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Development of Functional Maps in the Superior Colliculus
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The orderly projections from retina to superior colliculus (SC) preserve a continuous retinotopic representation of the visual world. The
development of retinocollicular maps depend on a combination of molecular guidance cues and patterned neural activity. Here, we
characterize the functional retinocollicular maps in mice lacking the guidance molecules ephrin-A2,-A3, and -A5 and in mice deficient in
both ephrin-As and structured spontaneous retinal activity, using a method of Fourier imaging of intrinsic signals. We find that the SC of
ephrin-A2/A3/A5 triple knock-out mice contains functional maps that are disrupted selectively along the nasotemporal (azimuth) axis of
the visual space. These maps are discontinuous, with patches of SC responding to topographically incorrect locations. The patches
disappear in mice that are deficient in both ephrin-As and structured activity, resulting in a near-absence of azimuth map in the SC. These
results indicate that ephrin-As guide the formation of functional topography in the SC, and patterned retinal activity clusters cells based
on their correlated firing patterns. Comparison of the SC and visual cortical mapping defects in these mice suggests that although
ephrin-As are required for mapping in both SC and visual cortex, ephrin-A-independent mapping mechanisms are more important in

visual cortex than in the SC.
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Introduction

Neuronal connections are often organized in a spatially precise
manner to maintain the nearest neighbor relationships from an
origin structure to its target, an arrangement called topographic
mapping. A prominent model for studying how topographic
maps are established during mammalian development is the pro-
jection of retinal ganglion cells (RGCs) to the superior colliculus
(SC). Studies in the last several decades have indicated that the
positional information of an RGC can be carried by at least two
sources (McLaughlin and O’Leary, 2005).

First, as proposed by Sperry (1963) in the chemoaffinity hy-
pothesis, a graded distribution of guidance cues in the RGC axons
and SC cells can guide map formation by matching the two mo-
lecular gradients. The EphA family of receptor tyrosine kinases
and their membrane-bound ligands, ephrin-As, have been shown
to act as positional labels (Flanagan, 2006). EphAs/ephrin-As are
expressed in countergradients along the nasotemporal (NT) axis
of the retina and along the anterior—postrior axis of the SC
(Cheng and Flanagan, 1994; Flenniken et al., 1996; Marcus et al.,
1996; Zhang et al., 1996). Genetic studies in mice have shown that
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they are required for the formation of topographic maps along
this axis (Frisén et al., 1998; Feldheim et al., 2000, 2004; Rashid et
al., 2005; Pfeiffenberger et al., 2006).

The positional information of RGCs can also be carried by
structured neural activity where neighboring cells are more cor-
related in their firing patterns (Willshaw and von der Malsburg,
1976; Montague et al., 1991). Indeed, correlated bursts of spon-
taneous activity propagate as waves across the retina during early
development when the retinocollicular map is being established
(Wong, 1999). When the precise structures of retinal waves are
disrupted genetically or pharmacologically, the retinotopic maps
in SC become less precise (McLaughlin et al., 2003; Cang et al.,
2005b; Chandrasekaran et al., 2005; Mrsic-Flogel et al., 2005).

Together, these studies support a model in which guidance
molecules guide RGC axons to form a rough map and patterned
neural activity refines the map by clustering correlated inputs
(Cline, 2003; Torborg and Feller, 2005). Indeed, computational
studies combining these two factors could simulate the pheno-
types of disrupted retinocollicular projections seen in mice where
EphA/ephrin-As expression levels or activity patterns are manip-
ulated genetically (Yates et al., 2004; Tsigankov and Koulakov,
2006). These models also make predictions of the entire struc-
tures of retinotopic maps in these mice. However, because exper-
imental studies of retinocollicular mapping have primarily de-
pended on anatomical tracing where only one or two injections
can be made in each retina, the global structure of SC maps when
EphA/ephrin-As interactions are genetically altered remains
unknown.
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In this study, we apply a method of Fourier imaging of intrin-
sic signals (Kalatsky and Stryker, 2003) to visualize the functional
maps in the mouse SC. By comparing the global structure of SC
maps in wild-type (WT) mice, in mice lacking ephrin-A2, -A3
and -A5, and in mice deficient in both ephrin-As and structured
activity, we reveal how guidance cues and neural activity contrib-
ute to the formation of retinotopic maps in SC.

Materials and Methods

Animals. Ephrin-A2/A3/A5 triple-mutant mice (Pfeiffenberger et al.,
2006), and ephrin-A2A5-nAChR-B2 combination knock-outs (KOs)
were generated from crossing of each single mutant (Cutforth et al., 2003;
Feldheim et al., 2000; Frisén et al., 1998; Xu et al., 1999). The animals
were maintained in the animal facility at Northwestern University, Uni-
versity of California, San Francisco (UCSF), and University of California,
Santa Cruz (UCSC), and were used in accordance with protocols ap-
proved by the Northwestern University, UCSF, and UCSC Institutional
Animal Care and Use Committees. Ephrin-A2, -A3, -A5 and nicotinic
acetylcholine receptor (nAChR)-B2 mutations were genotyped as de-
scribed previously (Frisén et al., 1998; Xu et al., 1999; Feldheim et al.,
2000; Cutforth et al., 2003). WT mice from the C57BL/6 strain (Charles
River Laboratories) were used as additional controls.

Functional optical imaging. To image retinotopic maps in the superior
colliculus, adult mice (2—6 months old) were anesthetized with urethane
(1.2-1.3 g/kg in 10% saline solution, i.p.) and supplemented by chlor-
prothixene (0.2 mg/mouse, i.m.). Atropine (0.3 mg/kg) and dexametha-
sone (2 mg/kg) were injected subcutaneously. A tracheotomy was per-
formed and a craniotomy was made in the left hemisphere. The overlying
cortex was then aspirated, thereby exposing the SC.

Optical images of intrinsic signal were obtained at the wavelength of
610 nm illumination using a Dalsa 1M30 or 1P30 CCD camera controlled
by custom software (Kalatsky and Stryker, 2003). After acquisition of a
surface image, the camera was focused 400—500 wm below the surface.
Intrinsic signal images were acquired at the rate of 7.5 frames per second
and stored as 512 X 512 pixel images. A high-refresh-rate monitor (No-
kia 445X at 120 Hz, or Viewsonic P225f at 100 Hz) was placed 25 cm away
from the animal. Drifting thin bars (2° wide and full-screen long) were
generated by a Matrox G450 board (Matrox Graphics) and displayed on
the monitor. The spatial frequency of the drifting bar was 1 cycle/100°,
and the temporal frequency was 1 cycle/8 s. Animals were presented with
thin bars drifting along dorsoventral (DV) or NT axis (5-10 min for each
direction) to stimulate the constant lines of elevation or azimuth, respec-
tively. By extracting the optical signal at the stimulus frequency, we com-
puted response magnitudes and timing in reference to the stimulus cycle,
which can then be converted to the location of visual field. The absolute
phase maps were then calculated by the method of “phase reversal”
(Kalatsky and Stryker, 2003). The 0° phase indicates the midline of the
monitor, both horizontally and vertically. In addition, spatially restricted
stimuli were used to assay azimuth map. Short horizontal bars of 10 or
20°long and 2° wide drifted vertically along different azimuthal positions
on the monitor. Retinotopic maps in response to these stimuli were
obtained using the same method as those using full-screen bars.

Analysis of retinotopic maps. We calculated several parameters to quan-
tify retinotopic maps in the mouse SC. First, we determined the ampli-
tude of peak response and the response area within 40% of the peak
amplitude. We also determined the magnification factor of these maps by
plotting the phase values along the 0° contour line of their orthogonal
map. We then calculated the distance between the two points along the
line that had phase values of —20 and 20°, respectively. The magnifica-
tion factor, in degrees per millimeter, is then the ratio of phase difference
(40° in this case) and the distance. For WT maps (Table 1), we calculated
phase scatter of the 10,000 pixels (0.80 mm? of SC surface) that had the
greatest response magnitude. For each of these pixels, we calculated the
difference between its phase value and the mean phase value of its sur-
rounding 25 pixels (including itself). For maps of high quality, the phase
differences are quite small because of smooth phase progression. The SD
of the phase difference is then used as an index of map quality. To com-
pare map quality of different genotypes (see Fig. 6), because the azimuth
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maps were weak and variable in the mutants, we used the 10,000 pixels
having the greatest response in the elevations maps as templates to ana-
lyze both elevation and azimuth maps.

Modeling of retinotopic map formation in the superior colliculus. We
followed the modeling studies of (Tsigankov and Koulakov, 2006) to
simulate map formation in the SC. Briefly, the SC is represented by an N
by N matrix (N = 100), which is the termination sites for the RGC axons.
The initial map is random, and then on each step of the optimization
procedure, we choose two RGC axons in SC randomly and exchange
them with the probability p = 1/[1 + exp(AE)], where AE is the change
in adhesive energy caused by the exchange. The formation of retinotopic
map in SC depends on two components, graded chemical guidance cues
(AEg,.,,) and activity dependent refinement (AE,_,), in the following
form: AE = AE_,.,, + AE,...

The contribution of chemical guidance cues is modeled by the follow-
ing formula: E .., = >; & X R, (i) X Ly('r) = B X Ry(i) X Ly('r), where
R, (i) represents the EphA receptor level of point (7) in retina, and L,('r)
represents ephrin-A ligand level in its target point in SC; Ry;(7) and Ly('r)
simulate levels of receptors and ligands that have graded expressions and
are required for map formation along dorsoventral axis, for example,
EphB and ephrin-B (Hindges et al., 2002; Mann et al., 2002); and a =
B = 120 describes strength of contributions (« = 0 to simulate the
removal of ephrin-As).

The expression levels of these components are simulated following the
original model (Tsigankov and Koulakov, 2006): R, (x) = exp(—x/N) —
exp(x/N — 2) and L,(x) = exp(x/N — 1) — exp(—1 — x/N), where x =
1...N is the coordinate along the NT axis. Ry( y) = exp( /N — 1) and
Ly(y) = exp(y/N — 1), where y is the DV coordinate.

The contribution of activity-dependent process is modeled as: E,, =
—y/22,C,;U('r), where y = 1 is the strength parameter, C; is the cross-
correlation of neuronal activity between two RGCs during retinal waves,
and U simulates the overlap between two SC cells. Here, we use Cy=
exp(—1/R), where r is the retinal distance between axons i and j, R =
0.11 X N, and U('r) = exp(—'r?*/2d?), where 'r is the distance between
two SC points and d = 3.

act

Results

Functional retinotopic maps in the mouse superior colliculus
revealed by Fourier optical imaging

Neighboring RGCs project their axons to neighboring SC neu-
rons, thus preserving a continuous retinotopic representation of
the visual world. To visualize the functional retinotopic maps in
the SC, we applied a method of Fourier optical imaging of intrin-
sic signals that has been used to visualize the structure of visual
cortical maps (Kalatsky and Stryker, 2003). In this method, drift-
ing thin bars are presented on a video monitor placed 25 cm away
from the anesthetized mouse, contralateral to the hemisphere
being imaged (Fig. 1 A). The bars drifted along the DV or NT axis
to stimulate the constant lines of elevation or azimuth, respec-
tively (Fig. 1 B, E). By extracting the optical signal at the stimulus
frequency, we computed the response magnitude and timing in
reference to the stimulus cycle, which can then be converted to
the location in visual field. This method offers great increase of
spatial resolution and reduction of time over the conventional
imaging method of episodic stimulation and acquisition (Schuett
etal., 2002; Kalatsky and Stryker, 2003). We find that this method
obtains high-quality maps of absolute retinotopy in the SC with
10-20 min of acquisition for each axis of the visual space (Fig. 1).
Because the overlying visual cortex has been removed to expose
SC in these experiments, the map obtained in this manner repre-
sents functional input from the retina. We find that the DV axis
(elevation) of the visual space is mapped approximately along the
medial-lateral (ML) axis of the SC, and the NT axis (azimuth) of
the visual space along the anterior—posterior (AP) axis of the SC,
with the map slightly tilted anterolaterally (Fig. 1). This is consis-
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Figure 1. Functional retinotopic maps in the superior colliculus. A, A stimulus monitor is placed 25 cm away from the anesthetized mouse, contralateral to the hemisphere being imaged. B-D,
Elevation map in the SC of a WT mouse. Both retinotopy (€) and response magnitude (D) are shown. The color code used to represent positions of different elevation lines on the stimulus monitor
isillustrated in B, and the gray scale for response amplitude as fractional change in reflection > 10*is shown to the right of D. E, Plot of visual field elevation as a function of collicular distance along

the 0°line in the mouse’s azimuth map (G). F-I, Azimuth map in the same mouse.
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Figure2. SCmapsrevealed by spatially restricted stimuli. A, Full screen azimuth map of a WT mouse. In the middle panel, the retinotopy is represented by color according to the color scales shown
inthe top panel, and the response magnitude is illustrated by lightness. The map of magnitude is shown separately in the bottom panel for clarity. B—D, Retinotopic maps and magnitude in response
to spatially restricted stimuli as illustrated at top row. The black contour on each map of response magnitude circles the region activated by full screen stimulus (thresholded at a level of 40% of the

peak response).
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tent with early electrophysiological find-
ings (Dréger and Hubel, 1975, 1976).

Our imaging method also allows us to
quantify several features of the retinocol-
licular map (Table 1). First, we determined
the amplitude of peak response. As in the
visual cortex, thin bars drifting along the
DV axis evoked stronger response than
those along the NT axis (3.2 = 0.5vs 2.3 *
0.3 X 10 ~* fractional change in reflection;
n = 6). Second, the area of activation in
both azimuth and elevation maps were
similar in size (1.03 = 0.08 mm? for eleva-
tion maps; 0.98 = 0.07 mm? for azimuth;
n = 6). Because this approach revealed the
overall structure of the entire map in a sin-
gle animal, we were able to determine the
magnification factor of these maps by
plotting the phase values along the 0° con-
tour line of their orthogonal maps (Fig.
1E,I). The progression of visual space po-
sition is rather uniform and the magnifica-
tion is anisotropic (60.5 = 4.5°/mm and
80.2 = 4.0°/mm for elevation and azi-
muth, respectively; n = 6), consistent with
the electrophysiological studies by Driger
and Hubel (1975, 1976) and retinotopic
maps in the mouse visual cortex (Kalatsky
and Stryker, 2003). However, our values of
magnification factors are slightly greater
than those obtained by Driger and Hubel
(1976) (51°/mm for the ML plane of the
SC and 66°/mm for the AP plane), pre-
sumably because of the difference in the
analyses. We also calculated the angle be-
tween the two axes of the visual map in the
SC (79.3 = 2.6°% n = 6). Finally, we ana-
lyzed quality of the maps by calculating
“phase scatter” (Cang et al., 2005b) (for
details, see Materials and Methods). The
maps in wild type SC were judged to be
of high quality, as the map scatter was
quite small because of smooth phase
progression (1.14 *= 0.21° and 1.39 *
0.15° for elevation and azimuth, respec-
tively; n = 6). These descriptions and
quantifications provide a basis for com-
parison with further studies combining
mouse genetics and functional imaging
to study the development of retinotopic
maps in the superior colliculus.

To confirm the accuracy of the maps
obtained by temporally encoded stimuli,
we also obtained maps using spatially re-
stricted stimuli (Fig. 2). In these experi-
ments, we used short horizontal bars (10°)
drifting vertically to define the area of ac-
tivation in the SC in response to visual

stimulation along different azimuth locations. As expected, when
the center of the short bar was shifted horizontally in the visual
field, the area of activation moved along the AP axis in the SC
(Fig. 2B-D), following the azimuth map determined with full

screen stimuli (Fig. 2A).

Table 1. Quantification of SC maps in wild-type mice
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Response Map scatter Magnification Angle between
Peak response (X 10~*) area (mm?) (deg) factor (deg/mm)  the two maps (deg)
Elevation 3205 1.03 = 0.08 114+ 021 60.5 = 4.5
Azimuth 23+03 0.98 = 0.07 139 £ 0.15 80.2 = 4.0 793 =26
deg, Degree.

A.

Figure3.

Retinotopic maps in the superior colliculus of ephrin-A2/A3/AS5 triple KOs. A, Full screen elevation map of an ephrin-A

triple KO. B, Full screen azimuth map of the same mouse. The black contour circles the region activated in the elevation map (40%
of peak response). Note the discontinuous and patchy map. €7-€3, Maps of response magnitude to spatially restricted stimuli of
the same mouse. Note the patchy patterns of activation, which correlates closely to the corresponding color in the full-screen
azimuth map in B. Asterisks mark the same threes points of SCin B and C to help the comparisons. D, Additional examples of

full-screen azimuth maps of ephrin-A triple KOs.

The above imaging procedures offer a rapid and reliable
method to examine the complete structure of the SC retinotopic
maps in a single mouse, and thus provide a functional correlate to
focal retinal injections that have been traditionally used to trace

the topography of retinocollicular projections.
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Figure4. Retinotopic maps in the superior colliculus of ephrin-A mutants. A7, A2, Elevation (A7) and azimuth (A2) maps of an
ephrin-A2 ~/~A3 7/~ A5 */~ mouse. The black contour circles the region activated in the elevation map (40% of peak re-
sponse). B, B2, Elevation (B7) and azimuth (B2) maps of an ephrin-A2 ~/~A3 ™/~ A5 '~ mouse. 1, €2, Plots of azimuthal
location along 0° elevation line of ephrin-A2A3A5 compound heterozygotes (€7) and triple KOs (€2).
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that the formation of azimuth maps in the
absence of ephrin-A guidance cues is
mostly random. Interestingly, in most of
the maps of the ephrin-TKOs, some
patches appeared near their normal posi-
tions (Fig. 3, see green in more anterior SC
and red in more posterior). This is consis-
tent with anatomical studies of ephrin-A
KOs where focal injections in the retina
always resulted in one termination zone
near its correct location and one to two
aberrant clusters in the SC (Feldheim et al.,
2000; Pfeiffenberger et al., 2006). The
number of patches in the maps evoked by
the small bars (Fig. 3C) is thus similar to
the number of termination zones. Fur-
thermore, in all TKOs imaged, nasal visual
stimulation (activation of temporal axons)
could activate areas more posterior in the
SC than normal, whereas temporal stimu-
lation could activate more anterior regions
than normal (Fig. 3C,D), consistent with
the tracing results in these ephrin-A TKOs

Disruption of functional maps in the superior colliculus by
deficiency in ephrin-As

A number of studies have tested the role of ephrin-A2, -A3, and
-A5 (the three ephrin-As predominantly expressed in the devel-
oping visual system) in retinocollicular map formation by tracing
the projection pattern of a small number of RGCs in mutant
mice. These experiments have shown that ephrin-As are neces-
sary for topographic mapping of the retinocollicular projection
in vivo. The ephrin-A5 mutants have the strongest single mutant
phenotype, but the penetrance and severity of the mapping de-
fects increases when ephrin-A2 and ephrin-A3 are combined
with ephrin-A5 (Frisén et al, 1998; Feldheim et al., 2000;
Pfeiffenberger et al., 2006).

To examine the overall structure of SC maps in ephrin-A mu-
tants, and to determine whether the anatomically disrupted reti-
nocollicular projections remain functional, we imaged the SC of
mice lacking ephrin-A2, -A3, and -A5 [ephrin-A triple knock-
outs (TKOs)] using the above described imaging paradigm. Us-
ing full-screen stimuli, we found that the functional azimuth
maps in the SC of ephrin-A TKOs were discontinuous (Fig. 3B),
whereas the positional progression in the elevation map was rel-
atively normal (Fig. 3A). We further confirmed this result with
spatially restricted stimuli. Instead of activating small bands of SC
in the topographically correct locations seen in WT, short (20°)
horizontal bars drifting along the DV axis evoked patches of re-
sponses in ephrin-A TKOs (Fig. 3C). The patchy patterns of ac-
tivation matched very well with the azimuth maps determined
with full-screen stimuli (Fig. 3 B, C, compare regions marked with
asterisks). For example, in the example shown in Figure 3, the
regions responding most strongly to the short bars along the
monitor midline (Fig. 3C2) had blue colors in the azimuth map
(Fig. 3B), corresponding to the same area on the stimulus mon-
itor. The same agreement was true for the other two positions
(Fig. 3, compare CI with green color in B, C3 with red B), thus
confirming the reliability of our imaging methods and the dis-
ruption of azimuth maps in ephrin-A TKOs.

Importantly, the structures of the azimuth maps in ephrin-A
TKOs varied greatly from mouse to mouse (Fig. 3D), suggesting

(Pfeiffenberger et al., 2006).

We also imaged the SC maps in various
heterozygous littermates of ephrin-A TKOs, including ephrin-
A27""A37"A5Y" and ephrin-A2~/~ A3"/~ A5/~ Despite the
deletion of most of the ephrin-As in the developing visual system,
these mice had better positional progression of azimuth maps in
their SCs (Fig. 4A,B) than the ephrin-A TKOs. We illustrated
these observations by plotting the visual field position on the
azimuth maps along 0° contour lines of the elevation maps of the
same mice. Unlike WT mice, where visual field progression was
smooth and monotonic along the AP axis the SC (Fig. 11), the
retinotopic progression was severely disrupted in the ephrin-A
TKOs, with discontinuities and fractures in many cases (Fig.
4C2). Retinotopic progression in heterozygous controls was ab-
normal but not nearly as disrupted, with correct global polarity
and often monotonic progression (Fig. 4C1). These results sug-
gest that the small amount of remaining ephrin-As, especially
ephrin-AS5, are able to guide a rough map along the azimuth axis,
consistent with the idea that retinocollicular map formation is
controlled by relative levels of EphA/ephrin-A signaling (Brown
et al., 2000; Feldheim et al., 2000).

Structured retinal activity clusters RGC inputs in the SC

The patchiness of activated areas in response to azimuthally re-
stricted stimuli in the ephrin-A TKOs (Fig. 3) indicate that large
groups of neighboring RGCs can innervate neighboring areas in
the SC, albeit regions that are topographically inappropriate. Pre-
vious anatomical and modeling studies suggest that the clustering
of these projections could result from correlated neuronal activ-
ity among neighboring RGCs during development (Pfeiffen-
berger et al., 2006; Tsigankov and Koulakov, 2006). Here, we
implemented the model proposed by Tsigankov and Koulakov
(2006) to illustrate the above hypothesis. In this model, the for-
mation of retinotopic map in SC depends on two components:
graded chemical cues and activity-dependent refinement. The
chemical cues along the NT axis of the map simulate the graded
expression of EphA and ephrin-A in both retina and SC (for
detailed descriptions, see Materials and Methods). The SC is rep-
resented by a 100 X 100 matrix to simulate the termination sites
for RGC axons. The initially random map underwent a number
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Figure 5.  Modeling map formation in the presence and absence of ephrin-As. The SCis
represented by a 100 X 100 matrix, which are the termination sites for RGC axons. The forma-
tion of retinotopic map in SC depends on two components: graded guidance cues and activity-
dependent refinement. A7, A2, Resulted maps with these two components, with the color
codes of retinal positions shown at the top. B1, B2, Removal of guidance cues along the azimuth
axis results in discontinuous, patchy maps along this axis (B7), while leaving the elevation axis
(B2) mostly normal. €1, €2, Modeled maps in the absence of activity-dependent refinement
process.

of optimization steps. In each step, we chose two RGC axons in
the SC randomly and exchanged them with the probability p =
1/[1 + exp (AE)], where AE was the change in adhesive energy
caused by the exchange (AE = AE,, + AEg,..,) (for details, see
Materials and Methods). After 10° steps, orderly organization of
retinotopic maps appeared (Fig. 5A4). When the interaction of
guidance cues along the NT axis was removed in the model, the
remaining activity-dependent mechanism resulted in patchy and
random maps along this axis (Fig. 5B1), reminiscent of the func-
tional maps we saw in the imaging experiments (Fig. 3).

It is thought that the activity-dependent positional informa-
tion comes from correlated bursts of spontaneous activity that
propagate as waves across the retina early in development (Galli
and Maffei, 1988; Meister et al., 1991). The precise structures of
retinal waves are disrupted in mice lacking the 2 subunit of the
nAChR (nAChR-B277) (Xu et al., 1999; Bansal et al., 2000).
Several groups have shown that the retinocollicular maps in the
B2~/ mice are more scattered but of correct global polarity
(McLaughlin et al., 2003; Cang et al., 2005b; Chandrasekaran et
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Figure6. Retinotopic mapsin the superior colliculus of ephrin-A2/A5- 82 combination KO.
A, Elevation map of an ephrin-A2 ~/~ A5 ~/~2 ~/~ mouse. Both maps of retinotopy and
response magnitude are shown. B, Azimuth map of the same mouse. The black contour circles
the region activated in the elevation map (40% of peak response). Note the lack of retinotopic
progressionin the SC. ¢, Response to a spatially restricted stimulus, shown to the left. D, E, Map
scatter of elevation (D) and azimuth (E) maps of different genotypes.

al., 2005; Mrsic-Flogel et al., 2005), similar to the modeled maps
in the absence of activity-dependent process (Fig. 5C).

To study the functional consequence of disrupting early reti-
nal waves in the ephrin-A-deficient mice, mice deficient for
ephrin-As were crossed with B2~/ mice to obtain ephrin-
A2A5-B2 combination KOs (Pfeiffenberger et al., 2006; Cang et
al., 2008). Because ephrin-A3 and (32 are genetically linked, we
are unable to create an ephrin-A2/A3/A5-B2 quadruple KO. In
the ephrin-A2A5- 32 combination KOs, the azimuth maps deter-
mined with full screen stimuli were very weak and lacked global
topography (Fig. 6 B), whereas elevation maps were of remark-
ably good quality (Fig. 6 A). These observations were supported
by our quantification of map scatter (Fig. 6 D,E). The ephrin-
A2A5-B2 combination KOs had huge scatters in their azimuth
maps (26.0 = 4.9% n = 6), significantly larger than those of
ephrin-A TKOs (15.3 = 1.1°% n = 6; p < 0.05). Finally, the severe
disruption of the azimuth map was further confirmed by spatially
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Figure 7. Comparison of azimuth maps in the superior colliculus and visual cortex. A7, A2,
Azimuth mapsin the SC(A7) and visual cortex (42) of a WT mouse. The black contour circles the
region activated in the elevation map (40% of peak response). B1, B2, Azimuth maps of an
ephrin-A2/A3/A5 triple KO. Note that the SCmap (B1) is patchy, and the V1 map (B2) is not, but
blurred. €71-D2, Azimuth maps of a 32 KO () and an ephrin-A2/A5- 32 combination KO (D).

restricted stimuli, which resulted in weak, and very diffused acti-
vation in much of the SC (Fig. 6C). Therefore, our results indicate
that the local patches of SC maps in the absence of ephrin-As (Fig.
3) are driven by 2-dependent patterned activity during early
retinal waves, and that the disruption of both ephrin-As and
structured activity almost completely abolishes the azimuth map
in the SC.
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Comparison of SC and cortical maps
We have shown previously that ephrin-A TKOs have large ana-
tomical defects in their geniculocortical projections, but the
functional maps in primary visual cortex (V1) are not patchy as in
the SC (Cang et al., 2005a). Instead, the V1 azimuth maps in the
ephrin TKOs are blurry and compressed, but with normal global
polarity. Here, we confirm this observation by imaging the visual
maps in the SC and V1 in the same mouse (Fig. 7B). In addition,
we have previously quantified map quality of visual maps in the
B2 KOs and found that their V1 maps are more scattered than SC
maps (Cang et al., 2005b). Finally, when both ephrin-As and
structured activity are disrupted, the topography along the NT
axis is nearly abolished in both SC and V1 (Fig. 7D), while leaving
their DV maps relatively normal (Cang et al., 2008) (Fig. 6).
Together, these comparisons indicate that, although both
ephrin-A- and activity-dependent mechanisms are used to map
visual projections, their relative contributions to form functional
maps differ in the SC and V1.

Discussion

The orderly projections from retina to superior colliculus in mam-
mals or to tectum in other vertebrates are a leading model for the
study of axonal guidance and topographic map formation. Here, we
have adapted a method of Fourier optical imaging of intrinsic signals
to examine the functional retinotopic maps in the mouse SC. The
overall structure of SC maps to full-screen stimuli and the areas
activated by spatially restricted stimuli can be revealed rapidly and
reliably. Using this method, we have studied the SC maps in mice
lacking the molecular guidance cues ephrin-A2, -A3, and -A5, and in
mice deficient in both ephrin-As and structured activity. Our exper-
iments indicate that in the absence of ephrin-As, the functional SC
maps are disrupted selectively along the azimuth axis of the visual
space. These maps are discontinuous, with patches of SC responding
to topographically incorrect locations. The patches disappear in
mice that are deficient in both ephrin-As and structured activity,
resulting in a near absence of azimuth map in the SC. Together, our
experiments demonstrate that ephrin-As and structured activ-
ity account almost completely for the formation of azimuth
maps in the SC, and that in the absence of ephrin-As, struc-
tured retinal activity is able to guide neighboring ganglion
cells to form local clusters in the SC.

Retinotopic map formation in superior colliculus

How does a ganglion cell know its position in the retina and
where to terminate in the SC? Studies have shown that EphAs and
ephrin-As act as positional labels along the NT axis via their
graded expressions in the retina and SC (Flanagan and Vander-
haeghen, 1998; McLaughlin and O’Leary, 2005). Axons of the
temporal RGCs (that contain high EphA level) project to anterior
SC (low ephrin-As) and nasal axons (low EphAs) project to pos-
terior SC (high ephrin-A), consistent with the repulsive nature of
EphA/ephrin-A interactions (Cheng et al., 1995; Drescher et al.,
1995). Loss-of-function studies in mice have demonstrated that
ephrin-As are required for retinocollicular mapping (Frisén et al.,
1998; Feldheim et al., 2000; Pfeiffenberger et al., 2006). The most
severe mapping errors are seen when all of ephrin-A2, -A3, and
-A5 are removed from a mouse, suggesting that these family
members act redundantly (Pfeiffenberger et al., 2006). Because
these studies used only anatomical tracing of retinal projections,
it remained unknown before our current study whether the ab-
errant terminations seen in ephrin-A mutants are functional.
Here, we used an optical imaging method to show that the SC of
the ephrin-A TKO does contain functional maps that are discon-
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tinuous and patchy, with that nasal visual stimulation can acti-
vate areas more posterior than normal, whereas temporal stimu-
lation can activate more anterior regions.

The coarse map formed by molecular guidance cues is refined by
neural activity-dependent mechanisms. During the first postnatal
week, when the retinocollicular map is being established in mice
(Godement et al., 1984; Simon and O’Leary, 1992), correlated bursts
of spontaneous activity propagates as waves across the developing
retina (Bansal et al., 2000; Demas et al., 2003), as in other mammals
(Galli and Maffei, 1988; Meister et al., 1991; Warland et al., 2006). In
activity-dependent mapping models, neurons with similar activity
patterns are more likely to synapse on the same or adjacent target
cells than are neurons with different activity patterns (Butts and
Rokhsar, 2001; Debski and Cline, 2002). Indeed, when the precise
structure of retinal waves is disrupted during this stage because of
deletion of the 32 subunit of nAChR (Bansal et al., 2000), RGC axon
terminations in the SC become broader (Rossi et al, 2001;
McLaughlin et al., 2003), indicating a role of patterned activity in SC
map formation. Consistent with the anatomical results, functional
studies have shown that the SC maps in the 82 KO are more diffuse
(Cang et al., 2005b; Mrsic-Flogel et al., 2005), and SC neurons have
larger-than-normal receptive fields (Chandrasekaran et al., 2005).
Interestingly, using an episodic imaging method (Mrsic-Flogel et al.,
2005) also reported that the azimuth map is expanded in the anterior
SC and compressed in the posterior SC, suggesting an involvement
of structured activity in forming the initial course map in addition to
its role in map refinement.

A computational model that includes graded guidance cues,
axon—axon competition, and activity-dependent contribution
can simulate the formation of precise retinotopic maps and many
phenotypes seen in ephrin-A mutants (Tsigankov and Koulakov,
2006). Such a model also predicts that, in the absence of guidance
cues, structured activity can form patches of smooth maps by
clustering local neighboring neurons in the SC (Tsigankov and
Koulakov, 2006) (Fig. 5). Here, we imaged the overall structure of
SC maps in the ephrin-A TKOs and found that their azimuth
maps are indeed discontinuous with patches of smooth maps.
Importantly, the ephrin-A2A5-32 combination KOs do not con-
tain any clusters of local maps in their SC, suggesting that the
clusters in ephrin-A TKOs are formed by B2-dependent retinal
waves, in support of the above model.

The above discussions interpret the mapping defects in the 32
KOs as resulting from the disruption of retinal activity, but the exact
activity patterns in the intact retina and SC during development
remain unknown. One in vitro study showed that in the 82 KOs
some ganglion cells become silent, and the others have uncorrelated
but increased firing (McLaughlin et al., 2003). However, it was re-
cently observed that correlated activity still exist in these mice in vitro
at more physiological conditions (Ballesteros et al., 2007) (D. A.
Feldheim, unpublished data), although the precise structures of the
correlated activity are altered. Therefore, future studies are critically
needed to reveal the patterns of retinal activity in vivo in WT and 32
KOs, and to determine what changes in the activity structures ac-
count for the mapping defect seen in the SC.

Comparison of collicular maps with cortical maps

Retinotopic representation of the visual space is also preserved
through the dorsal lateral geniculate nucleus to the V1. We have
previously studied functional retinotopic maps in V1 and geniculo-
cortical projections in ephrin-A2/A3/A5 triple KOs (Cang et al.,
2005a), nAChR- 32 KOs (Cang et al., 2005b), and ephrin-A2A5-32
combination KOs (Cang et al., 2008). Orderly geniculocortical pro-
jections are disrupted in ephrin-A TKOs (Cang et al., 2005a) and
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become diffuse in 32 KOs (Cang et al., 2005b), similar to the pheno-
types seen in their SC (McLaughlin et al., 2003; Pfeiffenberger et al.,
2006). In addition, deficiency in both ephrin-As and structured ac-
tivity results in near complete abolition of topography along the NT
axis of both the SC and V1, while leaving their DV maps relatively
normal (Cang et al., 2008) (Fig. 6).

Although both ephrin-A- and activity-dependent mechanisms
are used to map visual projections, their relative contributions to
form functional maps differ in SC and V1. First, although ephrin-A
TKOs have large anatomical defects in their geniculocortical projec-
tions, the functional maps in V1 are not patchy as in SC, but blurry
with normal global polarity (Cang et al., 2005a). This suggests that
activity-dependent mechanisms may be able to silence the synapses
of aberrant axons in the cortex, more so than in SC. We also found
that the functional maps in 82 KOs are more diffuse in V1 than in SC
(Cangetal., 2005b), suggesting that activity-dependent mechanisms
contribute more to map formation in cortex than in SC. It is cer-
tainly conceivable that geniculocortical synapses are more plastic
than retinocollicular synapses. In addition, the greater contribution
of structured activity in V1 could be attributable to longer lateral
interactions; as in the modeling study, a global topography can be
recovered in the absence of ephrin-As by increasing the range of
activity-dependent interactions (Tsigankov and Koulakov, 2006).
Although the exact extent of intracortical or intracollicular interac-
tions during development remains unknown, it has been shown that
there are more convergence for projections to cortex than to SC
[approximately five inputs in the SC (Chandrasekaran et al., 2007),
and probably 10 times more in cortex (Alonso etal., 2001; Bruno and
Sakmann, 2006)]. Further modeling studies incorporating the dif-
ference in convergence could reveal whether it influences the relative
contribution of activity-dependent mechanisms in map formation.

The SC maps were obtained in the absence of visual cortex.
This is necessary to expose the SC for imaging, and it also allows
us to selectively study the function of retinocollicular projections.
Although the SC maps are imaged in the absence of inputs from
V1, electrophysiological studies demonstrated that ablating or
silencing visual cortex does not change receptive field positions of
the SC neurons (Schiller et al., 1974; Driger and Hubel, 1976). In
other words, retinocollicular and corticocollicular inputs are in
register in the SC of WT animals. It is thus interesting to examine
whether this is still the case in mutant mice where retinotopic
maps are differently disrupted in the SC and V1, such as in the
ephrin-A TKOs. Future anatomical and physiological experi-
ments are needed to address this question.

In conclusion, we have used optical imaging of intrinsic sig-
nals to examine functional retinotopic maps in the SC of mice
deficient in ephrin-As and normally structured retinal activity.
Our experiments demonstrate that the aberrant retinal projec-
tions form functional maps in these mice. By studying the overall
structure of SC maps, we have revealed the contributions of
ephrin-As and activity-dependent mechanisms in retinocollicu-
lar map formation. We also demonstrated the usefulness of our
imaging method, which allows for rapid delineation of detailed
retinotopic maps in the SC and visual cortex. Combined with
mouse genetics, this imaging method is a powerful technique in
the study of visual system development.
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