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Correlational Structure of
Spontaneous Neuronal Activity
in the Developing Lateral
Geniculate Nucleus in Vivo

Michael Weliky*+ and Lawrence C. Katz

The properties of spontaneous activity in the developing visual pathway beyond
the retina are unknown. Multielectrode recordings in the lateral geniculate
nucleus (LGN) of awake behaving ferrets, before eye opening, revealed patterns
of spontaneous activity that reflect a reshaping of retinal drive within higher
visual stages. Significant binocular correlations were present only when cortico-
thalamic feedback was intact. In the absence of retinal drive, cortico-thalamic
feedback was required to sustain correlated LGN bursting. Activity originating
from the contralateral eye drove thalamic activity far more strongly than that
originating from the ipsilateral eye. Thus, in vivo patterns of LGN spontaneous
activity emerge from interactions between retina, thalamus, and cortex.

Although visual experience affects visual
cortical plasticity during specific critical pe-
riods of postnatal development (/), many as-
pects of visual cortical functional organiza-
tion emerge before visual experience (2—4).
Thus. visual experience is not required for the
wmitial development of cortical functional or-
ganization but is necessary for its mainte-
nance and stability.

Before the onset of visual experience,
spontaneous activity within the visual path-
way has been proposed to provide instructive
cues for guiding orientation and ocular dom-
inance column formation within visual cor-
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tex. Correlated patterns of spontaneous activ-
ity have been observed in the developing
retina (5, 6); however, very little is known
about the in vivo patterns of spontaneous
activity within higher stages of the visual
pathway such as the lateral geniculate nucle-
us (LGN). It is unlikely that the LGN simply
relays patterns of retinal spontaneous activity
to the cortex; rather, it reshapes and trans-
forms these patterns. Mechanisms that could
underlie these transformations include non-
retinal sources of input such as cholinergic
brainstem afferents (7), massive feedback
projections from layer 6 of primary visual
cortex (8), and LGN and perigeniculate nu-
cleus (PGN) circuitry, which generates en-
dogenous synchronized network oscillations
in vitro (9, 10). The eventual patterns of
spontaneous activity that underlie the devel-
opment of visual cortical functional architec-
ture may be quite different from those pre-
dicted by retinal activity alone. To investigate
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whether such transformations occur and the
circuitry underlying them, we recorded spon-
taneous neuronal activity across different

Fig. 1. Multielectrode recordings from the LGN
of neonatal awake behaving ferrets. (A) Parasag-
ittal cut through the LGN showing the organiza-
tion of eye-specific layers A and A1 and their
respective ON/OFF sublaminae. Electrodes are
spaced 100 pm apart. The diagram predicts the
progression of A (contralateral) and A1 (ipsilat-
eral) sublamina recorded by the eight electrodes.
P, perigeniculate nucleus; C, lamina C. Ant., an-
terior; Dors., dorsal; Post., posterior; Vent., ven-
tral. (B) Spike discharges evoked at the eight
electrodes in response to the onset or offset of
light flashes to the ipsilateral and contralateral
eyes. The progression of functional layers pre-
dicted in (A) is observed in the numbered traces.
Light flash onset for the ipsilateral eye occurs at
1 s and is offset at 4 s into the recordings. Light
flash onset for the contralateral eye occursat 7 s
and is offset at 10 s. (C) Synchronous bursts of
spontaneous neuronal activity recorded through
the eight recording electrodes. The upper traces
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eye-specific and ON/OFF LGN layers in
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the parasagittal axis of the LGN enabled re-
cordings from the functionally distinct cell
layers of the LGN (Fig. 1, A and B) (11, 12).
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show functionally discriminated multlumt—smgle -unit spike activity recorded by each of the eight electrodes. This recording was made just after
obtaining the light-evoked responses shown in (B) in the same animal and therefore represents spike activity from the same identified cells. The
functional identity of cells recorded by the different electrodes was confirmed by again testing the responses to light flash after recording spontaneous
activity for about 1 hour, indicating stability of the recording electrodes. All units fired a 5- to 10-s burst of action potentials beginning at about 15 s.
Below the traces, the rate of spike discharge for identified units at each electrode is encoded in gray scale in the time series graph where bright pixels
indicate high discharge rate. Bin width, 200 ms. Horizontal rows show the rate of spike discharge for each electrode (electrode 1 is the top row). The
bracketed region shows the 40-s time period represented in the upper traces 1 to 8.

Fig. 2. The correlational structure of spontaneous
activity in normal animals. (A) Time series graphs
show periodic, correlated bursts of neuronal activity
across the electrode array. Time series graphs are
shown for successive 100-s acquisition trials. Average
burst frequency = 2.2 bursts/min. In all time series
graphs in this and subsequent figures, electrode 1 is
the leftmost column of pixels. Bin width, 200 ms. (B)
Cross-correlation matrix calculated from the same
animal shown in (A). Rows and columns are labeled
by electrode number (1 to 8) and the functionally
identified units recorded by each electrode. Each
square located at a column/row intersection is gray
scale encoded to represent the amount of correlated
activity (r) between each pair of electrodes. White
represents the highest correlation of 1.0 and black
represents a correlation of 0.0. ¢, contralateral; /,
ipsilateral. (C) Histogram of the average correlation
strength between different LGN eye-specific and ON/
OFF layers calculated from the correlation matrix
shown in (B). (D) (left) Histogram showing average
correlation strength between different LGN eye-spe-
cific and ON/OFF layers for seven animals. (right)
Histogram constructed from the same data used in
the control histogram on the left but with all spike
trains randomly shifted in time (74). The correlations
between randomized spike trains are near 0.0 (r =
0.013 % 0.008); these are significantly smaller than
the correlations calculated from control spike trains
(P < 0.005, t test). Error bars in this and subsequent
figures show standard deviation. (E) Cross-correlation
functions calculated between pairs of electrodes lying
within different LGN layers. Each column shows the
correlation function computed between spikes re-
corded at electrode 1 and each of the eight electrodes
during a single 100-s recording trial [computed from
the third time series graph from the left in (A)]. The
three rows show the same function at progressively
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Recordings obtained from ferrets [postnatal
ages 24 to 27 (n = 7)] revealed patterns of
spontaneous activity consisting of synchro-
nous bursts of neuronal activity across all
LGN layers (Fig. 1C). Burst duration ranged
from 8 to 20 s (mean = 14.5 * 4.7 s) with an
interburst interval of 15 to 40 s (mean =
26.1 *= 8.9 s). The average burst frequency
was 2.3 bursts/min. Recordings were reliably
obtained from individual animals for 1 to 3
days and did not show significant alterations
in burst patterns over this time. Activity pat-
terns were similar during periods of quiet
resting or active exploratory behavior.

The dynamics of neuronal activity record-
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ed across the electrode array were revealed
by constructing time series graphs (Figs. 1C
and 2A). Cell activity during a burst was not
strictly simultaneous at all electrodes (Fig.
2A). In some cases, activity at one set of
electrodes preceded activity at other elec-
trodes; in other cases, discharge rates or tem-
poral firing patterns varied among the elec-
trodes. To assess systematic differences in
correlated firing between different LGN cell
types, we calculated Pearson product correla-
tion coefficients (r) between spike trains re-
corded by all pairs of electrodes (Fig. 2B)
(13). For all cross-correlation calculations,
spikes were binned into 260-ms bins. Corre-
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Fig. 3. Feedback from the visual cortex mediates binocular correlations in LGN spontaneous
activity. (A) The effect of aspirating the ipsilateral cortex on the pattern of LGN spontaneous
activity. (left) The time series graphs were obtained with intact ipsilateral visual cortex. The
resulting cross-correlation matrix is shown below the time series graphs. (right) After aspiration of
the ipsilateral visual cortex, the cross-correlation matrix reveals that although within-eye corre-
lations remain unchanged, between-eye correlations disappear. Bin width, 200 ms (all time series
graphs). (B) Summary of results from three animals. With visual cortex intact, significant correla-
tions between different eye-specific layers are present; after cortical ablation, these correlations
disappear. (C) With intact visual cortex, cross-correlation functions calculated between electrodes
located within the same eye-specific layer (contralateral eye/ON) (left) and different eye-specific
layers (contralateral/OFF and ipsilateral/OFF) (right). The upper two histograms in each column
show representative cross-correlation functions. The lower graph shows a series of 20 normalized
cross-correlation functions calculated for successive 100-s recording trials. Gray scale encodes the
normalized number of binned spikes from black (0.0) to white (1.0). The white horizontal line seen
at the 0.0 time position in both graphs indicates strong correlations with zero time lag. (D) Same
as (C) but after cortical ablation. Although strong correlations occur with zero time lag between
electrodes located within the same eye-specific layer, peaks in the cross-correlation functions
calculated between the different eye-specific layers occur at random positions.

lation histograms were also constructed from
spike trains in which spikes were binned into
different size bins ranging from 20 to 260 ms.
The pattern of layer-specific correlations re-
mained the same at the different binned time
scales.

All pair-wise cross correlations were av-
eraged into four groups according to whether
each electrode pair recorded activity from the
same or different eye-specific layers (ipsilat-
eral/contralateral) and the same or opposite
center-type layers (ON/OFF) (Fig. 2, C and
D). These cross correlations reveal systemat-
ic differences in the levels of correlated ac-
tivity between different eye-specific and ON/
OFF layers. The activity of neurons from the
same eye and same center-type layer (for
example, contra-ON/contra-ON) was most
highly correlated (r = 0485 = 0.051),
whereas correlations between neurons from
the same eye but opposite center-type layer
(for example, contra-ON/contra-OFF) were
about half as strong (r = 0.216 *= 0.075).
These layer-specific differences in correlated
activity were all statistically significant (P <
0.05, ¢ test).

Because no direct connections link the
two eyes, and if each retina independently
generated spontaneous bursts of activity,
there should be essentially no correlation be-
tween the patterns of spontaneous activity
originating from the two eyes. However, neu-
rons from different eye-specific LGN layers
were significantly correlated (r = 0.135 =
0.049) (Fig. 2, C and D). Although weaker
than the correlations within each eye-specific
layer, these correlations were far higher than
what would be expected by chance if cells
within different eye-specific layers burst in-
dependently (P < 0.005, ¢ test) (Fig. 2D)
(14). The correlations between different eye-
specific layers having the same or opposite
receptive field center type were equally
strong (P > 0.05, ¢ test) (Fig. 2, C and D).
The pattern of correlated bursting activity
within ON and OFF LGN layers differed
from the predictions of in vitro retinal record-
ing. In vitro recordings, carried out in retinas
obtained from animals of similar age to those
used in our LGN recordings, have shown that
the interval between ON retinal ganglion cell
bursts is about 30 s, whereas the interval
between OFF retinal ganglion cell bursts is
about 90 s (6). However, the in vivo burst
frequency of cells within ON and OFF LGN
layers was similar: Individual ON and OFF
layers both showed autocorrelation peaks
close to 25 s.

One explanation for the pattern of correla-
tions is that it reflects the distance between
recording electrodes, with correlated activity
declining with increasing distance between re-
cording sites. If this were the case, then corre-
lations within the same eye-specific layer
would be highest because these recording sites
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are nearby, whereas correlations between dif-
ferent eye-specific layers would be weakest
because, on average, these sites are more distant
from one another (Fig. 1A). To rule out this
possibility, we calculated cross correlations
only between adjacent electrodes or between
electrodes separated by one intervening elec-
trode. In all cases, the same pattern of correla-
tions was observed. If adjacent electrodes were
located in different eye-specific layers, their
correlation coefficients were low, whereas if
they were located in the same eye-specific lay-
er, the correlations were much stronger. Thus,
interelectrode spacing does not dictate the lev-
els of correlated activity.

To investigate how the timing of spike
activity between different LGN layers could
underlie the computed pattern of correlation
coefficients, we calculated cross-correlation
functions between pairs of spike trains during
each 100-s recording trial (Fig. 2E) (/5). The
normalized amplitudes of these functions
were consistent with the Pearson product cor-
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relation coefficients calculated between the
different layers. Typically, these functions
showed the strongest correlations occurring
with zero time lag within the same as well as
between different layers. However, at fine
time scales, single as well as multiple peaks
were observed at nonzero phase positions
with greater frequency in cross-correlation
functions computed between different eye-
specific layers than within the same eye-
specific layer. Cross-correlation functions
calculated between different eye-specific lay-
ers tended to have wider central peaks, as
well as to exhibit a higher degree of asym-
metry both in the distribution of individual
peaks and in the amplitude of the flanks of
these peaks. Thus, at fine time scales, spike
activity between different eye-specific layers
was not as precisely synchronized as within
the same layer.

We next investigated several mechanisms
that could generate the correlations across the
different LGN layers. We first considered the
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circuits that could underlie the generation of
binocular responses. One candidate is the
large feedback connection from layer 6 of
visual cortex to the LGN (8, /6). To test this
connection, we ablated the ipsilateral visual
cortex while retinal input to the LGN was
maintained (» = 3 animals) (/7). Although
this did not substantially alter the overall
temporal pattern of LGN bursting or the cor-
related activity within the same eye-specific
layer, correlated activity across different eye-
specific layers was eliminated (Fig. 3, A and
B). After removal of cortical feedback, cor-
relation coefficients calculated between elec-
trodes located within different eye-specific
layers were indistinguishable from random
(P > 0.05, 1 test) (1/4). With the visual cortex
intact, spike firing at electrodes located either
within the same or different eye-specific lay-
ers occurred predominantly with zero time
lag (Fig. 3C). After visual cortical ablation,
strong correlations in spike firing were still
present with zero time lag within the same

Fig. 4. (A to C) Effects of
optic nerve transection
and cortical aspiration
on patterns of LGN spon-
taneous activity. (A) Con-
trol time series graphs
obtained with intact op-
tic nerves and intact ipsi-
lateral visual cortex. Aver-
age burst frequency
2.1 bursts/min. The cross-
correlation matrix (below
the time series graphs)
shows a pattern similar
to other control animals
(for example, Fig. 2B). (B)
After cutting both optic
nerves. For the first 15
to 30 min after optic
nerve transection, all
LGN activity was abol-
ished. Gradually over the
next 6 hours, a new spa-
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tiotemporal pattern of activity emerges. The leftmost time series graph shows activity 45

min after the optic nerve was cut. One and one-half hours after optic nerve cut (second

graph), burst frequency has increased to 3 bursts/min. By 4 hours after cut (third graph),
burst frequency has increased to 4.2 bursts/min and remains relatively stable 6, 10, and 16
hours after optic nerve cut at 5.4, 6.2, and 6.4 bursts/min, respectively (graphs 4 to 6).
Because both optic nerves were cut, the functional identity of recorded units could not be
directly assessed as in (A). Therefore, electrode columns and rows in the cross-correlation
matrix are not labeled (79). (C) After aspiration of the ipsilateral visual cortex. Both retinal

and cortical input to the LGN have now been removed. The leftmost time series graph was
obtained 10 min after cortical aspiration and the last graph 18 hours after aspiration. The
cross-correlation matrix shows the almost complete absence of correlated activity when compared with the matrices in (A) and (B). (D and E) Contralateral eye bias
in driving spontaneous LGN activity. (D) Time series graphs obtained from successive transection of the optic nerves in a single animal. (left) Time series graphs with
both optic nerves intact. Electrodes 1 to 4 were recorded from the contralateral layer and electrodes 5 to 8 from the ipsilateral layer. Average burst frequency = 1.7
bursts/min. (middle) Time series graphs obtained after ipsilateral (i) optic nerve cut. The first and last graphs were obtained 20 min and 10 hours, respectively, after
optic nerve cut. Average burst frequency = 1.9 bursts/min. Spontaneous activity was observed on electrodes 5 to 8 even though these units could not be driven by
light flash to either eye. (right) Time series graphs obtained after contralateral (c) optic nerve cut. Retinal input to the LGN from both optic nerves has now been
completely removed. The first and last graphs were obtained 15 min and 11 hours, respectively, after optic nerve cut. Average burst frequency = 6.5 bursts/min. (E)
Time series graphs obtained from successive transection of the optic nerves in a second individual animal. Optic nerves were cut in reverse order from the animal shown
in (D). (left) Time series graphs obtained with both optic nerves intact. Electrodes 1 to 4 were recorded from the contralateral layer and electrodes 5 to 8 from the
ipsilateral layer. Average burst frequency = 1.3 bursts/min. (middle) Time series graphs obtained after contralateral (c) optic nerve cut. Average burst frequency = 4.7
bursts/min. The first and last graphs were obtained 25 min and 12 hours, respectively, after optic nerve cut. Spontaneous activity was seen on electrodes 1 to 4 even
though these units could not be driven by light flash to either eye. (right) Time series graphs obtained after ipsilateral (i) optic nerve cut. Retinal input to the LGN from
both optic nerves has now been completely removed. Average burst frequency = 5.1 bursts/min. The first and last graphs were obtained 20 min and 14 hours,
respectively, after optic nerve cut. Bin width, 200 ms (all time series graphs).
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eye-specific layer but not between different
eye-specific layers (Fig. 3D). In the absence
of cortical feedback, the largest peaks in
cross-correlation functions calculated be-
tween different eye-specific layers were typ-
ically shifted to random locations, ranging
from =1 to 15 s, during successive 100-s
recording trials. Such shifts underlie the
marked reduction of cross-correlation coeffi-
cients (r) computed between different eye-
specific layers after cortical ablation (Fig.
3B). This reduction indicates that cortical
feedback is required to synchronize neuronal
activity between the different eye-specific
LGN layers.

Correlations between different eye-specif-
ic layers, as well as the common burst fre-
quency of ON and OFF center cells, could
also be produced by synchronized LGN and
PGN oscillatory activity (9, 10) or by neuro-
modulatory inputs from the brainstem (7).
We transected both optic nerves to remove
retinal afferent drive to the LGN while leav-
ing cortical feedback connections (and brain-
stem afferents) intact (n-= 5 animals) (Fig. 4,
A and B) (/8). This markedly changed the
spatiotemporal pattern of LGN activity. After
an initial period of suppressed activity, aver-
age burst frequency increased from 2.3
bursts/min before transection to 6.1 bursts/
min 6 hours after transection. Burst duration
decreased from 8 to 20 s before to 1 to 2 s
after transection, and the level of correlated
activity averaged across all electrodes in-
creased from 0.23 before to 0.49 after tran-
section. The level of correlated activity after
optic nerve transection did not increase uni-
formly between all electrodes: Electrodes
within the presumptive contralateral eye-spe-
cific layer appeared to be most highly corre-
lated, with weaker correlations between the
ipsilateral and contralateral layers as well as
within the ipsilateral layer itself (Fig. 4B)
(19).

The pattern of spontancous activity ob-
served in the absence of retinal inputs could be
due to a number of mechanisms such as intrin-
sic LGN/PGN bursting alone (9, 10), contribu-
tions from brainstem afferents (7), or activity
within reciprocal connections between thala-
mus and cortex (20). To distinguish between
these possibilities in the animals with transected
optic nerves, we subsequently ablated the ipsi-
lateral visual cortex (# = 3 animals). In all
cases, this ablation completely abolished burst-
ing activity (Fig. 4C). Spontaneous activity
within the LGN consisted solely of random and
uncoordinated spikes across different elec-
trodes. Correlated activity averaged across all
electrodes decreased from 0.49 to 0.07 after
cortical ablation. In the absence of retinal input,
cortico-thalamic feedback is required to sustain
synchronized LGN and PGN oscillatory activ-
ity in vivo. At these early ages, the LGN alone,
or in conjunction with brainstem afferents, can-
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not sustain patterned bursting activity.

Cortical inputs regulate LGN spontaneous
activity differently than retinal inputs. This
difference may arise from the different pat-
tern of projections that retinal and cortical
inputs make within the LGN and PGN: Cor-
tical feedback inputs innervate both the PGN
and LGN and, unlike retinal afferents, do not
distinguish between LGN layers (/6), where-
as retinal inputs only innervate the LGN,
Furthermore, retinal and cortical inputs acti-
vate different metabotropic glutamate recep-
tors (27). The cortex could regulate LGN
bursting activity through the PGN, whose
neurons form strong inhibitory synapses onto
LGN neurons (22, 23). Additionally, the cor-
tex primarily exerts a strong modulatory ef-
fect on spindle wave production and synchro-
nization (20), and the retina directly drives
LGN neuronal activity through ganglion cell
bursting (24).

Optical imaging and single-unit record-
ings demonstrate a contralateral eye domi-
nance in driving cortical orientation and oc-
ular dominance responses before eye opening
(3, 25). To explore whether this eye domi-
nance could arise from an early biasing of
eye-specific activity within the developing
LGN, we compared the effects of separate
ipsilateral or contralateral optic nerve tran-
section on LGN spontaneous activity (n = 6).
Transection of only the ipsilateral optic nerve
had a negligible effect on the pattern of LGN
bursting (Fig. 4D). Subsequent transection of
the remaining contralateral optic nerve changed
LGN activity to the pattern of short, highly
coherent bursts described above after simulta-
neous transection of both optic nerves. Revers-
ing the order of the cuts and transecting the
contralateral optic nerve first produced a differ-
ent effect on the pattern of LGN spontancous
activity (Fig. 4E). After transection of the con-
tralateral optic nerve alone, LGN activity
changed to the pattern of short, highly coherent
bursts observed when both optic nerves were

" cut. Subsequent transection of the ipsilateral

optic nerve produced no additional alteration in
the pattern of LGN bursting. Thus, normal
LGN spontaneous activity is strongly biased by
contralateral eye drive. Bursting activity by the
ipsilateral eye, which would typically arrive out
of phase with bursts produced by the contralat-
eral eye, may be actively suppressed by intrin-
sic LGN and PGN inhibitory circuitry (9, 10,
22, 23). If this is true, activity within the ipsi-
lateral eye-specific layer may be primarily gen-
erated by thalamo-cortical circuits, triggered by
contralateral retinal activity.

The coupling of multiple mechanisms, in-
cluding endogenous network oscillations and
thalamo-cortical feedback, produces emer-
gent patterns of spontaneous activity within
the LGN. The resulting correlational struc-
ture of LGN spontaneous activity could pro-
vide instructive cues for guiding the estab-

lishment of adult patterns of synaptic connec-
tivity within the visual pathway. Several fea-
tures of the correlational structure of LGN
spontanecous activity are consistent with pre-
dictions of activity-dependent models of cor-
tical map and receptive field development.
Modeling studies propose that differences in
correlated firing between ON and OFF LGN
afferents, similar to those experimentally ob-
served, can drive the segregation of simple
cell ON/OFF subregions (26). Theoretical
models also demonstrate that the competing
requirements of joint ocular dominance and
orientation map development can be resolved
by biasing the pattern of correlated activity
between the two eyes (27). Ocular domi-
nance and orientation preference maps will
jointly develop if within-eye activity is more
highly correlated than between-eye activity,
which is what was observed experimentally.
However, certain central features of our re-
sults are difficult to incorporate into existing
models. The strong contralateral bias ob-
served experimentally does not appear con-
sistent with standard formulations for the role
of patterned activity in ocular dominance col-
umn formation (28). Taken together with pre-
vious work showing a contralateral bias in
cortical development (3, 25), these results
challenge the idea that ipsilateral and contrat-
eral geniculocortical projections start out on
an equal footing.

Binocular enucleation at postnatal age 21
in ferrets only modestly affects the develop-
ment of clustered horizontal connections in
the cortex whereas silencing the cortex abol-
ishes clusters (29). These findings suggest
that in animals in which both optic nerves
were transected, thalamo-cortical network ac-
tivity can sustain or guide the formation of
clustered horizontal connections in enucleat-
ed animals. Thus, even in the absence of
retinal drive, activity in the thalamo-cortical
loop may contain information that can drive
the initial patterning of cortical circuits and
visual cortical functional architecture.
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