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Eye Opening Rapidly Induces Synaptic
Potentiation and Refinement

trolled EO. A transmembrane AMPAR-stabilizing mole-
cule of the stargazin family (Schnell et al., 2002; Tomita
et al., 2003) was bound to the dendritic PSD-95 and
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McGovern Institute for Brain Research increased proportionately with PSD-95 after eye open-

ing (AEO). However, there were differences in the relativeMassachusetts Institute of Technology
Cambridge, Massachusetts 02139 amounts of NMDAR NR2 subunits bound to this den-

dritic PSD-95 AEO; whereas there was more NR2B
bound to PSD-95 before eye opening (BEO), NR2A be-
came the prominent subunit bound to PSD-95 AEO.Summary
These changes prompted us to ask whether functional
changes in glutamatergic visual synapses were detect-NMDA receptor (NMDAR)-mediated increases in AMPA

receptor (AMPAR) currents are associated with long- able at similarly short latencies. Using the EO paradigm
of Yoshii et al. (2003) to induce and synchronize vision-term synaptic potentiation (LTP). Here, we provide

evidence that similar changes occur in response to driven changes occurring with natural EO, we studied
evoked and spontaneous NMDAR and AMPAR currentsnormal increases in sensory stimulation during de-

velopment. Experiments discriminated between eye at hours and days AEO in rat pups and in age-matched
littermates with eyelids that were never opened (ENO).opening-induced and age-dependent changes in syn-

aptic currents. At 6 hr after eye opening (AEO), a tran- Our results from acute whole-cell slice recordings indi-
cate that a long-lasting potentiation of AMPAR currentssient population of currents mediated by NR2B-rich

NMDARs increase significantly, and silent synapses is present by 12 hr AEO in vivo. The data support several
other investigations that show increased long-lastingpeak. Sustained increases in evoked and miniature

AMPAR currents occur at 12 hr AEO. Significant potentiation of AMPAR currents following transfection-
induced increases in postsynaptic PSD-95 (Beique andchanges in AMPAR:NMDAR evoked current ratios,

contacts per axon, and inputs per cell are present at Andrade, 2003; Stein et al., 2003; Ehrlich and Malinow,
2004). However, in contrast to the transfection work, our24 hr AEO. The AMPAR current changes are those

seen in vitro during NMDAR-dependent LTP. Here, developmental studies indicate that the earliest AMPAR
current increases are preceded by and likely dependentthey are a consequence of eye opening and are associ-

ated with a new wave of synaptic refinement. These upon a transient population of small currents that are
mediated selectively by NR2B-rich NMDAR currents thatdata also suggest that new NR2B-rich NMDAR cur-

rents precede and may initiate this developmental syn- increase rapidly AEO. Also, in the present work, the
stereotyped current changes AEO are associated withaptic potentiation and functional tuning.
synaptic refinement: a decrease in the number of inputs
to single postsynaptic neurons and an increase in theIntroduction
active sites supported by the inputs that survive.

Considerable evidence links NMDA receptor (NMDAR)
function to activity-dependent synapse development Results
in vivo (Cline et al., 1987; Bear et al., 1990; Simon et al.,
1992; Li et al., 1994; Wu et al., 1996; Zhang et al., 2000). Recordings were made in the superficial visual layers
These studies suggest that NMDAR-dependent long- of the superior colliculus (sSC). Comparisons between
term synaptic potentiation (LTP), in which NMDAR cur- glutamate currents in EO and ENO littermates were be-
rents initiate AMPA receptor (AMPAR) activation in the gun at 6 hr AEO, a time at which EO-induced increases
postsynaptic membrane (Malinow and Malenka, 2002), in dendritic PSD-95 plateau (Yoshii et al., 2003). Currents
is an essential part of the developmental consolidation were also studied at progressively longer intervals of 12
and refinement of synapses (Constantine-Paton and Cline, and 24 hr and 3 and 7 days AEO. NMDAR current
1998). However, only a few studies have attempted to changes were the first to be observed. At the ages stud-
link normal in vivo developmental changes in input activ- ied here, the retinocollicular map shows adult-like orga-
ity to the rapid AMPAR current and synapse number nization at the light microscope level, and the corticocol-
increases that are predicted by the NMDAR-dependent licular projection has begun to arborize profusely in
LTP model (Durand et al., 1996; Wu et al., 1996; Chen the sSC.
and Regehr, 2000; Hohnke et al., 2000).

In a previous investigation from our laboratory, eyes Two Populations of Spontaneous NMDAR
of rat pups were glued shut before eye opening (EO) Currents at 6 Hr AEO
and then opened on P11, P13, and P16 (Yoshii et al., Spontaneous NMDAR (sNMDAR) currents were studied
2003). Compared to littermates whose eyes were not in the absence of tetrodotoxin (TTX) to minimize masking
opened, in these animals large increases in the NMDAR small events in the baseline noise. Almost all spontane-
scaffolding protein PSD-95 were invariably present in ous currents BEO were relatively large and fast, indica-
central visual neuron dendrites within 6 hr of this con- tive of the mixture of NR2A- and NR2B-containing recep-

tors that were previously documented in the sSC from
P10 to P13 (Shi et al., 2000). However, two distinctly*Correspondence: mcpaton@mit.edu
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Figure 1. Two Distinct Populations of Spontaneous NMDAR Currents Are Present at 6 Hr AEO

(A) Traces showing spontaneous NMDAR (sNMDAR) currents recorded BEO and at short intervals AEO. A population of slowly decaying and
small amplitude currents (SS; asterisks) along with generally faster and bigger (FB) currents are seen at 6 and 12 hr AEO. Both populations
are abolished by D,L-AP5 or 4 mM Mg2�. (Inset) Typical scaled superposition of averaged SS and FB sNMDAR currents from a neuron 6 hr
AEO show indistinguishable rise times but different decay times. (B) Amplitude versus decay time plots for all sNMDAR currents (n � 75)
chosen at random from recordings of individual cells at each time point. The plots distinguish the two types of sNMDAR currents. SS currents
(amplitudes � 13 pA and decay times � 15 ms) are in red. All other currents, defined as FB currents (see text), are in blue. Percentages reflect
the proportion of total sNMDAR currents represented by SS neurons recorded in all neurons of a particular category. In ENO neurons, SS
currents are never distinct from FB currents and remain infrequent. (C) sNMDAR current decay time, amplitude, and frequency at different
intervals AEO. SS sNMDAR current decay time and amplitude remained stable until their disappearance between 3 and 7 days AEO. FB
sNMDAR currents showed a rapid decrease in decay time between 12 and 24 hr AEO and continued a slow decrease for at least 7 days AEO.
Frequencies of FB and SS sNMDAR currents increase between 6 and 24 hr AEO. FB currents decrease by 7 days AEO, while SS current
frequency peaks at 24 hr AEO. (D) No changes in frequency or decay time of total sNMDAR currents were observed in ENO littermates, in
contrast to the changes that were observed in frequency and decay time of total sNMDARs in the EO pups. n � at least 7 or 8 neurons for
each data point except for P13 ENO, where n � 6. In general, for clarity, in this and all other figures where statistical data is graphed,
significance is identified only for the two closest time points. The few exceptions to this represent intervals where it is particularly important
to illustrate trends over longer intervals.

different populations of sNMDAR currents were appar- (SS) rigidly defined group, even though a minority of FB
currents were either fast with lower amplitudes or bigent at 6 hr AEO (Figure 1). The most frequent were indis-

tinguishable in decay time, amplitude, and frequency with slow decays. The FB population continued to de-
crease in decay time, frequency, and amplitude untilfrom the currents present in littermates BEO. These cur-

rents were generally greater than 13 pA in peak ampli- last assessed at 7 days AEO. This may reflect an overall
reduction in NMDAR currents as neuropil matures (Foxtude, with average decay times that decreased rapidly

from 16 to 13 ms between 12 and 24 hr AEO (Figure et al., 1991; Binns and Salt, 1998).
The second, SS population of sNMDAR currents had1C). This population was termed fast and big sNMDAR

(FB) currents to distinguish them from the smaller slower both small amplitudes (�13 pA) and slow decay times
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Figure 2. SS sNMDAR Currents Are Medi-
ated by NR2B-Rich Receptors

(A) Recordings of sNMDAR currents 24 hr
AEO, before (control) and after the antagonist
of NR2B-rich NMDARs (ifenprodil) was per-
fused into the recording chamber. During ifen-
prodil application, SS currents disappeared;
decay time and amplitude of FB also de-
creased.
(B) Averaged FB sNMDAR currents before
and during ifenprodil application showing the
decrease of both amplitude and decay time
and indicating a contribution from NR2B-
rich receptors.
(C) Amplitude versus decay time plots of
sNMDAR currents from a typical neuron show
the same effects that were seen in the aver-
age currents in (B).
(D) At 24 hr AEO (P13), ifenprodil eliminated
SS sNMDARs (left) and produced an overall
�25% frequency decrease in sNMDAR cur-
rents. n � 7 or 8 neurons examined for
each comparison.

(�15 ms; Figure 1A). SS currents were only 4% of the receptors mediating FB currents contain NR2B sub-
units, while SS currents are mediated by NMDARs thattotal number of sNMDAR currents BEO. At 6 hr AEO,

the SS population jumped to 11% of the total population, only contain the NR2B subunit.
Scaled averages of FB and SS sNMDAR current typesbut the average peak amplitude declined, and the aver-

age decay time increased significantly (Figure 1B), sug- were compared (Figure 1A, inset) and revealed nearly
coincident rise times, suggesting that the prolongationgesting that the increased frequency was due to new

NMDAR-containing contacts that contained more slow of SS currents is not due to a more distal dendritic
position of the contacts from which they arise. However,NMDAR currents and fewer receptors. Maintaining

these lower amplitudes and longer decay times (9 pA this overlap in rise time does not indicate that FB and
SS currents are driven by the same projection, becauseand 18 ms), the SS population peaked at 21% total by

24 hr AEO. At 3 days AEO, they dropped to 13% of the the rough dendritic segregation of cortical and retinal
inputs in the mature sSC is unlikely to be establishedtotal sNMDAR currents, and at 7 days AEO, SS currents

disappeared (Figure 1B, left column, Figure 1C, and at this age.
A small number (4%–5%) of sNMDAR currents thatSupplemental Figure S1 at http://www.neuron.org/cgi/

content/full/43/2/237/DC1). Furthermore, SS currents met the size and decay time criteria of SS currents were
observed in neurons from ENO pups (Figure 1B, rightwere present in only �28% of the recorded neurons at

their most prevalent time point (6 hr AEO; Supplemental column). However, these were never distinguishable as
a distinct group in amplitude versus decay time scatterFigure S1 at http://www.neuron.org/cgi/content/full/43/2/

237/DC1). Thus, SS currents may be expressed broadly plots from individual neurons. Also, the numbers of SS
currents in ENO pups did not change with age. Figuresin sSC neurons but for a short interval in each cell, or they

may be transiently present in only a subset of cells. This 1D and 1E compare sNMDAR current data averaged at
each time point for EO and for ENO pups. The averaginganalysis cannot discriminate these alternatives. Nor can

it determine whether changes in corticocollicular inputs, process minimizes decay time changes of FB sNMDARs
in the EO group and also obscures the fact that the lowretinocollicular inputs, or all inputs are driving SS cur-

rents. Nevertheless, a number of observations suggest frequency of sNMDAR currents in the ENO group is due
to the absence of SS sNMDARs.a fast conversion of SS into FB currents with time AEO.

(1) The rapid appearance and disappearance of a peak NMDAR currents with long decay times frequently
show a high sensitivity to low concentrations of thein “silent synapses” and the low incidence of such con-

tacts (presented below). (2) Decreased FB amplitudes atypical NMDAR antagonist ifenprodil, which specifi-
cally blocks NR2B-rich receptors (Williams et al., 1993).and increased FB frequencies at 24 hr AEO, when SS

current frequencies peak. (3) FB currents that appear to We examined the subunit composition of the sNMDAR
currents using ifenprodil at 24 hr AEO. Ifenprodil re-be intermediate between the rigidly defined SS currents

and currents that have both large amplitudes and short duced the decay time of sNMDAR currents, decreased
the amplitude of the average sNMDAR current, and alsodecay times. (4) As will be seen in Figure 2, some of the
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Figure 3. Evoked NMDAR Current Decay
Times Increase Transiently between 12 Hr
and 48 Hr AEO; Amplitude Remains Constant

(A) Average traces showing increases in
evoked NMDAR current decay time at 12 hr
and 24 hr AEO when EO occurred at P12 or
at P14 AEO.
(B) Quantification of average evoked NMDAR
current decay time relative to EO at P12, at
P14, and in ENO littermates. The transient
increase in decay times peaks at 24 hr AEO,
coinciding with the peak frequency in SS
sNMDARs. Pups with ENO showed a signifi-
cant increase in evoked NMDAR current de-
cay time between P9 and P13 (see text). Dot-
ted lines � BEO data in more than one graph.
In ENO pups, the increase was followed by
a significant decrease between P12 and P13.
n � 7 to 12 neurons for all data points except
P14 EO, 24 hr AEO, where n � 6 neurons.
(C) Evoked NMDAR current amplitude mea-
sured at stimulus strengths midway between
threshold and maximal do not change over
the same intervals.

decreased sNMDAR frequency (Figures 2A and 2B). Am- of whether EO occurred at P12 or P14. By P19, evoked
NMDAR current decay times dropped to intervals shorterplitude versus decay time plots for individual sNMDAR
than those measured BEO, regardless of whether the eyescurrents from single neurons before and after ifenprodil
had been opened at P12 or at P14 (Figure 3B). The domi-application revealed the reason for this change (Figure
nant factor producing these large and transient NMDAR2C). During ifenprodil perfusion, the SS population is
evoked current decay times is likely to be currents medi-absent, and the points representing FB currents cluster
ated by the SS NMDAR currents shown in Figure 1. Thein a region of lower amplitude and faster decay time,
time course of appearance and disappearance of thesesuggesting that FB currents are not mediated by a ho-
long-decay time small currents corresponds closely tomogeneous population of NMDARs but rather that
the evoked current decay time increase. When studiedNMDARs enriched in NR2B are contributing some in-
at �40 mV, all contacts that mediate SS sNMDAR cur-crease in amplitude and some increase in decay time
rents would be activated and would contribute their slowto individual FB events (Figure 2C, lower). Changes are
decay times to the evoked NMDAR decay time. It issummarized in Figure 2D.
also significant that the NR2A-rich NMDARs bound toThe findings imply that, shortly AEO, some NR2B-
dendritic PSD-95 at 6 hr AEO (Yoshii et al., 2003) mayrich receptors are still present at the presumably older
be inserting into preexisting synapses during this inter-postsynaptic densities (PSDs) that are responsible for
val (see the FB currents in Figure 1C), but the expectedthe FB responses, and the first current changes ob-
NR2A-mediated decrease in the NMDAR responseserved after EO are mediated entirely by NR2B-rich
(Monyer et al., 1994; Flint et al., 1997) is masked in theNMDARs. NR2B-rich receptors are frequent in newly
NMDAR evoked currents.innervated neuropil (Wu et al., 1996; Shi et al., 1997,

In pups with their eyes closed between P9 and P13,2000) and have been suggested to be the receptors
a slow increase in evoked NMDAR current decay timesresponsible for the initial genesis of glutamate synapses
was also observed (Figure 3B, two lower graphs). This(Tovar and Westbrook, 1999). Thus, the rapid appear-
is consistent with earlier observations that even BEO aance of SS sNMDARs suggests that EO rapidly initiates
slow increase in PSD-95 and NR2A-rich receptors at thea new wave of glutamate synaptogenesis.
center of the synapse is accompanied by previously
subsynaptic NR2B-rich receptors localizing to peri-

Transient Increases in Evoked NMDAR Currents synaptic membrane, where they dominate the decay
Beginning 12 Hr AEO time of evoked NMDAR currents (Townsend et al., 2003).
All evoked currents are likely to incorporate both retinal The large transient increases in NMDAR current decay
and collicular inputs, as they were elicited by stimulating times were never seen in recordings from ENO lit-
electrodes placed in the stratum opticum, where both termates (Figure 3B, bottom graph). Rather, in these
retinal and cortical afferents are intermixed. NMDAR animals, between P13 and 15, neurons showed a de-
evoked currents were studied from P9 to P19 and in crease in evoked NMDAR current decay time, sug-
pups with their eyes opened on P12 (before normal EO) gesting continuation of the slow addition of NR2A-rich
and on P14 (after normal EO). NMDAR evoked current NMDARs at synapses and a relative decrease in peri-
amplitude, measured at the midpoint between the mini- synaptic NR2B-rich receptors.
mal and maximal evoked NMDAR currents, did not
change. However, large significant increases in evoked Silent Synapses Peak at 6 Hr AEO
NMDAR current decay times began at 12 hr AEO, peaked The possibility that SS sNMDAR currents represent an

early stage of synaptogenesis motivated a study of silentat 24 hr AEO, and were gone by 48 hr AEO regardless
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Figure 4. Silent Synapses Show a Transient Increase at 6 Hr AEO

(A) Sample recordings show five trials of minimal evoked EPSCs at a nonsilent and at a silent synapse with the cells held at �70 mV and
at �40 mV.
(B) Averages of the recordings in (A).
(C) Histograms of the percentage of neurons with silent synapses as determined by the minimal stimulation paradigm. Each data point is the
average of the average of all neurons from the same litter to give a mean silent/nonsilent synapse percentage across litters for each time
point and treatment. Data are from three litters for BEO and 3 days AEO and four litters for the remaining points.
(D) The percentage of silent synapses at 6 hr AEO is significantly greater than the percentage of silent synapses in age-matched littermates
with ENO at the same 6 hr time point. Neuron numbers for each time point are above each histogram bar.

synapses in the sSC neuropil AEO. Silent synapses show Miniature AMPAR Current Changes Are Present
at 12 Hr AEOan NMDAR current when a minimal stimulus is applied

to a neuron held at �40 mV but lack AMPAR current Miniature AMPAR currents were examined BEO and
AEO to test for increases in miniature AMPAR currentwhen the holding potential is ��70 mV. Such “NMDAR

only” synapses are frequently found in young neuropil amplitude diagnostic of AMPAR addition to PSDs (Oliet
et al., 1996) and increased AMPAR current frequencyin which NMDAR currents have not yet been sufficiently

active to drive AMPARs into the postsynaptic membrane indicative of new AMPAR-containing contacts. Minia-
ture AMPAR current amplitude and frequency increases(Isaac et al., 1997; Durand et al., 1996). If EO initiated a

new period of synaptogenesis, then more silent syn- were first detected at 12 hr AEO (Figures 5A and 5B).
Some increases with age in miniature AMPAR currentapses should be present AEO. Neurons from pups BEO

and at 6 hr, 12 hr, 24 hr, and 3 days AEO were examined amplitude and frequency were detected in animals with
ENO (Figures 5C and 5E), but these increases were smallfor silent synapses (Figure 4A). Three to four litters were

used at each interval, and the proportion of silent syn- and slow compared to the rapid changes in the EO group
(Figures 5C and 5D; Sign test; amplitude, p � 0.05;apses from each litter was averaged to obtain the graph

shown in Figure 4C. Cells with silent synapses were frequency, p � 0.01). Thus, EO-associated increases in
AMPAR currents lag EO-associated increases inscarce. However, this proportion peaked at 6 hr after EO.

Decay times of evoked NMDAR currents from silent NMDAR currents and the peak in silent synapses by up
to 6 hr.synapses at 6 hr AEO (n � 8 neurons) were compared

to evoked NMDAR currents from ten randomly selected, Increases in evoked AMPAR currents were also de-
tected at 12 hr AEO as increases in the maximal evokednonsilent synapses that were recorded at 6 hr AEO. The

average outward NMDAR current at the silent synapses AMPAR current amplitudes (Figure 6A). However, in-
creases in AMPAR:NMDAR evoked current amplitudewas significantly longer than the average at nonsilent

synapses (188.0 � 3.4 ms versus 156.3 � 4.8 ms; p � and density ratios were not detected until 24 hr AEO
(Figure 6B). In addition, non-NMDAR/NMDAR peak0.01), supporting the hypothesis that many of the SS

NR2B-rich NMDAR currents at 6 hr AEO represent current amplitude ratios had the same long latency irre-
spective of whether EO occurred at P12 or P14, sug-founding receptors at nascent synaptic contacts.
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Figure 5. Potentiation of Pure Miniature
AMPAR Current Amplitude and Frequency at
12 Hr AEO

(A) Typical average miniature AMPAR current
(mAMPARc) traces BEO and at 12 hr AEO
on P12.
(B) Representative recordings of mAMPARcs
showing the frequency increase between 6 hr
and 3 days AEO.
(C) Quantitative changes in mAMPARc ampli-
tude (left) and frequency (right) relative to the
time AEO. The dotted lines indicate data from
age-matched littermates with ENO. n � at least
7 and up to 9 neurons for each data point.
(D) Histograms comparing mAMPARc ampli-
tude (left) and frequency (right) in age-
matched littermates with EO for 3 days (white
bar) and ENO (black bar). Significance was
tested using the nonparametric paired sam-
ple Sign test, because the variance from ENO
animals was smaller than the variance from
EO littermates. n � 7 neurons for each point.
(E) Histograms comparing the mAMPARc
amplitude (left) and frequency (right) in ani-
mals with ENO between P11 and P15 show
significant increases only at the longest inter-
val (3 days). n � 7 neurons for each data point.

gesting that the lag was not due to a developmental We asked if the new synapses in the sSC reflected a
net increase in active sites per axon when comparedlimitation on non-NMDAR subunit availability (see Sup-

plemental Figure S3 at http://www.neuron.org/cgi/ with BEO inputs—an outcome expected if effective in-
puts are being reinforced by acquisition of release sitescontent/full/43/2/237/DC1).

Cells from ENO littermates also showed a significant AEO. Relative changes in the minimal number of active
release sites per axon (input) were estimated by assum-increase in AMPAR:NMDAR evoked current ratios from

BEO to 24 hr AEO. However, these differences occurred ing a release probability of 1, obtaining an average mini-
mal AMPAR evoked current (Figure 7A), and dividingin smaller increments and were smaller in absolute size

(Figure 6B and 6C; Sign test; p � 0.01). this average by the average of miniature AMPAR current
amplitudes for that neuron. The probability of vesicle
release at most release sites is much less than 1, im-Presynaptic Release AEO

The paired pulse ratio (PPR) of evoked AMPAR currents plying that numbers obtained with this method are gross
underestimates. Nevertheless, they do show significantBEO and at each of the AEO time points was examined

(see Supplemental Figure S2 at http://www.neuron.org/ and rapid changes. Figure 7B plots the data for neurons
recorded BEO and at 12 hr, 24 hr, 3 days, and 7 dayscgi/content/full/43/2/237/DC1). No changes in the PPR

were evident over any of the intervals, suggesting that AEO and from ENO littermates. The minimal number of
active sites per input increased between 12 and 24 hrthe probability of transmitter release at the synapses

that were studied did not change over the time period AEO and between 24 hr and 3 days AEO. An increase in
active sites per axon was only detected in ENO animalsthat was studied. The changes documented above are

likely to be post- and not presynaptic. between 12 hr and 3 days AEO, and the ENO increases
were significantly smaller than those seen in age-
matched EO pups (Sign test; P13, P15, P17; p � 0.05).Evidence of Structural Rewiring of Local sSC

Circuits as a Rapid Response to EO Therefore, EO and the subsequent NMDAR and AMPAR
current changes that were induced by the event facilitateIncreases in Active Sites per Input AEO

The silent synapse data suggest that some new NMDAR/ increases in the number of synapses converging on one
postsynaptic cell from single innervating axons.AMPAR synapses are being formed and maintained

from the onset of EO until at least 3 days AEO. Such an Synapse Elimination on the Single-Cell Level AEO
Activity patterns can shape local synaptic circuitry onlyaddition of new contacts is believed to be a long-term

effect of NMDAR-dependent LTP called long long-term if inputs that are not sufficiently strong or cooperative
with other inputs are eliminated. To determine whetherpotentiation (Bolshakov et al., 1997; Toni et al., 1999).
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mV, non-NMDAR-mediated jumps in synaptic current to
successively stronger electrical stimuli were recorded.
At each stimulus level, several stimuli were applied to
assure that an increase was stable. Each stable jump
in response current was scored as a separate input. The
method provides a rough estimate of the number of
axons in the stimulated bundle that make excitatory
contacts on the patched neuron. As neuropil matures,
the number of discrete jumps in the amplitudes of the
excitatory currents gives a relative measure of changes
in the number of different axons terminating onto a post-
synaptic neuron over time (Figure 7C). Estimates of in-
puts in EO and ENO littermates are shown in Figure 7D.
At each of the time points that were studied, littermates
with EO showed significantly lower numbers of different
inputs than their ENO siblings. The most rapid synapse
elimination occurred during the first 24 hr AEO (Figure
7E), concurrent with most of the receptor current
changes described above.

Discussion

Eyelid opening and the consequent initiation of high-
resolution pattern vision are necessary for the final
stages of activity-mediated tuning in the developing vi-
sual pathway. The many studies of this tuning have
provided broad insight into the epigenetic organization
of the brain (Singer, 1995). However, despite this large
literature, few studies have focused on the immediate
cellular and synaptic responses to the EO event itself.
EO in rodents occurs over the course of 1–2 days, and
synaptic responses are similarly dispersed in time, mak-
ing them difficult to study. Synchronizing synaptic re-
sponses to EO by controlling EO and comparing data
between siblings with and without EO has identified the
following stereotyped sequence of responses specifi-
cally tied to the EO event. Spontaneous NMDAR currents
that are mediated by NR2B-rich NMDARs and a transient
peak in silent synapses are present by 6 hr. By 12 hr, a
significant increase in the amplitude and frequency of
miniature AMPAR currents is evident. Simultaneously,
evoked NMDAR currents begin a large but transient
increase in decay time that is gone by 2 days AEO. By

Figure 6. Potentiation of Evoked AMPAR Current Amplitude at 12 24 hr, evoked AMPAR:NMDAR current ratios are signifi-
and 24 Hr AEO cantly increased, and a decay time decrease indicating
(A) Representative average AMPAR evoked current responses to an increase in NR2A-rich NMDARs is seen in FB
maximal stimulation BEO and 12 hr AEO (top). Quantitation of these sNMDAR currents. These current alterations are accom-
increases in amplitude (bottom). n � at least 6 neurons for each bar.

panied by an increase in the number of active sites per(B) Evoked AMPAR:NMDAR current amplitude ratios AEO at P12
input and by a decrease in the number of different axons(white bars, top graph) or current density ratios (white bars, bottom
that innervate each sSC neuron. The former is presentgraph). Black bars represent data from age-matched ENO lit-

termates. (Inset) Typical AMPAR and NMDAR currents evoked by during long long-term potentiation in the hippocampus
stimulating intensities approximately halfway between threshold (Bolshakov et al., 1997; Toni et al., 1999), while the latter
and saturation. n � at least 9 neurons for each bar except for 3 is associated with activity-dependent synapse elimina-
days AEO, when n � 7 neurons. A significant jump in these ratios tion during development (Purves and Lichtman, 1985).
occurred in EO animals between 12 and 24 hr AEO. In ENO animals,

This work focused on the superficial, visual layers ofa significant change in AMPAR:NMDAR ratios appeared at longer
the sSC and a limited number of sSC cell types, mostintervals: BEO to 24 hr AEO and BEO to 3 days AEO.
likely narrow field vertical cells and some larger piriform(C) Comparisons between EO and ENO littermates at P13 and P15

all show highly significant increases in ratios from EO pups relative neurons (Langer and Lund, 1974). Most sSC neurons
to the ENO pups. receive direct input from the ganglion cells of the contra-

lateral retina (Lund, 1972; Drager and Hubel, 1976; Lin-
den and Perry, 1983). At EO, topographic refinement of

increases in synapse elimination in the sSC were time- the retinocollicular map is complete (Simon and O’Leary,
locked to EO, we applied the “method of shoulders” 1992), and photoreceptors have begun to drive retinal
(Purves and Lichtman, 1985). In Mg2�-containing ACSF ganglion cells, even though the eyes are still closed

(Bansal et al., 2000; Townsend et al., 2003).with GABAARs blocked and a holding potential of �70
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Figure 7. Number of Release Sites per Input Increases, and the Number of Inputs per Neuron Decreases Rapidly AEO

(A) An average mAMPARc (left) and an average minimal evoked AMPAR current (right) from the same neuron as well as samples of the
recordings from which these averages were taken. The ratio of average amplitude of the minimal evoked AMPAR current over the average
amplitude of the mAMPARc was used as an estimator of the number of active vesicle release sites between the presumably single axons
that were stimulated and the postsynaptic neuron that was examined in voltage clamp. This is a measure of relative change, but it is probably
a large underestimate of the actual number of changing inputs (see text).
(B) Significant increases in numbers of release sites occur within 24 hr AEO, indicating that increased consolidation of some inputs occurs
rapidly and continues to increase at 3 days AEO. ENO pups also show an increase, but this is only seen at 3 days AEO. At least 6 and up to
8 neurons were studied for each data point.
(C) The number of inputs per postsynaptic neuron estimated BEO and AEO using the method of shoulders indicates that synapse elimination
occurred rapidly and then continued with a slower decline for at least a week AEO. NMDAR currents shown in the figure are those taken in
the presence of NBQX after the initial determination of AMPAR/KAR and AMPAR/KAR plus NMDAR currents. KARs were not selectively
blocked in these experiments. Stimuli were delivered at the rostral end of the stratum opticum, where afferent axons are dense.
(D) Quantitative comparisons in input number between EO and ENO littermates. n � at least 6 and up to 9 neurons for each bar graph.
(E) Plots of changes in input number per neuron BEO and at three time points AEO. n � at least 6 and at most 9 neurons for each data point.

With the onset of high-contrast pattern vision, there Visual Synapse Change after the Onset
of Pattern Visionis a pronounced change in the amount and temporal

patterning of activity that is transmitted by the retina, Many investigators have used dark rearing with an intro-
duction to light to control the onset of vision. Quinlanand the visual cortex is particularly responsive to such

input (Rodieck, 1998). Around EO, the corticocollicular et al. (1999a, 1999b) applied this paradigm to show that
currents apparently mediated by NR2A-rich NMDARsprojection begins to arborize profusely (Thong and

Dreher, 1986; Colonnese and Constantine-Paton, 2001) rapidly appear at visual cortical synapses 2 hr after the
first visual experience, and Binns and Salt (1998) re-and begins to influence sSC neuron receptive fields

(Binns and Salt, 1997). It is tempting to speculate that ported greater NMDAR contributions to visually driven
activity in dark-reared versus normally reared rats. How-the synaptic changes that were detected in this study

reflect the active sprouting of the cortical inputs. ever, controlled EO and dark rearing with light exposure
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are not the same treatment. Diffuse stimulation through PSD-95 has also been implicated in clustering and stabi-
lizing AMPARs at the synapse (Chen et al., 2000; Schnellclosed lids drives some maturational changes at visual
et al., 2002; Tomita et al., 2003). Furthermore, within 6synapses (Shi et al., 2000; Akerman et al., 2002; Town-
hr of controlled EO both PSD-95/stargazin complexessend et al., 2003), implying that synapses in animals that
as well as the PSD-95/NR2A-rich NMDAR complexesare maintained in darkness are different from those in
are enriched in dendrites of visual cortical and sSC neu-animals in which low levels of ambient light or diffuse
rons (Yoshii et al., 2003). Therefore, it is not surprisingpatterns stimulate the retina.
that both NMDAR and AMPAR synaptic currents showSeveral studies have described changes in visual sys-
rapid changes AEO. The issue is how many of thesetem synaptic currents occurring after natural EO. Desai
changes are directly tied to the subsynaptic insertionet al. (2002), recording from visual cortex, found an in-
of newly arrived PSD-95.crease in the frequency of miniature AMPAR currents

Recent transfection experiments support the idea thatand, in contrast to the work presented here, a decrease
PSD-95 increases at visual synapses initiate most ofin miniature AMPAR current amplitude after EO. This
these changes. PSD-95-GFP overexpressed in neocorti-was not observed in dark-reared animals. However, the
cal (Beique and Andrade, 2003; Ehrlich and Malinow,event reported by Desai et al. (2002) occurred �3–4
2004) or hippocampal neurons (Stein et al., 2003) resultsdays AEO. At roughly this latency, after controlled EO
in transfected neurons having more AMPAR miniaturein the sSC, our recordings revealed an increase in what
events (Beique and Andrade, 2003; Stein et al., 2003;we find to be kainate receptor (KAR) currents that then
Ehrlich and Malinow, 2004) and also expressing moredecreased over the next 2 weeks. The KAR contribution
functional AMPARs at each contact (Stein et al., 2003;makes the non-NMDAR glutamate current in the sSC
Ehrlich and Malinow, 2004) compared with neighboringappear to grow in amplitude (see Figure 7C; 7 days
neurons that express only endogenous amounts of PSD-AEO). The true AMPAR current does not significantly
95. Also, LTP is occluded, and long-term depressionchange in amplitude throughout the 2 week post-EO
(LTD) is increased in cortical and hippocampal neuronsinterval (Figure 5C; W.L. and M.C.-P., unpublished data).
overexpressing PSD-95 (Stein et al., 2003; Ehrlich andKAR currents are not distinguished from AMPAR cur-
Malinow, 2004) but not in untransfected neighbors.rents by many antagonists, and this may be the cause
These data indicate that high levels of cytoplasmic PSD-of the discrepancy between the cortical work and our
95 enable neurons to insert more AMPAR currents intoown. Alternatively, non-NMDAR ionotropic glutamate
their synapses. In contrast, overexpression of PSD-95receptors may respond differently to EO in different vi-
in cerebellar granule cells increases the ratio of thesual regions. Chen and Regehr (2000) also reported
NR2A to NR2B subunit when NMDAR miniature currentspost-EO changes in the visual synapses of the dorsal-
are examined (Losi et al., 2003). Together, these datalateral geniculate nucleus that are fully consistent with
indicate that synaptic changes in both NMDAR andthis report. However, they did not control EO and explore
AMPAR currents can be initiated by increasing PSD-95the sequence of events within the first 24 hr AEO.
at the postsynaptic membrane.The Yoshii et al. (2003) study that found that levels of

There is accumulating evidence that, in vivo, NR2A-PSD-95 increased �300% in visual neuron dendrites
rich and NR2B-rich NMDARs are held at synapses bywithin 6 hr AEO motivated the present functional study.
PSD-95 and SAP-102, respectively. Only receptors withWhile the current data cannot prove that PSD-95 move-
both NR2A and NR2B appear to be held by both MAGUKsment to visual dendrites with EO is the only mechanism
(Van Zundert et al., 2004). PSD-95 holds NMDARs bymediating the changes that we describe in this report,
the NR2A C terminus and is unable to effectively bindthe nature and the timing of these changes are consis-
endogenous NMDARs when only the NR2B C terminustent with the hypothesis that EO-induced PSD-95 move-
is present (Steigerwald et al., 2000; Townsend et al.,ment to visual synapses is the mechanism responsible
2003). SAP 102 predominates in the late fetal and early

for initiating these events.
postnatal brain and coexists at lower levels with PSD-
95 at some mature synapses (Sans et al., 2000). SAP-

PSD-95 Biology Relevant to Receptor Trafficking 102 appears to be constitutively present at glutamate
The membrane-associated guanylate kinases (MAGUKs) synapses, and endogenous SAP-102 is associated with
are clustering proteins that are implicated in the posi- higher proportions of NR2B than PSD-95 (Sans et al.,
tioning of transmembrane molecules. PSD-95 and SAP 2000; Yoshii et al., 2003). Also, in maturing neurons SAP-
102 are the MAGUKs that are associated with ionotropic 102 and NR2B-rich NMDARs are most frequently pres-
glutamate receptor scaffolding in the visual cortex and ent in extra- and perisynaptic regions, while PSD-95 is
the sSC (Yoshii et al., 2003; Van Zundert et al., 2004). associated mostly with the PSD (Tovar and Westbrook,
PSD-95 is a major postsynaptic density (PSD) molecule 1999; Sans et al., 2000). In the sSC, before EO NR2A-
(Cho et al., 1992) and clusters NMDARs at the synapse mediated currents gradually become more prevalent in
(Niethammer et al., 1996). In addition to the NMDARs, miniature NMDARs, while evoked NMDAR currents, in-
many molecules associated with receptor signaling are volving extrasynaptic receptors, retain currents with larger
held at the postsynaptic membrane by the PDZ or SH3 contributions from NR2B-rich NMDARs (Van Zundert et
domains of PSD-95 (Kennedy, 2000; Sheng, 2001; Komi- al., 2004).
yama et al., 2002). Thus, PSD-95 is a major organizer of The EO period in the sSC is associated with a de-
the mature NMDAR effector complex. However, PDZ crease, not an increase, in transcript and protein for the
domains of PSD-95 can also bind the stargazin family NR2B subunit (Shi et al., 1997). Consequently, the SS
of transmembrane AMPAR regulatory proteins (TARPS; currents that are carried by NR2B-rich receptors ob-

served here must be mediated by extrasynapticTomita et al., 2003), and through its stargazin interaction,
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Figure 8. A Model of Activity-Dependent Receptor Trafficking, Synaptogenesis, and Refinement in the First 24 Hr AEO

The three phases of synaptic NMDAR and AMPAR current change are identified as a function of EO-induced, activity-dependent PSD-95
transport to and insertion at synapses. The model depicts but does not require the association between NR2B-rich receptors and the MAGUK
SAP-102. The key element of the model is that NR2B-only extrasynaptic receptors are the mediators of signaling at the initial contacts between
post- and presynaptic elements. These are “silent” synapses. Nascent contacts onto postsynaptic surfaces with sufficient depolarization to
drive the “extrasynaptic” NMDARs are reinforced by PSD-95 that can then stabilize AMPARs and enrich for NR2A NMDARs at the increasingly
stabile contacts. The current data do not discriminate between retinal synapses, intracollicular synapses, and cortical synapses. Therefore,
the two extremes of the possible dynamics are diagrammed. In the upper sequence, all synapses in the sSC are presumed to be labile and
to compete for collicular neuron dendritic sites on the basis of new temporal patterns of activity in the retinal and cortical projections resulting
from the onset of pattern vision. In the lower sequence, the corticocollicular projection, which begins to arborize in the sSC around the time
of EO, is the major source of shifting synapses. The retinal inputs are assumed to be stabile by this stage. Consequently, the cortical inputs,
which are driven effectively during patterned visual stimulation, sort in order to establish the corticocollicular map in register with the
retinocollicular map. The phases of the model are discussed in more detail in the text.

NMDARs using preexisting NR2B subunits or entire general of the two, in which any or all of the inputs
to the sSC—retinal, intracollicular, or cortical—can beNR2B/SAP-102 receptor scaffolding complexes.
altered by the changed temporal patterning of activity.
The lower version assumes that only cortical inputs sortA Model of Activity-Mediated Synaptogenesis

and Refinement In Vivo in order to produce registration between retinal and cor-
tical representations of visual space.Figure 8 diagrams the present post-EO observations as

a direct consequence of activity-dependent targeting of There are three distinct phases to this late wave of
synaptogenesis. During phase I, heightened afferent ac-PSD-95 to visual synapses. Two extreme versions of

the model are illustrated. The upper version is the more tivity increases PSD-95 in visual dendrites and then
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PSD-95 insertion at the center of the PSD. This insertion changes (12 hr AEO). Not until 24 hr AEO are larger
AMPAR:NMDAR evoked current ratios observed. Thisdisplaces preexisting NR2B-rich NMDARs to extrasyn-

aptic membrane (Townsend et al., 2003) where NR2B- study also demonstrates that normal developmental in-
creases in sensory activity in vivo rapidly drive cellularrich receptors have been localized in cultured neurons

(Tovar and Westbrook, 1999). These extrasynaptic and molecular mechanisms of synaptic potentiation. We
postulate that these in vivo changes utilize exactly theNR2B-rich receptors have a high probability of being

contacted by glutamate-releasing terminals as a result same mechanisms that mediate NMDAR-dependent
LTP. Most significantly, however, at the single neuronof an activity-induced increased motility of the dendritic

membrane (Sin et al., 2002; Niell et al., 2004). Thus, new, level, these EO-induced changes in currents are coinci-
dent with and probably responsible for the input rein-NR2B “only” NMDAR contacts are formed and detected

as SS NMDAR currents. This event also produces the forcement and elimination that refines central nervous
system local circuits for optimal function in the sen-transient increase in silent synapses, because many

have not yet added AMPARs to their active sites. During sory world.
phase II, the continued presence of SS NMDAR currents

Experimental Proceduresand possibly the buildup of displaced NR2B-rich
NMDARs produce the transient increase in NMDAR

Animal Treatmentevoked currents (Figure 3). At the same time, however,
Pregnant Sprague-Dawley female rats were purchased and allowed

PSD-95 begins to hold both NR2A-rich NMDARs and to give birth at MIT. The day of birth (P0) was accurately ascertained.
stargazin-AMPAR channel complexes at the PSD, and P10 pups were anesthetized with brief exposure to ether, and both
FB sNMDAR currents show faster decay times (Figure eyelids were sealed with Vetbond (3M) tissue glue. Mothers with

their litters were then maintained in constant ambient light to allow1C), while miniature AMPAR currents show an increase
time for visual experience, slice preparation, and recording of bothin amplitude (Figure 5C). In addition, many of the silent
EO and control littermates (see following) on the same day withoutsynapses with correlated activity add AMPAR currents
a shortly preceding exposure to a dark cycle. EO (removing the glue

through stargazin binding to PSD-95, and this addition and opening the eyelids) was accomplished on half the pups in each
results in the significant increase in miniature AMPAR litter after isofluorane anesthesia. ENO pups were examined daily,
current frequency (Figure 5C). and more glue was added when it was deemed necessary to avoid

spontaneous EO. Animals that achieved spontaneous EO were notFinally, during phase III, beginning �24 hr AEO, differ-
used. Pups remained with their mother, while pairs (one EO and oneent PSD-95 molecules have bound NR2A-rich receptors
ENO) were removed at fixed intervals for sacrifice and physiologicaland AMPARs at the new and surviving synapses of sSC
analyses. Midbrain slices from each pair of pups were examined at

neurons (Figure 5). Continued pattern-driven activity intervals of 6 hr, 12 hr, 24 hr, 3 days, and 7 days AEO. Consequently,
maintains increases in AMPAR currents, begins to de- comparisons between pups with EO and with ENO at each interval
crease NMDAR current amplitude at mature synapses were made with roughly equal numbers of pups from each litter.

For the preparation of brain slices, pups were anesthetized with(detected as amplitude decreases in FB NMDAR sponta-
ether and decapitated prior to dissection of the midbrain. All proce-neous currents; Figure 1C), and probably consolidates
dures followed MIT IACUC-approved protocols.inputs from many axons to fewer axons, each with more

contacts impinging on each cell (Figure 7). Conse-
Electrophysiologyquently, the potentiation of the AMPAR currents that
Recordings were from neurons of the stratum griseum superficiale

was detected in miniature currents at 12 hr becomes of the superior colliculus in 350 �m parasaggital sections of the
detectable as an increase in the AMPAR:NMDAR evoked midbrain. Recorded neurons were imaged with infrared differential

interference contrast and ranged in soma size from 15 to 20 �M. Thiscurrent ratio (Figure 6B). The continued increase in the
size range and location enriched for narrow field vertical neurons butfrequency of SS NMDAR currents, despite a decrease
probably also included some piriform cells (Langer and Lund, 1974).in silent synapses at this time, probably reflects that
Vibratome slices were equilibrated in ACSF (117 mM NaCl, 4 mMnew synapses are being formed and then either rein-
MgCl2, 4 mM KCl, 1.2 mM NaHPO4, 26 mM NaHCO3, 4 mM CaCl2 �

forced with AMPARs or dissolved as the maturation of 2H2O, 15 mM glucose, and 2 �M glycine) for at least 1 hr prior to
sSC circuitry continues (Figure 7). By 1 week AEO, the recording. Recording pipettes (5–10 m	) were filled with 122.5 mM

Cs-gluconate, 17.5 mM CsCl, 8 mM CaCl2, 10 mM HEPES (CsOH),SS currents have completely disappeared from the neu-
0.2 mM Na-EGTA, 2 mM Mg-ATP, and 0.3 mM Na-GTP at pH 7.2–7.4.ropil, an event that may initiate the close of EO-induced
All neurons maintained seal resistances of above 5 G	. Series resist-synaptic refinement at sSC glutamate synapses. Phase
ances were �40 M	, and input resistances were 800–900 M	. Elec-III is therefore prolonged and is not diagrammed in Fig-
trical stimuli used bipolar electrodes composed of a pair of tungsten

ure 8. microelectrodes (WPI) with tip separation of �250 �m. Recordings
used an Axopatch 220B amplifier, a Digidata 1322A interface, and
a PC running Axoclamp software. Currents were sampled at 10 kHzConclusions
and filtered at 5 kHZ. Evoked AMPAR:NMDAR current ratios wereThis model accounts for current findings and is consis-
recorded using stimulus intensities midway between threshold andtent with much earlier work. It does not attempt to in-
saturation. For evoked AMPAR current recording, BMI (10 �m),

corporate the numerous additional interactions that are D,L-AP5 (50 �m), and SIM2081 (10–50 �m) were added to the ACSF
involved in synaptogenesis or plasticity, but it may sug- while holding the voltage at �70 mV. Recordings were made �3

min after the onset of perfusing with SIM2081 added. SIM2081 is agest points in the synaptogenetic process where many
highly specific kainate receptor (KAR) agonist that rapidly desensi-of these interactions are employed. Irrespective of the
tizes KARs and eliminates KAR currents from recordings (Savidgemodel, however, the data in this report show that the
et al., 1999; Cossart et al., 2002). In general, evoked NMDAR currentfirst functional synaptic changes that are induced by
recordings were made at �40 mV with BMI (10 �m) and NBQX (10

EO are in NMDARs and silent synapses. Increases in �m) in the ACSF. Spontaneous NMDAR current recordings were
miniature AMPAR current frequency and amplitude in- made at �70 mV with the same antagonists but with Mg2� removed

from the ACSF. AMPAR miniature currents were recorded at �70dicative of LTP are only detected after the first NMDAR
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mV with BMI (10 �m), D,L-AP5 (50 �m), SIM2081 (50 �m) and TTX (1 References
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