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Abstract
During the development and adult life of multicellular organisms cells move from one location to
another as they assemble into organs, seal a wound or fight pathogens. For navigation, migrating
cells follow cues that guide them to their final position. Frequently, a single cue simultaneously
guides different cells to different positions. Recent studies of one such cue—the chemokine SDF1
—suggest strategies for how the animal achieves this task without causing erroneous migration.
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1. Introduction
Chemokines are small, mostly secreted proteins of 8–14 kD [1]. They are classified into four
groups according to the position of their first two cysteine residues (CXC, CC, C and CX3C)
[2]. Humans have at least 46 different chemokines that signal through at least 23 different
chemokine receptors [3][4]. All chemokine receptors are G-protein-coupled seven-
transmembrane receptors, most of which signal through Gαi and are pertussis toxin sensitive
[5]. The predominant function of chemokines is to recruit and activate immune cells [6], but
chemokines have also been implicated in human immunodeficiency virus infection [7],
autoimmune conditions [8], inflammatory diseases [9] and cancer [10]. Consistent with their
essential role in the adaptive immune response, chemokines and their receptors are
vertebrate-specific and likely co-evolved with the expansion of lymphocyte function.
Jawless fish are the most basal vertebrates known to have chemokine receptors in their
genome [4]. The three types of chemokine receptors found in jawless fish correspond to
CCR14, CXCR4 and CXCR7, suggesting that these receptors served as the blueprint for the
diversification of the mammalian chemokine system.
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Intriguingly, one of these ancient chemokine receptors, CXCR4, and its ligand SDF1
provide guidance to many different cell types during development and adult life. SDF1 was
initially identified in bone marrow stromal cell lines as a secreted molecule that attracts and
stimulates the growth of B-cells [11][12][13] and was shown to signal through the
chemokine receptor CXCR4 [14][15][16]. Subsequent studies have demonstrated that this
ligand-receptor pair orchestrates additional aspects of the immune system and embryonic
development. In the immune system, CXCR4-mediated SDF1 signaling attracts
lymphocytes [13], stimulates the proliferation of blood cells [17][18][19] and contributes to
the homing of hematopoietic stem cells [20]. These guidance functions are also critical in
the developing embryo where SDF1 guides Cxcr4-expressing germ cells [21][22][23], cells
of the posterior lateral line primordium [24] and blood vessels [25][26], dentate gyrus
granule cells [27][28], trigeminal [29] and dorsal root ganglia sensory neurons [30],
gonadotropin-releasing hormone neurons [31] and olfactory neurons [32]. SDF1 also
controls the spreading of interneurons [33][34][35][36] and Cajal-Retzius cells across the
cortex [37][38], retains cerebellar external granule cells at their intermediate target [39][40]
[18][19][41] and anchors endoderm cells to the adjacent mesoderm during gastrulation [42]
[43]. Many of these cell types are guided by SDF1 to different targets at the same time and
in close proximity to each other. Remarkably, the embryo orchestrates these concurrent
processes with little to no error, suggesting tight control of the spatial and temporal
distribution of SDF1. Recent studies have begun to elucidate how the animal achieves such
tight control of SDF1 signaling. In this review, we discuss how chemokine clearance and
signaling through the second SDF1 receptor CXCR7 and microRNA regulation of
chemokine signaling may regulate the spatial and temporal distribution of SDF1 signaling
during germ cell migration and cortical interneuron and Cajal-Retzius cell spreading.

2. Primordial germ cell migration
Primordial germ cells (PGCs) are the precursors of the germline stem cells that reside in the
gonads and eventually differentiate into either sperm or oocytes. In most animals, PGCs are
born far from their final position and need to migrate extensively to reach the gonads [44].
In vertebrates, PGCs express Cxcr4 and are recruited to their final position by the CXCR4
ligand SDF1. The expression domain of SDF1 prefigures the PGC migration route, and loss
of Cxcr4 or SDF1 results in mispositioning of PGCs [22][21][23][45][46]. In zebrafish—
whose genome contains two copies of SDF1 (SDF1a and SDF1b) [21][22] and Cxcr4
(cxcr4a and cxcr4b) [47]—the SDF1a expression domain closest to the migrating PGCs
refines over time towards the future site of the gonads. The PGCs are born onto this domain
and remain closely associated with it as it refines (Figure 1A) [22]. It is unclear whether
cxcr4b-mediated chemokine signaling is required throughout PGC migration, but the close
association of the PGCs with the dynamic chemokine expression domain suggests a
continuous requirement for SDF1a in guiding these cells to their final position.

Many tissues in the embryo express SDF1a during PGC migration [22]. PGCs pass near and
partly encounter some of these SDF1a expression domains but almost always follow only
the domain onto which they were born. In rare cases, the PGCs are attracted to other
domains, such as the SDF1a expression domain that guides trigeminal sensory neurons [48]
[22]. This low error rate may be attributed to the consistent, close association between the
PGCs and the dynamic SDF1a expression domain that guides them to their target. SDF1a
protein can act at a distance [49] and is thought to form gradients that emanate from the
chemokine-producing tissues in the embryo [50][51]. However, PGCs are born onto a
domain of chemokine-producing cells and are therefore exposed to high SDF1a protein
levels at birth. As the SDF1a expression domain refines, the PGCs are thought to migrate
towards the highest levels of the attractant. Repetition of this process would result in
maintenance of the close association of PGCs and the SDF1a expression domain onto which
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they were born [52][51]. Consequently, PGCs would be less likely to be misdirected by
more distant sources of SDF1a protein. This model implies that the SDF1a mRNA and
protein expression patterns closely reflect the spatial and temporal activity of the SDF1a
gene.

Studies in zebrafish have revealed two mechanisms that contribute to the tight correlation of
gene activity and SDF1a mRNA and SDF1a protein distribution during PGC migration.
First, the ubiquitously expressed microRNA miR-430 targets SDF1a mRNA for
degradation. When miR-430 is prevented from binding to its target site in the
SDF1a-3’UTR, the mRNA expression domain of SDF1a is enlarged and PGCs are more
likely to migrate incorrectly (Figure 1B). This defect can be rescued by lowering SDF1a
protein levels, suggesting that in the absence of miR-430-mediated mRNA regulation,
SDF1a protein levels are elevated perturbing PGC migration [53]. Second, CXCR7, a
recently described second SDF1 receptor [54][55], has been shown to decrease SDF1
protein levels through ligand sequestration (Figure 1C–H) [56][57]. Although CXCR7
seems to act as a signaling receptor in some contexts [54][55][58][59][60], there is
compelling evidence for a clearance receptor function for Cxcr7b, one of the two zebrafish
Cxcr7 paralogs [32], during PGC migration [56]. First, its function is required not in the
PGCs but rather in the tissue through which they migrate. Second, lowering SDF1a protein
levels in cxcr7b-depleted embryos partially rescues PGC migration. Third, PGCs behave
similarly in cxcr7b-depleted embryos and embryos with elevated SDF1a protein levels.
Although the lack of antibodies has precluded direct analysis of SDF1a protein expression,
these observations are consistent with a model in which miR-430 and Cxcr7b act together to
refine SDF1a protein expression so that it closely mirrors the spatiotemporal dynamics of
SDF1a gene transcription (Figure 1).

3. Cortical interneuron migration
Cortical interneurons comprise a diverse set of morphologically and physiologically distinct
cells that constitute a major part of the cortex. Locally, they mediate synaptic inhibition, but
globally they are thought to shape cortical network oscillations and support many brain
functions (reviewed in[61]). In mice, cortical interneurons are born at three different sites in
the ventral part of the developing forebrain: the medial and caudal ganglionic eminences
[62] and the preoptic area [63][64]. Interneurons migrate from these sites in two streams into
the overlying cortex on the dorsal side of the forebrain. One stream of interneurons traverses
the cortex along the marginal zone (MZ), just underneath the meninges of the dorsal
forebrain. The other, more prominent stream of interneurons migrates into the cortex
through the intermediate zone/subventricular zone (IZ/SVZ). These two streams travel in
parallel to each other and are separated by the developing cortical plate. Because the
interneurons migrate in parallel to the meningeal membranes and the ventricular surface, this
phase of their migration is referred to as tangential migration. Initially, there is very little
mixing between the two streams [65] Tanaka:2003hn, [34][35][66][67]. However, once the
interneurons have emigrated from the ventral forebrain and spread across the cortex in the
MZ and IZ/SVZ, they change their direction of migration; interneurons from the MZ cell
stream turn ventrally while interneurons from the IZ/SVZ cell stream turn dorsally, initiating
cortical plate entry of neurons from both streams. Thus, while interneurons initially migrate
tangentially to spread across the cortex in two distinct streams, they later migrate radially to
populate the cortical plate (reviewed in [68]).

In vivo and in vitro live imaging studies have shown that interneurons migrate in all
directions within the planes of the MZ and IZ/SVZ but exhibit a slight rostro-caudal
preference. This type of cell movement is referred to as multidimensional tangential
migration [69][66][70][71]. Intriguingly, based on the direction of cellular protrusions, the
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interneurons at the leading edge of the streams are oriented dorsally towards areas not yet
occupied by interneurons while interneurons in densely populated regions are oriented in
various directions [67]. This suggests that interneurons at the edge of the streams sense
directional information while interneurons within the streams sense little or no directional
information.

Tangential and radial migration both depend on SDF1 chemokine signaling for directional
information. In Cxcr4 and SDF1 mutant mice, interneurons are not restricted to the two
streams in the MZ and IZ/SVZ. Instead, they are found throughout the developing cortex
[34][72][35][33]. Additionally, removing Cxcr4 activity after interneurons have spread
across the cortex results in premature radial migration and invasion of the cortical plate [35].
Consistent with the requirement for SDF1 signaling in tangential and radial migration,
interneurons express Cxcr4 and migrate from the ganglionic eminences into the cortex along
two stripes of SDF1 expression (Figure 2A–B) [73][35][74][34][33][75][76]. These two
stripes of SDF1 expression delineate the migratory routes along the MZ and IZ/SVZ. While
SDF1 is expressed along the MZ throughout tangential and radial migration, its expression
ceases in the IZ/SVZ as interneurons change from tangential to radial migration. In contrast
to primordial germ cells, which follow a refining SDF1a expression domain, interneurons
migrate across two seemingly uniform stripes of SDF1 expression. Although interneurons
are attracted by SDF1 both in vitro and in vivo [73][35] and display increased motility in
response to SDF1 [74][34], it is puzzling how uniform chemokine expression can provide
directionality to the migrating interneurons. Recent analysis of the role of the second SDF1
receptor, CXCR7, in interneuron migration provides insights into how this may be achieved.
Interneurons in the MZ and IZ/SVZ express Cxcr7 during tangential migration, and cells in
the cortical plate express Cxcr7 for a short period at the onset of migration [77][73][74].
Intriguingly, Cxcr7 function is required in both of these cell populations for correct
interneuron migration (Figure 2K–L) [73][74]. This dual requirement for Cxcr7 is reflected
in the two ways Cxcr7 functions during interneuron migration. First, in interneurons,
binding of SDF1 to CXCR7 activates the MAP kinase pathway [74][73] independently of
Cxcr4 [73]. Consistent with this, both CXCR7 and CXCR4 are essential to recruit
interneurons to sites of ectopic SDF1 expression in vivo [73]. Second, in addition to
signaling through the MAP kinase pathway, CXCR7 also binds, internalizes and degrades
SDF1 in interneurons [74]. In contrast to zebrafish, where—based on a qualitative assay—
Cxcr7b but not Cxcr4b seems to sequester SDF1a protein [56], both receptors contribute
equally to SDF1 protein uptake by mouse interneurons [74]. In interneurons, this chemokine
clearance function of CXCR7 leads to lower SDF1 protein levels around the cells. In the
absence of Cxcr7, interneurons do not clear SDF1 protein and are therefore exposed to
increased local chemokine levels. This increase in SDF1 protein levels leads to excessive
activation of CXCR4 resulting in complete internalization and degradation [74].
Importantly, CXCR4 degradation in Cxcr7 mutant interneurons is blocked when SDF1 is
removed from the media of cultured interneuron explants [74]. Therefore, the membranes of
Cxcr7 mutant interneurons are devoid of CXCR4 receptors [74], and, thus, the interneurons
are probably unable to sense and respond to SDF1. These two distinct functions of CXCR7
—intracellular signaling and chemokine clearance—are reflected at the level of cellular
behavior. If the interneuron migration defect in Cxcr7 mutants were solely due to elevated
SDF1 protein levels and resultant CXCR4 internalization and degradation, then one would
expect Cxcr4 and Cxcr7 mutant interneurons to behave similarly. However, they do not:
Cxcr4 mutant interneurons transition more readily from tangential to radial migration and
move tangentially at a greater rate than Cxcr7 mutant interneurons [73], suggesting that the
contribution of CXCR7 to the speed and direction of migration is at least partially
independent of CXCR4.
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Taken together, these observations suggest an “attractive dispersion model.” According to
this model, newly born interneurons are initially attracted to the tip of one of the two
uniform stripes of SDF1 expression in the cortex (Figure 2A). When they the first encounter
the SDF1 expressing tissue, the interneurons start to lower the SDF1 protein concentration
around them through CXCR7-mediated SDF1 protein clearance (Figure 2C). This creates a
local dip in the otherwise uniform SDF1 protein distribution along the stripe of chemokine
expression (Figure 2E). The interneurons are therefore exposed to more SDF1 protein in
front of them than underneath them. As a consequence of this locally generated gradient, the
interneurons migrate further along the stripe of chemokine expression toward higher levels
of SDF1 protein (Figure 2D). As additional interneurons move onto the stripe of chemokine
expression and others advance further along the stripe, the interneurons continue to create
local dips in the SDF1 protein concentration (Figure 2F) resulting in further spreading of
interneurons across the chemokine expression domain. Therefore, interneurons within the
stream migrate with little to no directional bias while interneurons at the edge migrate
preferentially towards areas not yet occupied by interneurons, a prediction that is consistent
with live imaging experiments [69][66][70][71][67]. Intriguingly, such a mechanism also
ensures even distribution of interneurons throughout the stripes of SDF1 expression in the
MZ and IZ/SVZ. According to the model, clustering of interneurons within the chemokine
expression domain results in increased local CXCR7-mediated SDF1 protein clearance. This
in turn generates a local SDF1 protein dip (Figure 2M). Consequently, interneurons within a
local cluster move away from one another toward areas with higher concentrations of SDF1
protein (Figure 2O). Repetition of this process ultimately results in even spreading of
interneurons across the uniform stripes of SDF1 expression in the cortex (Figure 2N and P).
Moreover, SDF1 protein clearance through the initial expression of Cxcr7 in the cortical
plate might help restrict the chemokine distribution to the overlying MZ and the underlying
IZ/SVZ and, thus, prevent interneurons from entering the cortical plate before they are
evenly dispersed.

Once the interneurons have spread across the cortex, they change from tangential to radial
migration and start to infiltrate the cortical plate. Interneurons in the MZ stream descend
ventrally and interneurons in the IZ/SVZ stream ascend dorsally into the cortical plate.
Intriguingly, co-culture experiments have shown that interneurons invade the cortical plate
only when they are confronted with older cortical slices [34]. Although this suggests that the
early cortical plate constitutes a non-permissive environment for interneurons, this does not
seem to be the case; interneurons placed next to cortical plate isolates of the same age
readily infiltrate them [34]. Similarly, live imaging studies of cortical slice cultures have
demonstrated that interneurons occasionally pass through the cortical plate from the MZ to
the IZ/SVZ and vice versa but do not settle in the cortical plate until they have dispersed
across the cortex [69][66][70][71][67][34][73]. Thus, it is likely that there is an activity in
the early but not in the mature cortex that prevents interneurons from settling in the cortical
plate. On a molecular level, this cortical maturation process correlates with the dynamic
expression pattern of Cxcr7 in the interneurons. Concomitant with entry into the cortical
plate, interneurons cease to express Cxcr7 but continue to express Cxcr4 [73][74][77]. Since
both chemokine receptors are essential for the attraction of interneurons by SDF1 in vivo
[73,74][35], this is consistent with the idea that downregulation of Cxcr7 renders
interneurons less sensitive to SDF1, allowing them to change their direction of migration
and enter the cortical plate. Additionally, downregulation of SDF1 expression in the IZ/SVZ
coincides with downegulation of Cxcr7 in the interneurons and cortical plate entry [73][35]
[74][34][33][78][75][76]. Therefore, interneurons in the IZ/SVZ stream not only become
less sensitive to SDF1 but also lose the source of the attractant itself. This change in
responsiveness to SDF1 could be the molecular correlate of the maturation process that
interneurons need to undergo before they change from tangential to radial migration and
enter the cortical plate. One prediction from this model is that premature loss of Cxcr7
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expression in interneurons should shorten the maturation period and result in earlier entry of
interneurons into the cortical plate. Although this has not been tested directly, it has been
shown that conditional inactivation of Cxcr4 after interneurons have spread across the cortex
accelerates interneuron entry into the cortical plate [35], suggesting that desensitization to
SDF1 is important for cortical plate entry.

Although the attractive dispersion model is an appealingly simple model, live imaging
studies suggest that loss of responsiveness to SDF1 is probably not the only trigger for
cortical plate entry. Before entry, MZ interneurons extend long protrusions into the cortical
plate but frequently choose not to enter [67], suggesting that the cortical plate is composed
of both favorable and non-favorable environments for interneuron entry. Although this could
be due to physical or molecular barriers that hinder interneuron entry, cells in the cortical
plate may also secrete attractants that recruit interneurons once they are no longer retained
by SDF1 in the MZ and IZ/SVZ. Alternatively, the meninges and/or the IZ/SVZ may secrete
repellents from which interneurons migrate away once they are no longer attracted by SDF1.
Together, these observations suggest that SDF1 may facilitate both the tangential migration
and even distribution of interneurons throughout the MZ and IZ/SVZ and the initiation of
radial migration into the cortical plate, possibly in conjunction with other attractants and
repellents in the cortical plate.

4. Cajal-Retzius cell migration
Cajal-Retzius (CR) cells are a transient population of neurons at the surface of the cerebral
cortex. They regulate the radial migration and laminar arrangement of neurons in the dorsal
forebrain (reviewed in [79][80]). For a long time, it was thought that CR cells are born in the
ventricular zone of the dorsal forebrain, a conclusion supported by fate mapping and loss of
function and expression analyses [81][82]. More recently, though, experiments that
combined fate mapping with tissue ablation demonstrated that CR cells are also born in the
cortical hem [83], the septum and the pallial-subpallial boundary [64]. From these three
sites, CR cells migrate tangentially into the cortex just beneath the meninges and disperse
across the cortex. At the sites in the marginal zone where the CR cells from different origins
meet, the cells intermingle but do not disperse into areas that are already occupied by other
CR cells. However, if pallial-subpallial boundary-derived or hem-derived CR cells are
genetically ablated, CR cells from other sources spread into the unoccupied area and—at
least transiently—compensate for the genetically ablated population [64][83]. These
observations suggest that, rather than being restricted from certain areas in the MZ by a
repellent, CR cells instead sense the density of their sibling cells, a property that limits their
dispersal.

Although it is not clear how CR cells born in the septum and the pallial-subpallial boundary
navigate into the cortex, surgical removal of the meninges locally blocks hem-derived CR
cell migration [38]. Conversely, removal of all cortical structures except the meninges does
not perturb hem-derived CR cell migration [38]. These findings suggest that the meninges
are both necessary and sufficient for the migration of hem-derived CR cells. Consistent with
this idea, CR cells are attracted to meningeal tissue but not to neocortical tissue in co-
cultures [38]. Intriguingly, meningeal tissues from different locations in the cortex attract
hem-derived CR cells to the same degree [38]. Moreover, transplanted hem-derived CR cells
disperse in all directions along the meninges with no apparent directional bias regardless of
the cortical region in which they are placed [38]. Together, these observations suggest that
the meninges provide a permissive environment for the hem-derived CR cells to disperse
within the MZ. In addition to permitting dispersal across the cortex, the meninges are also
required for retention of CR cells in the MZ. Chemical disruption of the meninges after CR
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cells have dispersed across the cortex results in CR cell redistribution to deeper cortical
layers, a defect that can be rescued by a secreted factor from the meninges [37].

SDF1 seems to provide the molecular basis for the attraction and retention of CR cells in the
MZ adjacent to the meninges. In the absence of CXCR4-mediated SDF1 signaling, hem-
derived CR cells still enter the cortex but are not confined to a stream of cells beneath the
meninges in the MZ [38][37]. Instead, they infiltrate all layers of the cortex. Moreover,
resupplying SDF1 protein to cortical slices in which CR cells have redistributed to deeper
cortical layers due to chemical ablation of the meninges restores CR cell positioning in the
MZ [37]. The expression of Cxcr4 and SDF1 mRNAs are consistent with these
observations: Hem-derived CR cells express Cxcr4 and the meninges express SDF1 [38][37]
[72]. Since the expression of SDF1 in the meninges also guides the interneurons in the MZ
stream [34][72][35][33], CR cells and MZ interneurons likely use the same SDF1 source to
enter the cortex. Intriguingly, though, these two cell populations migrate beneath the
meninges in opposite directions. While the CR cells migrate from the hem outwards towards
more lateral positions, the interneurons migrate from the ganglionic eminences inwards
towards more medial positions. Thus, Cxcr4-expressing CR cells and interneurons migrate
from opposing ends of a uniform stripe of SDF1 expression. When CR cells and
interneurons meet in the MZ, the CR cells remain directly beneath the meninges, and the
interneurons populate the space beneath the CR cells [67]. This topography might reflect the
qualitatively different response to SDF1 observed in explants: While CR cells are attracted
towards co-cultured SDF1 expressing cells [38], interneurons gain motility in response to
SDF1-expressing cells but do not show a clear directional bias [34][74]. Importantly, after
CR cells and interneurons have arranged into two layers, both cell types exhibit similar
polarity [67], suggesting that they perceive the same guidance cue.

The attractive dispersion model as described above (Section 3 and Figure 2), provides an
appealing explanation for how migrating interneurons might themselves sculpt the uniform
expression of SDF1 into a gradient that recruits and disperses them across the MZ and IZ/
SVZ in the cortex. Although the role of CXCR7 in CR cell migration is not clear, it is
tempting to speculate that CR cells might use the strategy described by the attractive
dispersion model for their dispersal beneath the meninges. However, while CR cells also
express Cxcr7 [77][78][73], their distribution and positioning does not seem to be affected
when Cxcr7 function is selectively removed from the cortical glutamatergic lineages using
the Emx1-Cre driver [73]. It is unclear, though, whether Emx1 drives Cre expression in all
CR cells and how efficiently Cre mediates recombination in these cells [84]. These caveats
in combination with the observation that hem-derived and pallial-subpallial boundary-
derived CR cells can compensate for each other [83][64] suggest that the consequences of
incomplete loss of Cxcr7 function in CR cells could be mild and difficult to detect.
Additionally, both CXCR7 and CXCR4 sequester SDF1 in interneurons [74], an observation
also made in cell culture experiments [57]. Therefore, it is conceivable that CXCR4
contributes to the clearance of SDF1 by CR cells, partially compensating for the loss of
CXCR7-mediated SDF1 protein clearance.

The attractive dispersion model could also provide a molecular explanation for the behavior
of CR cells in three other experimental situations. First, CR cells from the hem and the
pallial-subpallial boundary form a diffuse boundary where cells of both origins mix [83]
[64], suggesting that the CR cells do not repel one another. Second, when CR cells from the
pallial-subpallial boundary are ablated, CR cells—likely hemderived—disperse into the area
normally covered by the pallial-subpallial boundary-derived CR cells [64]. This observation
suggests that CR cells from different sources may limit each other’s dispersal. Third, a
modest reduction in hemderived CR cells reduces the final cell number but does not prevent
dispersal of CR cells across the cortex [83], suggesting that there is a mechanism that
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ensures even distribution of the cells. In the first scenario, CR cells from the hem and the
pallial-subpallial boundary stream would modulate the uniform SDF1 expression through
CXCR7-mediated SDF1 protein clearance to generate local gradients that attracts cells to
areas that are not yet occupied. Once the two CR cell streams encounter each other, cells at
the leading edge would infiltrate the opposite stream until uniform cell density results in loss
of local SDF1 gradients. If one stream is absent—as in the second scenario—CR cells from
the remaining population would continue to spread into unoccupied areas and, thus,
compensate for ablated CR cells. In the third scenario, the mechanism is conceptually
identical: The CR cells would disperse across the cortex under the influence of local SDF1
gradients until a uniform cell density—although lower than in wild-type—results in the
dissipation of local SDF1 gradients.

5. Conclusion
Guiding migrating cells through the body is a difficult task. Animals have developed many
layers of control to ensure that cells navigate to their final position with little or no error.
Recent work on SDF1-guided cell migration has uncovered two new layers of control: The
distribution of SDF1 is controlled at the transcript level through the microRNA miR-430 and
at the protein level through the chemokine clearance receptor CXCR7. Moreover, CXCR7
not only removes the chemokine but also mediates SDF1 activation of the MAPK pathway.
Together, these two aspects of CXCR7’s function modulate the cell’s response to SDF1.

Refinement of the SDF1 expression domain through miR-430 during germ cell migration is
the first example of microRNA-mediated regulation of chemokine signaling. It is
conceivable that similar refinement of the SDF1 expression domain is required in other
chemokine-guided migration events. Rapid changes in SDF1 expression as observed during
germ cell migration or the establishment of sharp expression borders as observed in cortical
interneuron migration could rely on such a mechanism. In the first case, clearance of SDF1
transcripts would ensure that promoter shutdown is reinforced by transcript degradation in
tissues that no longer express SDF1. In the second case, transcript degradation in domains
with leaky SDF1 expression could sharpen the borders between tissues that should or should
not express SDF1 at any given time. Moreover, graded microRNA activity could generate
precise SDF1 transcript gradients across tissues, as is seen along the migratory route of
gonadotropin-releasing hormone neurons [31].

The discovery of the role of CXCR7 in SDF1 protein clearance during primordial germ cell
and interneuron migration suggests that other SDF1-guided processes may also rely on this
function. For example, cerebellar external granule cells are born in the rhombic lip of the
hindbrain and migrate tangentially beneath the meninges to cover the surface of the
cerebellum. Once they have covered the cerebellum, they change direction and migrate
through the molecular and Purkinje cell layers to form the internal granule cell layer.
Analogous to interneuron and CR cell migration in the cortex, external granule cells express
and rely on SDF1 to spread across the cerebellar surface [41][18][40]. Although it is unclear
whether the external granule cells express Cxcr7, it is tempting to speculate that they might
use the same strategy as interneurons for dispersal. Additionally, the juxtaposition of the
expression domains of SDF1 and Cxcr7 at multiple sites in the brain [75][77][78][76]
suggests that SDF1 protein clearance through CXCR7 could sharpen the borders of SDF1
protein expression domains and restrict the domains through which chemokine responsive
cells migrate.

In addition to clearing SDF1 protein, CXCR7 also activates the MAP kinase pathway [85]
[74][73][60]. This signaling activity has been suggested to be Cxcr4-independent [73][60]
[86]. However, in some cases, CXCR4 seems to modulate CXCR7 signaling, possibly
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through CXCR4-CXCR7 heterodimerization [87]. Therefore, it will be interesting to see
how these non-scavenging functions of CXCR7 contribute to SDF1-guided cell migration.
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Figure 1. Refinement of SDF1 chemokine signaling during primordial germ cell migration
The SDF1a expression domain is refined at the level of transcript and protein through
miR-430 and Cxcr7b, respectively. Cxcr4b-expressing primordial germ cells (grey circles)
are born onto a dynamic SDF1a mRNA expression domain (blue stripe in A and B). This
expression domain refines over time towards the future site of the gonads. Primordial germ
cells stay closely associated with this shifting expression domain and are thus guided to their
final position (A). In the absence of miR-430-mediated regulation of SDF1a transcripts the
chemokine expression domain is expanded, and primordial germ cells are misdirected (B).
Cxcr7b removes SDF1a protein (red color) from the tissue around the SDF1a expression
domain (C) and refines its distribution (E), such that primordial germ cells are guided
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correctly to the future site of the gonad (G). In the absence of Cxcr7b, excess SDF1a protein
is not cleared (D) and spreads further from SDF1a-expressing tissues (F). This results in
ectopic primordial germ cells in cxcr7b mutant embryos (H). G and H show wildtype and
cxcr7b mutant zebrafish embryos, respectively, stained for vasa mRNA to visualize
primordial germ cells at 24 hours post fertilization.
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Figure 2. Attractive dispersion model for SDF1 chemokine signaling in interneuron migration
The attractive dispersion model postulates that interneurons modulate the SDF1 protein
distribution to facilitate their even dispersal across the cortex. Cxcr4 and Cxcr7 expressing
interneurons (grey circles) are born next to one of two stripes of uniform SDF1 mRNA
expression in the MZ and the IZ/SVZ (A). For simplicity, only one stripe of SDF1 mRNA
expression is shown (blue stripe in A and B). Upon recruitment onto this expression domain
(B), interneurons remove SDF1 protein through CXCR7-mediated chemokine clearance
(compare C with D). This creates a graded distribution of SDF1 protein with less attractant
behind than in front of them (compare E with F). In the absence of CXCR7, interneurons
cannot refine the SDF1 protein expression pattern [74] (H and J), do not respond to SDF1
protein [73] and do not disperse evenly along the SDF1 expression stripe (H). In the wild-
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type cortex, interneurons are restricted to the MZ and IZ/SVZ at E16.5 (K). In Cxcr7
mutants, they prematurely enter the CP (L). Panels in K and L are adapted with permission
from [74]. Panels M-P describe how, according to the attractive dispersion model, the
interaction of CXCR7 and CXCR4 with SDF1 could facilitate the redistribution of neurons
from an over-populated region of the cortex to a region populated by less neurons. MZ,
marginal zone; CP, cortical plate; IZ/SVZ, intermediate zone/subventricular zone; VZ,
ventricular zone.

Lewellis and Knaut Page 18

Semin Cell Dev Biol. Author manuscript; available in PMC 2013 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


