
Methods  
 
Animals. C57BL/6, PV-cre;Ai14, Scnn1a-Tg3-cre;Ai32;PV-tdT, and Scnn1a-Tg3-cre;G42 mice of both sexes 
were used. All subjects were group-housed (5 or fewer per cage) on a 12 hr light/dark cycle, with food 
and water available ad libitum. All protocols and procedures conformed to the guidelines of the US 
Department of Health and Human Services Office of Laboratory Animal Welfare (OLAW) and were 
approved by the Institutional Animal Care and Use Committees of the University of Maryland, Johns 
Hopkins University, or both. These committees followed the guidelines established by the Animal Care 
Act and National Institutes of Health (NIH). For specific optogenetic stimulation in layer 4, we developed 
a triple transgenic line crossing the L4-Cre mouse line with the Ai32 mouse line (Madisen et al., 2012) 
that has a conditional allele of Rosa-CAG-LSL-ChR2(H134R)-EYFP-WPRE to drive ChR2/EYFP fusion 
protein expression in L4 principal cells. We then crossed L4-cre positive and Ai32 homozygous mice with 
PV-tdT mice.  
 
Monocular deprivation. Naive mice were monocularly deprived of vision for 1, 2, or 3 d beginning at 
postnatal day 21–25, 27–31, 50–54, or 100–118. Mice were age-matched across groups. Monocular 
deprivation (lid suture) was performed under isoflurane anesthesia (2-3% for induction; 1.5% for 
maintenance). The margins of the upper and lower lids of one eye were trimmed and sutured together. 
Neosporin was applied to the sutured eye. Animals were disqualified in the event of suture opening or 
infection.  
 
Drug administration. The recombinant human NRG1-β1/HRG1-β1EGF domain (7.5 kDa; R&D Systems, 
Minneapolis, MN), corresponding to residues 176–246 of the soluble EGF domain of neuregulin β1 
common to all NRG1 splice variants, was dissolved in sterile saline. We used residues 177-241 from the 
same splice variant in some cases, with no difference in results between the two peptides (7.5 kDa; 
PROSPEC Protein Specialists, East Brunswick, NJ). Monocularly deprived mice were subcutaneously 
administered with two injections of recombinant NRG1 (1 µg NRG1 in 50µL of sterile saline per injection 
per mouse). The first injection was applied immediately before lid suture, and the second, one hour 
before the animal was sacrificed for electrophysiological experiments. 
 
Viral injections. Mice were anesthetized and head-fixed in a stereotaxic device (Kopf Instruments, Los 
Angeles, CA) under 1.5%–2% isoflurane. V1 was located in the left hemisphere using stereotaxic 
coordinates (3.6 mm posterior, 2.5 mm lateral to bregma). When the bregma-lambda distance was 
different than 4.2 mm, the stereotaxic coordinates were scaled. A craniotomy (~0.5 mm) was made, and 
the virus was injected (600 nL; 100 nL/sec) into layer 2/3 or layer 4 (0.3 or 0.4 mm from the cortical 
surface, respectively) 10-35 d before experimentation. For 2P imaging, during craniotomy 
AAV9.CaMKII.NPTX2-SEP was injected into three sites (100 nL per site; 5 nL/sec). Viral injection of 
AAV2.CamKII.NPTX2-SEP or AAV2.CaMKII.GFP was done by bulk regional viral injection to the visual 
cortical area of neonatal PV-Cre;Ai14 mice at p0–2. Briefly, neonatal mice were cryo-anesthetized 
(Phifer and Terry, 1986) in an ice-cold chamber and positioned dorsal side up and secured with an 
adhesive bandage across the upper body. The visual cortical area was targeted with anatomical 
landmarks, including occipital fontanelle and lambdoid suture, visible through the neonatal skin. 600 nL 
of AAVs were injected right beneath the skull with a syringe infusion pump (50 nL/sec). After the 
injection, mice were kept on a heating pad and returned to their home cage once recovered. For optical 
imaging of intrinsic signaling, AAVs were injected at three locations targeting layer 2/3 of the binocular 
region of the V1 (500 nL/each injection site). For 2P imaging, during craniotomy AAV9-CaMKII-NPTX2-
SEP was injected into three sites (100 nL per site) using a glass pipette (pulled by pipette puller, 
Narishige, Japan) and Nanoject (Drummond Scientific Company, PA) at a rate of 5 nL / second. 



 
 
 
SLICE ELECTROPHYSIOLOGY 
Visual cortical slices were prepared as previously described (Huang et al., 2012).  Each mouse was 
anesthetized using isoflurane vapors. Mice older than p50 were transcardially perfused with ice-cold 
dissection buffer containing (in mM): 212.7 sucrose, 5 KCl, 1.25 NaH2PO4, 10 MgCl2, 0.5 CaCl2, 26 
NaHCO3, and 10 dextrose, bubbled with 95% O2 / 5% CO2 (pH 7.4)). Then mice were immediately 
decapitated, the brain was removed, and slices 300 μm thick were cut in ice-cold dissection buffer. The 
slices were transferred to artificial cerebrospinal fluid (ACSF), incubated at 30˚C for 30 minutes and then 
kept at room temperature for 30 minutes until they were transferred to the recording chamber. ACSF 
was similar to dissection buffer except that sucrose was replaced by 124 mM NaCl, MgCl2 was lowered 
to 1 mM and CaCl2 was raised to 2 mM. Visualized whole-cell recordings were made from FS(PV)-INs 
and pyramidal neurons with glass pipettes filled with 130 mM K-gluconate, 10 mM KCl, 10 mM HEPES, 
0.2 mM EGTA, 0.5 mM Na3GTP, 4 mM MgATP, and 10 mM Na-Phosphocreatine (pH 7.2–7.3, 280–290 
mOsm). Only cells with series resistance <25 MΩ (with <20% variation over the experiment) were 
included. Data were filtered at 4 kHz and digitized at 10 kHz using Igor Pro (Wave Metrics). The 
intersomatic distance was calculated as the Euclidean distance between the centers of both somata. 
Unitary excitatory postsynaptic potentials (uEPSCs) were recorded in voltage-clamp in the PV-INs at -70 
mV and evoked by suprathreshold somatic current injection (2 ms) in presynaptic pyramidal neurons. 
uIPSCs were recorded in voltage-clamp in pyramidal neurons at 0 mV and evoked by suprathreshold 
somatic current injection (2 ms) in presynaptic PVs (Jiang et al., 2010). For presynaptic parameters, all 
presynaptic cells were depolarized with 1.7pA current injection. At least 20 responses evoked at 0.1 Hz 
with paired-pulse stimulation (interstimulus interval: 50 ms for Pyr→PV pairs; 100 ms for PV→Pyr pairs) 
were used to confirm a synaptic connection and to compute the amplitudes of the unitary responses.  
 
Mean-variance and presynaptic analysis were performed on responses evoked by at least 15 stimuli 
trains delivered at 50 Hz and 20 s intervals. The uEPSC amplitude was measured for each stimulus, and 
the mean and variance were plotted against each other. Quantal size (q) was obtained from the linear 
regression slope for all events, excluding the two events with the highest average release probability 
(Clements and Silver, 2000). The Schneggenburger-Meyer-Neher (SMN) approach (Schneggenburger et 
al., 1999) was used to explore whether the readily releasable pool (RRP) of presynaptic vesicles was 
affected. The cumulative amplitude was plotted versus the stimulus number, and a linear regression was 
adjusted to the last five stimuli. In this model, the RRP replenishment rate is represented by the linear fit 
slope and the RRP size by the y axis intercept. We considered only those cases in which the R2 value of 
the fit was >0.95 for presynaptic analysis and >0.5 for mean-variance analysis. 
 
Maximal postsynaptic currents (PSC max) recorded in PV-IN were evoked every 15 seconds by electrical 
stimulation using a theta glass bipolar electrode placed in the middle of the cortical thickness. We used 
a Cs-gluconate based internal solution containing (in mM) 120 Cs-gluconate, 8 KCl, 10 HEPES, 1.12 EGTA, 
0.5 Na3GTP, 4 Na2ATP, 10 Na-Phosphocreatine, and 5 Lidocaine; pH 7.2–7.3, 280–290 mOsm). 
Excitatory and Inhibitory PSC max (EPSC and IPSC max) were recorded in Voltage clamp at -40 and -70 
mV, respectively. For IPSC max measurements, 25 µM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and 
100 µM DL-2-amino-5 phosphonopentanoic acid (DL-APV) were included in the bath, and electrode 
capacitance and series resistance were compensated (Prediction % 90, Correction% 80-85, bandwidth 3 
kHz). 
 



NMDA/AMPA ratios were calculated from excitatory currents onto PV-IN evoked from layer 2/3 by 
electrical stimulation. 2 times the stimulus intensity that evoked the minimal AMPA response was used. 
An internal solution containing (in mM) 102 cesium gluconate, 5 TEA chloride, 3.7 NaCl, 20 HEPES, 0.3 
Na-GTP, 4 Mg-ATP, 0.2 EGTA, 10 BAPTA, 5 QX-314 (pH 7.2, ~300 mOsm) under voltage clamp (Vh = -70 
mV for AMPA and Vh = + 40 mV for NMDA). To isolate glutamate evoked currents and minimize 
multisynaptic responses, ACSF in the recording chamber contained 2.5 μM gabazine, 25 μM CNQX, 10 
μM adenosine, 4 mM CaCl2, and 4 mM MgCl2.  
 
PV/Pyr EPSC response ratios were calculated from L4-evoked excitation onto L2/3 PV-IN and 
neighboring pyramidal cell (12-24 μm apart). An input-output curve for EPSPs onto each cell was 
measured by simultaneous pair recordings using identical light intensity. The stimulation threshold was 
defined as the light intensity that elicited the minimal PV response with no failures. 
 
 
IMMUNOHISTOFLUORESCENCE 
Subjects were anesthetized with isoflurane and perfused with phosphate-buffered saline (PBS) followed 
by 4% paraformaldehyde (PFA) in PBS. Brain was post-fixed in 4% PFA for 24 hours followed by 30% 
sucrose for 24 hours, and cryoprotectant solution (0.58 M sucrose, 30% (v/v) ethylene glycol, 3 mM 
sodium azide, 0.64 M sodium phosphate, pH 7.4) for 24 hr. Coronal sections (40 μm) were made on a 
Leica freezing microtome (Model SM 2000R). Sections were blocked with 4% normal goat serum (NGS) 
in 1X PBS for 1 hour. Antibodies were presented in a blocking solution for 18 hours, followed by 
appropriate secondary antibodies. 
 
Antibodies The following antibodies/dilutions were used: mouse anti-parvalbumin (PV, Millipore) 
RRID:AB_2174013, 1:2000; guinea pig anti-VGluT1 (Millipore) RRID:AB_2301751, 1:2000; followed by 
appropriate secondary IgG conjugated to Alexa-488, 546 (Life Technologies) RRID:AB_2534089, 
RRID:AB_2534093, RRID:AB_2535805, 1:1000. 
 
Confocal imaging and analysis. Images were acquired on a Zeiss LSM 710 confocal microscope. A 
maximal intensity projection of a z-stack (11 slices x 0.5 μm images) was acquired at 40X (Zeiss Plan-
neofluar 40x/1.3 Oil DIC, NA=1.3). PV+ somata were identified by size exclusion (20-200 mm2) and 
fluorescence intensity (auto threshold + 25). Co-localization of VGluT1 puncta on PV somata were 
analyzed in single Z-section images taken at 40X, using Fiji. After the threshold function was applied to 
VGluT1 puncta (autothreshold+25), co-localized puncta were identified by size exclusion (0.1 μm2 < 2.0 
μm2). 
 
IMMUNOCIYTOCHEMISTRY  
Western blots. Protein from the dissected visual cortex was extracted with RIPA buffer such that the 
non-deprived hemisphere was used as a control for each deprived side of the mouse. 12ug of protein 
were run on 4-12% Nupage gels and transferred to nitrocellulose membrane. Membranes were probed 
Nptx2 (1:1000; Abcam: ab191563) and visualized a Chicken anti-Rabbit IgG, Alexa Fluor 647 secondary 
antibody (Invitrogen:  A-21443). Tubulin was used as a loading control (α-Tubulin Mouse mAb; Cell 
Signaling: cat# 3873). Fluorescent bands were visualized on Typhoon 9410 variable mode imager 
(Amersham) with settings optimized for linear detection of Nptx2 and tubulin band intensities. Scans 
were quantified using ImageQuant with a fixed area for each protein. Background subtracted average 
intensities were z-scored to combine across gels.  
 
 



IMAGING 
Craniotomy. To install the glass window, juvenile mice (p27-31) were first anesthetized with isoflurane 
(2.5% for induction; 1.5% for maintenance in oxygen). After removal of the skin, connective tissue was 
gently removed by the blade with hydroperoxide. Translucent dental cement (C&B metabond, Parkell, 
NY) was applied to the exposed dry skull region. A 3 mm diameter craniotomy was made with a No.11 
surgical blade over the putative visual cortical area, and the virus injection was made when 
corresponded. Three-layered (one 5 mm, two 3 mm glass cover glass) glass window was installed to the 
craniotomy, and dental cement was applied to fix the window. For 2-photon microscopy, the custom-
made metal head bar was attached using the dental cement Superbond (Sun Medical, Japan). For the 
older animals (~p90), a craniotomy was performed with a dental drill. Atropine (0.05 mg/kg, s.c.) and 
dexamethasone (4.8 mg/kg, i.m.) were injected to reduce mucosal secretion and brain edema, 
respectively.  
 
Optical imaging of the intrinsic signal was performed with the mice anesthetized with isoflurane (2-3% 
for induction; 0.7-1.2% for maintenance in oxygen) supplemented with chlorprothixene (2 mg/kg, i.p.). 
The mice were placed with head-fixed in front of the LCD monitor for visual stimulus. Atropine was 
injected subcutaneously to reduce mucosal secretion (0.05 mg/kg). Eye drops were administered to 
keep eyes moist, and body temperature was maintained at 37˚C with a heating pad and a rectal probe. 
Heart rate was monitored throughout the experiment by electrocardiogram. Acquisition of intrinsic 
signal was performed following the method optimized to measure the ocular dominance in mice (Cang 
et al., 2005; Kalatsky and Stryker, 2003). Briefly, visual stimulation evoked intrinsic signals were acquired 
using a Dalsa 1M30 CCD camera (Dalsa, Waterloo, Canada) controlled by custom software. The surface 
vasculature and EYFP fluorescence were visualized with 555 nm LED illumination, and the intrinsic 
signals were imaged with 610 nm LED illumination. For the acquisition of the intrinsic signal, the camera 
was focused 600 mm below the surface of the skull. An additional red filter was interposed to the CCD 
camera, and intrinsic signal images were acquired. A high refresh rate monitor (1024x768 @ 120 Hz; 
ViewSonic, Brea, CA) was placed 25-cm in front of the mouse, with their midline aligned to the midline 
of the mouse for visual stimulus. The visual stimulus presented was restricted to the binocular visual 
field (-5˚ to +15˚ azimuth) and consisted of a thin horizontal bar (height = 2˚, width = 20˚) continuously 
presented for 5 minutes in upward (90˚) and downward (270˚) directions to each eye separately. The 
cortical response at the stimulus frequency was extracted by Fourier analysis. The two maps generated 
with the opposite direction of the drifting bar were averaged for each eye to calculate the response 
amplitude and the ocular dominance index (ODI). The ODI was computed as follows: (1) the intensity 
maps were smoothed by 5x5 low-pass Gaussian filter; (2) the binocular region of interest (ROI) was 
defined at 30% of peak response amplitude of the smoothed intensity map from the ipsilateral eye; (3) 
the response amplitude of each eye was calculated by averaging the intensity of all pixels in the ROI; (4) 
the ODI was calculated by the average of (C-I)/(C+I) of all pixels in the ROI where C and I are the 
contralateral (C) and ipsilateral (I) eye respectively. 
 
In vivo 2-photon awake microscopy for NPTX2-SEP imaging. Confocal microscopy was performed with a 
laser scanning microscope (Olympus, Japan) equipped with an ultra-sensitive GaAsP detector 
(Hamamatsu, Japan) and a Galvanometer scanner (Thorlabs, NJ). 2-photon excitation was carried out by 
ultrafast Ti:Sapphire laser Mai Tai eHP DeepSee (Spectra-Physics, CA), operating the wavelength at 920 
nm for visualizing NPTX2-SEP with GFP filter using 20X objective XLUMPLFL20XW (Olympus, Japan). 
Hardware operation and image acquisition were performed with PrairieView software (Bruker, MA). 11-
13 days after surgery, mice were handled for 10 to 15 min and acclimated to the imaging setup for 15 to 
30 mins by fixing their head bars to the custom-made head fixation apparatus and imaging platform of a 
cylindrical treadmill. Intrinsic signal imaging (ISI) was performed to identify the primary visual cortex 



(V1). On day 14, the treadmill was fixed to minimize the motion-related artifacts, and 3D z-stack images 
were acquired at V1 and non-V1 regions. 512 by 512 resolution images with 8 averages were acquired 
from 0 to 180 μm from dura in an interval of 5 μm (total 37 image stacks), where lower 100 μm was 
selected for layer 2/3 analysis. The images were acquired in the same location with the same imaging 
parameters for longitudinal study with MD in a reference of blood vessel morphology captured by 
epifluorescence imaging with 605 nm LED excitation (Thorlabs, NJ). To study the effect of MD on NPTX2 
secretion, the control image was acquired before the contralateral monocular eye suture, followed by 
imaging for 3 consecutive days in the same location. 
 
NPTX2-SEP spot 3D analysis. All 3D z-stack time-series (4D) images were preprocessed with ImageJ (FIJI) 
and analyzed with Imaris software (Bitplane, Zurich, Switzerland). Each set of 3D z-stack images was 
concatenated to generate 4D images, background-corrected by 'bleach correction' using histogram 
matching algorithm, and 3D-drift corrected by 'Correct 3D drift' algorithm (Parslow et al., 2014) (FIJI). 
The xyz-corrected portion of the processed 4D images was selected for NPTX2-SEP spot analysis with 
Imaris software. The NPTX2-SEP spots were detected with the 'surface detection' function, maximum 
diameters of spheres detected to be 3 μm, and corresponding values within the 3D area were extracted 
(spot number, intensity, and volume). The 'total volume' is defined by the sum of 3D compartments 
occupied by NPTX2-SEP positive voxels. The spot number and the total volume were normalized with 
the median value of the 'before' condition and presented per each animal. The mean intensity and mean 
volume were normalized by the median value of 'before' condition, and all the spots from all animals 
were calculated. (The histogram analysis was done with 5 and 25 bin for intensity and volume, 
respectively (Prism Graphpad).) 
 
STATISTICAL ANALYSIS.  
Normality was determined using the D'Agostino test, and variance was compared using Levene's median 
test. Groups with normally distributed data were compared using two-tailed paired or unpaired t-tests, 
one-way ANOVAs, or one-way repeated-measures ANOVAs, as indicated. Holm–Sidak post hoc tests 
were used for multiple comparisons following one-way ANOVAs. Groups that were not normally 
distributed were compared using nonparametric Wilcoxon matched-pairs signed-rank test, Mann-
Whitney test, or ANOVAs on ranks (followed by Dunn's post hoc test for multiple comparisons). 
Statistical outliers were detected using pre-established criteria (ROUT test) and excluded from the 
analysis. Data are presented as averages ± s.e.m. Statistical analyses were performed using GraphPad 
Software (Prism, San Diego, CA). 
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