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Rapid Extragranular Plasticity in 
the Absence of Thalamocortical 

Plasticity in the Developing 
Primary Visual Cortex 

Joshua T. Trachtenberg, Christopher Trepel, Michael P. Stryker* 

Monocular deprivation during early postnatal development remodels the cir- 
cuitry of the primary visual cortex so that most neurons respond poorly t o  
stimuli presented t o  the deprived eye. This rapid physiological change is ulti- 
mately accompanied by a matching anatomical loss of input from the deprived 
eye. This remodeling is thought t o  be initiated at  the thalamocortical synapse. 
Ocular dominance plasticity after brief (24 hours) monocular deprivation was 
analyzed by intrinsic signal optical imaging and by targeted extracellular unit 
recordings. Deprived-eye responsiveness was lost i n  the extragranular layers, 
whereas normal binocularity in  layer IV was preserved. This finding supports the 
hypothesis that thalamocortical organization is guided by earlier changes at  
higher stages. 

The establishment of precise neural circuits is 
believed to result from activity-dependent re- 
arrangements of neural connections during 
normal development (1).A conventional as- 

sumvtion vresent in models of visual cortical 
A A 


development and reorganization is that syn- 
aptic connections are remodeled serially in 
the order in which information is processed 
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(2-4). An alternative view is that reorgani- 
zation begins at a higher stage of cortical 
processing in the extragranular layers, and 
these higher layers guide changes in both the 
input layer and subcortical sites (5). This 
latter hypothesis finds support in recent ex- 
periments on young khens and ferrets sug- 
gesting that the organization of the supra- 
granular layers precedes the establishment of 
cortical columns and predicts the subsequent 
anatomical changes in the geniculocortical 
afferents (6, 7). The interpretation of these 
data is not straightforward, however, as these 
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experiments could only infer the late onset of 
changes in layer IV. 

To examine the initial changes in the 
strength of connections in different layers of 
the cortex, we studied the loss of cortical 
response after occluding one eye for 24 + 1 
hours during a critical period in early life in 
five cats (8). Experiments were performed 
immediately after the termination of the pe- 
riod of monocular deprivation (MD). This 
short deprivation produced a strong, but not 
saturated, shift in ocular dominance (OD) 
that enabled us to measure laminar differenc- 
es in the onset of plasticity. Two normally 
sighted kittens (P29 and P33) were used as 
controls. For each animal, maps of cortical 
OD were constructed by imaging of intrinsic 
optical signals (7,9). These OD maps showed 
the relative responses of the two eyes, anal- 

Fig. 1. Contoured optical 
maps of OD used to  guide 
the placement of micro- 
electrodes and electrophysi- 
ological responses recorded 
from such targeted pene- 
trations. (A and B) Maps 
from normally sighted, 
control kittens. (D) Map 
from a kitten that under- 
went 24 hours of monoc- 
ular lid suture. Dark re- 
gions of the maps were 
dominated by the nonde- 
prived eye in experimen- 
tal kittens and' by the 
right eye in control kit- 
tens (see gray bar). Or- - 

ange contour lines define 
binocular regions former- 
ly dominated by the de- 
prived eye. In control and 
deprived animals, micro- 
electrode penetrations (blue 
and yellow circles, respec- 
tively) were placed in re- 
gions of the maps that 
had similar optical re- 
sponses and top0 raphic 
position. (C and 4 Elec- 
trophysiological respons- 
es from a targeted pene- 
tration in a control and a 

driven in exclusively by the nondeprived eye or the deprived eye, respectively (in control kittens by 
the right or left eye, respectively). (F) Example of the placement of microelectrode penetrations 
(purple dots) relative to contour lines of OD in a third control kitten. These penetrations are 2 
standard deviations of electrode position closer to  the peaks of OD. (G) Schematic diagram 
depicting the parametric placement of microelectrode penetrations relative t o  contour lines of OD 
and distance from saddle points and OD peaks in experimental and control kittens. OD, contour 
Lines, and penetrations in experimental and control cortices are colored as in (A), (B), (D), and (F). 
Scale bars are 500 pm. 

ogous to the OD score of Hubel and Wiesel 
(1 O), by comparing the best response in either 
eye to the response with the same stimulus in 
the other eye. 

OD maps constructed in this manner were 
used to target microelectrode penetrations to 
regions of the cortex expected to show the 
greatest plasticity, the binocular saddle points 
that connect peaks of like OD. These binoc- 
ular regions are known to be taken over by 
the nondeprived eye after MD, ultimately 
leaving only islands of deprived-eye response 
centered around former OD peaks (3, 7). To 
accurately target the placement of microelec- 
trode penetrations to saddle points, we mea- 
sured OD peaks and specific contours of OD 
on the maps. Peaks and saddle points of OD 
were similarly evident in experimental and 
control animals. The positional stability of 
these topographic features ensured that the 
experimental recordings were made at sites 
whose properties before deprivation were 
known from the control animals (11). Exam- 
ples of contoured OD maps and the location 
of targeted penetration sites relative to the 
contour lines are shown in Fig. 1, A and B, 
for two control animals and Fig. 1D for an 
experimental animal. The locations of all ex- 
perimental and control penetrations are shown 
parametrically relative to contour lines of 
OD, saddle points, and peaks of OD in Fig. 
1G. There were no significant differences 
between the placement of electrode penetra- 
tions in experimental and control groups (dis- 
tance to OD peak: control = 397 + 16 pm, 
deprived = 369 + 36 pm; P = 0.45; distance 
to saddle point: control = 115 ? 33 pm, 
deprived = 175 + 39 pm; P = 0.24; all 
values reported as mean + SEM). 

Because the experimental and control re- 
cordings came from different animals, we 
studied one additional control animal to en- 
sure that the control data were not sensitive to 
modest differences in the position of the elec- 
trode penetrations. We bracketed the saddle 
points with penetrations separated by 2 stan- 
dard deviations of experimental electrode po- 
sition closer either to the nondeprived eye's 
peaks of OD or to those of the deprived eye 
(Fig. 1, F and G). The measured OD was 
nearly identical over this region. 

In each penetration, the OD of single units 
was determined (12). Two to three electrolyt- 
ic lesions (3 to 5 pA for 3 to 5 s) were made 
along each track as the electrode advanced 
from the pial surface to the white matter. 
Cells were assigned to one of four cortical 
layers (IYIII, IV, V, and VI) on the basis of 
reconstructions of the electrode paths in 
Cresyl violet-stained sections. A total of 187 
cells were recorded in deprived kittens: 73 
from layer IYIII, 48 from layer IV, 35 from 
layer V, and 31 from layer VI. In control 
kittens, a total of 155 cells were recorded: 48 
from layer IIiIII, 29 from layer IV, 34 from 
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layer V, and 44 from layer VI. Examples of 
individual penetrations in control and monoc- 
ularly deprived kittens are shown in Fig. 1, C 
and E, respectively. A clear shift in OD fa- 
voring the nondeprived eye is evident in the 
extragranular layers of deprived animals, but 
not in the input layer (IV), whereas cells in all 
layers of control animals were binocular. 
Such penetrations were typical. Figure 2 
shows the data from all deprived and control 
animals. Relative to control data, neurons 
recorded in the extragranular layers of de- 
prived kittens were characterized by a signif- 
icant shift in OD in favor of the nondeprived 
eye [x2(4) > 32.0 for each comparison, P < 
0.0011 (13). Within layer IV, however, no 
significant shift in OD distribution was ob- 
served [x2(4) = 4.04, P = 1 .O] (13). 

To further quantify the shift in OD, we 
calculated both an ocular dominance index 
(ODI) and a monocularity index (MI) for each 
lamina in control and deprived animals (14). 
These indices were first calculated from the OD 
scores of cells pooled from all animals. Figure 
3, A (ODI) and C (MI), demonstrates large 
effects of deprivation in all layers except layer 
IV. OD in layers II/III,V, and VI shifted sub- 
stantially toward the nondeprived eye, and mo- 
nocularity was enhanced. No change from con- 
trol values was seen in layer IV of deprived 
kittens for either index. In the additional control 
animal. in which seven electrode venetrations 
were deliberately directed away froH the saddle 
points, the OD1 of the 21 neurons recorded 
from layer IVdiffered by only 0.01 between the 
penetrations closer to the peaks of the deprived 
eye and those closer to the peaks of the nonde- 
vrived eve. This similarity further demonstrates 
hat  control data were similar over the entire 
area of cortex from which the experimental data 
could have come. Because pooled data can be 
biased by those penetrations from which large 
numbers of cells were recorded in particular 
layers, these indices were recalculated for indi-
vidual penetrations from which cells in all lam- 
inae were recorded [Fig. 3, B (ODI) and D 
0;
n = 10 and 19 penetrations from control 
and deprived cats]. Significant shifts in the OD1 
in favor of the nondeprived eye were observed 
for the extragranular layers (P < 0.001, Mann- 
Whitney U test), whereas no significant shift 
from control values was observed in the gran- 
ular layer (P = 0.43, Mann-Whitney U test). 
Similarly, significant shifts toward greater mo- 
nocularity were seen in the supragranular and 
infragranular layers without any significant 
change from binocularity in layer N. As with 
the pooled data, the infragranular layers ap- 
peared to be more severely shifted in both of 
these analyses than the supragranular layers. 

In agreement with earlier publications 
(15), we found that a larger shift in OD had 
occurred in the hemisphere contralateral to 
the deprived eye than in the ipsilateral hemi- 
sphere. However, despite the stronger shift in 

this hemisphere, layer IV experienced no sig- 
nificant shift in OD1 or MI relative to control 
values (ODI: control = 0.41 ? 0.1, de- 
prived = 0.37 ? 0.06; P = 0.35; MI: con- 
trol = 0.38 ? 0.08, deprived = 0.4 ? 0.1; 
P = 0.45; all values reported as mean ? 
SEM). 

The present findings contradict previous 
models in which plasticity is initiated in the 
granular layer and simply magnified in the 
upper layers, unless this magnification is ex- 
treme (4). The results reported here support 
the hypothesis that thalamocortical remodel- 
ing is guided by higher cortical stages. This 
hypothesis has the attractive feature that it 
allows for a common source of plasticity in 
the developing and more mature cortex, in 
which MD can produce significant changes in 

the extragranular layers without significantly 
altering layer IV (16). This view is also consis- 
tent with the finding of extragranular plastic- 
ity in adult somatic sensory cortex (17). 

This finding raises two fundamental ques- 
tions. First, given that the changes in layer N 
no longer appear to be instructive or primary, 
what then is the role of plasticity in layer IV? 
We suggest that remodeling of layer IV may 
be required to provide a firm foundation upon 
which further progressive refinements of 
higher stages of the cortical circuitry are 
based. This hypothesis predicts that changes 
in extragranular responses made after the pe- 
riod in which layer IV shows plasticity would 
be reversible; studies of human and experi- 
mental amblyopia are consistent with this 
view (18). Second, what mechanisms might 

6 7 1 2 3 4 5 6 7 

Fig. 2. OD histograms con- 
structed from all cells re- 
corded in control (gray 
bars) and monocularly 
deprived (black bars) kit- 
tens are shown for indi- 
vidual laminae. The lami- 
nae are indicated by the 
number in the top left 
corner of each histogram. 
OD scores are as de-
scribed in Fig. 1. Cells 
were recorded from both 
hemispheres and assigned 
appropriate OD scores. 
For this analysis, all cells 
were then rescored as 
though they had been re- 
corded from the hemi-
sphere contralateral t o  
the deprived eye. 

Fig. 3. Quantitative anal- 
ysis of the laminar shifts 
in OD. Values derived 
from penetrations in con- 
t ro l  and monocularly de- 
prived kittens are repre-
sented by gray and black 
bars, respectively. (A) Lam-
inar ocular dominance in- 
dex (ODI) calculated from 
all cells recorded in each 
layer. (B) Mean laminar 
OD1 (error bars indicate 
SEM) calculated by aver- 
aging the OD1 values from 
cells recorded in each 
lamina of individual pen- 
etrations. (C) Laminar mo- 
nocularity index (MI) cal- 
culated from all cells re- 
corded in each layer. (D) 
Mean laminar Mls (error 
bars indicate SEM) de-
rived by averaging the Mls 

4 5 
OD class OD class C@C 

1 2 3 4 5 6 7 1 2 3 4 5 6 7 
OD class ODclass 3 3  

Ocular Dominance lndex 

2normal 

Monocularity lndex 
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calculated from cells recorded in each lamina of individual penetrations. Double asterisks in (B) and 
(D) indicate a statistically significant difference (P < 0.01 or greater) from control values. All 
differences are significant except for layer IV. 
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initiate remodeling in the extragranular lay- 
ers? One candidate is a rapid change in the 
strength of long-range excitatory horizontal 
connections. Horizontal connections, absent 
from layer IV (19), have been proposed to 
mediate subthreshold excitation from outside 
the "classical" receptive field of a cell and, in 
the absence of strong vertical input, may 
become capable of driving suprathreshold ac- 
tivity in their targets (20). Hebbian learning 
rules (21) might change the strength of hori- 
zontal connections between cells dominated 
by the two eyes. Rapid changes in the effica- 
cy of these connections might produce pro- 
nounced shifts in extragranular OD in the 
absence of a change in input from layer IV. 
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Retinal Stem Cells in the Adult 
Mammalian Eye 

Vincent ~ropepe,' Brenda L. K. Coles,' Bernard J. Chiasson,' 
D. Jonathan ~ o r s f o r d , ~ , ~  Andrew J. ELia,5 

Roderick R. ~ c l n n e s , ~ ~ ~ , ~Derek van der Kooyl* 

The mature mammalian retina is thought to lack regenerative capacity. Here, 
we report the identification of a stem cell in the adult mouse eye, which 
represents a possible substrate for retinal regeneration. Single pigmented ciliary 
margin cells clonally proliferate in vitro to form sphere colonies of cells that 
can differentiate into retinal-specific cell types, including rod photoreceptors, 
bipolar neurons, and Miiller glia. Adult retinal stem cells are localized to the 
pigmented ciliary margin and not to the central and peripheral retinal pig- 
mented epithelium, indicating that these cells may be homologous to those 
found in the eye germinal zone of other nonmammalian vertebrates. 

The two functional components of the rodent 
retina, the inner neural retina (NR) and the 
outer retinal pigmented epithelium (WE), are 
largely developed by the early postnatal pe- 
riod and show no evidence for adult regener- 
ation (1-3). These developmental character- 
istics differ from other vertebrate species in 
which NR cells are produced throughout life 
(4) and show a remarkable regenerative ca- 
pacity following injury (5).Thus, it has been 
generally assumed that the adult mammalian 
eye is devoid of retinal stem cells (self-re- 
newing and multipotential cells) (6, 7) and is 
incapable of substantial neural regeneration. 
To determine if a stem cell exists in the 

mouse eye, we examined the ability of single 
NR cells and single pigmented cells from the 
entire W E  layer (including pigmented cells 
from the ciliary margin) (Fig. 1A) to clonally 
proliferate in vitro using a neural stem cell 
colony-forming assay (6, 8). Dissociated 
cells from the RPE and the NR were obtained 
from adult (2 to 3 months old) and embryonic 
day 14 (E14) mouse eyes and were cultured 
independently in serum-free media either 
without exogenous growth factors or in the 
presence of epidermal growth factor (EGF) or 
basic fibroblast growth factor (FGF2) (6, 8).  
A small number of individually identified 
single adult W E  cells (8) clonally proliferat- 
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