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Abstract

The formation and stability of dendritic spines on excitatory cortical neurons are correlated with adult visual plasticity, yet how
the formation, loss, and stability of postsynaptic spines register with that of presynaptic axonal varicosities is unknown.
Monocular deprivation has been demonstrated to increase the rate of formation of dendritic spines in visual cortex. However,
we find that monocular deprivation does not alter the dynamics of intracortical axonal boutons in visual cortex of either adult
wild-type (WT) mice or adult NgR1 mutant (ngr1—/—) mice that retain critical period visual plasticity. Restoring normal vision for
a week following long-term monocular deprivation (LTMD), a model of amblyopia, partially restores ocular dominance (OD) in
WT and ngrl—-/- mice but does not alter the formation or stability of axonal boutons. Both WT and ngrl—/— mice displayed a
rapid return of normal OD within 8 days after LTMD as measured with optical imaging of intrinsic signals. In contrast, single-
unit recordings revealed that ngri—/— exhibited greater recovery of OD by 8 days post-LTMD. Our findings support a model of
structural plasticity in which changes in synaptic connectivity are largely postsynaptic. In contrast, axonal boutons appear to be

stable during changes in cortical circuit function.
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Introduction

In the mammalian neocortex, most excitatory synapses reside
on dendritic spines, small protrusions from the dendritic shaft
that contain a postsynaptic density (Sala and Segal 2014). The
corresponding presynaptic apparatus harboring synaptic vesi-
cles often forms a varicosity, or bouton, on the axon (Debanne
etal. 2011). Several studies have correlated the rate of formation,
loss, and stability of dendritic spines with experience-depend-
ent plasticity in sensory cortex (Holtmaat and Svoboda 2009).
These imaging experiments have focused almost exclusively
on dendritic spines of apical dendrites present in layer I of
layer V pyramidal neurons, and to a lesser extent II/IIl pyramidal
neurons. Spine dynamics are altered in somatosensory barrel

cortex by several manipulations that affect the size of receptive
fields for associated whiskers, including chessboard deprivation
(Trachtenberg et al. 2002). Similarly, inducing abnormal vision
by closing one eye (monocular deprivation, MD) alters eye dom-
inance and increases spine formation and stability in the bin-
ocular zone of visual cortex of adult mice (Sawtell et al. 2003;
Fischer et al. 2007; Sato and Stryker 2008; Hofer et al. 2009; Sala
and Segal 2014). However, while the turnover of axonal boutons
is lower than that of dendritic spines (De Paola et al. 2006;
Debanne et al. 2011), whether the dynamics of these presynaptic
structures present in layer I are also responsive to sensory
manipulation or correlated with experience-dependent plasti-
city is unknown.
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Ocular dominance (OD) plasticity is a premier model of
experience-dependent plasticity (Morishita and Hensch 2008;
Holtmaat and Svoboda 2009). The developing visual system is
acutely sensitive to the quality of visual experience during a spe-
cified “critical period.” In mice, this critical period extends from
approximately postnatal days (P) 19 to 32 (Gordon and Stryker
1996; Trachtenberg et al. 2002). Monocular deprivation for a few
days (3-5 days) during the critical period shifts the relative OD
toward the nondeprived eye as a consequence of depression of
visual responses to the deprived eye (Frenkel and Bear 2004;
Sato and Stryker 2008). After the critical period, longer periods
of MD (5-7 days) are required to induce an OD shift in adult
mice (Sawtell et al. 2003; Sato and Stryker 2008). This adult OD
shift results from a potentiation of nondeprived eye responses
and correlates with increased spine formation and stability
(Hofer et al. 2009). However, the magnitude of OD plasticity varies
with the method of measurement. Adult OD plasticity is greater
as measured with visually evoked potentials (VEPs) or optical
imaging of intrinsic signals (OIS), 2 techniques that reflect a com-
bination of subthreshold and suprathreshold neural activity,
whereas plasticity is less evident with single-unit electrophysio-
logical recordings that examine neuronal firing (Morishita and
Hensch 2008).

MD lasting a few days induces a transient shift in OD whereas
longer durations of MD (long-term MD, LTMD) initiated near the
opening of the critical period results in both a permanent shift in
OD toward the nondeprived eye and deficits in spatial vision by
the deprived eye, including lower visual acuity (Mitchell and
Sengpiel 2009). In mice, LTMD from P21 to P35 is sufficient to
yield a maximum shift in OD (Gordon and Stryker 1996) and re-
duce visual acuity from the normal value of approximately 0.5 cy-
cles per degree (cpd) to slightly more than 0.3 cpd. In behavioral
tests of visual acuity, this impairment is permanent (Prusky and
Douglas 2003).

Interestingly, mice lacking a functional gene for the neuronal
nogo-66 receptor (ngrl) retain critical period OD plasticity as
adults (McGee et al. 2005). These ngrl mutant mice (ngrl—/-)
also spontaneously recover visual acuity following LTMD (Ste-
phany et al. 2014). Ngr1—/- mice have been reported to exhibit
greater dendritic spine and axonal bouton dynamics in both sen-
sory and motor cortex (Akbik et al. 2013). However, while ngr1 has
been proposed to determine the low set point for synaptic struc-
tural plasticity in adult cortex, whether ngrl alters anatomical
plasticity associated with experience-dependent cortical plasti-
city is not yet known.

To explore the correlation between OD plasticity and the dy-
namics of axonal boutons in visual cortex, first we examined
the turnover and stability of axonal boutons in both adult WT
and adult ngr1—/— mice during 8 days of MD. Next, we correlated
the dynamics of axonal boutons following LTMD with 2 different
measurements of OD plasticity, OIS, and single-unit recordings
for both genotypes. Ngr1—-/— mice displayed greater recovery of
normal eye dominance but neither normal vision, MD, LTMD,
nor binocular vision following LTMD altered the dynamics of
axonal boutons in WT or ngrl—/— mice. We propose that ngrl lim-
its cortical recovery from LTMD but does not restrict anatomical
plasticity of axonal boutons in visual cortex.

Materials and Methods
Mice
All animal procedures were conducted under protocols reviewed

and approved by the Children’s Hospital Los Angeles Insti-
tutional Animal Care and Use Committee.

The constitutive ngrl—/— strain has been described previously
(Kim et al. 2004). The ngri—/— strain was F8 when this line was
re-derived. The line was then backcrossed against C57Bl6
Thy1-EGFP-M transgenic mice (Feng et al. 2000), obtained from
a commercial vendor (The Jackson Laboratory). Mice were group
housed with same-sex littermates, and food and water were
available ad libitum.

Cranial Windows for Repeated Imaging of Axonal
Boutons in Visual Cortex

Male and female ¢57/Bl6 EGFP-M transgenic mice (postnatal (P)
45 and older) (transgenic line M; Jackson Laboratories) were
used. Mice were anesthetized with isoflurane and administered
dexamethasone (4 ug/g body weight) subcutaneously. Body tem-
perature was maintained with a biofeedback heatpad (Physi-
temp). Cranial windows were implanted as previously
described, with a minor modification (Holtmaat et al. 2009). A cir-
cular region of the skull over V1 visual cortex was removed with-
out perturbing the underlying dura. A 2.5-mm diameter #1
thickness cover glass (Bellco) was placed on the dura, affixed
with cyanoacrylate (Krazyglue), and sealed with dental acrylic.
A small aluminum bar with tapped screw holes was embedded
into the acrylic to stabilize the animal for subsequent imaging
sessions. Mice received buprenorphine (0.1 ug/g body weight)
for 3 days post-surgery and their water was supplemented with
carprofen (1:2000) throughout the imaging series. Animals were
given at least 2 weeks to recover before initiating imaging as cra-
nial windows that were optically clear at 2 weeks were likely to re-
main clear for the duration of the experiment. Cranial windows
were implanted between postnatal days 50 and 60. Two-photon
imaging began between postnatal days 64 and 74.

Thinned Skull Cranial Window Preparation
for Intrinsic Signal Imaging

Mice were anesthetized with isoflurane and administered dexa-
methasone (4 pg/g body weight) subcutaneously. Body tempera-
ture was maintained with a biofeedback heatpad (Physitemp).
A circular region of the skull over V1 visual cortex was thinned
and a 3.0-mm diameter #1 thickness cover glass (Bellco) was
placed on the thinned bone, affixed with cyanoacrylate (Krazy-
glue), and sealed with dental acrylic. A small aluminum bar
with tapped screw holes was embedded into the acrylic to
stabilize the animal for subsequent imaging sessions. Animals
received buprenorphine (0.1 pg/g body weight) for 3 days post-
surgery, and their water was supplemented with carprofen
(1:2000) throughout the imaging series. Animals were imaged
starting 2-3 days post-surgery and then subsequently 2, 4, and
8 days later.

Monocular Deprivation

For 8-day MD, the eye contralateral to the hemisphere of study
was closed using a single-mattress suture tied with 6-0 polypro-
pylene monofilament (Prolene 8709H, Ethicon) under brief 1%
isoflurane anesthesia. The knot was sealed with cyanoacrylate
glue. For LTMD, the eye contralateral to the hemisphere of
study was closed on P23. At the conclusion of LTMD, mice were
again briefly anesthetized with isoflurane and the sutures cut
away with fine iridectomy scissors. The eyelids were separated
and the eye flushed with sterile saline solution. The eye was ex-
amined under a stereomicroscope, and mice with scarring of the
cornea were eliminated from the study.
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Optical Imaging of Intrinsic Signals

Imaging was performed as described previously (Cang et al. 2005;
Kalatsky et al. 2005; Smith and Trachtenberg 2007; Sato and Stry-
ker 2008). Mice were administered chlorprothixene (1 ug/g body
weight; Sigma), and anesthesia was maintained with isoflurane.
To visualize visually evoked changes in OIS in V1 visual cortex,
horizontal bar 2 degrees high and 20 degrees wide descended
from +40 to —40 degrees of the mouse’s binocular visual field
with a period of 8 s. This stimulus was repeated 35 consecutive
times per experiment.

Green light (530 + 30 nm) was used to visualize cerebral vascu-
larization and red light (620 + 20 nm) to image intrinsic signals.
The imaging plane was focused ~200-400 um below the pial sur-
face. Images were acquired at 10 frames per second at 1024 x 1024
pixels per image at 12-bit depth with a high-speed camera (Dalsa
1M60) and custom acquisition and analysis software (C++ and
Matlab). Collected images were spatially binned before the re-
sponse at the stimulus frequency was extracted from a complete
time series for each pixel by Fourier analysis (Cang et al. 2005; Ka-
latsky et al. 2005).

To measure OD, vision was occluded for one eye during im-
aging with a removable eye patch constructed from electrical
tape. At the end of each trial, the patch was switched to the
other eye. Three or more trials were conducted for each eye.
The magnitude of each trial was the average of the top 30% of
pixel values within the region of response. Ocular dominance
Index (ODI) was calculated by averaging these trials for each eye
and dividing the difference of the contralateral (C) and ipsilateral
(I) responses by their sum (C-1)/(C +]I).

Single-Unit Recordings

Recordings were adapted from our previously published
methods and were performed by an investigator unaware of the
genotype (McGee et al. 2005). Recordings were performed with
Epoxylite-coated tungsten microelectrodes with tip resistances
of 5-10 MQ (FHC), amplifier (model 3600, A-M systems), and digit-
izer (micro1401, Cambridge Electronic Design) under Nembutal
(50 mg/kg, i.p.; Abott)/chlorprothixene (10 mg/kg, i.m; Sigma)
anesthesia. Atropine (20 mg/kg, s.c.; Sigma-Aldrich) was injected
to reduce secretions and the parasympathetic effects of anes-
thetic agents, and dexamethasone (4 mg/kg, s.c.; American
Reagent) was administered to reduce cerebral edema. Pure O,
gas was blown over the nostrils at 1 L/min. A craniotomy was
made over the left visual cortex, and agar was applied to enhance
recording stability and prevent desiccation. The eyelids were
removed from both eyes, and the corneas protected thereafter
by frequent application of silicon oil. Animal temperature was
maintained at 37°C by a homeostatically controlled heating
pad. Heart rate and oxygen saturation were monitored continu-
ously (Kent Scientific).

The electrophysiological responses for 4-6 cells separated by
>90 um in depth were recorded for each electrode penetration. In
each mouse, 4 to 6 separate penetrations were spaced evenly at
least 200 um apart across the binocular region, defined by a recep-
tive field azimuth of <25°. Responses were evoked with 0.1 cpd
95% contrast sinusoidal drifting gratings presented at 6 different
orientations separated by 30° generated by custom software
(Matlab). Gratings were presented for 2s during a 4-s trial.
Ablank trial was also included during which no grating was pre-
sented. Each of these 7 stimuli (6 orientations and the blank) was
presented 6 times in random order save that each orientation fol-
lowed the blank stimuli only once. Action potentials (APs) were

identified in recorded traces of neural activity with Spike2 (Cam-
bridge Electronic Design). For each unit, APs were summed for
each orientation. The orientation with the greatest number of
APs was considered the preferred orientation. Cells in which
the number of APs at the preferred orientation was not at least
50% greater than the blank were deemed nonresponsive and
discarded.

Cells were assigned to OD categories according to the
7-category scheme of Wiesel and Hubel (1963). To categorize each
unit, first the number of APs for the stimulus blank was subtracted
from the average number of APs per stimuli provided to each eye.
Next, the responses to the contralateral eye (C) and ipsilateral eye
(I) were computed as follows: (C —I)/(C +1) as described previously
(Rittenhouse et al. 1999). This scalar was then binned into OD cat-
egories 1-7 as follows: 1 t0 0.75=1, 0.75 to 0.45=2, 0.45 t0 0.15=3,
0.15 to —0.15=4, —0.15 to —0.45 =5, —0.45 to —0.75 =6, and —-0.75 to
—1=7. To determine the contralateral bias index (CBI), the number
of units in each category was summed for all mice in a group,
and the CBI was calculated according to the formula: CBI = [(n; — ny)
+(2/3)(n2 — ne) + (1/3)(ns — ns) + N|/2N, where N is the total number of
units and n, = number of units with OD scores equal to x (Gordon
and Stryker 1996).

Laminar Analysis

Units were categorized as layer II/III, IV or V based on the depth of
the electrode measured from the pial surface. Units recorded be-
tween 150 and 349 pm were classified as layer II/III, units between
350 and 499 um were classified, and units between 500 and
700 um were classified as layer V.

Chronic In Vivo Two-Photon Imaging

All imaging was conducted blind to the genotype. Animals were
anesthetized with isoflurane, and body temperature was main-
tained with a biofeedback heatpad (Physitemp). Images were ac-
quired with a modified Movable Objective Microscope (Sutter
Instruments) and 40X 1.0 nA water immersion objective (Zeiss)
using scanimage software (MatLab) (Pologruto et al. 2003). The
light source is a Ti:sapphire tunable laser (Chameleon Ultra II, Co-
herent) operating at 910 nm. Imaging typically required less than
50 mW of power. Image stacks consisted of sections (512 x 512
pixels) collected in 1-pm steps. Low-magnification images
(0.56 um/pixel) were taken to visualize axonal arbors. These
guided the high-magnification images (0.14 um/pixel) collected
for bouton analysis. Care was taken to maintain the same level
of fluorescence across imaging intervals. Animals were imaged
every 4 days. Imaging sessions lasted no more than 2h. All
images of neuronal structures presented in this study are best
projections from z-stacks after linear contrast adjustment
(Image J, NIH and Photoshop software, Adobe).

Image Analysis for Axonal Boutons

Boutons were identified and image analysis performed following
published guidelines (De Paola et al. 2006). Boutons were defined
as new if they were 3 times brighter than the surrounding axon
and lost if their fluorescence decreased to lower than 1.3 times
the surrounding axon. All analysis was done blind to genotype
using ImageJ (NIH). Clearly defined boutons present on axons
in the first imaging interval were labeled in ImageJ. In image
stacks from subsequent imaging sessions, experimenters deter-
mined whether a labeled bouton was still present or not and
checked for the appearance of new boutons. Newly added
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boutons were also tracked throughout subsequent imaging ses-
sions. An experimenter blind to genotype analyzed the image
stack series for each field. In the case of a discrepancy between
the 2 sets of analysis, a third experimenter repeated the analysis.

Statistics

Statistical comparisons were performed with Prism software
(GraphPad). All values are reported at the mean + standard error
of the mean (SEM). The rates of addition and loss of axonal bou-
tons were compared with the Kruskal-Wallis test followed by
Dunn’s multiple comparison test (unless otherwise noted) as
the n for these experiments is too small to confirm a normal dis-
tribution. The recovery of OD by OIS was compared between gen-
otypes by repeated-measures two-way ANOVA with Bonferroni
correction for multiple comparisons. Comparisons of WT and
ngrl—/— ODI values at different times post-LTMD were compared
with the ODI of naive mice with the Kruskal-Wallis test followed
by Dunn’s multiple comparison test. Electrophysiological mea-
surements of OD were compared between genotypes using the
Mann-Whitney test. The distributions of OD indices of single
units were compared between genotypes using the Kolmogor-
ov-Smirnov (KS) test.

Results

Axonal Boutons Maintain Normal Dynamics during MD

MD alters dendritic spine density both during the critical period
for OD plasticity and in adulthood (Mataga et al. 2004; Hofer et al.
2009; Djurisic et al. 2013). In adult mice, 4 days of MD doubles the
rate of spine addition in layer I in the binocular zone of primary
visual cortex but does not alter the rate of spine elimination
(Hofer et al. 2009). To test whether axonal boutons in layer
I exhibit similar sensitivity to abnormal visual experience,
we repeatedly imaged axonal structures every 4 days before
and during MD in adult WT and ngrl—-/— mice harboring the
EGFP-M transgene (Feng et al. 2000) (Fig. 1).
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We employed OIS to identify the binocular zone of primary
visual cortex for repeated two-photon imaging of axons
(Fig. 1A). This imaging approach extracts the cortical response
to a periodic stimulus by Fourier analysis and yields the magni-
tude of this response as the fractional change in reflectance spe-
cific to the frequency of the visual stimulus (AR/R) (Fig. 1B)
(Kalatsky and Stryker 2003; Cang et al. 2005). The visual stimulus
was presented in the central 20° of the visual field to both eyes to
map the binocular zone for 8-day MD imaging experiments
(Fig. 1C). The same stimulus was provided exclusively to the non-
deprived eye ipsilateral to the cranial window for subsequent ex-
periments examining axonal plasticity after LTMD (Fig. 1D). Low-
magnification images of a field of axons imaged before and aftera
4-day interval reveal that the clarity and contrast of these images
were sufficient to reliably identify both axons and axonal bou-
tons at multiple time points (Fig. 1E).

First, we imaged axonal boutons in the binocular zone of vis-
ual cortex of both WT and ngrl—/— mice for several consecutive
4-day intervals before MD and then during 8 days of MD (Fig. 2).
The formation and loss of a small percentage of axonal boutons
was evident over this imaging series (Fig. 2A). Prior to MD, the
rates of bouton gain and loss were indistinguishable between
WT and ngrl-/- mice (Fig. 2B,C). In contrast to dendritic spine
dynamics, MD did not alter the rate of bouton addition for either
WT or ngrl-/— mice (Fig. 2B). MD also did not alter the rate of
bouton loss for either genotype (Fig. 2C). The stability of new
boutons also was not statistically different. The percentage of
new boutons that were present for a single imaging time point
and categorized as “transient,” versus boutons that were present
for more than one imagine interval and considered “persistent,”
was similar between genotypes and not altered by MD (Fig. 2D).

Axonal Boutons Maintain Normal Dynamics during
LTMD and following Restoration of Normal Vision

LTMD results in a permanent impairment of visual acuity in WT
mice (Prusky and Douglas 2003). Ngr1—/— mice display low acuity
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Figure 1. Experimental design (A) Schematic for the setup of OIS. The magnitude of the cortical responses (AR/R) to a drifting horizontal bar (left) is represented as false-
color intensity map for each pixel (lower right). The region of response is circled. This corresponds to the binocular zone. Mapping this region onto the surface vasculature
(upper right) identifies the location for chronic two-photon imaging of axonal structures in vivo relative to reference points of the vasculature. (B) (upper) An example trace
of the changes in reflectance for one pixel located within the binocular zone during the presentation of the stimulus [pixel location is indicated by the asterisk in (A)].
Fourier analysis of this waveform extracts the magnitude (AR/R) of the neural response corresponding to the frequency of the visual stimulus. (C) Experimental
timeline for examining axonal plasticity during MD. (D) Experimental timeline for examining axonal plasticity following LTMD. (E) A field of axons in the binocular
zone imaged with two-photon microscopy at 2 time points, 4 days apart. Scale bar 15 um.
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Figure 2. Turnover of axonal boutons in vivo during adult OD plasticity. (A) A field of axons over a 12-day imaging time course. Left, a lower magnification view is presented.
Right, segments of axons repeatedly imaged at 4-day intervals. Filled triangles indicate boutons gained and open triangles indicate boutons lost. (B) The percentage of
boutons gained for each genotype during 2 baseline imaging sessions (Days 4 and 8) were indistinguishable (WT 4 mice, 1278 boutons; ngrl—/— 6 mice, 1253 boutons)
(gained Pre-MD, WT 6.4 +1.1%, n=4, ngrl—/— 7.7 +1.1%, n=6, P >0.9). The rate of bouton gain was similar before (Days 4 and 8) during MD (Days 12 and 16) (WT, pre-
MD, 6.4 +1.1%, 4-day MD, 5.4 +0.6%, P> 0.9; ngr1-/—, pre-MD, 7.7 + 1.1%, 4-day MD, 7.6 + 1.7%, P > 0.9) (C) The percentage of boutons lost for each genotype during were
similar both during 2 baseline imaging sessions (Days 4 and 8) and MD (Days 12 and 16) (WT 4 mice, ngrl—/— 6 mice, lost, WT 7.5 +0.9%, n=4, ngrl—/— 5.5+0.9%, n=6,
P>0.9; WT, pre-MD, 7.5+0.9%, 4-day MD, 8.8+1.7%, P>0.9; ngr1—/—, pre-MD, 5.5 £0.9%, 4-day MD, 9.1+ 1.7%, P>0.25) (D) The percentage of new boutons that were
transient and present for only one imaging session was similar between genotypes and conditions (WT vs. ngrl—/—; P>0.13, pre-MD vs. post-MD, P >0.30). Overall,
there were no significant differences between the rates of bouton gain or loss across genotype or condition. Statistical comparisons within and between genotypes
and conditions were performed with the Kruskal-Wallis test and Dunn’s correction for multiple comparisons.

similar to WT mice in the week following restoration of normal
vision but then exhibit spontaneous improvement in visual acu-
ity over the next 6 weeks (Stephany et al. 2014). To test whether
the dynamics of axonal boutons in layer I are altered by the res-
toration of normal vision in adulthood after LTMD in either WT or
ngrl—/— mice, we imaged axons in the binocular zone of primary
visual cortex contralateral to the deprived eye for several 4-day
intervals during and after LTMD (Fig. 3). There was no difference
between WT and ngrl—-/— mice in the rate of addition of axonal
boutons during LTMD (Fig. 3A). The rate of bouton loss in WT
and ngrl—/— was also similar (Fig. 3B). Reopening of the deprived
eye after approximately 6 weeks of LTMD did not alter the rate of
bouton addition for either genotype but did increase the variabil-
ity in the rate of bouton loss. This resulted in a trend toward
greater bouton loss in the 4 days following eye re-opening, but
this difference did not achieve statistical significance (Fig. 3B).
In contrast to the effects of MD on OD and dendritic spine dynam-
ics, presynaptic structural plasticity by putative intracortical
axons was not altered by either MD or restoration of vision fol-
lowing LTMD (Fig. 3A-D).

WT and ngrl—/— Mice Recover Normal Contralateral Bias
Rapidly following LTMD as Assessed with OIS

Improvement in visual acuity in ngrl—/— mice by the previously
deprived eye following LTMD requires several weeks of subse-
quent normal vision. To examine the acute response of primary
visual cortex to restoration of vision after LTMD in WT and
ngrl-/— mice, we performed chronic OIS to measure OD in the
binocular visual cortex from immediately following re-opening
the deprived eye to 8 days thereafter (Fig. 4). The relative strength

of the cortical response to the same visual stimulus provided
to the contralateral eye (C) and ipsilateral eye (I) is reported as
the ODI=(C-1)/(C+I) (Cang et al. 2005). After re-opening the
contralateral eye under isoflurane anesthesia, responses to a
visual stimulus presented to this eye were barely detectable in
both genotypes of mice, yielding is a negative ODI (Fig. 4A,B).
Surprisingly, both WT and ngri—/- rapidly recovered normal
contralateral bias in 4-8 days.

After 2 days of normal vision, both WT and ngrl—/— mice had
recovered significant cortical responsiveness to visual stimula-
tion through the contralateral eye but the average ODI remained
significantly more binocular than naive mice (Fig. 4B,C). By 4 days
post-LTMD, the ODI of WT mice was similar to that of naive mice,
and while the recovery of ngri—/- mice slightly less, the re-
sponses to visual stimulation of the ipsilateral eye decreased
for both genotypes (Fig. 4B,D). By 8 days post-LTMD, both WT
and ngrl-/— mice were indistinguishable from naive mice
(Fig. 4B).

NgR1-/- Mice Exhibit Recovery of OD by Single-Unit
Recording after LTMD

As hemodynamic measures of OD identify plasticity not detected
with classical single-unit electrophysiological recording (Mor-
ishita and Hensch 2008), we investigated whether ngr1—/— mice
display OD plasticity after LTMD sufficient to restore neuronal fir-
ing activity as well (Fig. 5). We performed single-unit recordings
on WT and ngrl—/— mice receiving LTMD throughout the critical
period and maintained for 6 weeks until the day of the experi-
ment (Day 0) or after 8 days of normal vision (Day 8) (Fig. SA).
On Day 0, the OD histograms (Fig. 5B), the mean of CBI reflecting
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Figure 3. Turnover of axonal boutons in vivo during recovery from LTMD. (A) The percentage of boutons gained for WT and ngr1—/— mice during LTMD (Days 4 and 8) and
during 8 days of subsequent binocular vision (Days 12 and 16) (WT 4 mice, 727 boutons; ngrl—/— 6 mice, 1411 boutons). Bouton gains were similar between genotypes and
conditions (gains, WT, LTMD, 7.7 +0.9% vs. 4-day vision, 6.7 + 1.3%, n=4, P>0.9; ngrl—/—, LTMD, 7.5 + 0.8% vs. 4-day vision, 6.3+ 1.2%, n=6, P>0.9) (B) The percentage of
boutons lost for each genotype during LTMD (Days 4 and 8) and during 8 days of subsequent binocular vision (Days 12 and 16). There was a trend toward increased bouton
loss during the firstinterval after eye opening, but it did not reach statistical significance due to increased variability in the rate of bouton loss (lost, WT, LTMD, 5.4 + 0.8% vs.
4-day vision, 6.3 + 3.4%, n=4, P >0.9; ngrl—/—, LTMD, 6.0 + 0.6% vs. 4-day vision, 10.8 + 2.0%, n=6, P > 0.09). (C) Turnover of axonal boutons for WT and ngr1—/— mice. (D) The
percentage of new boutons that were transient and present for only one imaging session was similar between genotypes and conditions. Statistical comparisons within
and between genotypes and conditions were performed with the Kruskal-Wallis test and Dunn’s correction for multiple comparisons.

the overall distribution of the eye dominance of single-unit activ-
ity summed across all layers of cortex for each mouse (Fig. 5C),
and the cumulative distribution of ODI values each (Fig. 5D), re-
vealed that WT and ngr1-/— mice both lack normal contralateral
bias as a result of LTMD. This deficit was similar between geno-
types (Fig. 5B-D) and corresponds to the maximal shift observed
with 14 days of LTMD in preceding studies (Gordon and Stryker
1996). However, 8 days after the restoration of normal vision,
WT displayed a modest but statistically significant shift toward
binocularity. Ngr1—/— mice exhibited greater OD plasticity yield-
ing a larger OD shift back toward the previously deprived contra-
lateral eye. The OD shift at Day 8 was significantly greater in
ngrl-/— mice (Fig. 5E). We conclude that although modest OD
plasticity is detectable in adult WT mice with single-unit record-
ings following LTMD, OD plasticity is greater in ngrl—/— mice.
To characterize which layers within visual cortex displayed
OD plasticity following LTMD in both WT and ngrl—/— mice, we
categorized our single-unit recordings by depth from the pial
surface into layer II/III (100-350 um), layer IV (350-500 um), and
layer V (500-700 um) and generated both OD histograms and
cumulative distributions of these single-unit responses (Fig. 6).
In WT mice, OD plasticity largely resulted from a decrease in
units strongly favoring the ipsilateral eye (Categories 6 and 7) and
an increase in units with binocular responses (Category 4)
(Fig. 6A). By comparison, ngrl—/— mice at 8 days post-LTMD
displayed an increase in the percentage of units with greater
responses to the previously deprived contralateral eye (Categories
1-3) (Fig. 6A). This greater OD plasticity was more pronounced in
the extragranular of visual cortex, layers II/III, and V, but was also

detectable in layer IV. Cumulative distribution histograms reveal
that at 8 days post-LTMD ngrl—/— possess more units with ODI
scores greater than zero that correspond to increasing contralateral
bias in the extragranular layers (Fig. 6B).

Discussion

OD in primary visual cortex is a valuable model of how experi-
ence modifies functional and anatomical connectivity in the
mammalian CNS. This plasticity is most prominent during a de-
velopmental critical period (Levelt and Hiibener 2012). Within the
critical period, short durations of MD shift the relative respon-
siveness of cortical neurons toward the nondeprived eye. How-
ever, these shifts in OD are rapidly corrected by restoring
normal vision during the critical period, even if for only brief per-
iods of time (Schwarzkopf et al. 2007). In contrast, LTMD through-
out the critical period results in a permanent shift in OD and a
sustained deficit in visual acuity (Morishita and Hensch 2008).
OD plasticity both in the critical period and in the adult is ac-
companied by anatomical plasticity. An immunohistochemical
study reported that brief MD during the critical period results in
a transient decrease in the density of synapses formed by thala-
mocortical axons originating from the lateral geniculate nucleus
(LGN) (Coleman et al. 2010). By comparison, LTMD yields modest
alterations in the length and extent of branch by thalamacortical
arbors for both the deprived and nondeprived eye (Antonini et al.
1999). Postsynaptically, both MD and LTMD during the critical
period alter spine density on pyramidal neurons (Mataga et al.
2004; Montey and Quinlan 2011; Djurisic et al. 2013), whereas
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adult MD increases the rate of spine formation and stability of nearly triple that of WT mice (Akbik et al. 2013). This represents

dendritic spines in layer I (Hofer et al. 2009). the largest increase in synaptic structural plasticity of age-
Here, we measured the turnover of axonal boutons in layer I matched mice for any environmental, pharmacologic, or genetic
with chronic two-photon in vivo imaging. These axons possessed manipulation. We have also measured the turnover of dendritic
morphologies consistent with intracortical axons originating spines in somatosensory barrel cortex of adult WT and ngrl—/—
from layer II/III and layer V pyramidal neurons (De Paola et al. mice. In a recent study, we examined 3 times the number of
2006) and likely originate from neurons both within and outside spines per mouse over more consecutive time intervals than
of visual cortex (Douglas and Martin 2004). In contrast to dendrit- Akbik et al. (Park et al. 2014). However, in our experiments, den-
ic spines in layer I, the formation, loss, and stability of axonal dritic spine turnover and stability were indistinguishable be-
boutons were unaffected by MD in WT mice (Figs 2 and 3). tween WT and ngrl—/— mice.
Thus, in WT mice, putative intracortical axonal boutons did not Here, we measured the turnover of axonal boutons in func-
display the increase in the formation and stability observed by tionally defined visual cortex both under baseline conditions
adjacent dendritic spines. and during MD. The rates of bouton addition and loss were also
NgR1 binds to several potential inhibitors of synaptic struc- similar between WT and ngrl—/— mice. Akbik et al. imaged 541
tural plasticity, including some chondroitin sulfate proteogly- boutons in total from 5 ngrl+/— mice and 510 boutons in total
cans (CSGPs) and proteins associated with myelin membranes, from 5 ngrl—-/— mice across a single 14-day interval. In compari-
including Nogo-A (reticulon 4a, RTN4a), myelin-associated son, we examined 1278 boutons from 4 WT mice and 1253 bou-
glycoprotein, and oligodendrocyte myelin glycoprotein (OMgp) tons from 6 ngrl-/— mice across several 4-day intervals.
(Mironova and Giger 2013). These myelin-associated inhibitors Statistical analysis of our measurements of the baseline turnover
also bind to other receptors such as NgR2 and paired immuno- rate for boutons prior to MD (Fig. 2) indicates that we would have
globulin-like receptor B (PirB) (Filbin 2008). Whether synaptic detected a 40% increase in turnover by as significant (P <0.02).
structural plasticity are altered in NgR2 or PirB mutant mice is Akbik et al. reported a nearly 150% increase in turnover. Although
not yet known. there are some technical differences between the 2 studies, both
Ngrl-/— mice have been reported to exhibit turnover rates in employed the same strain of ngrl—/— mice. Overall, given broad

vivo for dendritic spines and axonal boutons in cerebral cortex expression of ngrl in cerebral cortex combined with the
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important and extensive similarities between the experiments
presented here and those published by Akbik et al., we are confi-
dent we would have detected the dramatic increase in cortical
anatomical plasticity proposed by Strittmatter and colleagues if
the findings they reported reflect the function of ngrl in cortical
pyramidal neurons expressing the gene.

LTMD is a murine model of amblyopia thatinduces a perman-
ent deficit in visual acuity in WT mice. Visual acuity spontan-
eously improves to almost normal over 7 weeks in ngrl—/— mice
following LTMD (Stephany et al. 2014). To determine whether the
restoration of vision following LTMD alters axonal plasticity in
visual cortex, we again examined the turnover of axonal boutons
in layer I with chronic two-photon in vivo imaging (Fig. 3). Re-
opening the deprived eye did not alter the rate of bouton gain
in either WT or ngr1—/— mice but did increase the variability in
the rate of bouton loss for both genotypes. Thus, anatomical
plasticity by intracortical axons in layer I during the first week
of normal vision post-LTMD did not correlate with the eventual
improvement of acuity we observe in ngrl—/— mutant mice. How-
ever, length and branching patterns of thalamacortical axons are

altered by LTMD (Antonini et al. 1999). Anatomical plasticity by
these projections mediates the changes in OD columns present
in predatory mammals following similar visual deprivation
(LeVay et al. 1980). Future studies will be required to determine
whether plasticity by this population of axons differs between
WT and ngrl—/- mice following LTMD.

Given this disparity between axonal and dendritic structural
plasticity during MD, we propose that cortical anatomical plasti-
city in response to durations of abnormal visual experience is
predominantly postsynaptic in origin and that new spines prefer-
entially form synaptic contacts with preexisting axonal boutons.
This model is supported by evidence that newly formed spines
contact boutons with other synapses (Knott et al. 2006). However,
several alternative interpretations are consistent with the results
presented here and cannot be excluded from consideration. Fore-
most, new spines may form synaptic contacts on new boutons pre-
sent on axons not examined here, such as thalamacortical axons.
Projections from LGN send extensive collaterals into the supragra-
nular layers, including layer I (Antonini et al. 1999). New spines
may synapse selectively on these thalamic projections, or axons
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Figure 6. Laminar analysis of OD plasticity following LTMD (A) OD histograms of units from layer II/11I (left), layer IV (center), and layer V (right) from WT and ngr1—/— mice
either during LTMD (Day 0) or 8 days after re-opening the deprived eye. Cumulative distributions of ODIs for units from layer II/1II (left), layer IV (center), and layer V (right)
from WT and ngrl—/— mice after 8 days of normal vision through the deprived eye post-LTMD. (B) Ngr1—/— mice display greater overall contralateral bias in layer II/III
(P<0.01), and layer V (P <0.05), but not in layer IV on Day 8 (P >0.27) (K-S test of cumulative distributions of ODI values).

from layer VI neurons that are also evident in layer I (De Paola et al.
2006). In adult mice, sensory adaptation, motor learning, and fear
conditioning are associated with elevated cortical spine dynamics
(Trachtenberg et al. 2002; Holtmaat et al. 2006; Keck et al. 2008;
Hofer et al. 2009; Xu et al. 2009; Wilbrecht et al. 2010; Yang et al.
2010; Lai et al. 2013). New spines associated with motor learning,
tone-associated fear conditioning, and fear extinction may also
preferentially form synapses on preexisting stable intracortical
axonal boutons (Yang et al. 2010; Lai et al. 2013).

Reopening the deprived eye following LTMD yielded a surpris-
ing restoration of normal contralateral bias as reflected by OIS
(Fig. 4). We employed an established technique for examining

OD plasticity with OIS (Cang et al. 2005; Kaneko, Hanover, et al.
2008; Kaneko, Stellwagen, et al. 2008; Sato and Stryker 2008;
Kaneko et al. 2010; Sato and Stryker 2010; Southwell et al. 2010).
Here, mice received LTMD from P23, near the beginning of the
critical period, for 6 weeks (P23-P60+) and were then imaged
repeatedly on the day of eye opening (Day 0) and then at Days
2, 4, and 8 thereafter. By 8 days following restoration of normal
vision, both WT and ngr1—/- mice displayed normal contralateral
bias as revealed by ODI scores near 0.2.

OIS likely represents a combination of both subthreshold
and suprathreshold neuronal responses, although the magni-
tude of response is correlated with firing activity in some studies
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(Hofer et al. 2006; Kaneko, Stellwagen, et al. 2008). Similar experi-
ments examining VEPs have not detected similar OD plasticity
with binocular vision following chronic deprivation (He et al.
2007). However, in this latter study, rats received a more extensive
LTMD from eye opening to adulthood (P70-100). As experience-
dependent plasticity in visual cortex begins at eye opening
(Smith and Trachtenberg 2007), perhaps the absence of patterned
vision by the deprived eye contributes to these differing results.

LTMD results in a permanent shift in OD in WT mice. To deter-
mine whether the recovery of contralateral bias we observed with
OIS reflected spike-related output changes in visual cortex, we
examined both WT and ngrl-/— mice following eye-opening
under anesthesia as well as after 8 days of binocular vision
(Fig. 5). OD plasticity is normal during the critical period in
ngrl-/— mice, but unlike WT mice, this developmental visual
plasticity is retained into adulthood (McGee et al. 2005). We
observed that ngr1-/— displayed significantly greater OD plasti-
city that WT mice. On Day 8 following LTMD, ngr1—/— mice exhib-
ited nearly twice the recovery of contralateral bias as WT mice.
However, OD remained more binocular than nondeprived mice.
This OD plasticity precedes improvement of visual acuity in
ngrl—/— mice because WT and ngrl-/— mice possess similar def-
icits in acuity 7 days after LTMD (Stephany et al. 2014). Categoriz-
ing these single-unit recordings into cortical layers by depth from
the pial surface revealed that OD plasticity was evident in the
extragranular layers II/IIl and V.

In summary, as ngrl—-/— mice display a greater restoration of
normal eye dominance than WT mice as measured with single-
unit recordings following LTMD, we propose that ngrl limits re-
covery of cortical responsiveness in a murine model of amblyopia
but does not restrict axonal plasticity in visual cortex.
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