substitution may affect the positioning of
the dimethylaminophenyl group in the 11-
pocket.

Approximately 1% of women do not re-
spond to the antagonistic action of RU486
(1), but respond normally to progestins. In
these cases a mutation at position 722 might
be responsible for the failure of RU486 to
induce abortion.
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Selection of Intrinsic Horizontal Connections in the
Visual Cortex by Correlated Neuronal Activity

SIEGRID LOWEL* AND WOLF SINGER

In the visual cortex of the brain, long-ranging tangentially oriented axon collaterals
interconnect regularly spaced clusters of cells. These connections develop after birth
and attain their specificity by pruning. To test whether there is selective stabilization of
connections between those cells that exhibit correlated activity, kittens were raised
with artificially induced strabismus (eye deviation) to eliminate the correlation
between signals from the two eyes. In area 17, cell clusters were driven almost
exclusively from either the right or the left eye and tangential intracortical fibers
preferentially connected cell groups activated by the same eye. Thus, circuit selection
depends on visual experience, and the selection criterion is the correlation of activity.

ONG-RANGE TANGENTIAL CONNEC-

tions are a constituent feature of the

intrinsic circuitry of neocortex (1).
They consist mainly of axon collaterals of
pyramidal cells (2), and in the visual cortex
they interconnect discrete, regularly spaced
groups of cells (3), which appear to show
similar functional properties (4). It has been
proposed that these horizontal pathways (i)
form large receptive fields (5), (ii) mediate
inhibitory and subliminal excitatory effects
from outside the classical receptive field (6),
and (iii) generate functionally coherent cell
assemblies by synchronizing the responses

Max-Planck-Institut fiir Hirnforschung, Deutschorden-
strasse 46, D-6000 Frankfurt am Main 71, Federal
Republic of Germany.

*To whom correspondence should be addressed.

of spatially distributed neurons (7). These
functions require highly specific interac-
tions, and it has been proposed that the
tangential connections attain their specificity
through experience-dependent selection (8-
11). In kitten visual cortex, tangential con-
nections develop mainly after birth (9-13),
and final selectivity is achieved by pruning:
either by elimination of inappropriate collat-
erals (10, 12) or transitory axons (13) or by
decreases in the tangential extent and num-
ber of clusters (11). This pruning is influ-
enced by visual deprivation (9-12). Here we
test whether the selective stabilization of
tangential connections is influenced by expe-
rience such that the selection criterion is the
correlation of activity in interconnected cells
(14).

To restrict correlated activity to defined
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cell groups, we raised kittens that were made
strabismic at the age of 2 to 3 weeks by
unilateral section of the medial rectus eye
muscle (15). After this manipulation, the
optical axes of the two eyes are no longer
aligned, and the images on the two retinae
cannot be brought into register. As a result,
the responses mediated by anatomically cor-
responding retinal loci in the two eyes are no
longer correlated. During a critical period of
postnatal development the connections be-
tween the afferents from the two eyes and
their common cortical target cells are mal-
leable and become destabilized if their activ-
ity is not sufficiently correlated (8, 16). As a
consequence, squint accentuates the segre-
gation of the afferents from the two eyes in
layer IV (17) and most of the cells in the
visual cortex become responsive exclusively
to stimulation of either the right or the left
eye (18). Each of these monocularly driven
cell populations is capable of subserving
normal pattern vision. However, to avoid
double vision, strabismics use only one eye
at a time and suppress the signals from the
other eye (19). Thus, in strabismics, the
coherence of responses to visual patterns is
likely to be the same as in normal animals for

Fig. 1. Ocular dominance
columns in the visual cortex A
of strabismic cats. (A and B)
Comparison of ocular dom-
inance columns in a hori-
zontal section through the
medial bank of right area 17
as revealed by transneuron-
ally transported [*H]proline
injected into the right (nor-
mal) eye (A) and 2-DG
labeling after right-eye stim-
ulation (B). Both autoradio-
graphs are from the same
section. The columns of in-
creased 2-DG uptake are in
register with the right-eye
territories in layer IV (ar-
rows). (C and D) 2-DG
autoradiographs of flat-
mount sections from the un-
folded left (C) and right (D)
hemisphere of a strabismic
cat that had been stimulated
through the right eye. Note
the sharp delineation of ac-
tive and inactive territories.
The optic disk representa-
tions of the stimulated and
unstimulated eye are identi-
fiable in the posterior third
of both hemispheres as de-
marcated oval regions (ar-
rows) that are solidly labeled
ipsilateral (right) and unla-
beled contralateral (left) to
the open eye. The monocu-
lar segment (MS) is indicat-
ed by uniform labeling at

cells driven from the same eye, but much
lower for cells driven from different eyes.

In area 17 of 2- to 3-month-old normal (n
= 2) and strabismic kittens (n = 4), tangen-
tial intracortical connections were labeled
with fluorescent tracers and the locations of
cell groups activated by either the right or
the left eye were visualized with the [**C]2-
deoxyglucose (2-DG) method (15). After
monocular stimulation, regions of increased
2-DG uptake extend in a columnar fashion
through all cortical layers (Fig. 1B). As
revealed by intraocular injections of the
transneuronal tracer [*H]proline (15) in
two additional strabismic kittens, these mo-
nocularly activated columns are in precise
register with the termination zones of the
afferents from the activated eye in layer IV
(Fig. 1, A and B). The pattern of the 2-DG
columns resulting from monocular stimula-
tion thus shares the characteristics of ocular
dominance columns as described in (20)
(Fig. 1, C and D).

After two injections, one with red and the
other with green fluorescent beads into stri-
ate cortex of a strabismic kitten (Fig. 2, A
and B), retrogradely labeled cells were dis-
tributed in well-segregated clusters over a

med
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the medial border of the contralateral area 17 and by the absence of labeling at comparable eccentricity
on the ipsilateral side. The territories of the open eye tend to be larger in the contra- than in the
ipsilateral hemisphere. Scale bars: 1 mm (A and B); 5 mm (C and D).
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distance of up to 5 mm from the injection
site (Fig. 2A). Comparison of these patterns
with the corresponding 2-DG autoradio-
graph (Fig. 2, C and D) reveals that both
the red- and the green-labeled cells are lo-
cated preferentially within the territories ac-
tivated by the same, in this case the right,
nondeviated eye.

To identify the ocular dominance of the
site of injection, we located the injections on
the autoradiographs and in addition ana-
lyzed the laminar distribution of retrograde-
ly labeled cells in the lateral geniculate nu-
cleus (LGN). This was done because some
injections produced lesions that appeared as
inactive regions on the autoradiographs,
mimicking territories of the nonstimulated
eye. For the case illustrated in Fig. 2, both
analyses indicate that both red and green
tracers had been injected into right-eye ter-
ritories (Fig. 2, D and E). Thus, tangential
projections interconnect selectively territo-
ries served by the same eye (Table 1). In two
other cases, similar results were obtained for
injections into columns connected to the
deviated eye. In the first, the investigated
hemisphere was ipsi- and in the second it
was contralateral to the eye stimulated for
2-DG labeling. In one other kitten, the
injection was at the border between right-
and left-eye territories and retrogradely la-
beled LGN cells were distributed over both
laminae A and Al. In this case, retrogradely
labeled cortical cells were found in both
right- and left-eye columns.

Our analyses in the normally reared con-
trols provided no evidence for an eye-specif-
ic selectivity of tangential connections.
There were no consistent relations between
the locations of the injections, the retro-
gradely labeled cells, and the 2-DG columns
(Fig. 2F and Table 1). This agrees with
other evidence that in normally reared cats

Table 1. Percentage of labeled cells in columns
of the same and opposite ocularity as the
injection sites.

Percentage (and number) of
labeled cells in

Case Same Opposite Transi-
ocular ocular .
dominance dominance  9°"
column column zone
Strabismic 1 87 (880) 5(51) 8(77)
(Fig. 2D,
red cells)
Strabismic 2 89 (60) 4 (3) 7 (5)
(Fig. 2D,
green cells)
Strabismic 3 75 (375) 17 (85) 8 (40)
Strabismic 4 71 (436) 19 (117) 10 (61)
Control 1 49 (508) 38 (396) 13 (140)
(Fig. 2F)
Control 2 45 (88) 47 (92) 8 (16)
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tangential connections are related to orien-
tation but not to ocular dominance columns
(4). Statistical analysis revealed that in
squinting cats (unlike in controls) cell den-
sities in columns of the same ocularity as the

injection sites were significantly higher than
those in columns of opposite ocularity (x>
test, P < 0.001) (21). These results suggest
that the development of tangential intracor-
tical connections depends on use-dependent

Fig. 2. Topographic relations between intrinsic horizontal connections and ocular dominance columns
in area 17 of a strabismic cat (A through E) and a normally reared control animal (F). (A and B)
Distributions of retrogradely labeled cells in the same tangential section after injections with red (A) and
green (B) beads. Dots, the position of individual cells; asterisks, injection sites. Cortical axes refer to (A)
through (D) and (F). (C) 2-DG pattern showing the topography of ocular dominance territories in the
region containing the retrogradely labeled cells in (A) and (B). Enlarged detail of Fig. 1D. (D)
Superposition of (A), (B), and (C). Crosses indicate two of the three landmarks used for superposition.
Most of the retrogradely labeled cells are located within zones of high 2-DG uptake. The injection site
of the green beads is within a dark, right-eye column (small green arrow). The injection of the red tracer
had caused a small necrosis in the plane of the section, producing a patch of reduced 2-DG uptake in
the close vicinity of a right-eye column. (E) Retrogradely labeled cells in the right LGN after the cortical
injection of red beads (A). Autoradiographs of 2-DG distributions in frontal sections of the left (a) and
right (b) LGN show the laminae activated by right-eye stimulation (left LGN: A and C; right LGN:
A, and C,). Laminar borders were derived from the same sections counterstained with cresyl violet.
Labeled cells are confined to right lamina A,, which is connected to the right eye. (F) Distribution of
retrogradely labeled cells in area 17 of a normally reared cat after injection of green beads (green
asterisk) into the territory of the nonstimulated left eye (retrogradely labeled LGN cells were
concentrated in lamina A, corresponding to this eye). Scale bar, 1 mm.
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selection mechanisms similar to those in the
development of thalamocortical connections
(16): neurons wire together if they fire to-
gether.

Electrophysiological recordings from area
17 of strabismic cats have revealed that the
probability of response synchronization is
very low between cell groups connected to
different eyes, whereas it is close to normal
between cell groups activated from the same
eye (22). In conjunction with the present
findings, this evidence provides support for
the notion that tangential intracortical con-
nections are responsible for response syn-
chronization (7).

Psychophysical evidence indicates that
strabismics are unable to combine the sig-
nals arriving from the two eyes to a single
percept, even if these signals are made con-
gruent by optical compensation of the
squint angle (23). Together with the present
results, this finding supports the conjecture
that the tangential connections—by deter-
mining the probability of response synchro-
nization—serve as substrate for feature bind-
ing and perceptual grouping (8, 24). As our
data imply that the architecture of tangential
connections reflects to some extent the acti-
vation conditions and feature constellations
that have occurred during development, it
follows that the criteria for perceptual
grouping are at least partly acquired
through experience. This, in turn, suggests
that some of the perceptual deficits of am-
blyopic patients (23) may actually be due to
errors in experience-dependent selection of
corticocortical rather than of thalamocorti-
cal connections.
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Requirements for Phosphorylation of MAP Kinase
During Meiosis in Xenopus Oocytes

JAMES POSADA AND JONATHAN A. COOPER*

Mitogen-activated protein (MAP) kinases are activated in response to a variety of
extracellular stimuli by phosphorylation on tyrosine and threonine residues. Xp42 is a
Xenopus laevis MAP kinase that is activated during oocyte maturation. Modified forms
of Xp42 that lacked enzymatic activity or either of the phosphorylation sites were
expressed in Xenopus oocytes. When meiotic maturation was induced with progester-
one, each mutant Xp42 was phosphorylated, indicating that at least one kinase was
activated that can phosphorylate Xp42 on tyrosine and threonine. Phosphorylation of
one residue is not strictly dependent on phosphorylation of the other.

AP KINASES (1) ARE ACTIVATED

in many cell types in response to

mitogenic stimuli (2, 3). Howev-
er, MAP kinases are also activated in special-
ized cells that are not mitogenically respon-
sive, such as Xenopus and starfish oocytes
undergoing meiosis (4—6), PC12 cells differ-
entiating in response to nerve growth factor
(7-9), adrenal cortical cells secreting cate-
cholamines in response to nicotine or carba-
chol (7), and hippocampus undergoing a
seizure response (10). The signaling path-
ways that trigger MAP kinase activation
under these different conditions are initiated
variously by tyrosine kinases, protein kinase
C, or G proteins, and each pathway may
activate MAP kinases by a common mecha-
nism or by a distinct one.

Activated MAP kinase from mouse 3T3
cells is phosphorylated on threonine and
tyrosine residues (1), and dephosphoryla-
tion of either or both residues reduces activ-
ity (11). Therefore, MAP kinases may be
activated by the combined actions of tyro-
sine and serine-threonine kinases, by a single
kinase able to phosphorylate threonine and
tyrosine residues (12), by autophosphoryla-
tion, or by a combination of these possibil-
ities. Both the phosphorylated residues are
in kinase subdomain VIII (13), a region that
contains autophosphorylated residues in
other protein kinases (14). Either autophos-
phorylation or phosphorylation by other
kinases could be induced by extracellular
signals.

Fred Hutchinson Cancer Research Center, Seattle, WA
98104.
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Activities that induce serine, threonine,
and tyrosine phosphorylation of MAP ki-
nase have been detected in epidermal
growth factor-stimulated mouse 3T3 cells
and in nerve growth factor-stimulated
PC12 cells (15, 16). These activators have
no apparent protein kinase activity when
assayed on other substrates. Studies of the
MAP kinase ERK2 made in Escherichia coli,
which lack tyrosine kinases, indicate that
MAP kinases can autophosphorylate on ty-
rosine (8, 17, 18). Furthermore, phosphor-
ylation of bacterially synthesized ERK2 is
stimulated by the activator from 3T3 cells
(19). The activators have been variously
assumed to be activators of autophosphoryl-
ation (19) or specific “MAP kinase kinases”
(16), but it is not clear which interpretation
is correct. The activation of MAP kinase in
Xenopus oocytes is also correlated with in-
creased phosphorylation of the enzyme (4,
5). We now present evidence that this phos-
phorylation is catalyzed by one or more
other kinases that are stimulated during
oocyte maturation.

A cDNA for Xenopus MAP kinase Xp42
that is phosphorylated and activated during
oocyte maturation has been cloned (4, 20),
and antiserum has been raised to a COOH-
terminal peptide (21). Xp42 was immuno-
precipitated from oocytes and egg extracts
and incubated with the substrates myelin
basic protein (MBP) and v-3?P-labeled
adenosine triphosphate (ATP). Xp42 from
eggs was enzymatically active and Xp42
from oocytes was inactive (Fig. 1A). Immu-
noblotting of the immunoprecipitates re-
vealed that egg Xp42 migrated more slowly
than oocyte Xp42 on gel electrophoresis
(Fig. 1A). Xp42 from eggs, but not from
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