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During the development of the mammalian retinocollicular projection, a coarse retinotopic map is set up by the graded distribution of
axon guidance molecules. Subsequent refinement of the initially diffuse projection has been shown to depend on the spatially correlated
firing of retinal ganglion cells. In this scheme, the abolition of patterned retinal activity is not expected to influence overall retinotopic
organization, but this has not been investigated. We used optical imaging of intrinsic signals to visualize the complete retinotopic map in
the superior colliculus (SC) of mice lacking early retinal waves, caused by the deletion of the �2 subunit of the nicotinic acetylcholine
receptor. As expected from previous anatomical studies in the SC of �2 �/� mice, regions activated by individual visual stimuli were much
larger and had less sharp borders than those in wild-type mice. Importantly, however, we also found systematic distortions of the entire
retinotopic map: the map of visual space was expanded anteriorly and compressed posteriorly. Thus, patterned neuronal activity in the
early retina has a substantial influence on the coarse retinotopic organization of the SC.
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Introduction
The principles of retinotopic map formation in the midbrain
have been studied extensively over the past decades (Sperry, 1963;
Bonhoeffer and Huf, 1982; Cline and Constantine-Paton, 1989).
However, a comprehensive understanding of the mechanisms
that specify the coarse retinotopic layout of the retinocollicular
projection is still lacking. Whereas the initial preference of retinal
ganglion cell (RGC) axons for topographically appropriate posi-
tions is mediated by axon guidance molecules (Cheng et al., 1995;
Drescher et al., 1995; Frisen et al., 1998; Feldheim et al., 2000;
Hindges et al., 2002), the precise topography develops during the
first postnatal week by large-scale retraction of inappropriately
targeted axonal branches and selective arborization within the
target region (Simon and O’Leary, 1992; McLaughlin et al.,
2003). This remodeling is thought to be regulated by waves of
activity that sweep across the immature retina and correlate the
firing of neighboring RGCs (Galli and Maffei, 1988; Meister et al.,

1991; Wong et al., 1995; Bansal et al., 2000), thereby stabilizing
their connections to common target neurons (Changeux and
Danchin, 1976; Willshaw and von der Malsburg, 1976; Wong,
1999; Butts, 2002).

Because retinal waves are initially mediated by cholinergic
(nicotinic) synaptic transmission during the first postnatal week
(Bansal et al., 2000; Wong et al., 2000; Zhou and Zhao, 2000;
Feller, 2002), mice deficient for the �2 subunit of the nicotinic
acetylcholine receptor (nAChR) (�2�/� mice) (Picciotto et al.,
1995; Xu et al., 1999) lack early retinal waves but maintain deco-
rrelated spontaneous activity (McLaughlin et al., 2003). Ret-
inofugal projections in �2�/� mice are indeed broader than in
control animals (Grubb et al., 2003), arguing strongly for corre-
lated retinal activity being instrumental in refinement of RGC
axon arborizations in target structures. Moreover, electrical re-
cordings from LGN neurons in �2�/� mice revealed disrupted
fine-scale mapping (Grubb et al., 2003), indicating that imprecise
projections bear functional consequences. Although these results
made a clear case for patterned activity in the regional refinement
of retinofugal projections, they did not demonstrate whether the
disruption of retinal waves influences the coarse layout of the
retinotopic map. If the retinotopic preference of RGC axons is
predominantly specified by molecular cues, it is expected that the
abolition of retinal waves during the remodeling period would
result in an expansion of RGC axon arborizations without a sig-
nificant perturbation of gross retinotopy.

To understand how the lack of retinal waves affects the overall
retinotopic organization in target areas requires the complete
visualization of the retinotopic map, which was not possible in
previous studies. We used optical imaging of intrinsic signals
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(Grinvald et al., 1986; Bonhoeffer and
Grinvald, 1996; Schuett et al., 2002;
Kalatsky and Stryker, 2003; Mrsic-Flogel
et al., 2003) to obtain functional retino-
topic maps from the surface of the entire
superior colliculus (SC). We show that vi-
sual stimuli activate much larger regions
of the SC in �2�/� mice than in control
animals, and that, surprisingly, coarse
retinotopy is systematically altered. Our
results suggest that patterned retinal activ-
ity is more influential than previously
thought in establishing the retinotopic
map layout.

Materials and Methods
Experiments were performed on 15 wild-type
(wt) and 13 �2 �/� mice (3–5 months old)
(Picciotto et al., 1995) that were backcrossed at
least 10 times to the C57BL/6 strain. All surgical
and experimental procedures were in accor-
dance with the guidelines of the local govern-
ment and the Society for Neuroscience.

Surgery. Mice were chamber anesthetized
with 2–2.5% halothane in a 1:1 mixture of
N2O/O2 and then intubated (1.5 mm polythene
tubing) and ventilated with 1.5–2% halothane
in the same gaseous mixture. After affixing the ear bars, the scalp was
resected, and a 3 � 4 mm craniotomy was performed over the posterior
part of the left hemisphere. The left SC was exposed by careful aspiration
of the overlying cortex, covered over with 2% agarose in saline, and sealed
with a 10-mm-diameter coverslip (Fig. 1 A). The skull was glued to a head
bar, and the ear bars were removed to allow unobstructed vision.

Intrinsic signal imaging and visual stimulation. Details of the imaging
equipment and visual stimulation were described in detail previously
(Schuett et al., 2002). The SC was illuminated with 707 nm light, and
images (600 ms in duration) were captured with a cooled slow-scan CCD
camera (ORA 2001; Optical Imaging, Germantown, NY), focused 200 –
300 �m below the SC surface. During each 9 s stimulation trial, four
blank frames were acquired before the 11 frames, during which visual
stimuli were presented.

A monitor (Mitsubishi Pro 2020) was placed 13.5 cm from the right
eye, at a 45° angle to the long body axis, covering the visual field between
0° and 108° in azimuth and �10° and 62° in elevation. Stimuli were
rectangular square-wave drifting gratings (0.04 cycles/°; 2 cycles/s) that
changed their orientation every 0.6 s, presented randomly at different
positions in the visual field. For each animal, SC responses were initially
mapped with 12 adjacent 24° stimuli (4 � 3 grid design), spanning 108°
in azimuth and 72° in elevation, to ensure that subsequent test stimuli
could be placed at similar visual field positions in all animals. Overall
retinotopy was mapped with 24 abutting 18° stimuli (6 � 4 grid design),
spanning 108° in azimuth and 72° in elevation. For comparing the spread
of SC responses in wt and �2 �/� mice, stimuli of five different sizes (side
length, 12°, 15°, 20°, 24.5°, and 30°) were each shown at three fixed,
adjacent positions (15° center spacing) within the central region of the
right visual hemifield.

Image analysis. Single-position maps were computed by clipping
(1.5%) and high-pass filtering blank-corrected image averages of 12–30
stimulus repetitions (for details, see Schuett et al., 2002). For each single-
condition map, the patch area was determined as the area of all pixels
with values �50% of the maximum response. The 50% response region
was defined by plotting a contour line for 50% of the maximum response
in Gaussian-smoothed single-position maps. The overlap between adja-
cent patches was calculated according to the following formula: O �
(No)/(N1 � N2 � No), where No is the number of shared pixels by both
patches, and N1 and N2 are the number of pixels for the two patches that
had values �50% of the maximum response. Patch semi-profiles are

normalized responses as a function of distance from the center of the
patch, obtained by radial averaging of pixel values from the patch center.
Color-coded “best position maps” were calculated from single-position
maps that were additionally clipped (3%), Gaussian smoothed (kernel
width, 99 �m), and thresholded at �1 SD of the mean blank image value.
The color of each pixel indicates the stimulus that elicited the strongest
response in that pixel, whereas color saturation indicates the inverse
magnitude of that response. Maps obtained from different animals were
averaged after alignment by translation and rotation, such that the
patches evoked by the middle two rows of stimuli (of the 6 � 4 grid) were
matched best. Patch centers are the center coordinates of two-
dimensional (2-D) Gaussians fitted to patches in single-position maps.
The magnification factor (MF) was calculated by dividing the Euclidean
distance between patch center coordinates by the difference of visual field
angle (18°). Patch orientation was defined as the angle, relative to the
image axes, of the major axis of the 2-D Gaussian fits of individual
patches, whereas patch elongation was the ratio of the major to minor
axes of those fits.

Results
Imaging intrinsic signals in the SC
Previous intrinsic imaging studies in rodents have been per-
formed in structures that lie on the surface of the brain and are
thus immediately amenable to optical techniques (Masino et al.,
1993; Rubin and Katz, 1999; Schuett et al., 2002). We have
adapted this technique to obtain functional maps also from a
deeper structure in the brain: the SC of the midbrain. After aspi-
ration of the overlying cortex, it was possible to image intrinsic
signals from the SC surface (Fig. 1A), evoked by visual stimula-
tion with small patches of drifting gratings at different positions
in the contralateral visual field, spanning 108° in azimuth and 72°
in elevation (Fig. 1B,C), thus allowing us to acquire maps of
functional retinotopy. The activity map in Figure 1D shows SC
activation (dark patch), obtained by presenting a 20° � 20° stim-
ulus (Fig. 1C) 12 times at the same position in the visual field and
averaging the resulting reflectance changes of the SC surface. This
“single-position” map demonstrates that the responses in the SC
to individual stimuli are spatially very restricted. Intrinsic signals
in the SC were also highly robust, because we could obtain maps

Figure 1. Intrinsic imaging of visual responses in the superior colliculus. A, Dorsal view of a mouse brain depicting the location
of the imaged area (left) that shows the surface of the left SC (right), exposed by aspirating the overlying cortex. The dotted line
represents a rough outline of the SC. B, Position of the stimulus monitor relative to the mouse, angled at 45° from the long body
axis. C, Schematic of monitor screen spanning �108 � 72° (azimuth � elevation) in visual space. The stimuli were square-
shaped, black/white drifting gratings presented at different locations in the visual field. The red cross marks the vertical meridian
and the position of the eye in elevation. D, A single position map of the contralateral SC showing a spatially restricted response
(dark patch) evoked by the presentation of a 20�20° stimulus (average map from 12 stimulus presentations). E, A single-position
map of a different animal from a single, 600 ms frame. Scale bars, 0.5 mm.

6922 • J. Neurosci., July 20, 2005 • 25(29):6921– 6928 Mrsic-Flogel et al. • Altered Retinotopic Map in Mice without Retinal Waves



of high signal-to-noise, without averaging, from a single, 600 ms
frame (Fig. 1E).

Stimulus mapping reveals broader activations in the SC of
�2 �/� mice
To assay functionally how the lack of nAChR-mediated, early
retinal waves during retinotopic map refinement affects the pre-
cision of topographic mapping, we compared visually evoked
responses in the SC of adult wt and �2�/� mice. For each group
of animals, functional maps were obtained in response to stimuli
of five different sizes presented at the same position in the visual
field. An example from a wt SC is shown in Figure 2A. Increasing
stimulus size, which activates increasingly larger regions of the
retina, resulted in an enlargement of the activated SC area. Note
that the borders of patches remained sharp regardless of stimulus
size. Maps from �2�/� animals were similar in that they showed
a stimulus size-dependent expansion of SC activation (Fig. 2B).
The relationship between stimulus size and activated SC area
(number of pixels in the patch whose values were �50% of the
maximum reflectance change) was essentially linear in both wt
and �2�/� animals (Fig. 2C). However, for any given stimulus
size, patch area was significantly larger in �2�/� mice (Fig. 2B,C)
(ANOVA, p � 10�5). Moreover, unlike in wt mice, the patches in
�2�/� animals had a blurry appearance (Fig. 2B), with a signifi-
cantly shallower decline of response strength from the patch cen-
ter to its periphery (Fig. 2D) (ANOVA, p � 10�5). These results
are in keeping with anatomical studies showing expanded termi-
nation zones of retinal axons in the SC of �2�/� mice (McLaugh-
lin et al., 2003) (Chandrasekaran et al., 2005).

Given the expanded representation of stimuli in the SC of
�2�/� mice, the same position in the SC should be activated by a
larger region of visual field than in wt animals. We confirmed this
by measuring the extent of overlap between representations of
neighboring stimuli. Stimuli presented at three adjacent posi-
tions (Fig. 3A) (stimulus center spacing, 15°) activated neighbor-

ing regions in the SC (Fig. 3B–E). Keeping
the center positions constant but increasing
the size of stimuli resulted in more overlap
between neighboring stimuli (Fig. 3A) and,
as predicted, between their representations
in the SC (Fig. 3B–E). The area of SC jointly
activated by neighboring stimuli was indeed
consistently larger in �2�/� mice (Fig. 3F)
(ANOVA, p � 0.001).

One possible concern is that the larger
patch sizes in �2�/� mice may arise as a
consequence of increased eye movements,
because it has been reported that nicotinic
transmission in the monkey SC influences
saccades (Watanabe et al., 2005). How-
ever, we could not detect any noticeable
eye movements in anesthetized mice of ei-
ther genotype. This was further confirmed
by measuring the drifts of patch centers
across different data acquisition blocks,
and these did not differ between wt and
�2�/� mice ( p � 0.56, t test).

Mapping functional retinotopy in
the SC
The representation of visual space in the
mouse SC spans �130° in azimuth and 90°
in elevation (Dräger and Hubel, 1976). In

our case, the retinotopic organization of the SC was revealed by
imaging intrinsic responses to adjacent 18° � 18° stimuli that
partitioned the visual field into a 6 � 4 grid (Fig. 4B), totaling
108° � 72°. This design ensured that each stimulus could be fully
seen by the mouse and drive SC responses in its entirety. Each
stimulus elicited a patch of activity that was adjacent to that
evoked by a neighboring stimulus (for an example from a wt
animal, see Fig. 4C). To illustrate the organization of the entire
retinotopic map, we used a color code: each pixel in the map was
assigned a color of the stimulus position (Fig. 4B) that had
evoked the largest response at that position in the SC (Fig. 4D).
Shifting the stimulus position from nasal to lateral visual field
resulted in a posterior shift of SC activation. Similarly, increasing
stimulus elevation activated more medial portions of the SC. To
reveal the orderly progression of visual space across the SC sur-
face, we constructed a map with discrete positions, by plotting the
center coordinates of 2-D Gaussians fitted to patches in single-
position maps (Fig. 4E). Retinotopic maps from other wt animals
(n � 5) were very similar.

Gross retinotopic organization is altered in the SC of
�2 �/� mice
Having demonstrated that we can reliably map functional retino-
topy from the surface of almost the entire SC, we measured re-
sponses in �2�/� mice to assess the effect of the elimination of
retinal waves on the gross retinotopic organization (Fig. 4F–J). It
is evident that a rough topographic order was preserved, despite
larger patch sizes. However, in contrast to wt mice, the patches in
the anterior SC were much more elongated along the anteroposte-
rior (A-P) axis (Fig. 4C,H, compare a1–d1), resulting in a shift of
their centers toward more posterior positions and a compression of
the retinotopic map in the posterior half of the SC (Fig. 4J).

For clearer visualization and to further explore these differ-
ences in retinotopic organization, we generated maps of retino-
topy from averaged single-position maps within each animal

Figure 2. Stimulus representations in the SC of �2 �/� mice are broader than in wt animals. A, B, Single-position maps
obtained with five stimulus sizes (side length, 12, 15, 20, 24.5, and 30°) presented at the same position in visual space from a wt
(A) and �2 �/� (B) animal. The patch area increases with stimulus size, but responses in �2 �/� animals are larger and blurrier
for a given stimulus size. The dotted line outlines the border of the SC, which in these experiments was not exposed fully. Scale bar,
1 mm. C, Quantification of the SC response area. Mean patch area values for each of the five stimulus sizes from wt and �2 �/�

animals. **p � 0.01; ***p � 0.001; t test. D, Mean, normalized semi-profiles of patches evoked by 12° stimuli in wt (black) and
�2 �/� (gray) animals. Note that, in �2 �/� mice, there is a shallower decline of response with distance from patch center and
that patch width is broader for all values below the peak response. Error bars represent SEM.
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group (Fig. 5A,B). Averaging across animals (wt, n � 5; �2�/�, n �
5) was possible because the variability between retinotopic maps
from different animals was very small, as indicated by the length of
error bars (SD) in plots of patch center coordinates (Fig. 5C,D).

The overall retinotopic organization was quantified by the
MF, a scaling factor that relates visual field angle to distance in the
SC. The MF was calculated from averaged Euclidian distances
between centers of patches evoked by stimuli separated by 18°
either in azimuth or elevation. In both wt and �2�/� mice, the
MFs were predominantly larger for stimuli separated in elevation
[mediolateral (M-L) axis of SC] compared with those separated
in azimuth (Fig. 5F,G), and there was a slight but significant drop

in MF along the A-P SC axis (Fig. 5F) (ANOVA, p � 10�5).
However, whereas the MFs varied smoothly across the SC surface
in wt mice (Fig. 5C,F,G, black symbols), the retinotopic map
from �2�/� mice showed a pronounced compression of visual
azimuth in the posterior part of the SC (Fig. 5D,F, gray symbols).
This compression was specific for the representations of the tem-
poral visual field (average MF for azimuths �36°, wt, 9.26 � 0.22;
�2�/�, 7.07 � 0.27 �m/°; mean � SE; p � 10�5, t test), because
there was no difference in the MFs from the nasal visual field in
the anterior SC between wt and �2�/� mice (average MF for
azimuths �36°, wt, 11.34 � 0.28; �2�/�, 11.87 � 0.41 �m/°; p �
0.29, t test).

There was additionally a slight but significant compression in
the representation of elevation at the medial and lateral parts of
the SC in �2�/� mice (Fig. 5D,G) (wt vs �2�/� MF, lateral, p �
0.01; medial, p � 0.05; t test). This is most likely a consequence of
the anisotropy of spatial organization of projections innervating
the SC borders in �2�/� mice: whereas the retinocollicular axons
projecting diffusely to the central regions of the SC can extend in
all directions, those targeted to the edges can arborize ectopically
only toward the middle. Consequently, the “centers of mass” of
patches from the medial and lateral SC borders, evoked by up-
permost and lowermost stimuli, respectively, will necessarily be
shifted centrally, and, as a result, the values of MFs in those re-
gions of the SC are smaller (Fig. 5G).

The asymmetry in ectopic arborizations of projections tar-
geted to SC periphery can, however, not explain the compression
in the representation of azimuth along the A-P axis, because (1)
there was no difference in MFs at the anterior edge of the SC
between wt and �2�/� mice, and (2) the compression extended
far into the SC, well away from its posterior edge. In principle,
changes in magnification factor values could have arisen if the
overall area or shape of SC was different between �2�/� and wt
mice. However, we found no difference in the total activated area
(wt, 1.57 � 0.17; �2�/�, 1.55 � 0.15 mm 2; n � 5 per group; p �
0.76, t test) or aspect ratio (wt, 1.13 � 0.04; �2�/�, 1.15 � 0.07;
n � 5 per group; p � 0.63, t test) of SC between the two groups of
animals.

Size, elongation, and orientation of response patches vary
systematically along the SC
Which parameters of the retinotopic map in �2�/� mice can
account for the selective compression in the representation of
visual azimuth in the posterior SC? Contour plots of response
patches from averaged single-position maps reveal large differ-
ences in functional topography of retinocollicular mapping be-
tween wt and �2�/� mice (Fig. 6A,B). These include changes in
patch size, overlap, and shape. In both wt and �2�/� mice, patch
areas were largest in the anterior SC and decreased toward its
posterior end (Fig. 6D). Patch sizes from the �2�/� mice were
invariably larger than in the wt mice (Fig. 6D) but without a
significant change in the relative size difference along the A-P axis
of the SC (Fig. 6F, black symbols). Patch area per se is therefore
unlikely to account for the differences in the azimuthal MF. We
therefore analyzed the shapes of the patches in both groups of
mice by determining their elongation and orientation (Fig. 6E).
In this plot, the length of each line represents patch elongation,
defined as the aspect ratio of the major and minor axes of the 2-D
Gaussians fitted to each response patch. The elongation values
were largest in the anterolateral region of the SC in both wt and
�2�/� mice. In �2�/� mice, however, patches were significantly
more stretched out along the A-P axis (Fig. 6E) (mean patch
aspect ratio, wt, 1.27 � 0.02; �2�/�, 1.51 � 0.05; p � 10�3, t test).

Figure 3. Responses to neighboring stimuli overlap more in �2 �/� than in wt SC. A,
Stimulus configuration for the analysis of patch overlap. As stimulus size increases, the center
positions of the three stimuli remain fixed, resulting in more overlap between adjacent stimuli.
Stimulus side length and overlap are indicated. B, D, Single-position maps in response to stimuli
depicted in A for a wt (B) and a �2 �/� (D) animal. C, E, Colored contours circumscribe the area
responding stronger than 50% of response maximum of maps shown in B and D. The contour
colors correspond to stimuli shown in A. Note that the responses to adjacent stimuli in �2 �/�

animals overlap more than in wt mice regardless of stimulus size. Scale bars, 1 mm. F, Quanti-
fication of SC patch overlap in wt and �2 �/� animals. Patch area values for each of the five
stimulus sizes averaged across wt and �2 �/� animals. The spread of activity in the SC was
invariably larger in �2 �/� than in wt mice. The patches overlapped significantly more in
�2 �/� mice. Error bars represent SEM. *p � 0.05; t test.
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Moreover, the differences in elongation between wt and �2�/� mice
varied across the SC, being most prominent in its anterior part and
rather small in the posterior part (Fig. 6F, gray symbols). The degree
of patch elongation along the A-P axis of the SC correlated positively
with MF across azimuth in �2�/� mice, whereas no such trend was
apparent in the wt animals (Fig. 6G). Thus, the more stretched out
the patch, the greater the interpatch distance along the A-P axis in the
SC of �2�/� animals. These data suggest that the compression in the
representation of visual azimuth in posterior SC may arise because of
an increased posterior expansion of retinocollicular projections in
the anterior SC.

A previous study suggested that the projection from the ipsi-
lateral eye is more exuberant in the SC of �2�/� than in wt mice
(Rossi et al., 2001). This raises the possibility that the posterior
shift of patch centers in the anterior SC of �2�/� mice (Fig. 5D)
could arise from an increased ipsilateral projection into this re-
gion. We therefore measured SC responses through either eye in
response to stimulation of frontal visual space but failed to detect
any ipsilaterally evoked activity in both wt (n � 2) and �2�/�

(n � 2) mice (data not shown). This implies that the alterations in
the topography of the contralateral eye projection take place

without significant competitive influences from the ipsilateral
projection.

Discussion
We used intrinsic imaging to map functionally the overall retino-
topic organization of the SC in mice that lack early retinal waves.
In contrast to wt mice, the representations of individual stimuli in
�2�/� mice were overall larger and more elongated along the A-P
axis, and there was a marked compression of visual azimuth rep-
resentations in the posterior half of the SC. This compression can
be explained by the anisotropy in the shape and orientation of
individual stimulus representations across the A-P axis of the SC.
Our results indicate that spontaneous activity in the immature
retina is not only required for the local refinement of the retino-
topic map but also for shaping its gross organization.

Mapping intrinsic signals in the SC
Optical imaging offers several advantages over conventional
methods used for mapping the topography of retinocollicular
projections. Whereas injections of anterograde anatomical trac-
ers can at best resolve projections from very few retinal sites of set

Figure 4. Mapping retinotopy in SC of wt and �2 �/� mice. A, F, Imaged area. The dotted line represents a rough outline of the SC. Scale bars, 1 mm. B, G, Layout of stimuli used for mapping
SC responses. Color denotes stimulus position. C, H, Individual activity maps showing responses (dark patches) to 24 stimulus positions as indicated by colored squares. Note that neighboring stimuli
activate adjacent positions in the SC. D, I, Color-coded maps of overall retinotopic organization in the SC. For each pixel, color denotes the stimulus position that elicited the greatest response in that
part of the SC, whereas color saturation equals the minimum intensity of all single-position maps. E, J, Spatial arrangement of patch centers (crosses), which are the center coordinates of 2-D
Gaussians fitted to patches in single-position maps. Note the larger patches in the �2 �/� mouse, as well as a pronounced compression of visual azimuth in the posterior SC.
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size and microelectrode recordings are
prone to sampling errors, optical imaging
can be reliably used to map precisely the
topography of visually evoked responses
from almost the entire surface of the SC.
The fact that we could resolve patches as
small as �100 �m in diameter (Fig. 2A)
demonstrates not only the precision of
retinocollicular projections but also the
mapping accuracy of this method. Optical
imaging is therefore ideally suited to de-
tect both local and global changes in func-
tional topography, which makes it a useful
tool for screening mice deficient in genes
important for the establishment of retino-
topic maps in the SC.

Local topography is functionally less
refined in �2 �/� mice
Precise topography in the SC develops
during the first postnatal week by large-
scale remodeling of RGC axonal arbors
(Simon and O’Leary, 1992; McLaughlin et
al., 2003) and is thought to be regulated by
retinal waves that correlate the firing of
neighboring RGCs (Galli and Maffei,
1988; Meister et al., 1991; Wong et al.,
1995; Bansal et al., 2000). In line with this
idea, the regional topography of retinofu-
gal projections is disrupted but not abol-
ished in mice lacking early retinal waves,
suggesting that correlated activity patterns
in the retina are important primarily for
retinotopic map refinement (Grubb et al.,
2003; McLaughlin et al., 2003).

In this study, we provide the functional
correlate of these anatomical changes by
showing that a given region of the retina
drives activity over a greater area of SC in
�2�/� mice than in wt animals. Based on
intrinsic imaging alone, one cannot dis-
tinguish whether the unrefined retinocol-
licular projection is accompanied by an enlargement of receptive
field sizes or a large scatter of positional preferences of neurons
within a given region of the SC. Recent evidence indicates that
receptive field structure and size is indeed altered in �2�/� mice
(Chandrasekaran et al., 2005).

There is a possibility that the disruption in remodeling of the
retinocollicular projection in �2�/� mice arises from the lack of
cholinergic signaling in the developing SC, especially because
acetylcholine is known to be a potent modulator of synaptic
transmission and plasticity (Dani, 2001). Specifically, nAChRs
are expressed throughout the developing rodent brain (Naeff et
al., 1992; Tribollet et al., 2004), and �2-containing nAChRs are
expressed in the adult mouse SC (Marks et al., 2002). However,
the developmental effects of the loss of cholinergic signaling in
the SC should be minimal, because nAChR blockade with
dihydro-�-erythroidine in the rat SC during the first postnatal
week does not disrupt the topography of the retinocollicular pro-
jection (Simon et al., 1992). Moreover, partial topographic re-
finement was still observed during the first 2 postnatal weeks in
the �2�/� SC (McLaughlin et al., 2003), suggesting that the ca-
pacity for developmental plasticity was maintained. We therefore

consider it unlikely that the imprecise topography in �2�/� mice
is caused by impaired plasticity in the SC.

Coarse retinotopy is altered in �2 �/� mice
In wt animals, the visual field was mapped uniformly across the
SC surface. Although neighboring stimuli still mapped to neigh-
boring positions in the SC of �2�/� mice, the retinotopic map
exhibited a posterior shift of nasal visual space and a marked
compression of visual azimuth in the posterior SC.

The gross abnormalities in the retinotopic organization can be
attributed to the disruptions in the precision of local topography,
which were more pronounced along the A-P axis. Stimulus rep-
resentations in the SC of �2�/� mice were spatially most exuber-
ant anteriorly. Moreover, the elongated representations were ori-
ented predominantly along the A-P axis, and there was more
overlap between them along the A-P than along the M-L axis.
This phenotype is a likely consequence of the way retinal axons
grow into the SC at approximately the time of birth (Simon and
O’Leary, 1992; McLaughlin et al., 2003). First, there is a bias in the
anatomical order of the ingrowing optic tract fibers, which seem
to be initially more ordered along the M-L than in the A-P axis of
the SC (Simon and O’Leary, 1991, 1992; McLaughlin et al., 2003).

Figure 5. Overall retinotopic organization is altered in the SC of �2 �/� animals. A, B, Averaged retinotopic maps from five wt
(A) and five �2 �/� (B) mice. C, D, Centers of patches from maps in A and B. The lengths of crossing lines are the SDs of patch
center coordinates in vertical and horizontal directions. Note the small variations within each experimental group as well as the
compression of stimulus representation in the posterior part of the SC in �2 �/� animals compared with wt animals. Color
denotes stimulus position, as shown in E. Scale bar, 0.5 mm. F, G, Quantification of SC MFs. Plots show MFs calculated from mean
distances between centers of patches evoked by stimuli separated in azimuth (F, averaged across elevation) or in elevation (G,
averaged across azimuth) from wt (black) and �2 �/� (gray) mice. The abscissa indicates stimulus separation (always 	18°) at
different visual field positions, as indexed in E. Error bars are SEM. *p � 0.05; **p � 0.01; t test.
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The lack of retinal waves in �2�/� mice during the first postnatal
week, which prevents refinement, may accentuate the differences
in the initial mapping precision between the two SC axes. Second,
during the remodeling period, the overall degree of retraction
that eliminates inappropriately targeted arborizations appears to
be greater for projections from the temporal retina, which inner-
vate the anterior SC, because overshooting axons and their
branches have to be withdrawn from a far larger area than for
those from the nasal retina (Simon and O’Leary, 1992). In effect,
the lack of correlated activity patterns in the retina, which medi-
ate the retraction of ectopic arborizations, may result in a rela-
tively greater elongation of stimulus representations in the ante-
rior SC than of those more posteriorly.

Our explanation, then, of why the reti-
notopic map is compressed posteriorly in
�2�/� mice is based on the following rea-
soning. Because of the lack of retinal waves
during the first postnatal week, the tempo-
ral RGC axons targeted to the anterior SC
preferentially maintain their ectopic
branches more posteriorly, in which these
can compete for postsynaptic neurons
with axons projecting from more nasal
portions of the retina. This results in the
posterior shift of the center of mass of
stimulus representations from the ante-
rior SC. In contrast, at the posterior end of
the SC, the projections from the nasal ret-
ina are not nearly as large or elongated,
and do not invade, and therefore cannot
compete for postsynaptic target space
more anteriorly. The net result is both a
shift in the representation of nasal visual
space more posteriorly and a compression
in the representation of visual azimuth in
the remaining, posterior part of the SC in
�2�/� mice. Therefore, the deficit in the
local topographic refinement that arises
from the lack of early correlated activity in
the retina, in combination with the orien-
tated ingrowth of RGC axons, could lead
to general changes in the retinotopic map
layout.

General implications for activity-
dependent map formation
Previous studies using TTX or genetic ma-
nipulations to block retinal ganglion cell
firing also showed that neuronal activity
alters retinotectal mapping (Thompson
and Holt, 1989; Gnuegge et al., 2001).
However, these studies could not distin-
guish between a permissive role, whereby
neuronal activity merely permits axons to
respond to molecular cues, or an instruc-
tive one, whereby the spatiotemporal pat-
tern of neuronal activity determines topo-
graphic order, most likely by elimination
of inappropriately connected axons
(Ruthazer et al., 2003). Because the �2�/�

mice differ from wt animals only in the
spatiotemporal pattern of retinal ganglion
cell firing, without a significant reduction
in overall activity levels, our data in con-

junction with the anatomical data in the SC of �2�/� mice
(McLaughlin et al., 2003) show that neuronal activity has an in-
structive function in retinotopic mapping.

Whereas the results from this and previous studies have dem-
onstrated that patterned activity in the retina is essential for re-
gional refinement of topography in retinal targets (Grubb et al.,
2003; McLaughlin et al., 2003), our results also stress the require-
ment of correlated retinal activity in shaping the gross retinotopic
map structure in the SC. The marked distortion of both fine-scale
(this study) (Grubb et al., 2003) and coarse (this study) retino-
topy along the nasotemporal axis in targets of retinal projections
in �2�/� mice indicates that early retinal waves have a greater
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Figure 6. More elongated response patches in the SC of �2 �/� mice can account for the changes in retinotopic map organi-
zation. A, B, Colored contours of averaged retinotopic maps (from Fig. 5 A, B) circumscribe a patch area that is �65% of response
maximum (65% contour is used here only for clearer visualization). D, Area of SC activated by stimulation at different positions. The
values represent average patch areas corresponding to �50% of response maximum from five wt (blue) and five �2 �/� (red)
mice. Stimulus position corresponds to indices in C. Error bars are SEM. E, Patch aspect ratio and orientation for each stimulus
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(i.e., a value of 1 indicates a round patch). The line tilt represents patch orientation relative to image axes. Note that patches from
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correlation for wt animals.
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role than previously thought in the specification of retinotopic
order, at least along one visual axis.

The importance of patterned retinal activity has also been
demonstrated for the segregation of RGC axons into eye-specific
domains in the LGN (Rossi et al., 2001; Stellwagen and Shatz,
2002; Torborg et al., 2005) (but see Huberman et al., 2003), sug-
gesting that similar activity-dependent mechanisms may guide
the formation of both eye-specific connections and precise topo-
graphic maps during early postnatal development. Thus, at sev-
eral stages of the mammalian nervous system, the specific pattern
of neuronal activity is instructive in shaping the structure of func-
tional maps.
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