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Neuronal pentraxins (NPs) are hypothesized to play important roles in the recruitment of AMPA receptors (AMPARs) to immature
synapses, yet a physiological role for NPs at nascent synapses in vivo has remained elusive. Here we report that the loss of NP1 and NP2
(NP1/2) leads to a dramatic and specific reduction in AMPAR-mediated transmission at developing visual system synapses. In thalamic
slices taken from early postnatal mice (�P10) NP1/2 knock-out (KO) neurons displayed severely reduced AMPAR-mediated retino-
geniculate transmission. The reduced currents reflected an increased number of silent synapses with no change in quantal amplitude or
presynaptic release. These are the first data to demonstrate that NP1/2 are required in vivo for the normal development of AMPAR-
mediated transmission. In addition, they suggest a novel role for NP1/2 in silent synapse conversion during a discrete developmental
period when visual circuit connections are undergoing eye-specific refinement. After this period, retinogeniculate transmission not only
recovered in the knock-outs but became excessive. The enhanced currents were attributable, at least in part, to a deficit in the character-
istic elimination of functional inputs that occurs in the developing dLGN. These data indicate that the loss of NP1/2 disrupts several
aspects of retinogeniculate development including the initial establishment of AMPAR transmission and the subsequent elimination of
inappropriate circuit connections.

Introduction
AMPA receptor (AMPAR) recruitment is necessary to confer
functionality to newly formed excitatory synapses and is a re-
quirement for normal brain function; however, the mechanisms
underlying the development of AMPAR signaling at nascent syn-
apses remain controversial (Voronin and Cherubini, 2004; Xiao
et al., 2004). Among the molecules hypothesized to act as early
mediators of synaptic AMPAR recruitment are the neuronal pen-
traxins (NPs). This family consists of three members, NP1, NP2
(also known as neuronal activity-regulated protein or Narp), and
NPR (neuronal pentraxin receptor). NPR is an integral mem-
brane protein whereas NP1 and NP2 are secreted molecules, and
the three form heteromultimers in which NP1 and NP2 can be
tethered to the membrane through NPR (Kirkpatrick et al.,
2000). NPs are multifunctional proteins expressed specifically at
excitatory synapses throughout the brain. Recent evidence indi-
cates that one member of this family, NPR, is required for
mGluR1/5-dependent long-term depression (LTD) (Cho et al.,
2008). In contrast, NP1 and NP2 are thought to act trans-
synaptically to cluster AMPARs at postsynaptic sites and to pro-
mote excitatory synaptogenesis (O’Brien et al., 1999, 2002; Reti et
al., 2002; Xu et al., 2003; Sia et al., 2007). In support of this, the

C-terminal domain of NPs has been shown to interact with the N
terminus of glutamate receptor subunits (Xu et al., 2003; Sia et al.,
2007), and overexpression of NPs in cultured presynaptic neu-
rons caused enhanced postsynaptic AMPAR clustering (O’Brien
et al., 1999, 2002). In addition, expression of dominant negative
NP2 in vitro reduces GluR1 clustering along dendrites of cul-
tured spinal neurons (O’Brien et al., 2002), and both knockdown
and knock-out of NPs were shown to reduce GluR4 clustering on
hippocampal neurons (Sia et al., 2007). Despite this compelling ev-
idence supporting a developmental role for NPs in synaptic AMPAR
recruitment, a physiological function for NPs at nascent synapses in
vivo has not been established (Bjartmar et al., 2006).

Here we investigate the function of NP1 and NP2 at retino-
geniculate synapses in the developing mouse visual system.
NP1/2 are expressed in retinal ganglion cells (RGCs) and in the
visual thalamus where they are required for the eye-specific re-
finement of RGC axons during early postnatal life (Bjartmar et
al., 2006); thus, NP1/2 are important molecules in this system
during in vivo development. In addition, RGCs cultured from
NP1/2 KO mice displayed a pronounced delay in the develop-
ment of synaptic AMPAR-mediated currents (Bjartmar et al.,
2006). These data suggested that NP1/2 might participate in the
development of AMPAR-mediated currents at native retino-
geniculate synapses, and that deficits in synaptic physiology could
contribute to the failure of NP1/2 KO axons to segregate normally.
Here we use acute slice physiology to characterize the role of NP1/2
at native retinogeniculate synapses over development. In addition,
because NP1/2 KO mice displayed physiological phenotypes both in
the retina and in the dLGN we used in vivo retinal activity manip-
ulations and axon labeling to investigate the role of retinal
activity in axon remodeling in NP1/2 KO mice.
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Materials and Methods
Animals. All experiments were performed in accordance with the animal
handling guidelines put forward by the Institutional Animal Care and
Use Committee. The generation of the NP1/2 KO animals has been pre-
viously described (Kirkpatrick et al., 2000; Bjartmar et al., 2006).

Slice preparation. NP1/2 double knock-out mice were bred to C57BL/6
background for seven generations to make congenic NP1/2 C57BL/6
mice. Acute slices (325 �m) were prepared from wild-type (WT)
C57BL/6 mice or from mice that were either knock-outs or heterozygous
for NP1 and NP2 using the method of Chen and Regehr, which preserves
the optic tract and dLGN (Chen and Regehr, 2000). Throughout the
course of the experiments two different cutting solutions were used;
either a high-sucrose-based solution containing the following (in mM):
50.0 NaCl, 25.0 NaHCO3, 150.0 Sucrose, 10.0 Dextrose, 2.5 KCl, 1.0
NaH2PO4, 0.5 CaCl2, 7.0 MgCl2*6H20, or a choline-based solution con-
taining the following (in mM): 78.3 NaCl, 23.0 NaHCO3, 23.0 Dextrose,
33.8 Choline Chloride, 2.3 KCl, 1.1 NaH2PO4, 6.4 MgCl2, 0.45 CaCl2.
Chemicals were obtained from Sigma. After cutting, slices were incu-
bated in oxygenated 32–34°C cutting solution for 25– 40 min and then
transferred to oxygenated ACSF consisting of (in mM): 125.0 NaCl, 25.0
NaHCO3, 25.0 Dextrose, 2.5 KCl, 1.25 NaH2PO4, 2.0 CaCl2, 1.0
MgCl2*6H20. For recordings of quantal events calcium was omitted from
the recording solution and replaced with 3 mM strontium. Slices were
incubated in ACSF for 25– 40 min during which time they were allowed
to cool to room temperature. Slices were continuously perfused with
oxygenated ACSF during the recording period.

Electrophysiology. Whole-cell voltage-clamp recordings of geniculate
neurons were obtained using 2.5–3.5 MOhm patch electrodes containing
an internal solution consisting of the following (in mM): 35 CsF, 100
CsCl, 10 EGTA, and 10 HEPES. Inhibitory inputs were blocked with 20
�M bicuculline methobromide (Tocris Bioscience). Recordings were
sampled at 10 –20 kHz and filtered at 1 kHz. Access resistance was mon-
itored throughout the recording period and was adjusted to 4 –9 MOhms
after 70% compensation. A stimulating electrode (either concentric bi-
polar or two glass electrodes filled with ACSF) was placed just touching
the surface of the optic tract next to the ventral LGN, and 1 ms stimuli
ranging from 0 to 40 �A were delivered every 30 – 60 s. NMDAR-
mediated current amplitudes were measured at a holding potential of
�40 mV by evoking synaptic currents and measuring the peak of the
current trace at a time when the AMPAR-mediated currents no longer
contributed to the response: 20 –30 ms after the onset of the EPSC for the
P6 through P9 recordings, and 10 –15 ms after EPSC onset for the P17
through P20 recordings. Synaptic currents were analyzed using a variety
of software programs including Igor Pro, Synaptosoft Mini Analysis,
Microsoft Excel, and GraphPad Prism. Statistical comparisons were
made using a Student unpaired t test unless otherwise stated.

Intraocular injections. Mice were anesthetized with isoflurane, and
fused eyelids were gently separated with tweezers. A 30.5 gauge beveled
syringe tip was used to pierce the eye at the corneal-scleral junction. This
allowed some vitreal solution to escape, releasing some of the intraocular
pressure. After the escaped vitreous was wicked away, a blunt-tipped
Hamilton syringe was inserted into the hole and 0.5–1.0 �l of solution
was injected (0.5 �l for P4 mice, 0.75 �l for P6 mice, and 1.0 �l for P8/9).
To increase retinal activity a 2 mM solution of CPT-cAMP (Tocris Bio-
science) was injected binocularly. For experiments in which spontaneous
activity was blocked in one eye a 1 mM solution of epibatidine (Sigma)
was injected into the right eye and a saline-only solution was injected into
the left eye. For anterograde labeling of RGC axons a 0.5% solution (in
saline) of the � subunit of choleratoxin conjugated to Alexa 594 (Invitro-
gen) was injected into the epibatidine-treated eye and an Alexa 488 con-
jugate was injected into the control-treated eye. Control animals received
binocular saline injections followed by Ct�-594 and Ct�-488 in the right
and left eyes, respectively.

Analysis of retinogeniculate projections. Brains were removed 24 h after
intraocular injection with the fluorescent tracers and fixed overnight in
4.0% PFA. Coronal sections (50 �M) were prepared using a Leica vibrat-
ing microtome and imaged on a Nikon Eclipse microscope. Images were
taken using a Photometrics Coolsnap camera and imported into Adobe

Photoshop for analysis. Grayscale images were converted into binary
(black and white) images using a threshold that corresponded to a loca-
tion in the grayscale histogram where there was a clear distinction be-
tween the label and background fluorescence signals, values typically
corresponded �30 on the grayscale range of 0 –255 (Muir-Robinson et
al., 2002; Torborg and Feller, 2004). Thresholded images were imported
into ImageJ. The boundaries of the dLGN were delineated to exclude
label from the optic tract, intrageniculate leaflet, and ventral LGN. Mea-
surements of the area of the dLGN occupied by the ipsilateral projections
were calculated by selecting all white pixels within the delineated area.

Results
In the rodent dorsal lateral geniculate nucleus (dLGN), the bulk
of synaptogenesis occurs over the first week of postnatal life and it
is during this time that AMPAR-mediated currents can first be
recorded from retinogeniculate synapses (Ziburkus and Guido,
2006). This period also corresponds to the peak of NP1/2 expres-
sion in this system (Bjartmar et al., 2006). Therefore, to assess the
role of NP1/2 in the development of retinogeniculate synaptic
function we recorded from dLGN neurons in acutely prepared
brain slices between the ages of postnatal day 6 and 9 (P6 –P9),
when AMPAR-mediated currents could be reliably detected in all
WT dLGN neurons. Slices containing the dLGN and the optic
tract were prepared using the method of Chen and Regehr, which
preserves the retinal inputs to the nucleus (Chen and Regehr,
2000). Optic tract stimulation was used to evoke transmission at
retinogeniculate synapses and thalamic neurons were voltage
clamped at either �70 mV or �40 mV to measure AMPAR-
mediated and NMDAR-mediated currents, respectively. As is
characteristic of early retinogeniculate transmission, this method
produced robust evoked NMDAR-mediated currents and some-
what weaker AMPAR-mediated currents, and varying the stimulus
intensity showed that the immature relay neurons were multi-
innervated (Fig. 1A,B). Indeed all parameters of evoked WT
transmission reported below are in good agreement with previ-
ous studies (Chen and Regehr, 2000; Liu and Chen, 2008).

Like WT neurons, neurons from NP1/2 heterozygous animals
(NP1/2 Hets) and neurons from NP1/2 KO animals also dis-
played robust NMDAR-mediated evoked responses (Fig. 1A,B).
However, in contrast to WTs and NP1/2 Hets, we observed little
to no AMPAR-mediated transmission in recordings from NP1/2
KO neurons (Fig. 1A,B). When relay neurons were voltage clamped
at �70 mV and a maximal stimulus was delivered to the optic tract,
the peak amplitudes of the AMPAR-mediated responses were
severely reduced in NP1/2 KO neurons compared to WT and
NP1/2 Het neurons (Fig. 1C) (WT � �244.20 � 31.97 pA, Het �
�209.95 � 42.32 pA, KO � �80.86 � 19.48 pA; WT, KO p �
0.05, Het, KO p � 0.05 by one-way ANOVA followed by Bonfer-
roni multiple-comparisons test). The AMPA/NMDA ratio, a
measure of the relative strength of the two components of the
evoked response, was also decreased in NP1/2 KO neurons (Fig.
1D) (WT � 0.44 � 0.07, Het � 0.36 � 0.04, KO � 0.14 � 0.03;
WT, KO p � 0.05, Het, KO p � 0.05 by one-way ANOVA fol-
lowed by Bonferroni multiple-comparisons test). The reduced
ratio reflected a specific deficit in the AMPAR-mediated currents
because neither the average amplitude (Fig. 1C) (WT � 636.76 �
129.98 pA, Het � 658.20 � 115.49, KO � 657.97 � 93.81 pA;
WT, KO p � 0.05, Het, KO p � 0.05) nor time course (WT �
194.48 � 16.66, Het � 220.92 � 9.27, KO � 209.30 � 19.55; WT,
KO p � 0.05, Het, KO p � 0.05) of the NMDAR-mediated re-
sponses were affected by NP1/2 knock-out (one-way ANOVA
followed by Bonferroni multiple-comparisons test). We reasoned
that this specific reduction in AMPAR-mediated transmission with
no accompanying change in NMDAR-mediated transmission was
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likely to have a postsynaptic origin, and
we tested this using a common measure of
presynaptic release probability, the paired
pulse ratio (PPR). Because the NP1/2 KO
AMPAR-mediated currents were small
and sometimes absent we analyzed the
PPR of the NMDAR-mediated currents.
In this and subsequent experiments we fo-
cused on WT and KO neurons because
heterozygous neurons displayed synaptic
currents that were indistinguishable from
WTs. PPRs were measured at 5 different
interstimulus intervals (ISIs) (50, 100,
200, 500, and 1000 ms), and no differ-
ences were found between WT and KO
PPRs at any of these intervals (Fig.
1 E, F ) (two-way ANOVA followed by
Bonferroni post-tests), suggesting that
presynaptic release is not reduced by the
loss of NP1/2. Together, these data dem-
onstrate that the absence of NP1/2 during
in vivo development leads to a specific deficit
in AMPAR-mediated transmission at newly
formed synapses.

In the NP1/2 KO mouse RGC spiking
was shown to be increased during early
postnatal life (Bjartmar et al., 2006), rais-
ing the possibility that the severely re-
duced AMPAR-mediated currents in the
KO dLGN could be attributable to altered
retinal activity instead of to the loss of
NP1/2 from retinogeniculate synapses
(Shah and Crair, 2008a). To begin to dis-
tinguish between these possibilities we
pharmacologically enhanced RGC spiking
in WT animals in vivo and subsequently
measured retinogeniculate currents to de-
termine whether increased retinal activity
can lead to diminished retinogeniculate
transmission. Binocular injections of the
cAMP analog, CPT-cAMP, were used
to enhance RGC spiking because this treat-
ment has been previously demonstrated to
increase RGC activity in WT animals
through enhancing presynaptic drive from
cholinergic amacrine cells (however, we did
not verify the effects of cAMP in this study)
(Stellwagen et al., 1999). Retinal activity was
increased for 3–4 d between the ages of P4
and P7 to P8 via repeat intraocular injec-
tions performed 48 h apart. Retinogenicu-
late currents were assessed on P7 and P8. No
difference in retinogeniculate transmission
was observed between CPT-cAMP and
saline-treated animals (supplemental Fig. 1,
available at www.jneurosci.org as supplemental material).
This finding shows that increased retinal spiking, per se, does
not reduce AMPAR-mediated transmission at retinogenicu-
late synapses, which is consistent with a direct role for NP1/2
in retinogeniculate transmission. However, it remains possi-
ble that the unique features of retinal waves altered in the
NP1/2 KOs might contribute to synaptic AMPAR-mediated
recruitment.

What synaptic mechanisms might account for the reduced
AMPAR-mediated currents in NP1/2 KO neurons? Because neu-
ronal pentraxins have been reported to cluster glutamate recep-
tors at hippocampal and spinal synapses (O’Brien et al., 1999,
2002; Xu et al., 2003; Sia et al., 2007), we hypothesized that the
decrease in AMPAR-mediated transmission was attributable to
the presence of fewer AMPARs clustered at retinogeniculate syn-
apses. To test this we measured quantal size, which should be

Figure 1. NP1/2 knock-out neurons have a specific deficit in AMPAR-mediated synaptic transmission during early postnatal
development (P6 –P9). A, Example traces of postsynaptic responses from WT, NP1/2 Het, and NP1/2 KO dLGN neurons voltage
clamped at �70 mV (downward currents) and �40 mV (upward currents) where the optic tract was stimulated over a range of
stimulus intensities. B, Example input– output curves showing EPSC amplitude as a function of stimulus intensity at �70 mV and
�40 mV. C, Average amplitudes of maximal AMPAR and NMDAR-mediated currents. D, Average AMPA/NMDA ratios of maximal
currents. C, D, n � 9 WT animals (26 cells), 6 NP1/2 Het animals (15 cells), and 6 NP1/2 KO animals (26 cells). Data displayed as
mean�SEM and compared by one-way ANOVA followed by Bonferroni post-tests. *p�0.05. E, Example traces from a WT neuron
(upper) and a NP1/2 KO neuron (lower) voltage clamped at�40 mV and stimulated with pairs of pulses at 5 different interstimulus
intervals (50, 100, 200, 500, and 1000 ms). F, The average PPRs for WTs (3 animals, 8 cells) and NP1/2 KO neurons
(2 animals, 4 cells) over the 5 ISIs tested. No differences were found by two-way ANOVA followed by Bonferroni post-tests.
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reduced in NP1/2 KO neurons if each synapse contains fewer
AMPARs. Because dLGN neurons receive excitatory input from
both retinal and cortical inputs it is impossible to know the origin
of spontaneously released vesicles; consequently, we used optic
tract stimulation to evoke quantal events specifically at retino-
geniculate synapses. This was accomplished by replacing extracellu-
lar calcium with strontium, which promotes the asynchronous
release of synaptic vesicles (Miledi, 1966). Accordingly, we found
that strontium both reduced the EPSC (Fig. 2A, arrows) and
allowed for the resolution of unitary events (Fig. 2A, asterisks)
at a frequency that was 5.9-fold greater than the background rate
(event frequency without stimulation compared to the frequency
measured during the first 300 ms after stimulation). This suggests
that �83% of the analyzed events were evoked from RGC syn-
apses, whereas the remaining 17% were a mixed population aris-
ing from both retinal and cortical inputs; therefore, at least 83%
of the events occurred at retinogeniculate synapses. Although the
initial responses were greatly reduced in NP1/2 KO neurons com-
pared to WT neurons (Fig. 2A), the average size of the quantal
events did not differ between the genotypes (Fig. 2B, example
traces) (average quantal size for WTs and NP1/2 KOs were
�9.49 � 0.42 pA and �9.89 � 0.64 pA, respectively; p � 0.05).

Because quantal size at young retino-
geniculate synapses is quite small (Chen
and Regehr, 2000) decrements in quantal
size may be difficult to detect as reduced
events could fall into the noise. To address
this issue we first confirmed that the base-
line signals did not differ between the WT
and NP1/2 KO recordings by comparing
their average SDs (WT � 2.76 � 0.30 pA,
NP1/2 KO � 2.71 � 0.33 pA; p � 0.05).
To then determine whether the two pop-
ulations of event amplitudes differed in
profile we analyzed the cumulative prob-
ability of event amplitudes using 1 pA bins
(Fig. 2C). If the loss of NP1/2 leads to
many quantal events falling below the de-
tection limit then we would expect this
distribution to be left-shifted; however,
the distributions were very similar in pro-
file and were not statistically different
from one another (Kolmogorov–Smirnov
test, p � 0.05). These surprising data
strongly suggest that reduced quantal size
does not underlie the deficit in AMPAR-
mediated transmission in NP1/2 KO
neurons.

If quantal size is unaltered in NP1/2
KO, neurons what accounts for their di-
minished AMPAR-mediated currents?
One possibility is that loss of NP1/2 results
in fewer AMPAR-containing synapses,
that is, an increased number of silent syn-
apses. Analysis of the currents arising
from the stimulation of presumably single
retinal fibers has previously provided evi-
dence for silent synapses at this develop-
ing connection (Chen and Regehr, 2000;
Liu and Chen, 2008). Early in develop-
ment individual retinal inputs form rela-
tively few AMPAR-containing synapses
with dLGN neurons; therefore, some-

times all the synapses associated with an individual retinal input
are silent. These silent inputs can be detected using the protocol
of Chen and Regehr (2000) in which reduced stimulus intensity is
used to presumably activate just one retinal axon. Based on these
studies, a retinal input is considered silent when this stimulus,
which produces the smallest reliable NMDAR-mediated re-
sponse when held at �40 mV, fails to elicit an AMPAR-mediated
current when the neuron is held at �70 mV. We compared the
number of these silent inputs observed in the WT and NP1/2 KO
populations as an indicator of the relative abundance of silent
synapses present on WT and KO neurons (Fig. 3). Using this
protocol most WT neurons responded when held at either �40
mV or �70 mV; however, 38% (9 of 24) showed no AMPAR-
mediated current creating a bimodal histogram of response am-
plitudes at �70 mV (Fig. 3A,C). In contrast, most NP1/2 KO
neurons had detectable responses only at �40 mV with 69% (18
of 26) showing no AMPAR-mediated current; therefore, NP1/2
KO neurons had approximately twice as many silent inputs as
WT neurons (Fig. 3A,D). Because single fiber stimulation either
did or did not result in a postsynaptic response at �70 mV we
used the binomial test to determine whether the probability of
failure was higher in the NP1/2 KOs compared to WTs. We found

Figure 2. Quantal size is not reduced in early postnatal NP1/2 KO dLGN neurons (P6 –P9). A, Examples of evoked responses in
the absence and presence of Sr �2. Top left traces shows a WT recording in our regular Ca 2�-containing external. The middle trace
shows the WT response to the Sr 2� external. The bottom right trace is an example from an NP1/2 KO recording in Sr 2�. Traces
display an initial fast response (arrows) followed by delayed release of quantal events (asterisks). B, Overlay of the average
miniature even from a WT neuron (black) and an NP1/2 KO neuron (gray). C, Cumulative probability histogram shows the average
of the individual cumulative probability histograms. Distributions were not different by a Kolmogorov–Smirnov test. Data dis-
played as mean � SEM. For WTs n � 4 animals (13 cells), and for KOs n � 3 animals (10 cells).

Koch and Ullian • Increased Silent Synapses in NP1/2 KO J. Neurosci., April 14, 2010 • 30(15):5404 –5414 • 5407



that, given the probability of failure in the
WT population, the likelihood of obtain-
ing the specific distribution of responses
and failures that was observed in the
NP1/2 KO population (that is, 8 responses
and 18 failures) was 0.0003, a highly sig-
nificant reduction from WT ( p � 0.001).

Because there are twice as many silent
inputs in the NP1/2KOs compared to the
WTs this suggests that KO neurons have
at least twice as many silent synapses as
WT neurons, and the average amplitudes
of the successful single fiber responses re-
corded at �70 mV were in good agree-
ment with this interpretation. On average
the single fiber responses of the KOs at
�70 mV were approximately half the size
of the single fiber WT responses (Fig. 3B)
(WT � �31.06 � 4.03 pA, NP1/2KO �
�16.29 � 0.78 pA; p � 0.01). Similarly,
the average AMPA/NMDA ratios were
also reduced in NP1/2 KO neurons
(WT � 0.44 � 0.12, KO � 0.13 � 0.05;
p � 0.05). In WT animals the average
quantal response at this age is �9.49 pA
and the average single fiber response is
�31.06 pA, suggesting that a typical WT
RGC forms �3 fully functional AMPAR-
containing synapses with a given WT
dLGN neuron. In contrast, the average
quantal and single fiber responses of the
NP1/2 KOs were �9.89 pA and �16.29
pA, respectively, suggesting 1.5 AMPAR-
containing synapses per RGC input; a reduction of approxi-
mately one half. Finally, the average single fiber responses at �40
mV were identical between WTs and KOs (Fig. 3B,D) (WT �
54.49 � 7.06, NP1/2KO � 61.20 � 10.07, p � 0.05). Because
both the maximal and presumed single fiber NMDAR-mediated
responses were the same for WTs and KOs, this suggests that the
total number of synapses formed between individual RGCs and
dLGN neurons was not altered by the loss of NP1/2 (Chen and
Regehr, 2000). Based on these data we conclude that the deficit in
synaptic transmission in the NP1/2 KO animals is most likely
attributable to an increased number of synapses lacking func-
tional AMPARs. These surprising findings suggest a novel role for
NP1/2 in silent synapse conversion during early postnatal devel-
opment; however, they do not rule out the possibility that NP1/2
may modulate the functional properties of AMPARs.

In WT mice AMPAR-mediated responses at retinogeniculate
synapses strengthen dramatically between P10 and P30, which
leads to approximately a fivefold increase in the AMPA/
NMDA ratio and shifts retinogeniculate transmission from be-
ing NMDAR to AMPAR-dominated (Chen and Regehr, 2000).
To determine whether this characteristic phase of synaptic
strengthening is prevented in the absence of NP1/2 we measured
synaptic transmission during this period, between the ages of P17
and P20. At this later age we found robust AMPAR-mediated
responses in both WT and NP1/2 KO neurons (Fig. 4A) with
AMPA/NMDA ratios that no longer differed between the two
groups (WT � 1.17 � 0.21; KO � 1.53 � 0.29; p � 0.05), indi-
cating that at this age NP1/2 are no longer required for the
strengthening of AMPAR-mediated transmission. Although these
data do not rule out a role for NP1/2 in the strengthening of

AMPAR-mediated transmission later in development, they
highlight the importance of NP1/2 at immature synapses be-
cause at this early stage retinogeniculate synapses cannot easily
compensate for the loss of NP1/2.

A surprising aspect of our P17-P20 recordings was that al-
though the AMPA/NMDA ratios of NP1/2 KO neurons were not
significantly different from WTs, the absolute amplitudes of both
the AMPAR and NMDAR-mediated currents were increased in
NP1/2 KO neurons compared to WT neurons (Fig. 4B) (WT
AMPA � �1102.92.08 � 173.16 and NMDA � 1057.03 �
220.92 pA; KO AMPA � �2993.84 � 535.27 and NMDA �
1900.29 � 184.48; p � 0.05 for both current components). We
next asked whether an increase in the strength of individual in-
puts might be contributing to the enhanced maximal KO cur-
rents. Using minimal stimulation to measure the currents arising
from presumably single fibers we found that WTs and KOs did
not differ in the amplitudes of their presumed single fiber
AMPAR-mediated currents (Fig. 4C,D) (WT � �195.77 �
53.86, NP1/2KO � �193.13 � 73.80; p � 0.05), the amplitude of
their single fiber NMDAR-mediated currents (Fig. 4C,D) (WT �
184.33 � 84.64, NP1/2KO � 144.27 � 25.22; p � 0.05), or in
their AMPA/NMDA ratios (WT � 1.16 � 0.18, NP1/2KO �
1.46 � 0.49; p � 0.05).

Because the presumed single fiber currents were not increased
in the KOs, this suggests that enhanced presynaptic release may
not contribute to their excessive total synaptic drive; however, to
investigate the contribution of altered release probability to the
aberrantly large synaptic currents in the KOs we measured the
paired pulse ratios of P17-P20 WT and NP1/2 KO neurons. Using
an ISI of 100 ms and found that there was no difference between

Figure 3. Young NP1/2 KO dLGN neurons (P6 through P9) have an increased number of silent synapses. A, Example traces from
WT (left) and NP1/2 KO (right) neurons at�40 and�70 mV showing responses to minimal stimulation (7.5 �A for both cells). WT
neuron shows responses at both �40 and �70 mV, whereas NP1/2 KO neuron shows a response only at �40 mV. B, Average
amplitudes of presumed single fiber responses at �70 mV and �40 mV. C, Histogram of single fiber responses of WT and NP1/2
KO neurons held at �70 mV. Note the increase in the number of NP1/2 KO neurons that showed no response. D, Histogram of
single fiber responses of WT and NP1/2 KO neurons held at �40 mV. B–D, Data displayed as mean � SEM. **p � 0.01. Dataset
included 24 cells from 8 WT animals and 26 cells from 6 KO animals.
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the two groups when recorded at either �70 mV in the presence
of cyclothiazide to eliminate the effects of AMPAR desensitiza-
tion (Chen and Regehr, 2003) (Fig. 4E,F) (WT � 0.50 � 0.06;
KO � 0.51 � 0.09; p � 0.05) or at �40 mV (Fig. 4F) (WT �
0.51 � 0.05, NP1/2KO � 0.49 � 0.06; p � 0.05). These findings
suggest that enhanced presynaptic release does not account for
the increased synaptic currents in the NP1/2 KOs.

Because the maximal currents were enhanced in the KOs while
their single fiber currents were unchanged, this suggests individual

dLGN neurons may be innervated by an in-
creased number of RGC axons. While
AMPAR-mediated transmission is dra-
matically strengthened at “winning” reti-
nogeniculate synapses between P10 and
P30, another prominent feature of this
phase of retinogeniculate development is
the removal of inappropriate functional
connections. This phase is often referred
to as “within-eye segregation” because
eye-specific segregation is largely com-
pleted but dLGN neurons are still refining
excessive inputs originating from the
same eye. During this period the number
of RGC inputs onto individual dLGN
neurons is reduced from around a dozen
to just one or two (Chen and Regehr,
2000; Ziburkus et al., 2003). Because both
synaptic maturation and eye-specific seg-
regation are severely delayed in the NP1/2
KOs (Bjartmar et al., 2006), we reasoned
that within-eye segregation might also be
delayed in the absence of NP1/2 leading to
more highly innervated dLGN neurons.
Two methods were used to determine
whether P17-P20 NP1/2 KO neurons
might receive input from a greater num-
ber of RGCs than WT neurons. First, we
divided the maximal currents by the min-
imal currents to estimate the number of
inputs received by individual dLGN neu-
rons. This method suggested that on aver-
age WT neurons between the ages of P17
and P20 receive approximately four to
five inputs (Fig. 5B) (input number �
4.71 � 1.80 and 4.94 � 1.91 when neu-
rons were held at �70 mV and �40 mV,
respectively), an estimate similar to pre-
vious reports (Hooks and Chen, 2006).
In contrast, NP1/2 KO neurons were es-
timated to receive input from around a
dozen RGCs, a significant increase (Fig.
5B) (input number � 12.99 � 5.64 at
�70 mV and 13.14 � 3.58 at �40 mV;
p � 0.05 for both).

To gain further evidence regarding
whether input elimination might be aber-
rant in the NP1/2 KOs we counted func-
tional inputs onto dLGN neurons using a
common method in which the stimulus
amplitude is adjusted to elicit a single fiber
response and then gradually increased to
systematically recruit all additional inputs
to the neuron (Fig. 5A,C) (Chen and Re-

gehr, 2000). The visibly discernable “steps” in the current traces
were counted and cells were characterized by sorting them into
three categories: “refined” cells had just one or two large inputs,
“resolving” cells had three to six easily discernable inputs, and
“unrefined” cells had more than six inputs with current steps that
were less well separated (Hooks and Chen, 2006; Stevens et al.,
2007). Inputs were counted blind to genotype to prevent experi-
menter bias. At this age, dLGN neurons are in the process of
becoming refined and they typically receive one or two strong

Figure 4. P17 to P20 NP1/2 KO animals strengthen AMPAR-mediated currents by an NP1/2-independent mechanism and
develop aberrantly large current amplitudes. A, Example traces at �40 mV and �70 mV from WT and NP1/2 KO neurons at age
P19 showing maximal evoked responses (50 �A stimulus). B, Average saturating AMPAR and NMDAR-mediated responses. C,
Example traces of presumed single fiber responses from a WT neuron (10 �A stimulus) and a KO neuron (7.5 �A stimulus) recorded
at �40 mV and �70 mV. D, Average minimal AMPAR and NMDAR-mediated responses. B, D, Data displayed as mean � SEM. For
WTs n � 8 animals and 17 cells. For KOs n � 9 animals and 17 cells. *p � 0.05. E, Examples of PPRs at �70 mV in cyclothiazide.
F, Quantification of PPRs recorded at �70 mV and �40 mV. For �70 mV recordings n � 3 WT animals (8 cells) and n � 2 KO
animals and 6 cells. For �40 mV recordings n � 2 animals and 4 cells for both genotypes. Data displayed as mean � SEM.
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inputs and sometimes a few additional
weak inputs (Jaubert-Miazza et al., 2005;
Hooks and Chen, 2006; Ziburkus and
Guido, 2006). As expected for this age, we
found that all WT cells were either refined
or resolving (Fig. 5C). However, we found
no fully refined NP1/2 KO neurons at this
age while many KO neurons remained
unrefined (Fig. 5C), which is consistent
with the increased input number esti-
mated above. Together these data indicate
that NP1/2 KO dLGN neurons fail to
prune their retinal inputs on a normal
time course and suggest that collectively
the excess inputs are capable of driving
aberrantly large currents.

Finally, the striking temporal correlation
between the delayed development of
AMPAR-mediated currents observed in this
study and the delay in eye-specific segrega-
tion in the KOs that was previously reported
begs the question of whether these processes
might be linked. As a first step toward an-
swering this question we sought to deter-
mine whether eye-specific segregation
might be blocked at the level of retino-
geniculate synapses in the NP1/2 KOs. Al-
ternatively, as mentioned earlier, NP1/2
KOs also displayed slightly altered retinal
activity during this period. Although none
of the parameters of spontaneous RGC ac-
tivity that are thought to be required for eye-
specific segregation were altered in the
NP1/2 KOs (Torborg et al., 2005; Bjartmar
et al., 2006) it remains possible that in-
creased spike frequency within bursts pre-
vents eye-specific segregation in the KOs. To
investigate the level of the circuit at which
segregation is blocked in the absence of NP1/2 we used in vivo drug
administration and axon labeling. In WT animals intraocular drug
administration was previously used to show that eye-specific segre-
gation is a competitive process (Penn et al., 1998; Stellwagen and
Shatz, 2002). In these studies correlated retinal waves were either
disrupted or enhanced in just one eye. The authors showed that
reducing activity in one eye causes the axon arbors from the blocked
eye to lose territory in the dLGN while the arbors from the untreated
eye expand, and the converse is true when activity is enhanced in one
eye. Here we used this protocol to determine the level of the circuit at
which eye-specific segregation is blocked in the absence of NP1/2. If
in the KOs retinal axons fail to refine because these animals experi-
ence slightly altered retinal activity, then pharmacological manipu-
lations that dramatically perturb the balance of activity between the
two eyes (for example, inhibiting activity in one eye) may be able
to overcome this and drive axon remodeling in the KO dLGN.
However, if in the NP1/2 KOs eye-specific segregation is
blocked downstream of retinal activity (for instance, at the
level of retinogeniculate synapses) then one would predict that
axon refinement would remain blocked even when activity is
reduced in one eye. For these experiments one eye was injected
with epibatidine on P4, P6, and P8 to abolish correlated retinal
waves and to reduce overall retinal spiking (Sun et al., 2008)
between the ages of P4 and P10, the normal period for eye-

specific segregation (Godement et al., 1984). The other eye was
treated with saline. Fluorescent dyes were injected into the
eyes on P9 and brains were removed for analysis at P10. In
addition, control groups of WT and KO animals received bin-
ocular saline injections. Our assumption in these experiments
is that epibatidine blocks correlated retinal activity in KOs as
well as in WTs, though we did not test this directly.

As was previously shown, we observed that in WT animals, epi-
batidine treatment led to a reduction in the size of the ipsilateral
projection arising from the drug-treated eye and an expansion of the
arbors from the saline-treated eye (Fig. 6A,B) (one-way ANOVA
followed by Bonferroni multiple-comparisons test). In contrast to
these WT findings, when performed on NP1/2 KO mice monocular
injections of epibatidine failed to reduce the ipsilateral projection
arising from the treated eye (Fig. 6A,B). Animals treated with bin-
ocular saline injections showed no imbalance between the sizes of
their ipsilateral projections regardless of genotype. These data indi-
cate that when NP1/2 are absent axon remodeling in the dLGN is
insensitive to manipulations of retinal activity, which strongly sug-
gests that eye-specific segregation is blocked downstream of retinal
activity in young NP1/2 KO mice. These data argue against altered
retinal waves as being the primary cause of the abnormal eye-specific
segregation in the NP1/2 KOs and are consistent with the idea that
the loss of NP1/2 disrupts activity-dependent axon segregation at the
level of the dLGN.

Figure 5. NP1/2 KOs display abnormal input elimination during development. A, Example traces showing a “refined” P18 WT
neuron (top) and an “unrefined” P18 NP1/2 KO neuron (bottom). B, The total current divided by the presumably single fiber current
for WT and NP1/2 KO neurons held at �70 mV and �40 mV. Dataset includes 17 WT cells from 6 animals and 17 KO cells from 7
animals. *p � 0.05. C, WT and KO neurons were classified into unrefined, resolving, and refined categories based on the number
of stepwise increases in synaptic current amplitudes observed in response in increasing stimulus intensity. WT dataset includes 16
cells from 6 animals and KO dataset includes 14 cells from 6 animals.
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Discussion
NP1/2 loss leads to reduced synaptic AMPAR-mediated
currents in vivo
Here we report that in mice lacking NP1/2 AMPAR-mediated
synaptic transmission is severely reduced in the visual thalamus
during early postnatal life. This reduction can be explained by an
increase in the number of synapses lacking detectable AMPAR-
mediated currents with no accompanying changes in quantal
size, paired pulse ratio, or NMDAR-mediated currents. These
data are the first to demonstrate a requirement for NP1/2 in
the establishment of AMPAR-mediated synaptic transmission
in vivo.

Our finding that NPs are key factors mediating the early de-
velopment of AMPAR-mediated transmission is well supported
by previous studies of NP function in cell culture systems
(O’Brien et al., 1999, 2002; Xu et al., 2003; Sia et al., 2007). How-
ever, that NP1/2 are specifically required for early silent synapse
conversion is novel and not predicted from the earlier in vitro
studies. For instance, Sia et al. recorded from HEK293T cells that
were transfected with GluR4 and neuroligin and cultured on NP
triple knock-out hippocampal neurons and found a reduction in
both the amplitude and frequency of their spontaneous currents
(Sia et al., 2007). Similarly, based on biochemical and immuno-
cytochemical data, Xu et al. put forth a model in which NP1/2
modulate both the number and size of glutamate receptor clus-
ters at excitatory synapses with NP1 stimulating modest increases
in glutamate receptor aggregation over baseline and NP2 syner-
gizing with NP1 to more dramatically increase this clustering (Xu
et al., 2003). In contrast to these in vitro findings that suggest
graded models of NP-dependent glutamate receptor recruit-
ment, our in situ data are more consistent with a model in which
NP1/2 are required for the synaptic localization of clusters of
glutamate receptors in an all-or-none fashion.

Our results are also somewhat surprising given that AMPAR-
mediated transmission was measured in NP1/2 KO hippocampal
slices and was not found to be reduced (Bjartmar et al., 2006; Cho
et al., 2008). There are at least three potential explanations for this
discrepancy. First, the mechanisms for AMPAR recruitment may
vary across brain regions. Second, in this study we found that the
requirement for NP1/2 was restricted to a specific developmental
period, suggesting that deficits in hippocampal transmission may
have been missed in the aforementioned studies because those
recordings were performed at later ages. Finally, it has been
suggested that NPs may act preferentially at excitatory syn-
apses located on dendritic shafts (as opposed to spine syn-
apses) (Mi et al., 2002). Because thalamic relay neurons are
largely nonspiny (Rafols and Valverde, 1973; Kriebel, 1975)
they receive nearly all of their excitatory input on dendritic
shafts, and therefore the loss of NP1/2 may more profoundly
impact relay cell transmission (and that of other nonspiny
neurons) than pyramidal cell transmission.

Are the affects of NP1/2 on retinogeniculate
transmission direct?
NP1/2 are synaptic molecules that cluster AMPARs at synapses in
vitro; therefore, it is reasonable to speculate that their loss from
retinogeniculate synapses may alter AMPAR-mediated transmis-
sion. Alternatively, the effects of NP1/2 loss on retinogeniculate
transmission could be an indirect consequence of alterations
in upstream visual circuitry. Specifically, developing RGCs
fire spontaneous bursts of action potentials, and spike fre-
quency during bursts was enhanced in the NP1/2 KOs. To
begin to examine the affect of altered retinal spiking on reti-
nogeniculate transmission we pharmacologically increased
retinal spiking in WT animals in vivo over several days to
determine whether enhanced RGC spiking can reduce retino-
geniculate transmission. Because increased retinal spiking had
no affect on WT transmission, this result argues against the
idea that the enhanced spiking in the KOs is the major cause of
their reduced AMPAR-mediated currents and is consistent
with NP1/2 playing a direct role at developing retinogenicu-
late synapses. However, though cAMP treatment and NP1/2
loss both enhance retinal spiking, their effects on retinal activity
are not identical; therefore, it remains possible that the specific
aspects of retinal activity that are altered in the KOs may play a

Figure 6. Monocular retinal activity blockade with epibatidine between the ages of P4 and
P10 does not drive axon remodeling in the NP1/2 KO dLGN. A, Examples of RGC axon labeling in
the dLGN of P10 vehicle-treated (left column) and epibatidine-treated (right column) WT (top
row) and NP1/2 KO (bottom row) animals. Fluorescent images show the arborization patterns
of both the contralateral and ipsilateral afferents, whereas the black-and-white images below
display the thresholded ipsilateral projections. For the epibatidine-treated animals, the drug-
treated eye received red label. Note the diminished ipsilateral projection from the epibatidine-
treated eye in the WT example, whereas epibatidine failed to diminish the ipsilateral projection
in the KO example. B, Bar graph quantifying the percentage of dLGN area over which the
ipsilateral axons extend. In WT animals epibatidine treatment reduced the area covered by the
ipsilateral axons (n � 3 WT vehicle-treated animals and n � 4 WT drug-treated animals),
whereas epibatidine had no effect on the ipsilateral axons in the NP1/2 KO animals (n � 4 KO
animals in each group). Note that the ipsilateral projection is larger in the P10 KOs than in the
WTs and is similar in size to the ipsi projection of an unrefined P4 WT mouse. B, Data displayed
as mean � SEM. Data analyzed by one-way ANOVA followed by Bonferroni multiple-
comparisons test. *p � 0.05.
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role in recruiting AMPARs to retinogeniculate synapses. An ad-
ditional possibility is that the KO RGCs increase their spiking in
an effort to compensate for their reduced ability to transmit sig-
nals to their postsynaptic partners. In any case, NP1/2 are clearly
required for the normal development of AMPAR-mediated cur-
rents at retinogeniculate synapses in vivo.

The requirement for NP1/2 is restricted to a specific
developmental period
An important finding from this study is that the absence of NP1/2
leads to a deficit in silent synapse conversion during a specific
developmental period, and that after P9 an NP1/2-independent
mechanism arises which can compensate for the loss of NP1/2.
This observation supports the emerging notion that nascent and
more mature synapses use differing mechanisms for synaptic
AMPAR recruitment. Studies have begun to demonstrate funda-
mental differences in the plasticity rules, signaling pathways, and
expression mechanisms that govern synaptic AMPAR recruit-
ment at immature and mature synapses. For example, immature
and mature hippocampal synapses display differing signaling
pathways mediating long-term potentiation (Yasuda et al., 2003).
The involvement of NMDAR activation in synaptic AMPAR ex-
pression also appears to change over development (Kim et al.,
2005; Hall and Ghosh, 2008), and early and late synapses throughout
the brain differ in a variety of molecular components includ-
ing both NMDAR and AMPAR subunits (Zhu et al., 2000;
Barria and Malinow, 2002; Ritter et al., 2002) as well as synaptic
adhesion, signaling, and scaffolding molecules (Petralia et al.,
2005). Though our results certainly do not exclude the possibility
that NP1/2 may strengthen AMPAR-mediated transmission at
more mature synapses, they strongly indicate that NP1/2 play an
important role during the initial establishment of functional syn-
aptic transmission and thereby contribute to our understanding
of the mechanisms orchestrating the development of AMPAR-
mediated transmission.

What is the basis of the excessive synaptic currents observed
in the P17-P20 NP1/2 knock-out animals?
We have previously reported that in the NP1/2 KO dLGN eye-
specific segregation does not occur during the normal period for
this process, but instead ensues later during the period that nor-
mally corresponds to within-eye segregation and functional in-
put elimination (Bjartmar et al., 2006). Here we show that in
addition to delayed eye-specific segregation, functional input
elimination is also altered in the absence of NP1/2. At P17 NP1/2
KO neurons received input from more RGCs than WT neurons at
this age. This finding is likely to reflect a delay in input elimina-
tion rather than a permanent prevention of functional refine-
ment because we observed some KO dLGN neurons that were
clearly beginning to resolve, and from our previous study we
know that eye-specific axons eventually sort themselves out in the
KOs (Bjartmar et al., 2006). However, it remains possible that
within-eye inputs may not completely segregate in the KOs.

Our finding that the extra RGC inputs were collectively capa-
ble of driving larger currents at retinogeniculate synapses is
unique because other manipulations that have been shown to
delay or prevent input elimination at this synapse do not appear
to alter total current amplitudes. For instance, Hooks and Chen
reported that retinal activity block with tetrodotoxin between the
ages examined here similarly prevents input elimination but does
not increase the total AMPAR or NMDAR-mediated currents
(Hooks and Chen, 2006), and Stevens et al. found a similar phe-
notype in the absence of the classical immune molecule C1q

(Stevens et al., 2007). These data suggest that excessive numbers
of retinal inputs do not necessarily lead to excessive currents. In
fact they suggest quite the opposite, that total current amplitude
may be homeostatically regulated in dLGN neurons. This type of
homeostasis has also been reported in the superior colliculus,
another retinorecipient region (Shah and Crair, 2008a,b). In light
of these previous findings, the enhanced synaptic currents ob-
served in the older NP1/2 KO neurons may be attributable to the
failure of such a homeostatic mechanism. For example, the early
loss of AMPAR-mediated transmission in the NP1/2 KO mouse
could lead to an elevation in the homeostatic set-point resulting
in abnormally large AMPAR-mediated currents once these cells
become capable of strengthening them. Interestingly, the AMPA/
NMDA ratios of the older NP1/2 KO neurons were identical to
their WT counterparts, suggesting the amplitudes of the two cur-
rent components may be mechanistically linked. Whether NP1/2
play a role in homeostasis at this connection and what the nature
of that role might be remain open questions for future studies.

In addition, it is worth noting that the third NP, NPR, has
recently been shown to be required for mGluR1/5-dependent
LTD in slices from P21 to P29 hippocampus (Cho et al., 2008);
therefore, an alternative explanation could be that although
NP1/2 clearly strengthen AMPAR-mediated transmission early
on, as development proceeds they may take on a new role in either
limiting or weakening synaptic currents. However, it is unlikely
that defective LTD can explain the excessive retinogeniculate cur-
rents observed in this study for two reasons: first, the Cho et al.
study found no further deficit in LTD when NP1/2 were deleted
in addition to NPR, and second, retinogeniculate synapses are
not thought to express mGluRs (Godwin et al., 1996; Salt, 2002).

Finally, if NP1/2 play a role in the generation of stage III
(glutamatergic) retinal waves then the KOs may experience ab-
normal retinal activity during within eye segregation, which
could contribute to their altered input elimination during this
period. In the future, the basis of the excessive synaptic currents
and the role of NP1/2 during within eye segregation will be inter-
esting topics for additional studies.

What mechanisms underlie the eye-specific segregation defect
in the NP1/2 KOs?
In our previous study we demonstrated that in the NP1/2 KO
mouse retinal axons fail to undergo eye-specific refinement dur-
ing the normal period for this process; however, the mechanistic
basis of this anatomical defect remained unclear (Bjartmar et al.,
2006). Eye-specific segregation requires spontaneous spiking ac-
tivity in the retina (Shatz and Stryker, 1988; Sretavan et al., 1988),
and the structure of the this activity is thought to instruct synaptic
competition in the dLGN (Penn et al., 1998; Rossi et al., 2001;
Muir-Robinson et al., 2002; Stellwagen and Shatz, 2002; but see
Huberman et al., 2003; Stafford et al., 2009). Like WT RGCs,
NP1/2 KO RGCs fired periodic bursts of action potentials, and
KO retinas displayed propagating waves of retinal activity during
eye-specific segregation. In addition, many of the features of ret-
inal waves that are thought to be important for driving segrega-
tion were intact in the KOs (KO RGCs fired action potentials
within high-frequency bursts, bursting among neighboring KO
RGCs was highly correlated, correlated firing diminished with
distance, and interburst intervals were identical between WTs
and KOs). Despite this, some differences between WT and KO
waves were apparent and could contribute to the delayed segre-
gation (Bjartmar et al., 2006). Namely, NP1/2 KO RGCs exhib-
ited increased spike frequencies during bursts which resulted in
both neighboring and more distant KO RGCs firing greater num-
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bers of synchronous spikes. Consequently, we performed an ex-
periment to begin to investigate the impact of altered retinal
activity on eye-specific segregation in the NP1/2 KOs. Retinal
waves were pharmacologically blocked in one eye over the period
of eye-specific segregation using epibatidine (our presumption is
that epibatidine also blocks waves in the KO retinas). Similar to
previous reports, we found that in WT animals monocular blockade
of retinal activity caused the axons from the drug-treated eye to lose
territory in the dLGN while the axons from the saline-treated eye
expanded; however, in the absence of NP1/2 monocular activity
blockade had no effect on the arborization patterns of RGC axons.
The insensitivity of NP1/2 KO axons to the manipulation of retinal
activity suggests that eye-specific refinement may be blocked down-
stream of retinal activity when NP1/2 are absent, perhaps at the level
of retinogeniculate synapses. Thus, NP1/2 may be among a small
number of molecules currently shown to sit at the crossroads be-
tween structural and functional plasticity in this developing circuit
(Upton et al., 1999; Huh et al., 2000; Menna et al., 2003; Stevens et al.,
2007). However, additional experiments will clearly be required to
clarify the relationships between the functional and structural phe-
notypes in the NP1/2 KO mouse.

In summary, the findings presented here demonstrate that
NP1/2 are required in vivo for the normal development of AMPAR-
mediated synaptic transmission and specifically implicate NP1/2 in
silent synapse conversion. These data provide new insight into the
molecular mechanisms for AMPAR recruitment at nascent versus
mature synapses. In addition, the requirement for NP1/2 was re-
stricted to an early developmental period when neural circuits are
undergoing dramatic remodeling, suggesting that NP1/2-dependent
synaptic strengthening could contribute to developmental circuit
refinement.
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