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Distinguishing between Directional Guidance and Motility
Regulation in Neuronal Migration

Michael Ward,' Corey McCann,' Michael DeWulf,? Jane Y. Wu,? and Yi Rao!
Departments of ' Anatomy and Neurobiology and ?Pediatrics and Molecular Biology and Pharmacology, Washington University School of Medicine,
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Although neuronal migration is an essential process in development, how neural precursors reach their final destination in the nervous
system is not well understood. Secreted molecules that are known to be involved in axon guidance are likely to play important roles in
regulating neuronal migration, but an important issue that remains unclear is whether such molecules act as directional guidance cues or
as motility regulators in neuronal migration. The secreted protein Slit was initially suggested to be a repellent for migrating neurons (Wu
etal., 1999). However, it was concluded recently that Slit plays an inhibitory rather than a repulsive role in neuronal migration (Mason et
al,, 2001). We have developed a series of assays that allow us to differentiate between repulsive and inhibitory effects of secreted
molecules, and we demonstrate that Slit is a repellent capable of reversing the direction of neurons migrating either in culture or in their
native pathways. We also show that although Slit reduces migratory speed under certain conditions, it can function as a repellent without
concurrent inhibition of neuronal migration. This is the first study to clearly demonstrate that migrating neurons can be directionally
guided by secreted molecules. These findings provide a basis to understand the physiological roles of secreted molecules in the developing
nervous system and have implications on how they could be applied therapeutically. Our results also indicate that it should be possible to

determine the specific action of other molecules as directional guidance cues or as motility regulators of cell migration.
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Introduction

The migration of neurons is an important feature of neural de-
velopment, and defects in neuronal migration have been shown
to cause a number of human diseases (Hatten and Mason, 1990;
Rakic, 1990; Hatten and Heintz, 1998; Rice and Curran, 2001;
Ross and Walsh, 2001). Thus, studies of the cellular and molecu-
lar mechanisms that control neuronal migration are important to
further our understanding of neural development and the etiol-
ogy of neurological diseases.

Signaling molecules including netrins, ephrins, semaphorins,
Slits, and the chemokine stromal cell-derived factor have been
implicated in controlling neuronal migration (Colamarino and
Tessier-Lavigne, 1995; Kolodkin, 1996; Flanagan and Vander-
haeghen, 1998; Raper, 2000; Klein, 2001; Wong et al., 2002; Zhu
et al.,, 2002). A number of these same molecules play important
and well characterized roles in axon guidance. However, it is
unclear whether migrating neurons and axons interpret these
signals in the same way. In particular, although it is established
that axons can be directionally guided by secreted molecules
(Song et al., 1998), no direct evidence of directional guidance of
neuronal migration exists.

In principle, a specific extracellular molecule can change ei-
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ther the motility of a migrating cell or its migratory direction.
These molecules can alter cell motility when they are present
either in a uniform concentration or in a concentration gradient.
However, a molecule can change the direction of a migrating cell
only when itis present in a concentration gradient. Itis important
to note that: (1) cell motility and migratory direction are two
different processes; and (2) although the activity of a molecule in
its regulation of cell motility can be correlated with its guidance of
migratory direction, this is not necessarily always the case. For
example, although Slit is a repellent of axons in a number of
regions of the nervous system (a negative effect) (Bashaw and
Goodman, 1999; Brose et al., 1999; Kidd et al., 1999; Li et al.,
1999; Nguyen Ba-Charvet et al., 1999; Bashaw et al., 2000; Fricke
etal., 2001; Bagri et al., 2002; Hutson and Chien, 2002; Plump et
al., 2002; Wong et al., 2002), it can also promote axon branching
(a positive effect) (Wang et al., 1999). In the case of axons from
the spinal cord of Xenopus, it was shown that Slit could both
promote the outgrowth of these axons as well as repel them (Stein
and Tessier-Lavigne, 2001). Therefore, a priori predictions of the
effects of negative factors (i.e., correlated inhibition and repul-
sion) and positive factors (i.e., correlated motility promotion and
attraction) may not be valid and can lead to oversimplification of
the underlying mechanisms used in molecular control of cell
migration.

Although some molecules may have more than one effect, it is
important to distinguish between repulsion and inhibition of cell
motility (and between attraction and promotion of cell motility).
The implications of each of these effects are different in the con-
text of both development and potential therapeutic applications.
For example, a repellent can guide neuronal migration by direct-
ing a cell to a specific (and possibly distant) destination after
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being secreted from its source. In contrast, an inhibitor can only
prevent a cell from approaching its source and thereby prevent a
cell from entering into certain regions of the nervous system. In
principle, a repellent could be used to guide transplanted stem
cells to a target region if the repellent is strategically placed behind
the transplanted cells, whereas an inhibitor cannot be used in the
same manner. In contrast, an inhibitor could be used to restrain
metastatic tumor cells if it is applied over these cells or on their
pathways, whereas a repellent would have to be used differently
because a repellent would turn tumor cells to another site without
immobilizing them.

The Slit family of secreted proteins is an important factor in
the development of both invertebrates and vertebrates (Niisslein-
Volhard et al., 1984; Rothberg et al, 1988; Rothberg and
Artavanis-Tsakonas, 1992; Brose et al., 1999; Kidd et al., 1999; Li
etal., 1999; Whitford et al., 2002; Wong et al., 2002). The sugges-
tion that Slit is a repellent of migrating neurons was based on
results from the coculture of neuronal explants with a human
embryonic kidney (HEK) cell line secreting the Slit protein (Hu,
1999; Wu et al., 1999; Zhu et al., 1999). It was observed in these
experiments that more neurons migrate into the quadrant distal
to the Slit source than the quadrant proximal to the Slit source
(Hu, 1999; Wu et al., 1999; Zhu et al., 1999). However, such
changes in cell distribution could be caused by Slit-induced inhi-
bition or by Slit-induced repulsion. It has been reported recently
that Slit functions only as an inhibitor, but not as a repellent, of
migrating neurons (Mason et al., 2001). When Slit was applied to
the medium uniformly around neuronal explants, the number of
neurons migrating out of the explants was significantly reduced
(Mason et al., 2001). The primary effect of Slit was, therefore,
controversial. Using both in vitro and in vivo assays, we have now
demonstrated that Slit is primarily a repellent of migrating neu-
rons. We have found that Slit can slow down but not stop migrat-
ing neurons when presented in a uniform concentration. We also
show that Slit can function as a repellent without causing inhibi-
tion of overall cell motility, and that the primary role of Slit is
repulsion when presented in a concentration gradient. These
studies provide definitive evidence that the primary effect of Slit
in neuronal migration is a repulsive one and suggest generally
applicable approaches to determine the roles of other extracellu-
lar molecules in neuronal migration.

Materials and Methods

Dissection and culture of anterior subventricular zone explants. Anterior
subventricular zone (SVZa) explants were dissected from the rostral mi-
gratory stream (RMS) of postnatal day 2 (P2)—P5 rat brains as described
previously (Wuetal., 1999). Briefly, coronal sections of the caudal half of
the olfactory bulb were made with a tungsten needle, and the RMS was
identified by its translucent appearance and dissected out. This tissue was
used to make small explants (200—-400 um in diameter), which were
suspended in a 2:2:1 matrigel:collagen:DMEM mixture. Explants were
then cultured in DMEM plus 10% heat-inactivated FCS at 37°C in a 5%
CO, incubator for 24 hr.

Time-delayed coculture of HEK aggregates with SVZa explants. The gen-
eration of HEK-293 cells expressing mouse Slit-1 was described previ-
ously (Wu et al., 1999). Aggregates of Slit-secreting cells or HEK control
cells were prepared using a hanging drop method. After the initial 24 hr
incubation of SVZa explants, media were removed from the matrigel/
collagen pad and a 400- to 600-um-wide cell aggregate was placed next to
the explant. Additional matrigel/collagen was added to the top of the cell
aggregate/explant and allowed to harden, followed by the addition of
DMEM plus 10% FCS. Explants were photographed using an upright
microscope (Olympus, Tokyo, Japan) and CoolSnap HQ camera (Pho-
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tometrics) at the time of aggregate placement (0 hr) and 24 hr after
aggregate placement. Results were quantified as follows: for each explant,
all SVZa cell bodies that migrated beyond the visibly thickened edge of
the explant were marked. The X, Y coordinates of each cell in relation to
the center of the explant per edge of the cell aggregate were recorded and
used to sort cells into sampling regions.

Time-lapse imaging of migrating SVZa neurons. Explant culture and
cell aggregate placement were performed as described previously, except
for the following modifications: 1-2 hr before cell aggregate placement,
DMEM culture medium was replaced with HEPES-buffered L-15 plus
10% FCS (overlaid with light mineral oil to prevent evaporation). Time-
lapse microscopy was then performed using an upright microscope
(Olympus) and CoolSnap HQ camera equipped with a heated stage. The
same SVZa neurons were tracked both before and after cell aggregate
placement. Turning was quantified as follows: because the time in which
cells turn in response to Slit aggregate placement is a factor of aggregate
size, distance of aggregate to explant, and gelling time of the collagen/
matrigel mixture, the vector diagrams used in quantification were ob-
tained by measuring the average angle of migration of these neurons
(relative to aggregate location) for the hour preceding Slit/control aggre-
gate placement and for the last hour of recording after Slit/control aggre-
gate placement. Each vector diagram represents cells measured during
the same time-lapse experiment.

Brain slice migration assay. P2—P5 rat brains were embedded in 4% low
melting point agarose, and 200-um-thick sagittal sections were obtained
at 4°C using a vibratome. These slices were placed on filters (0.45 wm;
Millipore, Bedford, MA) in a minimal amount of DMEM plus 10% FCS,
and a single Dil crystal was placed at the genu of the RMS. Slices were
cultured for 12 hr and photographed. Then, a Slit-secreting aggregate or
control cell aggregate was placed at the most rostral portion of the RMS
and slices were cultured for an additional 12 hr, followed by another
round of photography.

Conditioned media. Conditioned media were obtained from Slit-
secreting cells or HEK control cells. Cells of 80% confluence were cul-
tured in DMEM plus 10% FCS for 24 hr, and their media were collected.

Cell speed analysis. For studies using time-lapse microscopy, condi-
tioned media were collected as described previously and then concen-
trated 2030 times via centrifugation with a filter (Centricon). The me-
dia were then diluted 1:20 in L-15 plus 10% FCS, which was added to
neurons. Neurons were randomly selected, and the distance that these
cells migrated during the course of each 5 hr treatment was measured
using Metamorph (Universal Imaging, West Chester, PA), thus yielding
cell speed. When neurons showed appreciable changes in migratory di-
rection during this recording session (>20°), additional waypoints were
marked along their migratory path, allowing for a more precise measure-
ment of distance/time. For studies involving speed measurements before
and after Slit aggregate placement, explants were cultured as described in
Figure 3. Twenty-four neurons were selected on the following criteria:
(1) that they turn in response to Slit aggregate placement, and (2) that
they can be followed throughout the course of the entire experiment. The
position of each of these cells (specifically the cell body) was marked at
the beginning and end of each recording session, and the distance be-
tween these two points was measured. Because cells almost always slow
down during the turning process itself after Slit aggregate placement, the
speed of individual cells was measured after the turning of individual cells
was complete. This resulted in a standard duration of speed measure-
ment for each cell before the addition of Slit (4 hr) and after Slit-induced
turning (4 hr).

Results

Changes in the distribution of migrating neurons in a time-
delayed coculture assay

To determine whether Slit functions as a repellent or an inhibitor,
we designed a new time-delayed coculture assay (Fig. 1a). In our
previous coculture assays, explants from the SVZa were cultured
at a distance from an aggregate of HEK cells secreting Slit (Wu et
al., 1999; Zhu et al., 1999). In these previous assays, SVZa neurons
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have been exposed to Slit from the begin-  a
ning of the coculture. When the distribu-
tion of SVZa neurons in the proximal
quadrant is compared with the distal
quadrant, differences can be interpreted

as evidence for either repulsion (Wu et al., -
1999; Zhu et al., 1999) or inhibition (Ma-
son et al., 2001). In the new time-delayed
assay, we first cultured an SVZa explant in
a matrigel/collagen mixture, and only af-
ter a time delay of 24 hr did we place an st
aggregate of control or Slit-secreting HEK
cells at a distance to the SVZa explant. Pic-
tures were taken at two different time
points, immediately after or 24 hr after the
placement of the HEK aggregate in the
culture.

This time-delayed coculture assay al-
lows us to obtain evidence concerning
whether Slit can function as a repellent or
only as an inhibitor, because each effect
makes different predictions of the experi-
mental outcome (Fig. 1a). In the presence
of a control aggregate, the number of neu-
rons should increase uniformly on all
sides of the explant after aggregate place-
ment (Fig. 1a, top). If Slit is solely an in-
hibitor, the number of neurons on the
proximal side of the explant (Fig. 1¢, sam-
pling regions I-1II) should either increase
or remain the same (Fig. 1a, middle), be-
cause the presence of Slit is predicted to
inhibit neuronal migration in a nondirec-
tional manner. However, if Slit acts as a
repellent, the number of neurons on the
proximal side of the explant should de-
crease as cells move away from the source
of Slit (Fig. 1a, bottom).

We observed that at 24 hr after placement of the control ag-
gregate, the number of neurons on the proximal side of the ex-
plant increased compared with the number of neurons present at
the time of the aggregate placement (Fig. 1b, top). However, 24 hr
after the placement of the Slit aggregate, the number of neurons
on the proximal side of explants was dramatically reduced com-
pared with the number of neurons present at the time of the
aggregate placement (Fig. 1b, bottom). Note the changes in dis-
tribution of both individual cells and cells involved in chain mi-
gration, indicating that cells involved in both of these forms of
migration respond to Slit (Fig. 1b, bottom).

To quantify the above findings, the number of neurons in
defined sampling regions (Fig. 1¢) was determined both before
and 24 hr after aggregate placement. Twenty-four hours after
placement of the control aggregate, a statistically significant in-
crease in the number of neurons in all sampling regions was
observed (Fig. 1d) (paired ¢ test; p < 0.005; n = 30 explants).
Similarly, a statistically significant increase in the number of neu-
rons in sampling regions V and VI was observed 24 hr after the
placement of the Slit-secreting aggregates (Fig. 1d) (paired ¢ test;
p < 0.05; n = 36 explants). However, a statistically significant
decrease in the number of neurons in sampling regions I and II
was observed 24 hr after the placement of the Slit aggregates (Fig.
1d) (paired ¢ test; p < 0.005; n = 36 explants). There was no
statistically significant difference in the number of neurons in
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Time-delayed coculture assay and the effect of Slit. a, Diagram of the experimental design and predicted distributions
of proximal neurons. Explants were first cultured for 24 hrin the absence of cell aggregates (proximal neurons shown in red). Then
either control or Slit aggregates were placed next to these explants, and explants were cultured for an additional 24 hr. Photo-
graphs of each explant were taken at 0 and 24 hr. b, Twenty-four hours after Slit aggregate placement, the number of SVZa neurons
on the proximal side of explants is visibly reduced compared with 0 hr explants (bottom), whereas the number of SVZa neurons on
the proximal side of control explants is increased compared with 0 hr explants (top). The edges of the aggregates are represented
by a dashed line. Pictures of the same explant before and after aggregate placement are shown. ¢, Diagram of sampling regions
used in d. d, Quantification of the above experiment. Explants were cultured with Slit or control aggregates as described in a and
photographed at 0 and 24 hr. Individual cells were counted at both time points and assigned to the sampling regions shown in c.
For each experimental group, n > 30 explants. Error bars represent SEM.

sampling regions IIT and IV after Slit aggregate placement. These
results are consistent with the idea that Slit can function as a
repellent.

Changes in the direction of neuronal migration when
presented with a Slit source

To directly characterize the response of migrating SVZa neurons
to Slit, we performed time-lapse microscopy of individual SVZa
neurons before and after the placement of a Slit-secreting aggre-
gate or control aggregate (Fig. 2a). SVZa explants were cultured
for 24 hr before the placement of aggregates to allow for individ-
ual SVZa neurons to migrate out of the explants. The migratory
behavior of these neurons was followed before and after the
placement of the aggregates.

Whereas most neurons did not change direction after place-
ment of the control aggregates (Fig. 2a, top), the majority of
neurons in the proximal quadrant reversed their direction when
exposed to Slit aggregates (Fig. 2a, bottom). To quantify the re-
sults from the time-lapse images, 20 neurons were randomly cho-
sen from each experiment and tracked before and after aggregate
placement (Fig. 2b). It was found that most neurons did not
noticeably change direction 10 hr after the placement of control
aggregates. However, 85% of cells that were migrating toward the
Slit aggregates at time 0 changed their direction and migrated
away from the Slit aggregate 10 hr later. These results provide
direct evidence that Slit is a repellent.
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To determine whether individual SVZa
neurons are repelled by Slit in the absence
of the intact explants or glial cells in the
explants, we removed the explants after
SVZa neurons migrated out of the ex-
plants. We have shown that only neurons
migrate out of the explants, whereas glial
cells stay within the explants (Wu et al.,
1999; Zhu et al., 1999). Thus, after explant
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removal, neither intact SVZa explants nor
i glial cells are present in the cultures. We
then added aggregates and used time-lapse
microscopy to observe the behavior of
SVZa neurons. It was found that the pres-
ence of an explant was not required for
Slit-mediated turning of migrating SVZa

Slit

Figure2.

Neuronal repulsion by a gradient of Slit. a, Explants were cultured alone for 24 hr before being cocultured with either

neurons (Fig. 3a). Whereas the majority of
cells did not change direction after place-

Slit or control aggregates. Time-lapse microscopy was used to track neuronal migration. The Slit/control aggregates were placed
on the right. Red dots illustrate stationary points in the pictures. b, Direction of neuronal migration before and after Slit/control
aggregate placement. Time-lapse microscopy was used to track 20 neurons in each experimental group. Each colored line repre-
sents the angle of migration of an individual neuron in relation to the center of the explant and location of the aggregates. The
same color is used to depict a neuron both before and after aggregate placement. Each pair of vector diagrams represents neurons

ment of control aggregates, placement of
Slit aggregates caused SVZa neurons to
change their migratory direction (Fig. 3b).
These results indicate that individual SVZa
neurons can be repelled by Slit in the ab-

from a single time-lapse experiment.
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sence of an intact SVZa explant.

Directional changes of SVZa neurons
migrating in situ by Slit

Although the above results show that Slit
can repel SVZa neurons when neurons mi-
grate in collagen and matrigel cultures, it is
not known whether Slit can repel SVZa
neurons migrating in their native pathway,
the RMS (Luskin, 1993; Lois and Alvarez-
Buylla, 1994). Previous results have only
shown that Slit can prevent the migration
of SVZa neurons into the RMS when an
aggregate is placed on top of the RMS (Wu

<«Control

Control!
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et al., 1999), but it has not been demon-
strated that Slit can repel migrating SVZa
neurons in situ.

To rule out the possibility that Slit can
repel SVZa neurons in collagen and matri-
gel cultures but can only exert an inhibi-
tory effect on SVZa neurons migrating in

Figure 3.

Neuronal repulsion by Slit after explant removal. a, Explants were cultured as described in Figure 2, except that the

the native pathway, we used the lipophilic
dye Dil to label SVZa neurons in postnatal

explants were dissected away after individual neurons had migrated out and replaced with a collagen/matrigel mixture before
imaging. Different colored arrowheads indicate the location of individual neurons in each frame. Open arrowheads indicate the
position of each neuron at the time of aggregate placement. b, The same directional analysis of SVZa migration described in Figure
2 applied to neuronal migration in the absence of an explant. Each pair of vector diagrams represents neurons from a single

rat brain slices (Fig. 4a). Twelve hours af-
ter the insertion of a Dil crystal into the
RMS, numerous labeled SVZa neurons

time-lapse experiment.

Independence of repulsion by Slit from factors present in

the explants

It has been reported that a glial cell-derived factor was secreted by
SVZa explants, and that Slit could only function as a repellent
when the glial factor was present (Mason et al., 2001). We have
also found that SVZa neurons out of the explants change their
direction and migrate back into the explants when exposed to a
uniform application of Slit (see Fig. 5). Therefore, it is important
to determine whether the turning behavior of SVZa neurons ob-
served in Figure 2 is also dependent on the presence of the
explants.

migrated rostrally toward the olfactory
bulb (Fig. 4b, 0 hr). At this time, either Slit
or control aggregates were placed on top of
the RMS at a position rostral to the Dil-labeled neurons. Slices
were then cultured for an additional 12 hr. Twelve hours after the
placement of control aggregates, an increased number of labeled
neurons rostral to the Dil crystal were observed (Fig. 4b, top
right). In contrast, the number of labeled neurons rostral to the
Dil crystal after the placement of Slit aggregates was clearly de-
creased (Fig. 4b, bottom right) compared with the number of
labeled neurons present at the time of aggregate placement (Fig.
4b, bottom left). To quantitate these findings, the number of
labeled neurons on the proximal side of the Dil crystal (i.e., the
side facing the control/Slit aggregate) was counted both before
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Figure4. Neuronal repulsion by Slitin situ. a, Diagram of the experimental design. Rostral is

atthe right, and dorsal is at the top of the diagram. The pathway taken by SVZa neuronsinto the
olfactory bulb is marked by green arrows. Sagittal sections of P3—P5 rat brains were made using
a vibratome. Dil crystals were placed at the caudal portion of the RMS, brain sections were
cultured for 12 hr before either control cell aggregates or Slit-secreting cell aggregates were
placed in the most rostral portion of the RMS, and slices were cultured for another 12 hr. The
boxed region indicates the area of photography shown in b. b, Pictures of the same brain slice
before (0 hr) and after (12 hr) aggregate placement are shown. The dashed lines represent the
edges of the aggregates, and the white dots represent stationary points on the slice.

aggregate placement (0 hr) and after aggregate placement (12 hr).
Whereas the number of labeled proximal neurons more than
doubled after control aggregate placement, the number of labeled
proximal neurons after Slit aggregate placement was halved
(mean 12:0 hr HEK ratio = 2.47; mean 12:0 hr Slit ratio = 0.47;
n = 4 slices/group; two-sample ¢ test; p < 0.05). These results
indicate that Slit can function as a repellent for neurons migrating
in their native pathways.

Neurons migrate back into the SVZa explants in the presence
of Slit in the medium

To ascertain whether high concentrations of Slit can immobilize
migrating neurons, we used a time-delayed culture assay to test
the effect of Slit presented in the culture medium on neurons
migrating out of the SVZa explants (Fig. 5). SVZa explants were
cultured for 24 hr before conditioned media from either control
or Slit-secreting HEK cells were applied to the medium in which
the SVZa explants were cultured. As expected, the number of
neurons surrounding the explants continued to increase after
treatment with control media (Fig. 5a—c) (two-sampled ¢ test;
p < 0.005; n = 15 explants). However, there was a statistically
significant reduction in the number of neurons surrounding ex-
plants after exposure to Slit media compared with the number of
neurons before treatment (Fig. 5a—c) (two-sampled ¢ test; p <
0.005; n = 15 explants). This reduction in cell number was not
attributable to cell death or decreased cell viability, because neu-
rons migrated normally after the removal of the conditioned me-
dia (Fig. 54, right). Surprisingly, exposure of explants to a uni-
form application of Slit caused neurons to reverse their course
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and to migrate back into the explants (Fig. 5e). This directional
reversal was observed in neurons undergoing chain migration
(Fig. 5e, arrowhead) as well as in those migrating without contact
with other cells (Fig. 5e, arrow). Removal of the explant and
replacement with collagen/matrigel immediately before treat-
ment with conditioned medium completely blocked Slit-induced
migration of these neurons to the original sites of the explants
(data not shown).

To rule out the possibility that the concentration of Slit used in
our studies is lower than the concentration used in previous stud-
ies, suggesting immobilization, we tested our Slit media in the
traditional culture assay (with Slit media applied from the onset
of SVZa explant cultures). We found that these Slit media re-
sulted in an almost complete absence of neuronal migration out
of the explant (Fig. 5d). Furthermore, time-lapse recording indi-
cates that Slit did not immobilize the SVZa neurons (Fig. 5Se).
Therefore, we conclude that previous findings suggesting that Slit
can immobilize migrating neurons (Mason et al., 2001) may be
attributable to migration of neurons back into explants in the
presence of Slit.

Reduction of the speed of migratory neurons by a uniform
concentration of Slit

Although the above findings indicate that Slit cannot immobilize
migrating neurons, we addressed whether Slit had any effect on
migratory speed when presented uniformly in the media. Ex-
plants were cultured for 24 hr to allow individual neurons to
migrate out of the explants. Because we noticed that the presence
of an explant caused cells to turn around after uniform Slit appli-
cation (Fig. 5), we performed the remainder of these experiments
in the absence of an explant. After removal of the explants, time-
lapse microscopy was performed. The speed of individual neu-
rons was first measured in the presence of control conditioned
media, and then the speed of these same neurons was measured in
the presence of either control conditioned media or Slit condi-
tioned media. The addition of Slit caused a small but reproduc-
ible and statistically significant reduction in migratory speed
(paired t test; p < 0.0005; n = 210) (Fig. 6a,b). In contrast, the
addition of control media did not cause a statistically significant
change in migratory speed (paired ¢ test; p = 0.275; n = 215) (Fig.
6a,b).

Neuronal repulsion by Slit in the absence of concurrent
reduction in cell speed

Although the results from Figure 6 indicate that Slit has the po-
tential to inhibit neuronal migration, we determined whether
inhibition and repulsion of neuronal migration are always paired
effects of Slit. To address this question, we used the same exper-
imental approach described in Figure 3 and measured the speed
of individual neurons before the addition of Slit and after Slit-
induced turning (Fig. 7a). Neurons that responded to Slit were
analyzed for their migratory speed. If repulsion and inhibition are
always paired effects of Slit, one would predict that neurons
would migrate more slowly after Slit-induced turning than before
Slit application. However, no significant change in cell speed was
observed after turning (paired t test; p = 0.731; n = 24) (Fig. 7¢).
Furthermore, when the speed of individual neurons is plotted
(Fig. 7b), it was observed that some neurons increased their
speed, whereas others decreased their speed after turning away
from the source of Slit. These results indicate that there are con-
ditions in which Slit causes only repulsion, and not inhibition, of
migrating neurons, suggesting a primarily repulsive role for Slit.
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Discussion

Our results have provided conclusive evidence that Slit is a repel-
lent for migrating neurons when supplied from a point source. In
addition, Slit can reduce the speed of, but not immobilize, migra-
tory neurons when present in a uniform concentration. How-
ever, Slit can also function as a repellent for neurons in the ab-
sence of any concurrent reduction in cell speed, indicating that
the primary effect of Slit on neuronal migration is repulsive.
These studies demonstrate the importance of directly investigat-
ing the effects of specific molecules on cell motility and migratory
direction and provide a solid basis for understanding the roles of
Slit and other guidance cues in the developing nervous system
and their use in specific therapeutic settings. The approaches
designed here are useful and generally applicable assays for dis-
tinguishing between repulsion and inhibition or attraction and
promotion.

Distinction between repulsion and inhibition has functional
implications in how a molecule controls neuronal migration in
the developing and adult nervous systems. The three mammalian
Slit genes are expressed in a dynamic pattern in the nervous sys-
tem (Yuan et al., 1999; Marillat et al., 2002). If Slit is solely an
inhibitor, it would mean that regions expressing Slit will be non-
permissive to neurons expressing the Roundabout (Robo) recep-
tors. In a special scenario, when neurons are generated in regions
that also make Slit, these neurons will be immobilized and, thus,
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stay in such regions. If Slit is a repellent, it
can guide these neurons to targets away

from the source of Slit. In the scenario in
which neurons are generated in regions that
also make Slit, these neurons will move away
from such regions. Our findings of a primar-
ily repulsive effect of Slit indicate that re-
sponsive neurons will be directed by regions
expressing Slit to move to target regions. The
effect of Slit in reducing the migratory speed
of, but not immobilizing, neurons indicates

Control Slit

Control 0 b Comtrol 24 Slit® b

Turning of neurons back into SVZa explants when Slitis present in the medium. a, Explants were cultured for 24 hrin
the absence of exogenous factors and then cultured in the presence of Slit or control conditioned medium for 12 hr. After the
incubation, the conditioned media were replaced with normal culture media and explants were cultured for an additional 16 hr.
The same explant is shown in both series of pictures. b, ¢, Quantification of Slit effect. Explants were photographed immediately
before the addition of conditioned medium and 24 hr after the addition of conditioned medium. At both time points, the number
of neurons surrounding each explant was counted (n = 15 explants in each group). Error bars represent SEM. d, The same media
used in a— c completely prevent migration of neurons out of the explants when supplied from the beginning of the cocultures.
Explants were cultured either in control conditioned medium or in Slit conditioned medium for 24 hr and photographed. e,
Time-lapse microscopy showing neuronal migration back into the explants after Slit application in the media. Both neurons
engaged in chain migration (arrowhead), and isolated cell migration (arrow) turned around after the addition of a uniform
application of Slit and returned to the explant. Open arrows and arrowheads mark the starting positions of these two neurons in

that responsive neurons will not be attached
to Slit-expressing regions in the nervous
system.

Although it has been shown that Slit
affects the behavior of migrating neurons
(Hu, 1999; Wu etal., 1999; Zhu et al., 1999;
Mason et al., 2001), the question of
whether Slit functions as an inhibitor or as
a repellent has not been answered conclu-
sively. Previous studies of Slit function
have relied on traditional coculture assays
in which Slit aggregates were cultured next
to SVZa explants throughout the duration
of the experiment (Hu, 1999; Wu et al.,
1999; Zhu et al., 1999; Hirata et al., 2001;
Mason et al., 2001; Wong et al., 2001). In
each case, it was found that coculture of
SVZa explants with Slit aggregates resulted
in asymmetric distribution of neurons at
the end point of the experiment. However,
the shortcoming of such experiments is
that changes in neuronal distribution
could be caused either by Slit-induced in-
hibition or by Slit-induced repulsion. In
the case of inhibition, a gradient of Slit em-
anating from the aggregate could impede
migration of cells to a greater extent on the
proximal side of the SVZa explant than on the distal side of the
SVZa explant, resulting in asymmetric distribution. In the case of
repulsion, neurons would migrate equally out of both proximal
and distal sides of the SVZa explants, but the gradient of Slit
would cause neurons on the proximal side of the explant to turn
around and migrate to the distal side of the explant. Previous
experiments using brain slice RMS migration assays have similar
shortcomings (Wu et al., 1999; Zhu et al., 1999). In fact, it can be
argued that all traditional coculture assays, whether they attempt
to address repulsion or attraction, have the inherent problem in
that they fail to distinguish between changes in cell motility ver-
sus changes in migratory direction. This argument can be applied
to studies investigating cell migration as well as axon guidance. In
axon guidance studies, the turning assay with Xenopus spinal
cord axons is the defining assay for directional guidance (Song
et al., 1998). However, the Xenopus turning assay is time-
consuming and difficult to establish, and results can vary some-
times because they are obtained from recordings of individual
neurons dissociated from the spinal cord. Our assays of delayed
coculture and time-lapse microscopy can provide conclusive ev-
idence concerning the roles of secreted molecules in directional
guidance and, at the same time, are technically simpler than pi-
pette assays. An additional advantage over pipette assays is that
the results from all neurons (rather than only subpopulations)
can be recorded and are quite consistent.

Slig 24 b
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Figure6.  Reduction of migratory speed by Slit supplied in a uniform concentration. Explants
were cultured for 24 hr before recording. Explants were then removed, and the migration of
individual neurons was recorded for 5 hr in the presence of control conditioned medium, fol-
lowed by another 5 hrin the presence of either Slit conditioned medium or control conditioned
medium. The individual neuronal speeds from two independent sets of experiments were
pooled and averaged. Error bars represent SEM.

It was reported recently that Slit does not have the properties
of a repellent but, in fact, functions solely as an inhibitor of mi-
grating SVZa neurons (Mason et al., 2001). However, these au-
thors argue that Slit functions as an inhibitor of cell migration,
because fewer cells migrate out of SVZa explants in the presence
of Slit. In the course of our studies, we noticed that the applica-
tion of Slit in a uniform concentration caused migrating neurons
to change direction (but not become immobilized) and to return
to the explant from which they originated (Fig. 5). Our findings
indicate that the primary reason for the previously observed re-
duction in neuronal number is that Slit causes neurons to migrate
into the explants. There are several possible explanations for this
observation. Although Slit concentration is uniform in the me-
dium, there could be a concentration difference between the me-
dium and the explant if Slit diffusion is limited in the explant,
(i.e., Slitis at its lowest concentration in the center of the explant).
This difference may then direct SVZa neurons toward the ex-
plant. A secondary effect of Slit could also account for such an
observation and could be attributable to a number of possibili-
ties. First, Slit may induce the explant to produce a factor that
attracts SVZa neurons. Second, Slit may cause SVZa neurons to
change or enhance their response to a constitutively secreted, but
previously unidentified, attractant secreted by the explant. Third,
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Figure 7. Repulsion of neurons by Slit without a concurrent reduction in cell speed. Time-

lapse microscopy of migrating neurons before and after Slit aggregate placement was per-
formed as described in Figure 3. a, Diagram defining the measurement periods of neuronal
speed before the addition of Slit and after Slit-induced turning. Speed measurements after
turning were not begun until after neurons actually moved away from the Slit source. b, Indi-
vidual neuronal speeds before the addition of Slit and after turning. Each neuron is designated
by a different color. ¢, Mean neuronal speed before the addition of Slit and after turning (n =
24). Error bars represent SEM.

Slit may be processed by the explant itself, changing Slit from a re-
pellent to an attractant and forming an attractant microgradient.

We found that uniform application of Slit caused a small de-
crease in the speed of neuronal migration. However, the biolog-
ical relevance of this effect still needs to be addressed, especially in
light of our finding that neurons can be repelled by Slit without a
concurrent reduction in the migratory speed. In fact, the finding
of reduced speed while in the presence of a uniform concentra-
tion of Slit can be interpreted as being caused by the underlying
mechanism of repulsion and not by a true biological role of Slit. A
popular model of the general mechanism of repulsion holds that
repulsive cues cause local inhibition on the cellular level that in
turn leads to directed cell migration. For example, protrusion of
the side of the cell closest to the repellent source is inhibited more
than the side of the cell farthest away, leading to preferential
protrusion of the cell on the less-inhibited side. If this is the
mechanism governing repulsion, uniform application of a repel-
lent should act as a general inhibitor of cell migration, because it
inhibits protrusion of the cell in all directions. This has not been
observed in our explant experiments or brain slice cultures. We
note that although the use of explant culture in both collagen gels
and brain slices covers a range of possible diffusion rates, we
nonetheless do not know the precise concentrations of Slit in vivo
or the gradient of Slit in vivo or in vitro.

Our demonstration of Slit-mediated repulsion of neurons in
situ indicates that appropriate in vivo placement of Slit can theo-
retically be used to direct transplanted neurons or regenerated
neurons to the desired sites after brain injuries or neurodegen-
eration, thus establishing the principle and the method for ther-
apeutic applications of Slit in the nervous system.

In leukocytes, it has been shown that Slit is an inhibitor of
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leukocyte chemotaxis (Wu et al., 2001). Because the migratory
speed and morphology are different between neurons and leuko-
cytes, it will be interesting to investigate whether Slit is primarily
an inhibitor or both an inhibitor and repellent of leukocyte
migration.
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