using anti—-Shh antibody. Measurements of the pixel intensity
in the post— and pre—midline regions indicated that no significant change of in axon
crossing took place in the anti-Shh-treated group at E14 chiasm in comparison with the

control groups (Fig.2E, F and G).
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Fig. 1 Confocal micrographs showing Dil-labeled retinal axons in whole—mount
preparations of the E13 chiasm

The micrographs in the left column are images in lower magnification depicting the

optic stalk, chiasm and optic tract, and those in the right column are in higher
magnification showing the details (this arrangement is also adopted in the following
similar figures). White arrows indicate the midlines. A and B: In control preparations
cultured for 5 h in the absence of the chemicals, dye—filled axons in the optic nerve

enter the chiasm first in a caudo—medial direction, and later turn and grow in the
direction perpendicular to the midline. After crossing the midline, the retinal axons

continue their path as a bundle of fibers and enter the optic tract (0T). C and D: Similar

fiber trajectories in the chiasm are observed in the brain slices treated with normal



mouse IgG (40 pg/ml). E and F: After perturbation of Shh with 5E1 (40 ug/ml), fewer axons
cross the midline. G: Graph showing the results of different groups. White arrows indicate
the midline. Scale bar=200 pum in A, C and E; Scale bar=100 um in B, D and F. All images
in this text are shown with the rostral side on the top.
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Fig.2 Confocal micrographs showing the Dil-labeled retinal axons in whole mount
preparation of the E14 chiasm
A and B: In control preparations, many retinal axons have already crossed the midline
and enter the optic tract (0T) in whole—mount preparations of the optic pathway, and some
project into the opposite optic nerve. C and D: Similar fiber trajectories in the chiasm
are observed in the brain slices treated with normal mouse IgG (40 ug/ml). E and F: After
the brain slices are treated with 5EI, the axons in retinofugal pathway are reduced but no
significant change is found in axon crossing. G: Graph showing the results of different
groups. White arrows indicate the midline. Scale bar=200 um in A, C and E; Scale bar=100
um in B, D and F

5E1 influenced turning of uncrossed axons in the optic tract at E15

At E15, many axons had already passed the chiasm and entered the optic tract. In the
control preparations, more numerous axons were observed to cross the midline and project
into the contralateral optic tract (Fig.3A). An obvious uncrossed projection was also
observed in this stage (Fig.3A and B). Fluorescence intensity of the dye-filled uncrossed
axons was analyzed within a defined region (as shown in Fig.3B) in various groups.
Addition of normal mouse IgG did not lead to obvious changes in the uncrossed axons
(Fig. 3C and D), whereas Shh antibody treatment resulted in increased number of uncrossed
axons (Fig.3E, F and G, P<0.05).
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Fig.3 Confocal micrographs showing Dil-labeled retinal axons in whole—mount
preparations of the E15 chiasm
A and B: In control preparations, many retinal axons have already crossed the midline
and enter the optic tract (0T) in whole—mount preparations of the optic pathway, and some
uncrossed axons emerge at E15. C and D: Similar fiber trajectories in the chiasm are
observed in the brain slices treated with normal mouse IgG (40 pg/ml). E and F: After the
brain slices are treated with bEl, more uncrossed axons appear. G: Graph showing the
effect of HEl on uncrossed axons. White arrows indicate midlines. Scale bar in A, 200 pum
(A, C and E); in left pictures, 100um

DISCUSSION

In the present study, we investigated the effects of Shh perturbation with antibody on
axon routing in brain slice preparation of the mouse retinofugal pathway. Shh antibody
treatment resulted in a reduction in the number of the earliest retinal axons crossing the
midline of chiasm at E13, but not at El14 or E15, suggesting a transient but important
function of Shh signaling in axon decussation at the mouse optic chiasm. Anti—Shh also
treatments caused increased number of uncrossed axons at E15 compared to the control
group.

Shh regulated axon midline crossing in early chiasm development

The molecular mechanism regulating axon midline crossing at the chiasm was largely
unknown. We had shown that disturbances of normal Shh function with anti—Shh produced a
reduction of the early axons crossing the midline in the optic chiasm at E13, suggesting
that Shh might promote axon decussation in early chiasm development. Previous studies had
shown that Shh was a negative regulator of retinal axon growth in chicken. Ectopic Shh
expression in the entire ventral forebrain resulted in growth retardation of retinal
axons, and these axons barely reached the chiasm[15]. In Pax—2- mutant mouse, Shh
overexpression in the hypothalamus was associated with projection of all retinal axons
into the ipsilateral tract without crossing the midline[16]. Similar results were observed
in NOi zebrafish mutants, which had alterations in pax2/5/8- like genes[3]. These

observations suggested that Shh at the midline might suppress axon crossing. In this



study, we observed fewer axons crossing the midline at E13 after blocking Shh, and this
result seemed contradictory to descriptions of Shh functions in other studies. One
explanation was that Shh played different roles in its interaction with various other
molecules, For instance, Shh may serve as an axonal chemoattractant in axon guidance at
the midline when it worked with Netrin-1[17]. Also, different choices of the methods for
treatment and experimental animal species may lead to the different results. In further
development of the embryos, obvious effects of Shh antibody on axon crossing were no
longer observed. In our previous study, we found abundant Shh and Ptc in the ventral
diencephalon, mainly located close to the midline at E13. However, Shh expression was
reduced at the midline with embryo development. These changes of Shh expression might
explain, at least partially, why Shh only signaled the axon crossing at the midline at
E13.

Shh controlled axon divergence in mouse chiasm

In addition to the effect on the axon crossing, Shh signaling disturbance also
affected the development of the uncrossed projection in the mouse chiasm. At E15, the
uncrossed axons from the ventral temporal retina emerged in normal embryos. In the present
experiment, we observed that interference of Shh function by Shh antibody resulted in an
increase in the uncrossed optic pathway, suggesting that functional blocking of Shh
prompted more axons to turn away from the midline. We therefore hypothesized that Shh
might serve as a chemoattractant factor for some axons and direct these axons to cross the
midline in normal embryos. Once Shh function was blocked, these axons might halt at the
midline, probably in the presence of other inhibitory molecules. Previous studies had
shown that axon divergence in the mouse chiasm appeared to rely on the midline cues. We
found previously that CD44 function inhibition led to a reduction in the uncrossed axons
in the E15 chiasm[18], and chondroitin sulfate proteo— glycans played an important role in
the development of uncrossed pathway in the mouse[19]. These results demon- strated that
axon divergence at the midline was controlled by multiple molecules.

Blocking Shh function with its antibody, as we found in this study, led more axons to
halt before the midline at E13, which did not occur at E14. The axons subsequently turned
away from the midline at E15 after antibody treatment. These results suggest that Shh
executed different functions in various stages of embryo development. Hypothetically, Shh
might play the role by interacting with other molecules in chiasm development. With embryo
development, the distribution and function of this molecule undergo alterations, leading
consequently to changes in the interaction between Shh and other molecules. This

hypothesis, however, still needs to be tested with further experimental evidence.
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