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The neocortical primary somatosensory area (S1) consists of a map of the body surface. The cortical
area devoted to different regions, such as parts of the face or hands, reflects their functional
importance. Here we investigated the role of genetically determined positional labels in neocortical
mapping. Ephrin-AS was expressed in a medial > lateral gradient across S1, whereas its receptor EphA4
was in a matching gradient across the thalamic ventrobasal (VB) complex, which provides S1 input.
Ephrin-A5 had topographically specific effects on VB axon guidance in vitro. Ephrin-A5 gene disruption
caused graded, topographically specific distortion in the S1 body map, with medial regions contracted
and lateral regions expanded, changing relative areas up to 50% in developing and adult mice. These
results provide evidence for within-area thalamocortical mapping labels and show that a genetic differ-

ence can cause a lasting change in relative scale of different regions within a topographic map.

The layout of the neocortical surface reflects its functions. For
example, the primary somatosensory area (S1) consists of a topo-
graphic map of the body surface, in which different parts of the
body are represented at different scales’2. The scale of such fea-
tures varies between species, and even individuals, in a manner
that reflects functional importance and probably contributes to
differences in functional ability'-S.

Such topographic organization requires corresponding pat-
terning of incoming and outgoing connections. One mechanism
for topographic patterning of connections is correlated neural
activity. In visual cortex, neural activity and visual experience are
important for normal development of ocular dominance and
orientation columns®!'l. In somatosensory cortex, the innerva-
tion density of body regions is approximately correlated with the
size of their cortical representations, suggesting that the scale of
representation could be determined simply by the amount of
neural input’>!2, Supporting this idea, reducing activity during
development, for example by cutting a nerve or trimming a
rodent’s whiskers, can change the input map in S1 (ref. 13). Fur-
thermore, although initial attempts at drug inhibition of activi-
ty did not obviously affect rodent S1 development!?,
pharmacological or genetic disruption of the NMDA receptor
impairs barrel map formation and plasticity!>-15.

Activity-independent mechanisms are postulated to establish
an initial rough map, which would then be remodeled to the final
form by activity' 1o, However, the role of activity-independent
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mechanisms in the neocortex is not well understood. One poten-
tial mechanism could rely on timing: the thalamus and cortex
show maturation gradients, which could be translated into spa-
tial differences as axons reach their target!”!8. An alternative could
be complementary mapping labels on thalamic axons and their
targets!®. However, in vitro studies reveal no area-specific cues in
the neocortex?. Moreover, thalamic afferents can form distinctive
somatosensory or auditory maps when induced to innervate
inappropriate cortical areas??2, emphasizing the prominent influ-
ence of incoming axons, and suggesting that the neocortex itself
may have little instructive role.

Ephrins and their Eph receptors seem to be topographically
specific mapping labels in the retina and its subcortical tar-
gets?>-7. Here we investigate their role in neocortical map devel-
opment. Based on expression patterns or in vitro assays, suggested
roles include determining layer specificity of intracortical con-
nections?® or specificity of connections to distinct areas in lim-
bic cortex or neocortex?>-31,

Our results show ephrin-A5 can regulate topographic orga-
nization of the neocortex. Ephrin-A5 is expressed in a gradient
across S1. The thalamic VB complex has a complementary recep-
tor gradient, and its axons respond topographically to ephrin-
A5 in vitro. In mice lacking the ephrin-A5 gene, Sl
thalamocortical connections seemed largely normal, but there
was a graded topographically specific distortion, which was not
seen at subcortical levels and persisted from development into
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Fig. 1. Ephrin-A5 RNA expression within motor
and sensory areas of the developing rodent neo-
v cortex. Coronal sections through anterior (a),
middle (b) and posterior (c) Pl rat neocortex
» show gradients of expression across the cortical
plate in motor (M), primary somatosensory (SI),
%A secondary somatosensory (S2) and primary audi-
tory (A) areas. Expression in the primary visual
“  area (V) was weak and not obviously graded.
Areas were identified by Nissl and AChE staining

of alternate sections.

adulthood. The results provide evidence for within-area thala-
mocortical mapping labels. They also indicate that genetically
determined labels can have a lasting influence on the relative scale
of different regions within a map.

REsuLTS

Ephrin-A5 layer specificity and gradients in cortical areas
We began by examining RNA expression of all five known ephrins
of the A subfamily, the subset most clearly implicated in subcor-
tical mapping, during the time thalamocortical axons grow into
the cortex. These results are mostly consistent with other stud-
ies of ephrin expression in rodent cortex?®>31, although a poten-
tial relationship of the patterns to within-area tangential mapping
has not been described. Cortical expression of ephrin-A2 RNA
appeared moderate but uniform, and ephrin-A3 was moderate-
ly expressed in cortical plate and subplate, though we did not see
obvious gradients. However, we were struck by the prominent,
patterned expression of ephrin-A5 RNA.

The timing and layer specificity seemed consistent with a role
in map development. Ephrin-A5 RNA was detected in cortical
plate from embryonic day (E)19 to postnatal day (P)3 in rat and
E18 to P3 in mouse (Figs. 1 and 2). The onset of expression pre-
ceded the massive invasion of the cortical plate by thalamocor-
tical axons, assessed by co-staining for acetylcholinesterase
(AChE), an early marker for thalamocortical axons in rat, as well
as patterning of thalamocortical axons into whisker barrels, first
detectable around PO (refs. 13, 32; Fig. 2a—i). Expression was seen
prominently in layers VI and IV, with some layer V expression
especially in the motor areas. This again seems consistent with a
role in the mapping of thalamocortical axons, as their pattern-
ing is thought to occur initially in the deep layers and then to be
transferred and refined in layer IV (refs. 13, 32).

The ephrin-A5 pattern across the plane of the cortical plate
suggested a potential role as a tangentially specific label. Expres-
sion was prominent in the primary somatosensory and motor
areas in a single medial > lateral gradient (Fig. 1a and b), in the
primary auditory area in an opposite lateral > medial gradient
(Fig. 1¢), and in the secondary somatosensory area in a lateral >
medial gradient (Fig. 1b), but was weak and not obviously grad-
ed in the primary visual area (Fig. 1c). We focus here on the pri-
mary somatosensory area, particularly the posteromedial barrel
subfield (PMBSEF), the map of the main whisker pad, where the
whisker barrels provide well characterized markers of map topog-
raphy. The prominent medial > lateral gradient of ephrin-A5
RNA was seen from E19 to P1 (Fig. 2a—m). No obvious anteri-
or—posterior gradient was seen on parasagittal or horizontal sec-
tions (data not shown). This gradient encompassed the PMBSEF,
visible by its barrel staining pattern, and also included more
medial regions corresponding to the rest of the body (Fig. 21 and
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m). At P3, a trend of differential expression could still be seen,
along both the barrel rows and arcs, with an overall medial > lat-
eral distribution (Fig. 2n—s). However, at P3 there was a discon-
tinuous pattern of ephrin-A5 staining that seemed to correspond
to the barrel pattern, especially in layer VI in sections cut across
the rows (Fig. 2p and q). This was further assessed on tangential
sections of P3 flat mounts (Fig. 2t), revealing patches of expres-
sion strikingly reminiscent of the histochemically stained
somatosensory map, including components such as forelimb,
hindlimb and whisker barrels. This observation has no obvious
precedent in work on ephrins in subcortical projections, and indi-
cates that at late mapping stages ephrin-A5 becomes concentrated
in the regions innervated by thalamocortical axons.

To detect ligand protein distribution, we used affinity probe in
situ®3, with probes consisting of soluble Eph receptor ectodomains
fused to alkaline phosphatase (AP). A medial > lateral gradient
was seen across the motor and somatosensory cortex, similar to
the pattern of ephrin-A5 RNA (Fig. 2u—x). However, in ephrin-
A5~ mice, a similar though less intense gradient was still seen.
This implies there are overlapping gradients of more than one
ephrin, as in subcortical maps?>2434. It also implies that any cor-
responding phenotype in the ephrin-A5-- mice is likely to result
from a change in slope or height, rather than a total deletion, of
the overall composite gradient of ephrins.

EphA4 gradient across somatosensory VB complex
In maps formed by retinal axons, in addition to an ephrin gra-
dient across the target?>?42627, a matching Eph receptor gradient
is found across the retina?>?’, giving ligand and receptor the dis-
tributions expected of complementary topographic mapping
labels. We therefore tested for Eph receptor expression in the VB
complex, the main thalamic relay to S1. Of the four receptors
tested (EphA3, EphA4, EphA5 and EphA7), only EphA4 RNA
was highly expressed in VB, from at least E18 to P3, in a ventro-
medial > dorsolateral gradient, within both VPM and VPL, the
trigeminal and dorsal column components of the VB respective-
ly (Fig. 3a—i). Compared with the somatosensory map in VPM?3,
the orientation of the EphA4 gradient is such that levels are high-
est in the part corresponding to the anterior snout and high-
numbered arcs of the PMBSEF, located laterally in S1. This
orientation could therefore be consistent with a repellent ligand-
receptor interaction in thalamocortical mapping, as proposed in
retinal maps?3-2734, By P3, the EphA4 RNA gradient started to
fade, and in the VPM it now appeared in a discontinuous pat-
tern similar to the cytochrome oxidase barreloid pattern (Fig. 3g
and h), and reminiscent of the barrel-like pattern of cortical
ephrin-Ab5 at this stage.

The expression pattern of Eph receptors at the protein level
was tested by affinity probe in situ with an ephrin-A5-AP fusion
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Fig. 2. Ephrin-A5 graded

expression across the develop-

ing rodent somatosensory cor-

tex. (a—j) Coronal sections of n
embryonic rat brain, showing <
ephrin-A5  RNA in the =
somatosensory cortex at EI9 'g_
(a), E20 (b) and E21 (c), com- o
pared on adjacent sections
with the ingrowth of thalamo-
cortical axons, stained by
AChE (d-f) and development
of the cortical plate, Nissl
stained (g=-i). Arrowheads indi-
cate the most superficial extent
of thalamocortical axons visible
by AChE. Bars show extent of
the cortical plate at EI9 and
E20, or boundaries between
presumptive layers IV, V and VI
at E21. (j) Control section of
E20 rat brain treated with
ephrin-A5 sense probe.
(k) Densitometric scan show-
ing medial (M) to lateral
(L) graded expression of
ephrin-A5 RNA across the
somatosensory area. Results
from two independent E20 sec-
tions are  shown; the
y-axis is in arbitrary units.
(I, m) Coronal sections of Pl
rat brain, showing layer IV bar-
rels stained with AChE
(I), compared with expression
of ephrin-A5 in the motor (M)
and somatosensory (S) areas
(m), delineated by arrowheads.
(n-q) Oblique sections cut
along the rows (n, o) or the
arcs (p, q; medial is left) of the
P3 rat PMBSF, showing ephrin-
A5 RNA (n, p) or AChE stain-
ing (0, q). Arrowheads indicate
the barrel-like discontinuous
pattern of AChE and ephrin-
A5. (r) Densitometric scan
showing a posteromedial (PM)
to anterolateral (AL) graded

AChE
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expression of ephrin-A5 along the rows of the barrel field in layers VI (bold line) and IV (thin line). (s) Schematic representation of the row (R) and arc
(A\) oblique section planes in relation to the PMBSF. (t) Section of flat-mounted P3 rat cortex, showing a discontinuous pattern of ephrin-A5 RNA remi-
niscent of the body map. FL, forelimb; HL, hindlimb; BF, posteromedial barrel subfield; TR, trunk. Little staining is seen in the anterior snout (AS) region,
located laterally. (u-x) Coronal sections of PO mouse brain, showing binding in situ with EphA3—AP probe in the somatosensory cortex of wild-type
(u) and ephrin-A5~- (v) mouse. (w) Control with AP only. (x) Ephrin-A5 RNA in the cortex of a wild-type mouse for comparison. Arrowheads indicate

the boundaries of the presumptive somatosensory cortex.

protein. Binding activity was detected on axons growing from
VB explants in vitro (data not shown), and in embryos as early
as E16 and up to P3, on thalamocortical axons en route to the
cortex, through the internal capsule and in the subplate (Fig. 3j),
confirming expression of Eph receptors on projecting thalamo-
cortical axons.

Topographically specific effect of ephrin-A5 on VB axons
The in vitro stripe assay®® was used to test for a guidance effect

on VB axons. In contrast to the midbrain tectum, the ephrin-A5
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gradient in Sl is restricted to a subset of layers and is not demar-
cated by major anatomical markers, making it difficult to set up
an in vitro assay using native cortical membranes. However, we
were able to test responses of VB axons to ephrin-A5 on trans-
fected cell membranes. Axons from the ventromedial third of VB
grew preferentially on stripes lacking ephrin-A5, indicating a
repellent effect (Fig. 3k). Axons from the dorsolateral third had
no preference, demonstrating topographic specificity (Fig. 3k).
Stripe preference of each explant was scored on a 0 (no bias) to 4
scale. Ventromedial explants had a score of 1.86 £ 0.15
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Fig. 3. The VB complex, the main somatosen-
sory relay to the cortex, displays graded Eph
receptor expression, and its axons are differen-
tially repelled by ephrin-A5 in vitro. (a~d, g-i)
Coronal sections of rat brain (medial is left in
c—i), showing EphA4 RNA in VB at E20 (a), PI
(c) and P3 (g), compared with the VB markers
AChE (b) and cytochrome oxidase (d, h).
(e) Schematic representation of the ventrome-
dial to dorsolateral gradient of EphA4 in the
VPM and VPL portions of the VB. In (g) and (h),
arrowheads indicate barreloid-like patterns.
(f) Densitometric scan of the ventromedial
(VM) to dorsolateral (DL) EphA4 RNA gradient
in VPL (solid line) and VPM (dashed line).
(i) Control EphA4 sense probe. (j) Ephrin-
AS5-AP binding in situ on EI7 mouse brain.
Arrowheads indicate staining of thalamocortical
axons in the internal capsule and subplate. (k) In
vitro stripe assay. Axons (green) from explants of
ventromedial or dorsolateral VB are grown on
alternating stripes of membranes from mock or
ephrin-A5 transfected cells. Red fluorospheres
mark lanes with ligand in upper panels, and
without ligand in lower panels.
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ephrin-A5-AP

(mean = s.e.) and dorsolateral explants a score of 0.1 + 0.04 (p
< 0.001). These results demonstrate ephrin-A5 can act in vitro
as a repellent for VB axons, with a topographically appropriate
preference for ventromedial axons.

Expansions and contractions in adult ST map

Because the expression patterns and in vitro assays supported
a role for ephrin-A5 in S1 map development, we character-
ized the map in ephrin-A5~~ mice?’. We first used both retro-
grade and anterograde Dil labeling, an approach that reveals
obvious abnormalities in the retinal maps in this mutant?6-27.
However, we were unable to find any abnormality in the
somatosensory thalamocortical connections of early postnatal
mice, in terms of layer specificity (assessed by anterograde
labeling), area specificity or gross topographic arrangement
(assessed by anterograde and retrograde labeling), with each
labeling site mapping to a single projection site (Fig. 4a—c and

FL~ PMBSF :
wt e =
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data not shown). The precision of barrel-to-barreloid rela-
tionships in adult mice was further demonstrated in a sepa-
rate study using intrinsic signal optical imaging (N.P., P.V,,
J.E, J.G.E. & R.F,, unpublished data).

We next tested for changes in map layout, taking advan-
tage of the excellent markers of topography provided by the
whisker barrels. Cortical flat mounts of adult mice were ana-
lyzed by cytochrome oxidase staining, which shows the layout
of the layer IV map of somatosensory input from the thala-
mus'>18, In mutants, the somatosensory map layout appeared
grossly normal, containing representations of the major body
parts and a normal number of PMBSF barrels (Fig. 4d and e).

However, there were significant changes in barrel dimensions.
Moreover, these changes were not uniform, but showed a strik-
ing systematic variation, including contractions of some barrels
and expansions of others (Fig. 5). Prominent contractions were
found in medial PMBSEF, especially the low-numbered D and E

Fig. 4. Connectivity and pattern of the thalamo-
cortical somatosensory map are grossly normal in
ephrin-A5~ mice. (a-c) Dil labeling of thalamo-
cortical projections. (a) Coronal section through
somatosensory cortex showing typical dye injec-
tion site. In wild-type (b) or ephrin-A5~~ mouse
(c), a single cluster of retrogradely labeled cells
(arrow) is found in the thalamic VB complex, in this
case within the VPM nucleus (ventromedial and
dorsolateral limits of VPM marked by oblique
lines). A small additional cluster of labeled cells is
found more medially in the POm complex (arrow-
head). (d, e) Flattened sections of adult cortex
stained for cytochrome oxidase, showing a grossly
normal somatosensory pattern in wild-type (d) and
ephrin-A57~ (e) mouse. PMBSF, posteromedial
by Sl W barrel subfield; AS, anterior snout; L], lower jaw;
A FL, forelimb; HL, hindlimb. (f) Coronal section of
) P8 brainstem stained for cytochrome oxidase,
showing an ephrin-A5~~ mouse with a normal pat-
tern of barrelettes in the nucleus interpolaris.
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rows. (Individual whiskers and their
barrels are designated by a letter for
the row and a number for the arc.) For
example, the D1-E1 center-to-center
barrel distance was reduced from
397.8 + 5.1 wm to 329.8 + 11.0 um
(=17%, p < 0.001). (Unless otherwise
stated, all quantitations are for adult
animals; wild type, n = 8; mutant,
n = 8.) The contractions tended to
diminish along both the rows and
arcs, in an overall medial to lateral
trend, and then shifted into expan-
sions, particularly in the A and B rows
(A1-B1 distance increased from 309.0
+8.2 tm to 348.0 + 8.3 tm, +13%, p
=0.004) and the high-numbered C, D
and E rows (D8-E8 distance increased
from 268.0 £ 5.0 um to 319.9 £ 6.3
pm, +19%, p < 0.001). In terms of
cortical surface area, the relative space
devoted to different parts of the map
changed by up to approximately 50%.
(For example, the area of the
D7-D8-E7-E8 cluster, divided by the

Change in mutant (%)

%

Change in mutant (%)

a Interbarrel distances: row-to-row

b Interbarrel distances: arc-to-arc
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E1-E2-D1-D2 area, increased from a Fig. 5. Expansions and contractions in the cortical somatosensory map of ephrin-A-5-/- mice. Center-
ratio of 0.501 £ 0.005 to 0.753 + 0.003, to-center distances between pairs of barrels (a, b) and areas of individual barrels (c), in the main
+51%, p < 0.001.) However, total whisker pad map (posteromedial barrel subfield, PMBSF). Each bar shows the percentage change in

PMBSF area was not significantly
changed (wild type, 1.94 + 0.17 mm?;
mutant, 1.98 + 0.13 mm?, p = 0.86).
The medial-to-lateral trend in the shift

mean value, for a group of adult ephrin-A57~ mice (n = 8) compared with wild-type mice (n = 8).
Statistically significant changes (p < 0.05) are indicated by an asterisk. Colors demarcate different barrel
rows. (d) Schematic representation of the distortions in the somatosensory map. Head, trunk, forelimb
and hindlimb representations are shown, with whisker barrels in the PMBSF indicated by dots and iden-
tified conventionally by a letter for the row and a number for the arc. Red, expansions; blue, contrac-

fr(?m contract.io’ns to ‘eX'pansions tions; gray, regions not quantitated. (e) PMBSF map from a wild-type and an ephrin-A5~- cortex, stained
(Fig. 5) was strikingly similar to the for cytochrome oxidase. Arrows indicate examples of barrel pairs that are expanded (+) or contracted

ephrin-A5 gradient at earlier ages.
Regions outside the PMBSF are

(-) in the mutant.

harder to quantify because there are few

well-defined landmarks. However, we

were able to measure the length of the anterior snout representa-
tion, which in mutants was expanded (from 2200 £ 30.5 um to
2368 + 16.8 um, +7.6%, p = 0.003), and the length of the forelimb
representation, which was reduced (from 1784 + 13.5 um to
1683 + 11.4 um, —5.7%, p = 0.001), consistent with the trend of
contractions medially and expansions laterally (Fig. 5d). No dif-
ference was found between mutants and controls in other mor-
phometric parameters, such as brain weight, cortical layering, body
or snout shape, or size and shape of the cerebral hemispheres,
except that the body weight of mutants was slightly increased (from
28.02 £ 0.55 g t0 29.95 + 0.67 g, p = 0.04). Some mutants have a
defect in neural tube closure (J.F. and M. Barbacid, unpublished
results); the occasional mice that survived with midline head defects
were excluded from the quantitative analysis here, although they
did not appear to have any different phenotype in the cortical map.

Distortions of S1 arise during development

To test whether the S1 distortions in adult mice had already
appeared at earlier developmental stages, we repeated the entire
PMBSF analysis at P6, when cortical layering is reaching com-
pletion and the layer IV barrel map first becomes detectable in
mice. The results revealed contractions and expansions that were
quantitatively similar in percentage terms to those seen in adults.
For example, the D1-E1 distance was reduced from 250.0 + 3.6
pm in wild-type mice to 205.6 £ 6.0 pm in mutants (—18%,
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p < 0.001), and the A1-B1 distance was expanded from
189.6 + 4.7 um to 213.6 + 4.8 m (+13%, p = 0.004, wild type,
n = 7; mutant, n = 7). The analysis of P6 mice thus indicates that
the distortions in the layer IV input map appear during devel-
opment, and also that they are not secondary to changes in the
plexus of intracortical connections, which begins to develop only
after P6 (refs. 28, 37).

Similar distortions were not seen at subcortical levels
In principle, a change in the cortical map could be explained by a
corresponding change at subcortical or peripheral levels. In the brain-
stem trigeminal nuclei, especially the nucleus interpolaris,
cytochrome oxidase staining reveals a stereotypic pattern of bar-
relettes (Fig. 4f). Here we were not able to detect any difference
between mutants and controls. For example, the D1-E1 distance
was 206.4 £+ 3.4 um in wild-type mice and 205.4 £ 2.6 um in
mutants (p = 0.88). Comparing the brainstem and cortex, the ratio
of D1-E1 to A1-B1 distances was similar in the brainstem of con-
trols (1.27 + 0.02) and mutants (1.28 % 0.03) and also in the cortex
of controls (1.27 + 0.04), whereas it was strongly reduced in the cor-
tex of mutants (0.97 + 0.05, —31%). These data provide no indication
that the distortion in the cortex could be explained by a distortion at
the brainstem level (p < 0.001 by two-way ANOVA, genotype X brain
level). The same conclusions were reached from measurements
throughout the barrelette map in the nucleus interpolaris.
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The map in the thalamic VB nucleus was harder to quantify
because the barreloid organization curved in three dimensions.
However, we were able to reproducibly measure the distance from
the anterior end of the lower jaw representation to the barreloids
of arc 1. This distance was expanded in the cortex (average dis-
tance from lower jaw to arc 1 barrels was 3491 + 26 um in wild
types, versus 3664 + 35 wm in mutants, +5.1%, p = 0.001), but
was not significantly affected in the thalamus (1164 £ 19 um in
wild types, n =9, and 1124 + 28 um in mutants, n =9, p = 0.28).
These results provide no indication that the distortion in the cor-
tex could be explained by a distortion at the thalamic level
(p < 0.001 by two-way ANOVA).

DiscussioN

Ephrins as positional labels in neocortical mapping

It has been unclear whether positional labels contribute to pat-
terning of sensory inputs across the neocortex. Furthermore,
because the neocortex initially seems uniform, it has been
unknown whether such labels might be expected in area-specif-
ic patches, gradients across the whole cortex, within-area gradi-
ents or some other distribution.

We showed that ephrin-A5 is expressed in a prominent gra-
dient across S1. This gradient, the timing and layer specificity of
expression, and the matching EphA4 gradient across the thala-
mic VB complex all seem to fit the idea that ephrin-A5 and
EphA4 could act as complementary within-area mapping labels
for somatosensory thalamocortical projections. In vitro sup-
port comes from stripe assays showing ephrin-A5 causes topo-
graphically specific repulsion of VB axons. In vivo support
comes from the graded, topographically specific expansions and
contractions in the thalamocortical input map of both devel-
oping and adult ephrin-A5~- mice. These distortions in the
mutant could be accounted for by a medial shift in thalamo-
cortical axon termination zones, toward the direction normal-
ly occupied by high levels of repellent ephrin-A5. If other
influences tend to hold the S1 boundaries fixed, the expected
result would be map compression medially and expansion lat-
erally, as observed.

Ephrin-A5-/- adult mice were also characterized by intrinsic
signal optical imaging, to quantify whisker-evoked activity pat-
terns (N.P,, PV,, J.E, J.G.E & R.E, unpublished data). In terms
of the input map, there were changes in the locations of selected
whisker functional representations consistent with the changes
in whisker barrel locations seen here. In terms of intracortical
processing, the area occupied by individual whisker functional
representations showed no detectable change, whereas there were
changes in the overlap between pairs of whisker representations.
Thus, in addition to addressing intracortical processing, the func-
tional imaging results agree with the analysis here in identifying
changes in the S1 input map.

Although ephrin-A5 could have additional roles in the
somatosensory system, it is unlikely that the distortions seen here
in the thalamocortical map are caused entirely by changes at
intracortical, subcortical, peripheral or behavioral levels for sev-
eral reasons. First, map distortions could not be detected at the
level of thalamic or brainstem relays. This contrasts with periph-
eral manipulations before the critical period in rodents up to PO,
which affect both brainstem and cortical maps'>3-0, Second, we
see distortions in cortical layer IV, contrasting with peripheral
manipulations in early postnatal rodents, which do not distort
the histochemical map of afferents in layer IV, even though there
can be electrophysiological changes, particularly in layers I and
III (refs. 40, 41). Third, the distortion correlates with the promi-
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nent cortical ephrin-A5 gradient, whereas the pattern of ephrin-
A5 expression in brainstem and thalamic somatosensory nuclei
provides no evident explanation for the observed distortions
(refs. 27, 29, 42 and unpublished observations). Fourth, the S1
distortions did not alter noticeably with age, and had occurred
by P6, while the layer IV input map is emerging, but before the
plexus of intracortical connections has developed. Fifth, the dis-
tortion includes both barrel-field and forelimb representations,
which are adjacent in cortex but separate in subcortical trigem-
inal and dorsal column pathways, again contrasting with periph-
eral manipulations®.

In addition to S1, we found ephrin-A5 expression gradients
across the cortical plate within the motor, auditory and sec-
ondary somatosensory areas, suggesting a broader role as a
within-area topographic label. The earlier expression of ephrins
in the cortical ventricular and subventricular zones has also
suggested roles in initially setting up cortical pattern3®31,
although this would not seem to provide an explanation for the
medial-lateral distortion we see here, as early ephrin-A5 expres-
sion is in an anterior—posterior gradient®'. Ephrins could also be
involved in setting up layer specificity, or selectivity of thalam-
ocortical axons between different areas of the neocortex or lim-
bic cortex?®?°. Although our studies on the ephrin-A5-- mice
did not provide support for these ideas, we did not test them
exhaustively, and such roles might be obscured by molecular
redundancy.

A role for ephrin-A5 as a within-area topographic mapping
label for thalamocortical connections seems very consistent with
proposals of ephrin action in retinal maps?3*-273*. However, in
studies of retinal maps in the ephrin-A5~- mutant, focal Dil
injections in the retina reveal some axons projecting to the correct
location, and others to incorrect or multiple locations?®?”. In
contrast, the cortical somatosensory map shows no obvious loss
of point-to-point precision, but is systematically distorted. The
maintenance of a precise map could in principle be explained by
alternative types of mapping mechanism, or by the overlapping
ephrin gradients that were seen here with a receptor-AP probe.
These ideas could ultimately be tested by removal of multiple
ephrins from the cortex; in the meantime, the full extent of the
ephrins’ role remains unknown.

Our results have implications for the upstream mechanisms
that set up cortical patterning. It has been unclear to what degree
the fates and connectivity of cortical cells may be predetermined
in the neuroepithelium, or determined by incoming influences
such as the afferent thalamocortical axons—alternatives empha-
sized respectively in the protomap and protocortex models*>44.
An important role for thalamocortical input is shown by cortical
rewiring studies?"?2. On the other hand, some cortical markers
show region-specific expression even when thalamic axons fail
to reach the cortex, indicating patterning within the cortex*®.
Ephrin-AS5, in addition to providing a marker of cortical cell fate,
seems to serve as a positional label for map formation. We find
the S1 gradient of ephrin-A5 appears before any obvious inva-
sion of the cortical plate by incoming thalamocortical axons, sup-
porting the idea that, in addition to cortical fates, at least some
aspects of cortical connectivity can be determined by programs
intrinsic to the cortex.

Genetic control of scale within a map

Previous work has been consistent with the idea that the relative
scale of different features within the cortical somatosensory maps,
as well as visual and auditory maps, could be determined entire-
ly by the level of neural input from the periphery!>!2. Our find-
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ings now indicate that a genetic change of positional labels with-
in the brain can change the relative area allocated to different
regions within a map without obviously disrupting to the map’s
integrity. As far as we are aware, there is no precedent for such
an observation, either in a cortical map or any other topograph-
ic map.

One implication is to indicate a new function for ephrins in
mapping. Previous studies indicate that ephrins are topographic
labels, in the sense that they can ensure orderly axonal projec-
tions, with neighbor relationships preserved. The results here indi-
cate that the specific combination of ephrins can also determine
relative scale of regions within a final map. In view of this, we
would suggest the expression patterns of ephrins and Eph recep-
tors may be adapted to appropriately mold the internal structure
of maps. This model seems consistent with, and may explain, sev-
eral notable features of ephrin expression in maps: individual
maps contain multiple ephrins and Eph receptors in complex
overlapping gradients*; different combinations of ephrins and
Eph receptors are used in different maps; and the combination
used in a particular map can differ from one species to another?”.
These features could all serve to regulate internal map structure.

Finally, it has long been debated to what degree differences
in neocortical properties may be determined by genetics versus
environment>>¢810:4647_The amount of cortical area devoted to
a particular body region may determine functional ability, at
least in part, as greater use and ability generally correlate with
increased cortical representation!-8. Experience can undoubt-
edly be important in causing such differences between species
and individuals. Although we have no direct evidence for a
change in functional ability, our results show that a genetic dif-
ference in mapping labels can control the relative allocation of
cortical surface area within a map, starting in development and
persisting into adulthood.

METHODS

In situ analysis. Mouse RNA probes were as described?”33. Two non-
overlapping rat ephrin-A5 probes were amplified by PCR using primers
from the published sequence*® and gave indistinguishable results. EO
was defined as the plug date, and PO as the day of birth. Brains were
fixed with 4% paraformaldehyde overnight at 4°C for embryos or by
perfusion postnatally. Hybridization was as described?’; all results with
antisense probes were compared with control sense probes and were
confirmed by testing three to eight animals for each stage. Ephrin-
A5-AP and EphA4-AP probes were used as described?>27-33,

Somatosensory map organization. For retrograde labeling, tracer was
injected using a Picospritzer II, animals were sacrificed one to two days
later, fixed by perfusion, and brains were vibratome sectioned at 150 pm.
Anterograde Dil labeling was on fixed oblique sections comprising VB
and somatosensory cortex®>.. AChE and cytochrome oxidase staining were
as described**0. For quantitative analyses, after fixation by perfusion,
tangential 100-pm sections of flattened cortices or coronal 50-pum sec-
tions of brainstem or thalamus were cytochrome oxidase stained, and
digital camera images were quantified. For cortex, only cases with the
entire PMBSF in one or two sections were analyzed to reduce variability
due to angle of sectioning. For thalamus, distances from lower jaw to arc
1 were averaged through a complete series of coronal sections of one VB
from each of 9 animals. Mice were a population of mixed C57BL/6 and
129/Sv strains®. To ensure differences were not due to strain background,
barrels were measured in wild-type mice of the mixed population
(n =8), C57BL/6 (n = 8) and 129/Sv (n = 8) strains, and no significant
differences were found. All values in the text were measured with similar
results by a second investigator blind to genotype, and all comparisons
are for age-matched animals. Except where otherwise stated, values are for
adult mice, with n = 8 for ephrin-A5~~and n = 8 for wild-type mice.

In vitro guidance assays. Stable clonal 293T transfectants contained
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ephrin-A5 plasmid?” or mock vector. The stripe assay>® was used as
described?, except using as permissive substrate 33% to 66% membranes
from PO—P3 rat lateral frontal cortex, which had no detectable binding
for EphA4-AP. To make VB explants, including VPL and VPM, we col-
lected E18—-E20 embryos in oxygenated L15/0.6% glucose and removed
the pia. Brains were embedded in 4% low melting agarose in L15, kept ice
cold, and vibratome sectioned at 200 pm. Ventral and lateral VB bound-
aries could be seen on one to three sections under incident light; medi-
al and dorsal boundaries were determined by comparing with similar
sections stained with the VB marker AChE>?. Accuracy was further
ensured by comparing the dissected side with contralateral thalamus
stained afterward with AChE; in all cases, explants contained VB and
occasionally the most lateral part of VM. Explants were placed on stripes
in Neurobasal/B27 medium and analyzed after 48 to 72 h.
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