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Methods 
 
All animal procedures were performed in accordance with protocols approved by the 
Institutional Animal Care and Use Committee at Univesity of California, San Diego. Both male 
and female animals were analyzed in roughly equal numbers. 
 
Electron Microscopy 
 
Lgl cKO or Lgl1+/- and littermate control mice were anesthetized i. p. with a ketamine/xylazine 
cocktail, and perfused with modified Karnovsky’s fixative (2.5% glutaraldehyde and 2% PFA in 
0.15 M sodium cacodylate buffer, pH 7.4) at room temperature. After postfixation in the same 
solution overnight at 4 °C, whole brains were cut coronally (200 µm) with a vibratome. Sections 
were postfixed with 1% osmium tetroxide for 1 h on ice. Following en-block staining in 2% 
uranyl acetate in distilled water for 1-2 h, sections were dehydrated in a graded ethanol series 
and then treated twice in acetone for 10 min each. Sections were infiltrated in Durcupan resin 
(Sigma-Aldrich) and were embedded at 60 °C for 48 h. Ultrathin sections from CA1 region were 
cut and stained with uranyl acetate and Sato's lead. Image acquisition used a FEI Tecnai Spirit 
G2 Spirit BioTWIN transmission electron microscope equipped with an Eagle 4k HS digital 
camera (FEI, Hilsboro, OR). 10-15 fields from the distal stratum radiatum (150-200 µm from CA1 
pyramidal cell bodies) and proximal stratum radiatum (40-50 µm from CA1 pyramidal cell 
bodies) were selected under 6800´ magnification, and synapses were counted in each field. 
Synapses that displayed polyribosomes and/or actin bundles were determined to be on the 
dendritic shaft while synapses lacking those structures were determined to be on the dendritic 
spines. For ultrastructure analysis, asymmetric synapses from the distal stratum radiatum area 
were imaged at 18500´ magnification. Only asymmetric synapses with a clearly recognized PSD 
and synaptic cleft were selected. The bouton area, cleft distance, reserve pool vesicles, docked 
vesicles, PSD width and PSD length were analyzed using Image J. Analysis of ultrastructure was 
done by experimenters blinded to animal genotype.  
 
Hippocampal primary cell culture 
 
Hippocampal neuron culture was performed as described below (Meffert et al., 2003). Glass 
coverslips were washed overnight in nitric acid and rinsed thoroughly and washed with 100% 
ethanol before being placed in a drying oven. The day before cell culturing, coverslips were 
coated with 80mg/mL Poly-D-Lysine (PDL) overnight at room temperature. Coverslips were 
washed and coated with 40mg/mL PDL with 2.5mg/mL Laminin for 3 hours at 37°C. 
Brains from E18.5 pups were removed in L15 media and hippocampi were dissected and placed 
in individual tubes. Hippocampi were washed twice with Mg/Ca free sterile PBS (CellGro) and 
incubated with Trypsin/EDTA solution (0.25% Trypsin, 2.2mM EDTA) for 15 minutes at 37°C. 
Trypsin was neutralized by the addition of 10% vol/vol heat-inactivated horse serum (Life 
Technologies). Resulting solutions were pelleted and resuspended in Neurobasal medium 
supplemented with 2% B27 (Invitrogen), 5% fetal bovine serum (Invitrogen), 
penicillin/streptomycin (Cellgro), and Glutamax (Invitrogen) and washed twice. Cells density 
was determined and cells were plated at a density of 2.5x104 cells/cm2. Half of the growth 



medium was exchanged every 3 days. Arabinofuranosyl Cytidine (Ara-C, 4 µM) was added at 
day 6 in vitro to prevent glial cell proliferation. Cultures were grown for 14 days at 37°C in a 5% 
carbon dioxide atmosphere.  
 
Behavioral assays 
 
For all behavioral assays, testing was performed during the light phase in a dimly lit room (<100 
lux) with indirect lighting on the testing area unless otherwise noted. Both male and female 
animals were tested in behavior tests.  
 
Open field test:  
The open field test is performed in a plastic 40cm x 40cm acrylic box (Stoetling) with dark walls 
with a non-reflective base plate. Spatial cues are placed on one wall of the field. Mice are 
placed in the center of the field and allowed to explore freely for 10 minutes. Mice are scored 
for distance travelled, time in the inner and outer regions of the field, time spent self-grooming, 
rearing activity, and jumping activity. Outer region is defined as the region within 5 centimeters 
of the edge of the field. A 60-minute variant of the test was applied to the Lgl1+/- mice and 
littermate controls with all aspects of the testing area identical to the 10-minute test. Animals 
that performed the 10-minute test were not used for the 60-minute test in order to avoid 
effects of prior exposure to the testing apparatus.  
 
Novel object recognition test: 
The novel object recognition test was performed as described below (Antunes and Biala, 2012) 
immediately following a 10-minute exploration period in an empty apparatus. Animals are 
placed in a field containing two copies of a novel object and allowed to explore freely. After the 
sample phase, animals were removed from the field and the objects were replaced with one 
copy of the previously explored object and a novel object in the same positions in the field as 
during the sample phase. Animals were allowed to explore freely for 5 minutes. For scoring of 
interaction time, ROIs containing the target objects were selected in MATLAB. ROIs were 
selected by experimenters blinded to the animal genotypes or virus treatment. 
 
Social interaction test: 
The social interaction test was performed as previously described below (Yang et al., 2011). The 
sociability apparatus (Stoetling) has 3 20cm x 40 cm chambers and 2 target enclosures 7cm in 
diameter and 15cm tall. During testing, the apparatus was surrounded by opaque panels to 
prevent mice from seeing out of the apparatus. 
 
Animals were placed in the center chamber of the 3-chambered sociability apparatus with the 
doors between chambers closed for 10 minutes to habituate to the testing conditions. The 
doors were removed and mice were allowed to explore the full field for 10 minutes. Non-
littermate strain- and age-matched target mice from a separate cage were introduced during 
the social interaction phase of the test. For the social novelty phase, target mice from the social 
interaction phase were kept in the same location and a novel target mouse was introduced to 
the opposite chamber. For scoring of interaction time, ROIs containing the target mouse and 



novel object were selected in MATLAB. ROIs were selected by experimenters blinded to the 
animal genotypes. 
 
Scoring for distance travelled and thigmotaxis during the open field test, as well as time spent 
interacting with objects in the Novel Object Recognition test and time spent interacting with 
target mice and objects in the Social Interaction test was performed using Autotyping 15.04 in 
MATLAB 2014b (Patel et al., 2014)(MathWorks). 
 
Nestlet shredding:  
Mice were removed from their home cage and placed individually into a clean novel cage 
containing a weighed piece of cotton nesting material of approximately 2.8g. Mice were left in 
the cage for 60 minutes. At the end of the testing period, mice were returned to their home 
cage. Shredded material was separated from the undisturbed portion, which was weighed(Li et 
al., 2006). 
 
Electrophysiology 
 
For Lgl1 cKOs and littermate controls at P13–15, mice were anesthetized by isofluorene. Mice 
were decapitated, and their brains were quickly removed and placed in ice-cold dissection 
buffer containing the following (in mM): 87 NaCl, 2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 20 
glucose, 75 sucrose, 0.5 CaCl2, and 7 MgCl2, pH 7.35. Transverse hippocampal slices were cut in 
300 µm-thick sections on a vibratome (Lieca VT1200). Slices were allowed to recover at 35°C for 
20 min and then at room temperature for 1 to 6 hr in carbogenated ACSF, containing (in mM) 
124 NaCl, 2.5 KCl, 24 NaHCO3, 1.2 NaH2PO4, 2 CaCl2, 2 MgCl2 and 12.5 glucose, 5 HEPES pH 7.4. 
Individual slices were transferred to a recording chamber and then continuously perfused at a 
rate of 2–3 ml/min with ACSF containing 1 µM TTX (Tocris) and either 20 µM gabazine or 20 µM 
CNQX for mEPSC or mIPSC recordings, respectively. CA1 pyramidal cells were visualized by 
infrared differential interference microscopy.  
 
For mEPSCs, whole-cell recordings were made using 3–5 MΩ pipettes filled with an internal 
solution that contained (in mM): 145 CH3O3SCs, 5 NaCl, 10 HEPES, 5 EGTA, 0.3 Na2GTP and 4 
MgATP, (pH was adjusted to 7.3 and osmolarity was maintained at 280–290 mOsm). For mIPSC 
recordings, whole-cell recordings were made using 3–5 MΩ pipettes filled with an internal 
solution that contained (in mM): 135 CsCl, 4 MgCl2, 0.1 EGTA, 10 HEPES, 2 MgATP, 0.3 NaGTP, 
10 Na2Phosphocreatine (pH was adjusted to 7.3, and osmolarity was maintained at 280–290 
mOsm). 
 
Cells were voltage clamped at -70 mV. Recordings started after 5 minutes to allow for 
stabilization of the established whole-cell configuration. Signals were recorded with a 5× gain, 
low-pass filtered at 2 kHz and digitized at 5 kHz (Molecular Devices Axopatch 200B) with 
pCLAMP 10 software (Molecular Devices); analysis was performed with Clampfit (pCLAMP). The 
automatic detection was verified post hoc by visual inspection. Values are presented as mean ± 
SEM. Mann-Whitney U-statistic test was used to compare changes with the control. 



 
For LTP induction, transvers hippocampus slices were harvested from 9-10-week-old mice. 
Slices were recovered for at least 1 hour before moving to recording chamber in aCSF (in mM): 
NaCl 119, KCl 2.5, NaH2PO4 1, NaHCO3 26.2, Glucose 11, MgCl2 1.3 and CaCl2 2.5 bubbled with 
95% O2 and 5% CO2. Stimulus was given at 0.033 Hz to evoke field potential and the resistance 
of glass electrode was 1-2 MΩ with aCSF as internal solution. Input-Output were recorded by 
gradually increasing the strength of stimulus. After 30min stable baseline recording, LTP was 
induced by HFS or TBS. HFS was 100 pulses at 100 Hz. TBS contained four trains of theta bursts 
with 20 second intervals, each train had 10 burst with 0.2 interval. 
 
For AMPA/NMDA ratio determination, a broken glass pipette was used as a stimulus electrode. 
The resistance of patch the clamp pipette was 3-5 MΩ.  Internal solution: (in mM) CsMeSO4 
115, CsCl 20, Na phosphocreatine 10, MgCl2 2.5, Na2ATP 4, Na3GTP 0.3, EGTA 0.6, HEPES 10 
and QX-314-Cl 5. A cut was made between CA1 and CA3 to avoid epilepsy events. The position 
of stimulus electrode was gently adjusted to evoke a single peak EPSC. For AMPA current, 
holding potential was set at -70mV, and for NMDA current, holding potential changed to 
+40mV. We quantified NMDA current as the peak 100ms after stimulus artifact, where there is 
no AMPA current. 
 
Biochemical fractionation 
 
Subcellular fractionation was performed as previously described below (Cohen et al., 1977) 
with modifications. Forebrains from P14 wild type mice were homogenized to 10% (wt/vol) in 
ice cold 0.32M sucrose buffer containing 1mM MgCl2, 0.5mM CaCl2, 1mM NaHCO3 and 
protease inhibitors using 16 strokes with a glass dounce. The homogenates were spun at 710g 
for 30 min at 4C to pellet out nuclei and large debris. The supernatant was further centrifuged 
at 13800g for 10 min at 4C to get pellets (P2). P2 pellets were resuspended in the sucrose 
buffer and layered on top of a discontinuous sucrose gradient containing 1.0M and 1.4M 
sucrose in 4mM HEPES buffer pH 7.4. The gradient was centrifuged at 82500g for 1h at 4C. 
Synaptosomes were recovered from the cloudy band between 1.0M and 1.4M sucrose, 
resuspended in 1mM NaHCO3 (1:9 vol/vol), and lysed by hypo osmotic shock using 3 strokes 
with a glass dounce. The lysates were then incubated with an equal volume of 0.32M sucrose 
buffer containing 1% Triton-X shaking at 4C for 15 min and spun at 82500g for 1h. The PSD 
fraction was obtained from the resulting pellet. The synaptic membrane fraction (SMF) was 
precipitated from the supernatant using the methanol/chloroform/H2O method(Wessel and 
Flügge, 1984). Both the PSD fraction and SMF were solubilized in 3% SDS for western blot 
analysis. 
 
Western Blot 
Protein samples were separated by polyacrylamide gel electrophoresis on 5% and 8% 
acrylamide gels and wet transferred to Immobilon membranes (Millipore). TBST with 5% non-
fat dry milk (Apex) was used to block and primary antibody was diluted in blocking buffer for 
overnight incubation at 4°C. Blots were washed with TBST and incubated with HRP-conjugated 
secondary antibody for 2 hours at room temperature. Bands were visualized using West Pico 



Chemiluminescent Substrate and exposed to film at intervals ranging from 30 seconds to 2 
hours.  
 
Antibodies 
 
Primary antibodies were mouse anti-Lgl1 (gift of Valeri Vasioukhin), mouse anti-Lgl1 (Novus),  
Goat anti Vangl2 Antibody (N-13, Sant cruz, sc-46561), goat anti-JAM-C (R&D Systems), mouse 
anti-GAPDH (Abcam), and rabbit anti-GFP (Invitrogen), and chicken anti-MAP2 (Abcam). 
Secondary antibodies used in western blot were HRP-conjugated donkey anti-mouse, anti-goat, 
and anti-rabbit. For immunofluorescence, AF568-conjugated Donkey anti-Mouse (Invitrogen), 
AF488-conjugated Donkey anti-Chicken (Jackson Immunoresearch), AF488-conjugated Donkey 
anti-Rabbit (Invitrogen), AF647-conjugated Donkey anti-Rabbit (Invitrogen). 
 
 
Cell filling and spine analysis 
 
Mice were perfused, sectioned, and labeled with AlexaFluor Hydrazide as described below 
(Dumitriu et al., 2011). SLICK-H:Lgl1flox/flox pups were i. p. injected with tamoxifen at P7-8. At 
P14, pups were anesthetized with a ketamine/xylazine cocktail followed by transcardial 
perfusion with room temperature 4% PFA, postfixed for one hour in 4% PFA, vibratome 
sectioned at 100 μm, and then postfixed again for 10 minutes. AlexaFluor Hydrazide 555 
(Invitrogen, 10 mM in 200 mM KCl) was injected into dendritic segments ionophoretically by 
filling the cell with fluorescent dye. Sections were briefly fixed for 15 minutes to preserve the 
fluorescent label. Immunolabeling with GFP antibody (Invitrogen) was used to confirm that the 
fluorescently filled dendrite is YFP+. 30-40 µm segments of CA1 oblique apical dendrites, which 
are located 100-200 µm from the CA1 pyramidal neuron cell bodies in the stratum radiatum, 
were analyzed. These spines represented the postsynaptic structures of the Schaffer collateral-
CA1 synapses.  
 
The maximum spine length and head width were measured manually with Image J (NIH) to 
characterize spine shape as described below (Bochner et al., 2014; Calfa et al., 2012; Harris et 
al., 1992; Tang et al., 2014; Vogel-Ciernia et al., 2013). Spines with heads equal to or less than 
the head width were categorized as “thin”, and those with heads greater than the neck width 
were categorized as “mushroom”. Spines without a neck that had a width longer than their 
lengths were termed “stubby”. Spines with one neck and a branch point resulting in 2 heads 
were termed “branched”. Protrusions not clearly seen or with lengths > 5 μm were excluded 
from analysis. Both image acquisition and morphometric analyses were done by experimenters 
blinded to the genotypes of the animals. Results were compared between littermates and then 
pooled by genotypes to assess the influence of prenatal care.  
 
 
 
 



Tissue preparation 
 
Animals were anesthetized i. p. with a ketamine/xylazine cocktail and perfused with ice-cold 
PBS followed by 4% Paraformaldehyde (PFA). Brains were post-fixed in 4% PFA overnight and 
moved to 30% sucrose until equilibrated. Frozen section embedded in OCT medium and 
Sucrose were sectioned at 40μm on a Leica CM 3050 S cryostat. Slides were stored at 4°C until 
immunostaining. 
 
 
Immunostaining 
 
 For tissue sections, slides were rehydrated with 2 washed of PBS and permeabilized with 
PBS + 0.3% Triton X-100. Slides were blocked with 5% normal donkey serum for 2 hours at room 
temperature. Primary antibody was incubated at 4°C overnight and secondary antibody was 
incubated for 2 hours at room temperature. Slides were coverslip with Fluoromount-G 
(Southern Biotech) and stored at 4°C. 
 For cultured neurons, glass coverslips with primary cell cultures were washed with PBS 
and permeabilized with PBS + 0.1% Triton X-100. Coverslips were blocked with PBS containing 
2% BSA, 2% Fetal Bovine Serum, and 0.1% Triton X-100. Primary antibody was incubated at 4°C 
overnight and secondary antibody was incubated for 2 hours at room temperature. Coverslips 
were inverted onto slides with Fluoromount-G (Southern Biotech) and stored at 4°C. 
 
Statistical Analysis 
 
Statistical analysis was performed using Prism 6 (GraphPad). Student’s T-test with Welch’s 
correction was used for comparison between control and Lgl1 mutant animals unless otherwise 
noted. One-way ANOVA with Tukey’s multiple comparison test was used to test for statistical 
differences in interaction time during the social interaction test. Graphs of quantitative data 
present individual data points for animals with mean and standard error of the mean indicated 
unless otherwise noted. The Kolmogorov-Smirnov test was used to compare distribution of 
measurements of synaptic ultrastructure.  
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