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Vision Triggers an Experience-Dependent Sensitive Period at
the Retinogeniculate Synapse

Bryan M. Hooks and Chinfei Chen

Department of Neurology, F. M. Kirby Neurobiology Center, Children’s Hospital Boston, and Program in Neuroscience, Harvard Medical School, Boston,
Massachusetts 02115

In the mammalian visual system, sensory experience is widely thought to sculpt cortical circuits during a precise critical period. In
contrast, subcortical regions, such as the thalamus, were thought to develop at earlier ages in a vision-independent manner. Recent
studies at the retinogeniculate synapse, however, have demonstrated an influence of vision on the formation of synaptic circuits in the
thalamus. In mice, dark rearing from birth does not alter normal developmental maturation of the connection between retina and
thalamus. However, deprivation 20 d after birth [postnatal day 20 (p20)] resulted in dramatic weakening of synaptic strength and an
increase in the number of retinal inputs that innervate a thalamic relay neuron. Here, by quantifying changes in synaptic strength and
connectivity in response to different time windows of deprivation, we find that several days of vision after eye opening is necessary for
triggering experience-dependent plasticity. Shorter periods of visual experience do not permit similar experience-dependent synaptic
reorganization. Furthermore, changes in connectivity are rapidly reversible simply by restoring normal vision. However, similar plas-
ticity did not occur when shifting the onset of deprivation to p25. Although synapses still weakened, recruitment of additional retinal
inputs no longer occurred. Therefore, synaptic circuits in the visual thalamus are unexpectedly malleable during a late developmental
period, after the time when normal synapse elimination and pruning has occurred. This thalamic sensitive period overlaps temporally
with experience-dependent changes in the cortex, suggesting that subcortical plasticity may influence cortical responses to sensory

experience.
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Introduction

Neuronal circuits form and refine during well defined develop-
mental periods. In the visual system, critical periods for
experience-dependent cortical plasticity are defined for ocular
dominance (Hubel and Wiesel, 1970; Fagiolini et al., 1994; Gor-
don and Stryker, 1996), orientation selectivity (Crair et al., 1998;
White et al., 2001), and direction selectivity (Daw and Wryatt,
1976; Li et al., 2006). Cortical synapses are functional before crit-
ical period onset and subsequently acquire the ability to remodel
after altered visual experience. In contrast, subcortical regions,
including thalamus, superior colliculus, and retina, were thought
to develop earlier and be less sensitive to sensory experience.
Recent studies, however, show that experience influences circuit
development and maintenance in the retina (Tian and Copenha-
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gen, 2003), superior colliculus (Lu and Constantine-Paton, 2004;
Carrasco et al., 2005), and thalamus (Hooks and Chen, 2006).

In visual thalamus, retinal ganglion cell (RGC) axons seg-
regate into eye-specific regions before eye opening. Sensory
experience does not play an initial role in retinogeniculate
circuit formation. Instead, spontaneous activity and molecu-
lar signals establish an initial retinotopic map (Galli and
Maffei, 1988; Shatz and Stryker, 1988; Feldheim et al., 1998;
Penn et al., 1998; Pfeiffenberger et al., 2005). After eye-specific
segregation is complete, changes in retinogeniculate synaptic
function occur over a developmental time spanning eye open-
ing (Chen and Regehr, 2000; Jaubert-Miazza et al., 2005; Zi-
burkus and Guido, 2006). Specifically, excess retinal afferents
to relay cells prune and remaining afferents strengthen. Spon-
taneous retinal activity, not vision, drives these functional
changes (Hooks and Chen, 2006).

Our studies in mice uncovered a late period of experience-
dependent retinogeniculate development. Specifically, dark rear-
ing mice from postnatal day 20 (p20), called late dark rearing (late
DR), results in recruitment of additional retinal inputs and weak-
ening of existing inputs innervating thalamic relay neurons
(Hooks and Chen, 2006). Thus, changes in visual experience alter
circuit connectivity. Two possible models may explain our find-
ings. The first possibility is that experience is not required for
normal maturation but is needed for maintenance once synapses
form. This model is consistent with studies showing that cortical



4808 - ). Neurosci., April 30, 2008 - 28(18):4807—4817

A 10 pA

5ms
604

304

[ I_
Events

A Failure Trial 60 -

Bgm -
B, L m

Bs L

Events

60 -

30+

Events

60 -

30+

i

e O -
Three Pairs of Successful Trials

at Minimal Stimulation

Prestimulus, +40mV

Prestimulus, -70mV

Average of Successful Trials -10 0

Amplitude (pA)

Figure 1.

Hooks and Chen e Vision-Sensitive Thalamic Plasticity

during which we could elicit sensory-
dependent retinogeniculate plasticity. We
show that >3 d of vision after eye opening
is needed to trigger plasticity during sub-
sequent deprivation. Moreover, changes
in synaptic strength and connectivity re-
quire >4 d of deprivation. Delaying initi-

Poststimulus, +40mV
Poststimulus, -70mV

Single-fiber amplitude determination. A, Left, Raw traces of a pair of failure trials at +40 mV (black) and —70 mV

ation of deprivation until p25 results in
weakening of individual afferents similar
to late DR, but additional inputs are not
recruited. Finally, returning late DR ani-
mals to normal lighting rapidly reverses
these synaptic changes. Together, these re-
sults suggest a distinct developmental pe-
riod when thalamic circuits can be influ-
enced by sensory experience.

Materials and Methods

Lateral geniculate nucleus slice preparation. In
compliance with the Institutional Animal Care
and Use Committee at Children’s Hospital Bos-
ton, C57BL/6] mice (p9-p32) were anesthe-
tized with isoflurane and decapitated. The brain
was removed and placed in a 4°C choline-based
cutting solution (in mm: 78.3 NaCl, 23
NaHCO;, 23 glucose, 33.8 choline chloride, 2.3
KCl, 1.1 NaH,PO;, 6.4 MgCl,, and 0.45 CaCl,).
Lateral geniculate nucleus (LGN) slices (250
um) were cut using a sapphire blade (Delaware
Diamond Knives, Wilmington, DE) on a vi-
bratome (VT1000S; Leica, Deerfield, IL) as pre-
viously described (Chen and Regehr, 2000).
Slices were allowed to recover at 31°C for 20-25
min in the choline cutting solution and for
20-35 min in isotonic saline solution (in mm:
125 NaCl, 25 NaHCO;, 25 glucose, 2.5 KCI,
1.25 NaH,PO;, 1 MgCl,, and 2 CaCl,). Oxy-
genation (95% 0,/5% CO,) was supplied
continuously.

Electrophysiology. Whole-cell voltage-clamp
recordings of thalamic relay neurons from the
contralateral monocular region of the dorsal
LGN were performed as previously described
(Chen and Regehr, 2000). Glass electrodes of
1.2-2.2 MU were filled with a CsF-based inter-
nal solution (in mm: 35 CsF, 100 CsCl, 10
EGTA, and 10 HEPES, pH adjusted to 7.32 with

10  20pA

(blue). Calibration: 10 pA, 5 ms. Color lines underneath recordings indicate 10 ms time window over which data were used to
compute amplitude histograms in 0.1 pA bins (sampling interval, 20 ws). Right, Histograms of recordings at —70 mV (inward
current) and +40 mV (outward current). Red (—70 mV) and green (40 mV) bars are from before stimulation; blue (—70 mV)
and black (440 mV) bars are after stimulation. Substantial overlap occurs for failure trials and is centered around 0 pA with £5
pA of noise. B, C, Examples of three raw traces of successful trials (B7-B3) and average of all successful trials (C) interleaved at
—70mV (blue) and +40mV (black). Calibration is the same asin A. All trials in B and C were at the same stimulus intensity. In C,
traces averaged together are overlaid, with the average trace in red and raw traces in blue and black. Presentation of histograms

CsOH). D600 (methoxyverapamil hydrochlo-
ride; 0.1 mm; Tocris, Ellisville, MO) was added
to block voltage-gated calcium channels. Re-
cordings were made in saline with 20 pm bicu-
culline, a GABA , receptor antagonist (Tocris).
Saline-filled glass pipettes were placed up to 1

is as in A. Note shift of distribution away from 0 pA for successful trials.

orientation selectivity (Crair et al., 1998) and superior colliculus
receptive fields (Carrasco et al., 2005) develop normally with
binocular deprivation but degrade after prolonged deprivation.
However, this fails to explain our finding that chronic dark rear-
ing from birth does not elicit retinogeniculate plasticity. An alter-
native hypothesis is that visual experience influences synaptic
plasticity during a developmental window after eye opening, and
vision before this time is necessary to trigger sensitivity to
deprivation.

To distinguish between these models, we examined the ages

mm away in the optic tract, and these stimulat-
ing electrodes were moved repeatedly until
reaching the location that gave the largest
postsynaptic response. Resolving single-fiber
inputs is illustrated in Figure 1. Stimulus intensity was reduced to sub-
threshold and then increased in 0.25 wA increments until synaptic re-
sponses returned. As seen in Figure 1, small amplitude synaptic currents
(~10 pA) can be discerned during several repetitions at the same stimu-
lus intensity. Typically, more than four repetitions were used to confirm
the presence of a small input, and the average of successful trials was used
for quantification. Single-fiber measurements included a second input
from a given cell if it was recruited during incremental increase in stim-
ulus intensity (0.25 nA) and clearly resolvable (five times greater in am-
plitude) from the first input. NMDAR current time course was deter-
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Figure 2.  Sensitivity to visual deprivation peaks after a week of visual experience at the

retinogeniculate synapse. 4, Timeline of mouse visual development, annotated with time of eye
opening and variation in the amount of visual experience (dotted arrow) or deprivation (black or
gray blocks) before evaluation of retinogeniculate synaptic connectivity. The conditions chronic
DR (deprivation from p1+), late DR (deprivation from p20+), and intermediate DR (depriva-
tion from p15+) are compared. Ages at which animals were evaluated indicated below the
condition. B, Recordings from activity-manipulated animals. Top, LGN cell from p22 interme-
diate DR mouse. Top left, Graph of peak EPSC for AMPAR (—70 mV; white circles) and NMDAR
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mined with a single-exponential fit to the current evoked by maximal
stimulation of the optic tract while holding the relay neuron at +40 mV
for 500 ms after stimulation.

We checked a number of parameters to ensure that the recorded syn-
aptic currents were activated by retinal inputs and not corticothalamic
inputs. In the LGN slice preparation, retinal inputs were spatially sepa-
rated from corticothalamic projections; thus, placement of the stimulat-
ing electrode into the optic tract at least 500 um away from the recorded
relay neuron makes it unlikely that cortical inputs are activated. In addi-
tion, we can distinguish retinal from cortical inputs by their short-term
plasticity. Corticothalamic inputs facilitate in response to pairs of stimuli
separated by 50 ms, whereas retinal inputs exhibit short-term synaptic
depression (Turner and Salt, 1998; Granseth et al., 2002; Reichova and
Sherman, 2004). Finally, the AMPAR EPSC decay kinetics of cortical
inputs is relatively slower than that of retinal inputs: >5-6 ms (Alex-
ander et al., 2006) versus 1.5-3 ms for retinal inputs (Chen and Regehr,
2000). This difference is thought to be, in part, secondary to the location
of corticothalamic inputs on distal dendrites, whereas retinal inputs ter-
minate more proximally (Wilson et al., 1984).

Dark rearing. Control animals for dark-reared experiments were raised
in microisolator cages in standard animal facility conditions undera 12 h
light/12 h dark cycle. Dark-reared animals were placed in a light-tight
container [luminance < 0.02 lux by Light Probe Meter (Extech Instru-
ments, Waltham, MA)]. In experiments in which deprivation began at
p15, the eyes were opened at pl2 to ensure a uniform 3 d of visual
experience before dark rearing. In other experiments, eyes were permit-
ted to open naturally, which occurs normally at p12 = 1 d in the
C57BL/6] mouse strain. To minimize light exposure before the animals
were killed, experimental dark-reared animals were transferred to the lab
in an opaque box. Our data for chronic DR and half the data for late DR
are drawn from our previous study (Hooks and Chen, 2006).

Evaluation of synaptic pruning. We quantified the synaptic connectivity of
retinogeniculate afferents to LGN relay cells using estimates of number of
connected fibers. These numbers are not exact and likely an underestimate
because of the limitations inherent to the slice preparation, such as cut or
damaged afferents. The first method we used, the fiber fraction (Hooks and
Chen, 2006), was calculated as the population average of the ratio of single-
fiber current divided by the corresponding maximal current amplitude re-
sponse obtained from the same cell. Thus, fiber fraction = [3(single fiber;/
maximal response;)]/N, where the values of single-fiber and maximal
current are obtained from each individual cell 7 (from 1 to N), and N is the
total number of single-fiber/maximal response pairs obtained from record-
ing from many cells. This method allows us to gather estimates for each cell,
making differences in fiber number statistically testable (Hooks and Chen,
2006). Both AMPAR and NMDAR single-fiber data for each cell were used.
When inverted, the fiber fraction gives an estimate of the number of con-
nected RGC axons. The second method used, the ratio method, estimates the
number of afferents based on the ratio of average single-fiber current to
the average maximal current (given as a range of two numbers, one using
AMPAR and the other NMDAR values) over a population of neurons in the
same age group and condition. The number of fibers estimated using this
method is in general agreement with the fiber fraction. We did not attempt to
count steps in each recording, because we felt making the distinction be-
tween trial-to-trial variation and recruitment of an additional small afferent
was arbitrary. We detail our reasons for the selection of this methodology in
the supplemental material (available at www.jneurosci.org).

<«

(+40 mV; black circles) plotted against stimulus intensity. Top right, Superimposed traces of
EPSCs recorded while increasing stimulus intensity. Middle, LGN cell from p30 intermediate DR
animal. Bottom, Neuron from p30 late DR mouse. €, Estimated connectivity. Left, Fiber fraction
is computed as the average of the ratio of each single-fiber input divided by the maximal current
forthe same cell, as described previously by Hooks and Chen (2006). Significant differences exist
between late DR and all other conditions. Right, Ratio of average maximal current to average
single-fiber (SF) current for AMPAR and NMDAR. Control: p22—p26, 33 cells from 11 animals;
p27-p32, 39 from 13. Chronic DR: p22—p26, 37 from 11; p27—p32, 32 from 13. Intermediate
DR: p22—p26, 33 from 10; p27—p32, 41 from 15. Late DR: p27—p32, 63 from 21. *p < 0.05;
**%p < 0.001.
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Figure3. A week of visual experience before deprivation maximizes plasticity at the retino-
geniculate synapse. A, Top, Analysis of single-fiber AMPAR currents for mature control and
deprived mice. Single-fiber AMPAR currents are measured at —70 mV after manipulations of
visual experience. Histograms are divided into bins of 50 pA. Note the large number of weak
fibers (<100 pA) in all conditions, especially pronounced in late DR, and non-normal distribu-
tion.n = 48, 45, and 64 for control, intermediate DR, and late DR, respectively. Bottom, Cumu-
lative probability plots for the same. B, Synaptic current after manipulations of visual experi-
ence is measured at —70 mV (AMPAR) and +40 mV (NMDAR, slow component). The peak
current amplitude in response to activation of a single retinal afferent is measured as single-
fiber current, and maximal current is measured after excitation of the entire optic tract. Average
single-fiber (left) and maximal current (right; note changesin scale) amplitude for AMPAR (top)
and NMDAR (bottom) currents assessed in control mice, chronic DR, intermediate DR, and late
DR, with ages tested noted below. Control: p22—p26, 33 cells from 11 animals; p27—p32, 35
from 13. Chronic DR: p22—p26, 37 from 11; p27—p32, 39 from 13. Intermediate DR: p22—p26,
33 from 10; p27—p32, 41 from 15. Late DR: p27—p32, 63 from 21. *p < 0.05; **p < 0.07;
0 < 0,001,

Statistical analysis. Because our measurements were not distributed
normally, a nonparametric Kruskal-Wallis test was used to identify
whether or not differences existed between groups in our experiments.
To determine whether pairwise differences existed between groups, we
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used a Dunn post hoc test, which corrected for multiple comparisons
(Zar, 1999). When other tests were used, these are specified in the text
(e.g., Fisher’s exact test).

Results

A week of visual experience before deprivation is necessary to
trigger maximal receptivity to deprivation-induced plasticity
We assessed experience-dependent synapse remodeling by quan-
tifying two aspects of the retinogeniculate synapse: single-fiber
strength and an estimate of the average number of RGCs that
innervate a given relay neuron. Average single-fiber strength was
obtained from the peak EPSC amplitude response to minimal
stimulation. Figure 1 illustrates how we obtain the single-fiber
response. Initially, we stimulate at an intensity that results in
failure to evoke synaptic currents at holding potentials of —70
mV [inward current, black trace, through AMPA receptors
(AMPARs)] and +40 mV [outward current, green trace, through
both AMPARs and NMDA receptors (NMDARs)]. Amplitude
histograms of the recorded currents during a 10 ms window be-
fore and after the stimulus are plotted on the right. With incre-
mental increases in stimulus intensity, an intensity level is
reached that reliably evokes a small synaptic current (Fig. 1 BI-
B3). Figure 1C shows the average single-fiber response (left) and
amplitude histogram distribution obtained from three trials each
at —70 and +40 mV. Thus, single-fiber synaptic currents that are
<10 pA can be measured (see Materials and Methods for more
detail).

After recording the response to minimal stimulation, we in-
creased stimulation intensity gradually to recruit a greater num-
ber of afferents in the optic tract and quantified the maximal
current response at high stimulation intensity. Both AMPAR-
and NMDAR-mediated responses, recorded at —70 mV and +40
mV, respectively, were measured. To estimate the number of
RGCs that innervate relay neurons, we compared the relative
contribution of a single retinal fiber to the maximal synaptic
current evoked using much greater optic nerve stimulus intensi-
ties. Two related methods are used as measures of this connect-
ivity between RGC and relay neurons: the ratio and fiber fraction
methods [see supplemental material (available at www.
jneurosci.org) and Hooks and Chen (2006)].

Our previous study revealed that dark rearing mice from p20
for 7-12 d (late DR) resulted in a reduction of the average
AMPAR input strength to less than one-half of control and in-
creased the average number of retinal inputs that innervate a
relay neuron (Hooks and Chen, 2006). In contrast, a similar
change in synaptic connectivity was not observed when mice
were chronically dark reared from birth to p27—p32 (chronic
DR). One main difference between chronic DR and late DR ma-
nipulations is a week-long period of visual experience (from p12
to p20 in late DR mice); thus, we tested whether the length of
visual experience influences the synaptic response to visual depri-
vation. We shortened the length of visual experience before de-
privation. Intermediate DR mice, instead, had only 3 d of sensory
experience (from p12 to p15), before they were dark reared (Fig.
2A). We assessed intermediate DR mice at two ages. First, we
examined these mice at p22—p26, when the length of deprivation
(7-11 d) was similar to late DR. This allowed us to compare the
effects of sensory deprivation for a fixed duration of time after 3 d
of visual experience. Second, we studied intermediate DR mice at
p27—p32, the same chronological age as late DR mice. This later
age range allowed us to assess whether plasticity might occur
during a fixed age range and whether prolonged periods of depri-
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vation after vision might uncover more plasticity. Examples of
recordings from these conditions are shown in Figure 2 B.

We found that visual deprivation after a shorter period of
visual experience does not induce the same degree of synaptic
plasticity as late DR. Single-fiber AMPAR and NMDAR currents,
significantly reduced in late DR, are not similarly affected in in-
termediate DR animals, either after 1 week of deprivation (p22—
p26) or at later ages (p27—p32; single-fiber AMPAR for interme-
diate DR vs control, p > 0.2, Kruskal-Wallis test with post hoc
Dunn test) (Fig. 3). Compared with late DR mice at p27-p32,
intermediate DR mice exhibit more inputs stronger than 1 nA
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(13/45 in intermediate DR; 9/64 in late DR; p = 0.03 by Fisher’s
exact test), although the difference of average AMPAR single-
fiber strengths is not significant ( p > 0.2). Plasticity is not en-
tirely absent in these mice, however, because maximal AMPAR
currents are increased in a relatively short developmental time.
This increase occurs within the first week of deprivation by p22
(p < 0.001 vs control at p22—p26) and persists until maturity
(Fig. 3) (p < 0.05 vs control at p27-p32). Maximal NMDAR
currents are not similarly affected.

Despite an increase in AMPAR maximal current and no
change in single-fiber current, estimates from the ratio of the
average maximal strength to the average single-fiber strength
suggest little change in the number of retinal inputs that inner-
vate relay neurons of intermediate DR animals when compared
with that of control animals (average maximal current/single-
fiber current ratio of 4-5 for intermediate DR vs 3 for control at
p27—-p32) (Fig. 2C). In contrast, more retinal fibers are recruited
in late DR mice (ratio of 8—9). To make these results statistically
testable, we determined the fraction of current that each single
fiber contributes to a cell’s maximal response for all neurons in a
given condition, an index we call fiber fraction. Estimates using
the fiber fraction method agree with changes in the ratio method,
finding that synaptic connectivity in intermediate DR animals is
not significantly different from control animals (p > 0.05),
whereas a significant number of additional fibers are recruited by
late DR ( p < 0.05) (Fig. 2C). Thus, we conclude that whereas
some synaptic properties change with deprivation after 3 d of
vision, a full week of experience is required to induce maximal
synaptic reorganization in response to deprivation.

Four days of deprivation is insufficient to induce maximal
changes in retinothalamic connectivity

The time course of retinogeniculate synaptic changes in vivo
may provide insight into the underlying mechanisms of syn-
aptic remodeling. For example, long-term potentiation and
long-term depression protocols induce robust changes in
minutes in vitro, whereas structural changes in the circuitry
may take a longer period of time. Therefore, we next examined
how rapidly reorganization occurs after visual deprivation.
Our previous study showed that changes in synaptic strength
and connectivity in response to late DR are maximal by p27,
because we find no difference in fiber strength between ani-
mals dark reared from p20 for 7 d when compared with those
dark reared for 10—12 d (Hooks and Chen, 2006) (see also
supplemental Fig. 1, available at www.jneurosci.org as supple-
mental material). Thus, we tested whether we could detect
changes in synaptic properties at a shorter time after the onset
of deprivation at p20 (dark rear for 3—4 d, test at p23—p24;
short DR) (Fig. 4A).

We found that synaptic connectivity was not disrupted af-
ter 3—4 d of deprivation (Fig. 4). Figure 4 B compares examples
of recordings made after 4 d (top; p24) and 9 d (bottom; p29)
of deprivation. The amplitude of the first single fiber recruited
in the p24 animal (top) is quite substantial, and subsequent
increases in optic tract stimulation recruit little additional
current. The average fiber fraction for short DR is 0.28 =*
0.03%, compared with 0.31 = 0.04% and 0.14 = 0.02% for
control ( p > 0.05) and late DR ( p < 0.002), respectively. We
therefore conclude that, although some cellular and molecular
changes may be induced during the first 3 d of deprivation,
afferent number is not significantly altered. Thus, the full ef-
fects of late visual deprivation on retinogeniculate connectiv-
ity take longer to occur.
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(below) given for these three conditions. B, Bar graphs of synaptic current at —70 mV (AMPAR)
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assessed in control and late DR mice at p27—p32 and in short DR mice at p23—p24. Control:
p27-p32,39 cells from 13 animals. Late DR: p27—p32, 63 from 21. Short DR: p23—p24, 35 from
15.%p < 0.05; **p < 0.01.

When compared with control mice at p27-p32, we found that
deprivation for 3—4 d after p20 also did not significantly change
single-fiber current amplitudes. The distribution of single-fiber
AMPAR currents is nearly identical to control (Fig. 54) (p >
0.05), although it is also not significantly different from that of
late DR animals (Fig. 5) ( p > 0.05). Moreover, maximal AMPAR
and NMDAR currents are also not affected by short DR (Fig. 5)
(p > 0.05 vs control).
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The characteristics of plasticity change when deprivation is
initiated at a later age

Our intermediate DR experiments suggest that the onset of a
retinogeniculate plasticity occurs after >3 d of vision. We next
explored whether this form of plasticity persists at later ages or
whether plasticity occurs during a distinct sensitive period, by
delaying the initiation of dark rearing until p25 (delayed DR)
(Fig. 6A). Thus, animals received normal visual experience until
p25. After a week of visual deprivation, we evaluated synaptic
strength and connectivity in p32—p34 mice. Because it required a
week of visual deprivation to achieve the complete effects of late
DR, we gave delayed DR animals a similar period of deprivation.
An example recording from a p33 delayed DR mouse is shown in
Figure 6 B. These results were then compared with control and
late DR animals at p27-p32, an age range when developmental
changes in single-fiber and maximal current strength have pla-
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teaued. Therefore, we compared similar periods of deprivation,
with a slight offset in the chronological age of the animals.

We found that deprivation from p25 results in a change of
synaptic strength, similar to late DR. Single-fiber AMPAR cur-
rents in delayed DR are significantly smaller than control animals
(Fig. 7) (p < 0.05, Kruskal-Wallis test with post hoc Dunn test),
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and of similar magnitude to late DR mice. Furthermore, single-
fiber NMDAR currents are smaller than either control (p <
0.001) or late DR ( p < 0.05) mice. However, maximal currents
were not similarly affected as in late DR. Indeed, maximal AM-
PAR currents are significantly smaller than both late DR (p <
0.001) and control ( p < 0.05). Maximal NMDAR currents show
an identical pattern. Thus, although deprivation at both ages can
induce plasticity in the strength of individual afferents, the overall
character of experience-dependent changes is not identical.

Because delayed DR reduced both single-fiber and maximal
current amplitudes relative to control mice, we inferred that
numbers of connected afferents might be unchanged. To test this,
we computed the fiber fraction for these conditions (Fig. 6). Our
results reveal that, whereas late DR recruits a number of addi-
tional fibers, significantly fewer afferents are recruited in delayed
DR (p < 0.05). The delayed DR fiber fraction was not signifi-
cantly different from control mice. Thus, we find that although
visual deprivation at p25 induces weakening of individual affer-
ents, synaptic remodeling is significantly different from that of
late DR, because the number of retinal afferents innervating a
given relay neuron does not change.

Light exposure reverses deprivation-induced plasticity

The results from our studies suggest that there is a late develop-
mental sensitive period of plasticity during which the connectiv-
ity between retinal ganglion cells and thalamic relay neurons can
be changed. To test whether sensory experience-dependent plas-
ticity of synaptic circuits is reversible, animals were deprived
from p20 until p27 and then returned to a standard light cycle
(DR recovery) (Fig. 8A). After at least 3 d of renewed visual
experience, recordings were made from p30—p32 LGN relay cells
and compared with that of late DR animals at p27-p32. This
comparison was appropriate because the effects of late DR are
maximal by age p27 (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material). Recordings after DR re-
covery appeared strikingly similar to control recordings (Fig. 8 B,
top). Significant changes in synaptic strength and connectivity
were evident. Fiber fraction increased, consistent with a signifi-
cant reduction in the number of connected fibers in DR recovery
versus late DR ( p < 0.001). The number of retinal inputs that
innervate a relay neuron in DR recovery is no different from that
in p27-p32 control mice ( p > 0.05, DR recovery vs control) (Fig.
8C). Thus, the deprivation-induced increase in neuronal connec-
tions can be undone rapidly, showing that the retinogeniculate
connection remains malleable past p27.

The changes in synaptic connectivity were accompanied
by changes in the strength of individual afferents. Single-fiber
AMPAR currents strengthened in DR recovery ( p < 0.02 vs late
DR) and were comparable in amplitude to those in control mice.
Amplitude histograms in Figure 9 show the elimination of a large
number of weak (<100 pA) afferents in DR recovery: 3 of 30
fibers are weak (<100 pA) in DR recovery versus 21 of 61 weak
afferents in late DR (p = 0.011, Fisher exact). Elimination of a
large number of small, weak afferents is notable, because even in
our control mice, >20% of the afferents remain weak at p27-p32.
Similarly, single-fiber NMDAR currents are strengthened after
DR recovery ( p < 0.02 vs late DR). On the other hand, maximal
currents do not completely reverse within 3 d. Average maximal
AMPAR currents are not significantly different from either con-
trol or late DR, consistent with incomplete reversal. Thus, we
conclude that both deprivation-induced changes in strength and
connectivity at the retinogeniculate synapse can be undone rap-
idly by return to normal visual experience. This demonstrates that a
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form of in vivo plasticity of synaptic circuits exists in visual thalamus
until at least p27.

Discussion

Our studies show experience-dependent plasticity at the retino-
geniculate synapse that occurs long after onset of vision. Even
after substantial pruning from ~10 weak inputs to 3—4 stronger
inputs shortly after eye opening, the potential for resculpting
synaptic circuits remains late in development. Late deprivation
results in recruitment of many small inputs and weakening of
existing inputs, changing circuit connectivity. However, trigger-
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ing plasticity requires previous visual experience, because
chronic and intermediate DR animals do not demonstrate equiv-
alent plasticity. The ability to recruit additional inputs in re-
sponse to deprivation diminishes by p25, although reduction in
afferent strength still occurs in delayed DR mice. Reexposure to
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light after the recruitment of weak inputs (DR recovery) allows
renewed circuit refinement. Whether the connections stabilized
on the second round of refinement are the same as those during
initial remodeling is unknown. This opens the possibility that
synaptic circuits can be rewired during a sensitive period of tha-
lamic development.

Vision triggers thalamic sensitivity to sensory changes

Our studies suggest that vision-sensitive plasticity at the retino-
geniculate synapse can be triggered by dark rearing after >3 d of
visual experience. Thus, synaptic connections in thalamus are not
simply dependent on sensory activity for establishment or main-
tenance once eyes open. Rather, vision is required to set the stage
for later retinogeniculate plasticity. These results are consistent
with a model in which the onset of visual experience initiates
expression of a particular genetic program that permits plasticity
within visual system neurons (Prasad et al., 2002; Majdan and
Shatz, 2006; Tropea et al., 2006). Without triggering of this ge-
netic program, as in chronic deprivation, a different set of genes is
expressed that prohibit synaptic adaptation to the external envi-
ronment. Presently we cannot distinguish whether a cumulative
amount of vision (>3 d after p12) versus vision at a precise age
(such as p18) is necessary to activate experience-dependent plas-
ticity. Future experiments varying the time of eye opening will
help discriminate between these possibilities and will better de-
fine when and how rapidly sensory-dependent plasticity is
triggered.

Effects of dark rearing on receptive field development
What is the physiological consequence of deprivation-induced
changes in strength and connectivity? Additional recruited reti-
nal fibers may make LGN receptive fields (RFs) larger. Alterna-
tively, weakened afferents may be unable to drive relay neuron
firing, resulting in smaller RFs. Previous studies in several sub-
cortical regions examining the effects of chronic deprivation on
RF properties show mixed results. Prolonged dark rearing in ro-
dents disrupts connectivity, changing receptive fields in superior
colliculus (Carrasco et al., 2005). Dark rearing also disrupts ON/
OFF segregation in mouse retina (Tian and Copenhagen, 2003).
Consistent with this, LGN receptive field maps in dark-reared
ferrets show abnormal ON/OFF responses (Akerman et al.,
2002). In vivo recordings show that, consistent with the absence
of plasticity we observed in chronic DR, dark rearing kittens from
before eye opening causes little LGN RF plasticity (Kalil, 1978;
Kratz et al., 1979; Mower et al., 1981). Greater visual cortical
plasticity is found during chronic deprivation in rats, causing
deficits in RF size, acuity, and orientation selectivity (Fagiolini et
al., 1994). In cat, binocular deprivation (Wiesel and Hubel, 1965)
and dark rearing (Timney et al., 1978) resulted in reduced visual
acuity and cortical cells that were unresponsive or had poorly
defined receptive field responses.

Few studies, however, examine the effects of dark rearing after
a period of visual experience following eye opening. In late DR
experiments, we infer that the recruitment of additional afferents
may disrupt normal RF size in LGN. Moreover, changes in LGN
responses could potentially alter RF properties of cortical neu-
rons. It would be interesting to study the relative changes of LGN
and cortical receptive fields in both late DR and chronic DR mice,
because chronic DR did not show the same degree of synaptic
reorganization in LGN.
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Different forms of experience-dependent plasticity in the
visual system

The best-studied form of experience-dependent plasticity in the
visual system is ocular dominance (OD) plasticity in the cortex in
response to monocular deprivation (MD) (Hubel and Wiesel,
1970; Fagiolini et al., 1994; Gordon and Stryker, 1996). Compar-
ison between experience-dependent plasticity in the LGN and
cortex, however, comes with the caveat that the features of mon-
ocular deprivation and dark rearing are quite distinct (Sherman
and Spear, 1982). Nevertheless, it is worth comparing some char-
acteristics of the plasticity induced at different regions of the
visual system. The kinetics of change in response to dark rearing
in the thalamus is slower compared with cortical OD plasticity.
Three to four days of MD in mouse result in OD shifts (Gordon
and Stryker, 1996; Frenkel and Bear, 2004). Robust changes in
intracortical circuitry are equally rapid (Hensch et al., 1998; Hen-
sch, 2005). Similarly, deprivation-induced changes in monocular
visual cortex, including changes in synaptic weight and connec-
tivity, can be induced rapidly in rodents (Maffei et al., 2004,
2006), as well as homeostatic changes in quantal amplitude after
inhibition of visual activity (Desai et al., 2002). In contrast, we
find that large-scale changes in retinogeniculate connectivity take
>4 d of sensory deprivation.

Reversal of plasticity in LGN, however, occurs at a faster
rate than onset of plasticity. The mechanisms underlying these
changes in thalamus are still not clear. Anatomical changes in
retinal axon arbors underlying thalamic plasticity may take a
long time to occur. For example, anatomical changes in
thalamocortical arbors occur after a week of monocular depri-
vation in cat (Antonini and Stryker, 1993), and anatomical
changes in rodents are similarly delayed (Antonini et al., 1999)
compared with the timing of physiological shifts in OD (Tra-
chtenberg et al., 2000). Although the onset of plasticity may be
slow, possibly reflecting the time for the structural reorgani-
zation of axon arbors, anatomical remnants of previously in-
duced plasticity could result in more rapid changes during DR
recovery (Linkenhoker et al., 2005; Hofer et al., 2006). In the
cortex, dendrites are in close proximity to many potential
partners but form synapses with only a subset (Shepherd et al.,
2005), thus allowing the possibility for rapid connectivity
changes without gross changes in arbors. A similar mechanism
may provide a structural basis for rapid changes in connectiv-
ity during restoration of normal vision.

Our finding in delayed DR experiments shows that the type of
plasticity expressed in response to visual deprivation depends on
the age and previous experience of the animal. It is possible to
eliminate excess afferents and strengthen remaining ones during
DR recovery as late as p32, yet by p25 it is more difficult to recruit
additional afferents by deprivation. This finding is reminiscent of
activity manipulations in cultured hippocampal neurons (Bur-
rone et al., 2002), in which the number of functional inputs to a
cell is more dependent on activity earlier in synapse development.
Similarly, the expression of visual cortical plasticity in young
mice is different than in older mice (Desai et al., 2002; Frenkel
and Bear, 2004; Maffei et al., 2004, 2006). Delayed DR, then, does
not show that plasticity no longer exists, but that the mechanism
of synaptic remodeling is different. That changes in synaptic
strength are dissociable from changes in the number of afferent
fibers suggests that these features of synaptic circuits are regu-
lated by distinct mechanisms during different developmental
time windows.
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Interaction between thalamic and cortical plasticity
Notably, onset of the retinogeniculate sensitive period overlaps
temporally with experience-dependent plasticity in the rodent
visual cortex, including ocular dominance plasticity (Fagiolini et
al., 1994; Gordon and Stryker, 1996), development of synaptic
function (Maffei et al., 2006; Crozier et al., 2007), and regulation
of gene expression (Castren et al., 1992; Majdan and Shatz, 2006;
Tropea et al., 2006). However, changes in retinogeniculate con-
nectivity cannot directly account for ocular dominance shifts. In
mouse, LGN eye-specific segregation is complete by p8 (Gode-
ment et al., 1984; Muir-Robinson et al., 2002) and does not de-
segregate after late DR (data not shown). Our recordings are
made in a layer of the LGN that receives innervation exclusively
from contralateral eye; thus, both newly recruited afferents in
response to late DR and existing ones come from the RGCs in the
same eye. We do not believe OD shifts can be explained by the
thalamic plasticity we describe. However, recruitment of addi-
tional afferents could influence thalamocortical output and cor-
tical responses, including changes in receptive field size and
shape. Thus, our results indicate that changes in thalamic con-
nectivity should be considered when interpreting long-term
changes in cortex in response to visual manipulations.
Conversely, feedback excitation from cortex may play a role in
triggering changes at the retinogeniculate synapse, either devel-
opmentally by determining the degree of strengthening and
pruning, or acutely by shaping the receptive field in the mature
circuit. Thus, future examination of thalamic plasticity in ani-
mals in which the cortical critical period is specifically disrupted,
including manipulation of inhibitory circuit development (Hen-
sch et al., 1998; Fagiolini et al., 2004), will be interesting. As the
role of cortical feedback to thalamus is not completely under-
stood, testing thalamic plasticity in the absence of cortical feed-
back may aid our understanding of the interplay between cortex
and thalamus in sensory perception.
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