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ABSTRACT 22 
 23 
SHANK3 (ProSAP2) is among the most common genes mutated in autism spectrum disorders (ASD) and 24 
is the causative gene in Phelan-McDermid Syndrome. We performed genetic rescue of Shank3 mutant 25 
phenotypes in adult mice expressing a Shank3 exon 21 insertion mutation (Shank3G). We used a 26 
tamoxifen-inducible Cre/loxP system (CreTam) to revert Shank3G to wild-type Shank3+/+. We found that 27 
tamoxifen treatment in adult Shank3GCreTam+ mice resulted in complete rescue of SHANK3 protein 28 
expression in the brain and appeared to rescue synaptic transmission and some behavioral differences 29 
compared to Shank3+/+CreTam+ controls. However, follow-up comparisons between vehicle-treated, wild-30 
type Cre-negative mice (Shank3+/+CreTam− and Shank3+/+CreTam+) demonstrated clear effects of CreTam 31 
on baseline synaptic transmission and some behaviors, making apparently positive genetic reversal effects 32 
difficult to interpret. Thus, while the CreTam tamoxifen-inducible system is a powerful tool that 33 
successfully rescues Shank3 expression in our Shank3G/G reversible mutants, one must exercise caution 34 
and use appropriate control comparisons to ensure sound interpretation. 35 
 36 
SIGNIFICANCE STATEMENT 37 
 38 
Temporally and spatially controlled genetic reversal of mouse models of autism are used to determine 39 
critical windows in development for successful treatment. This study provides a clear example that any 40 
attempt at genetic reversal must be accompanied by all appropriate controls, including expression of the 41 
CreTam transgene in wild-type animals, for accurate interpretation of the genetic rescue result. In addition, 42 
this study provides two additional independent replications of behavioral and synaptic electrophysiologal 43 
abnormalities in Shank3 exon 21 mutant mouse models in the CreTam-negative cohorts. Reproducibility is 44 
an important and often overlooked aspect of many mutant mouse behavioral and electrophysiological 45 
studies. 46 
 47 
 48 
 49 
 50 
 51 
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INTRODUCTION 52 
 53 

SHANK3 (ProSAP2) is one of the most common genes associated with ASD and is implicated in 54 
bipolar disorder, schizophrenia, and Alzheimer’s disease (reviewed in Guilmatre et al., 2014, Grabrucker 55 
et al., 2011). The SHANK3 gene is located on the long arm of chromosome 22 at position 22q13.3 and is 56 
the causative gene in Phelan-McDermid syndrome (PMS) (Boccuto et al., 2013, Bonaglia et al., 2001, 57 
Bonaglia et al., 2006, Dhar et al., 2010). The gene encodes SHANK3, a postsynaptic scaffolding protein 58 
that interacts directly or indirectly with AMPA receptors (Raynaud et al., 2013, Uchino et al., 2006), 59 
NMDA receptors (Naisbitt et al., 1999), metabotropic glutamate receptors (Verpelli et al., 2011), and the 60 
actin cytoskeleton (Bockers et al., 2001, Lim et al., 1999, Sheng and Kim, 2000, Naisbitt et al., 1999) at 61 
excitatory synapses in the brain. 62 

Human SHANK3 mutations and changes in copy number have been replicated in mouse models 63 
(reviewed in Jiang and Ehlers, 2013). Our laboratory has characterized four independent mouse lines by 64 
targeting exons 4-9 (Jaramillo et al., 2016b), exon 13 (Jaramillo et al., 2016a), and exon 21 (Speed et al., 65 
2015b, Kouser et al., 2013) of Shank3.  66 

We have reported consistent biochemical, behavioral, and physiological findings in two Shank3 67 
mouse models targeting the C-terminal domain of the SHANK3 protein (exon 21). One of these models 68 
was made by deletion of exon 21 (Shank3ΔC), loosely mimicking an autism-associated, human guanine 69 
insertion mutation that caused a frameshift mutation and premature STOP codon in exon 21 (Kouser et 70 
al., 2013). We identified behavioral deficits in Shank3ΔC/ΔC mice, including novelty avoidance and motor 71 
coordination abnormalities (Kouser et al., 2013). Synaptic transmission and synaptic plasticity were also 72 
decreased in Shank3ΔC/ΔC mice in area CA1 of the hippocampus (Kouser et al., 2013).    73 

More recently, we have mimicked this autism-associated SHANK3 mutation by inserting a 74 
guanine nucleotide at position 3,728 of Shank3 to cause an equivalent frameshift mutation and premature 75 
STOP codon in exon 21 (Speed et al., 2015b). This Shank3G mouse shared similar phenotypes with the 76 
Shank3 C mouse, including loss of SHANK3 protein isoforms, novelty avoidance, motor deficits, and 77 
deficits in synaptic transmission in area CA1 of the hippocampus (Speed et al., 2015b). We engineered 78 
the Shank3G mutant model as a Cre-recombinase-dependent, genetically reversible model (Speed et al., 79 
2015b). In our original publication, we demonstrated that genetic reversal of the Shank3G mutation by 80 
Cre-recombinase restored SHANK3 protein to levels indistinguishable from wild-type Shank3+/+ (Speed 81 
et al., 2015b). The common phenotypes of Shank3G and Shank3 C mouse lines underscored the robust, 82 
reproducible nature of these findings for future studies. 83 

In the present study, we sought to answer whether autism caused by SHANK3 mutation is a 84 
“hard-wired,” irreversible neurodevelopmental disorder or a disorder of brain function that can be 85 
reversed by normalizing SHANK3 expression following completion of brain development. This question 86 
has important ramifications for both targeting and timing of potential therapeutic strategies. We 87 
hypothesized that adult-induced genetic reversal of Shank3G mutant mice would result in rescue of 88 
behavioral and electrophysiologic abnormalities in our genetically reversible Shank3G mutant model. This 89 
hypothesis has was examined using a similar genetic reversal strategy in other autism-related mouse 90 
models including MeCP2 (Guy et al., 2007), Ube3a (Silva-Santos et al., 2015), Syngap1 (Clement et al., 91 
2012) and Shank3 (Mei et al., 2016) mutants.  92 

Our findings in Cre-negative mice replicated our previously published behavioral and synaptic 93 
abnormalities in the Shank3G mouse line, further underscoring the robust and reproducible nature of these 94 
findings.  At first glance, our results in tamoxifen-treated, Cre-positive, genetically reversed mice 95 
appeared to demonstrate rescue of some, but not all, phenotypes. Our test of this hypothesis, however, 96 
included critical controls run in parallel with the key genetic reversal experiments that illuminated 97 
potential caveats to interpretation of genetic reversal experiments using the CreTam transgenic mouse line 98 
(Kool et al., 2016, Guy et al., 2007, Mei et al., 2016, Hayashi and McMahon, 2002, Silva-Santos et al., 99 
2015, Clement et al., 2012). 100 
 101 
METHODS 102 
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 103 
Generation and genotyping of Shank3G/G mice with and without CreTam 104 

Construction of the genetically reversible, Shank3 exon 21 insertion mutant targeting vector and 105 
resulting genetically reversible Shank3G/G mouse line were described previously (Speed et al., 2015a). 106 
Genotyping for Shank3 was performed as described (Speed et al., 2015a) with two primers: 21M-loxP1-107 
sequence-sense (CTGTTGGTGTCAGTTCTTGCAGATG, in intron 20) and 21M-sequence-loxP2-108 
antisense (CAAGGATGCTGGCCATTGAATGGCTTC, in exon 21). PCR products for WT Shank3 and 109 
Shank3G alleles were 596 bp and 638 bp respectively. Following Cre-recombination, the PCR product of 110 
the recombined Shank3G-Rev allele was 680 bp. Genotyping for the CreTam transgene was performed with 111 
two PCR primers: Sense (GCGGTCTGGCAGTAAAAACTATC) and anti-sense 112 
(GTGAAACAGCATTGCTGTCACTT). PCR product for CreTam transgene gene was ~100 bp. 113 

Heterozygous mice from the original Shank3G mouse line (Speed et al., 2015b) were crossed with 114 
a tamoxifen-inducible CAGGCre-ERTM transgenic mouse line driven by the chicken beta actin 115 
promoter/enhancer coupled with the cytomegalovirus (CMV) immediate-early enhancer from the Jackson 116 
Laboratory (Strain: B6.Cg-Tg(Cre/Esr1*)5Amc/J) (Hayashi and McMahon, 2002). We refer to this 117 
tamoxifen-inducible transgene as CreTam throughout. This cross yielded WT (Shank3+/+) and heterozygous 118 
(Shank3+/G) mutant mice with (CreTam+) and without (CreTam−) the CreTam transgene. Next, heterozygous 119 
Shank3+/G mice with the CreTam transgene (Shank3+/GCreTam+) were crossed with heterozygous Shank3+/G 120 
mice without the CreTam transgene (Shank3+/GCreTam−). This final cross yielded all experimental mice 121 
(Figures 1 and 2).  122 

Sex-matched littermates of mixed Shank3 and CreTam genotypes were housed together 2-4 per 123 
cage upon weaning at postnatal days P21-P28. Mice were kept on a 12:12 light:dark cycle with 124 
experiments performed during the light cycle (6:00 AM – 6:00 PM). Mice were allowed free access to 125 
food and water. Mice receiving tamoxifen treatment were housed in the same room, but on a separate rack 126 
from mice receiving vehicle.  127 

 128 

 129 
 130 

FFigure 1. Breeding strategy for generating the Shank3GCreTam mouse line. Heterozygous Shank3+/G mice from the 131 
original Shank3G mouse line were crossed with a tamoxifen-inducible CreTam transgenic mouse line to produce 132 
Shank3+/GCreTam− and Shank3+/GCreTam+ offspring. Shank3+/GCreTam− and Shank3+/GCreTam+ mice from this initial 133 
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cross were bred to generate all experimental mice for this study: Shank3+/+CreTam−, Shank3+/GCreTam−, 134 
Shank3G/GCreTam−, Shank3+/+CreTam+, Shank3+/GCreTam+, and Shank3G/GCreTam+.  135 

 136 

 137 
 138 
FFigure 2. Tamoxifen treatment strategy. Experimental mice of all 6 genotypes (Shank3+/+CreTam−, Shank3+/GCreTam−, 139 
Shank3G/GCreTam−, Shank3+/+CreTam+, Shank3+/GCreTam+, and Shank3G/GCreTam+) were fed vehicle diet until 8 weeks 140 
of age. At 8 weeks, mice were separated into two treatment groups, one receiving vehicle diet for 6 weeks and 141 
another receiving tamoxifen diet for 6 weeks. Each treatment group consisted of mice from all 6 genotypes. After the 142 
6-week treatment, all mice were fed vehicle diet for at least a 2-week wash-out period before testing. During and after 143 
testing, all mice were fed vehicle diet.  144 
 145 

In the Shank3GCreTam+ mice, tamoxifen administration allowed Cre-recombinase to be 146 
transported into the nucleus to excise the mutated Shank3 exon 21, resulting in WT SHANK3 expression 147 
and effectively reversing the mutation (Figure 3). The Shank3GCreTam− mice also were subjected to 148 
behavioral, biochemical, and electrophysiological testing to identify any unanticipated effects of the 149 
CreTam transgene or of tamoxifen administration.  150 
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 151 
FFigure 3. Tamoxifen-inducible Shank3 genetic reversal strategy. The Shank3G mutation was introduced into the WT 152 
Shank3 allele (A) by insertion of a neo-STOP cassette before wild-type exon 21 (B). The neo-STOP cassette was 153 
flanked by loxP sites, so that Cre-recombinase activity in the nucleus could excise the mutated Shank3G exon 21 (C), 154 
resulting in restoration of the WT Shank3+/+ gene (D) and SHANK3 expression, thereby effectively reversing the 155 
Shank3G mutation. 156 
 157 
 158 
Biochemistry 159 

Western blots were performed as previously described (Kouser et al., 2013). To determine rescue 160 
of SHANK3 expression following tamoxifen treatment, SHANK3 protein levels were determined by 161 
immunoblotting whole brain tissue homogenized in artificial cerebrospinal fluid, 5 mM EDTA, and 1X 162 
Halt protease and phosphatase inhibitor cocktail (Thermo Scientific, Waltham, MA). 10 μg of protein 163 
were loaded per lane and blotted with an anti-SHANK3 antibody (gift of Paul Worley) and anti-β-actin 164 
antibody was used as an internal loading control. An Image Works film processor was used to develop 165 
films and the chemiluminescent signals were quantified, normalized, and analyzed using Image Studio, 166 
Microsoft Excel, and Statistica software (Version 13, Dell Inc, Tulsa, OK).  167 
 168 
Tamoxifen administration 169 

The route and dose of tamoxifen administration were determined by comparing the SHANK3 170 
protein levels in adult Shank3GCreTam+ mice receiving 15-day s.c. injection of 4-hydroxytamoxifen or in 171 
mice being fed tamoxifen custom chow for 1-4 weeks (Figure 4). Daily injections of 4-hydroxytamoxifen 172 
(66.67 mg/kg, Sigma-T176, Sigma-Aldrich, St. Louis, MO) stimulated a modest increase in expression of 173 
SHANK3 in Shank3+/GCreTam+ and Shank3G/GCreTam+ mice compared to Shank3+/+CreTam+ controls 174 
(Figure 4A).  175 

Oral treatment with tamoxifen diet (950 g/kg 16% Protein Rodent Diet, 500 mg/kg Tamoxifen 176 
USP, 49.5 mg/kg sucrose, Catalog # TD.130857, Envigo, Madison, WI) provided a dose of ~80 mg/kg 177 
per day for a 20-25 g mouse. Beginning at 8 weeks of age, CreTam+ and CreTam− mice were randomly 178 
assigned to the vehicle diet group or the tamoxifen diet group and fed ad libitum for 1, 2, or 4 weeks 179 
followed by a 2-week washout period.  180 

Rescue of SHANK3 expression in Shank3+/GCreTam+ and Shank3G/GCreTam+ mice with tamoxifen 181 
diet increased with duration of treatment from 1 to 4 weeks (Figure 4B). In our final experimental design, 182 
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we used a 6-week treatment with tamoxifen diet to further ensure complete reversal. In the final analysis, 183 
6 weeks of tamoxifen diet proved most effective in rescuing SHANK3 protein levels in Shank3GCreTam+ 184 
mice (Figure 2C-D). Thus, for the actual experiments, mice in the both groups were fed 16% Protein 185 
Rodent Diet (vehicle, Envigo) until 8 weeks of age, and then the tamoxifen-treated group were fed 186 
tamoxifen chow for 6 weeks. Tamoxifen-treated mice were returned to their original vehicle diet for at 187 
least a two-week washout period before the start of all experiments. Mice in the control group were 188 
maintained on vehicle diet throughout the treatment and wash-out periods. Food intake and body weight 189 
were unchanged during tamoxifen administration (data not shown).  190 
 191 
Behavioral Overview 192 
Behavioral tests were performed during the light cycle on 4 cohorts: 2 cohorts with cre-recombinase 193 
(Shank3GCreTam+) ± tamoxifen treatment and 2 cohorts without cre-recombinase (Shank3GCreTam−) ± 194 
tamoxifen treatment. All cohorts consisted of age- and sex-matched littermate progeny of heterozygous 195 
matings (Figure 1). The appearance of unequal N’s was due to some littermate triplets (WT/het/homo) 196 
and some littermate pairs (WT/het or WT/homo) being used, with each heterozygous or homozygous 197 
mouse having at least one sex-matched littermate WT in the cohort. 198 

 All mice in each cohort were born within 12 weeks of each other. Tamoxifen dosing for the 199 
behavioral cohorts began when each pair or triplet was 8 weeks of age. Tamoxifen treatment continued 200 
for 6 weeks before resuming a regular diet. Behavioral testing began when the mice were 4-6 months of 201 
age by an experimenter blind to genotype in the following order: locomotor, marble burying, rotarod, and 202 
nesting behavior. Behavioral results are not described in the order in which they were tested to simplify 203 
presentation of the data. One Shank3+/GCreTam+ mouse treated with tamoxifen was found dead in its cage 204 
before marble burying behavior, so its littermate-paired, wild-type Shank3+/+CreTam+ mouse treated with 205 
tamoxifen was excluded from the future experiments.  206 
 207 
Locomotor 208 

Locomotor activity was tested by placing the mice in a fresh home cage with minimal bedding. 209 
Their activity was monitored for two hours using photobeams linked to a computer with data acquisition 210 
software (San Diego Instruments, San Diego, CA)(Powell et al., 2004) in the dark. Three-way repeated 211 
measures ANOVA was used to analyze the data with genotype and sex as between-subject factors and 212 
time as a within-subject factor. 213 
 214 
Marble Burying 215 

As previously described (Blundell et al., 2010), twenty marbles were evenly placed around a 216 
novel home cage with 5 cm of bedding and mice were given 30 min in the cage. After 30 min, the number 217 
of marbles buried was recorded. A marble was defined as buried when less than 25% of the marble was 218 
visible. The test room was well lit (~80 lux). Data were analyzed using two-way ANOVA with genotype 219 
and sex as between-subject factors. 220 
 221 
Accelerating Rotarod 222 

Coordination and motor learning were tested using a rotarod as previously described (Powell et 223 
al., 2004). In a well lit room (~80 lux), mice were placed on a stationary rotarod (IITC Life Sciences, 224 
Woodland Hills, CA) that was then activated and accelerated from 0-45 revolutions over 5 min. The 225 
latency for mice to fall off the rod or take one revolution was measured. Trials were repeated 4 times/day 226 
with inter-trial intervals of 30 min for 2 days. Data were analyzed using three-way repeated measures 227 
ANOVA with genotype and sex as between-subject factors and trials as a within-subject factor.  228 
 229 
Nesting 230 

Nesting behavior was performed in a well-lit (~80 lux) room by first habituating the mouse to a 231 
novel, clean home-cage with approximately 1.5 cm of bedding for 15 min. Then a cotton nestlet (5.5 x5.5 232 
x 0.5 cm) was put in the cage. Height and width of nests were measured at 30 min, 60 min and 90 min 233 
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(Etherton et al., 2009). Data were analyzed using three-way ANOVA with genotype and sex as between-234 
subject factors and time as a within-subject factor. 235 

 236 
Acute slice Preparation 237 
Acute slice preparation was performed as previously described (Speed et al., 2015a) with minor 238 
modifications. 16-week old male mice from both the vehicle and tamoxifen treatment groups 239 
(Shank3+/+CreTam+, Shank3+/+CreTam−, Shank3G/GCreTam+, and Shank3G/GCreTam−) were administered a 240 
lethal dose of 8% chloral hydrate (≥ 400 mg/kg) and perfused through the heart with artificial cerebral 241 
spinal fluid (ACSF). The brains were rapidly removed and cut 350-400 μm thick in ice-cold, modified 242 
dissecting ACSF on a vibrating microtome (Vibratome 3000, Leica Biosystems, Buffalo Grove, IL). 243 
Coronal slices containing hippocampus were brought to 35 ± 0.5oC for 30 min and allowed to slowly cool 244 
to room temperature, where they remained until recording at 32°C.  245 

 246 
Extracellular “field” electrophysiology  247 
 Field excitatory postsynaptic potentials (fEPSPs) were generated by a 100 μs biphasic pulse 248 
through a monopolar nickel dichromate stimulating electrode as previously described (Speed et al., 249 
2015a). The stimulating and glass recording electrodes (1-2 MΩ) were placed laterally in the stratum 250 
radiatum 400-500 μm apart. Data were collected using Model 2100 stimulus isolators and Model 1800 251 
amplifiers (A-M Systems, Sequim, WA) at 10 KHz sample rate with a 1-5 kHz high-pass filter. Data were 252 
acquired and analyzed using the pClamp software suite (v 10.3, Molecular Devices, Sunnyvale, CA), 253 
Prism (v 6.0, GraphPad, San Diego, CA), and Statistica (v 13, Dell Inc, Tulsa, OK).  254 
 After a stable 20-minute baseline was achieved at 0.05 Hz, input/output (I/O) curves were 255 
measured over a range of stimulus intensities (0 - 350 μA) in 50 μA increments at 0.05 Hz. The 256 
maximum slope (10 – 90%) of the fEPSP was analyzed at 8 different stimulus intensities with 5 257 
repetitions at each stimulus intensity. All recordings were performed at 32 C with an average of 2-3 slices 258 
per mouse. Data were analyzed using two-way rmANOVA with genotype the between-subject factor and 259 
stimulus intensity as a within-subject factor. 260 
 261 
Solutions 262 

ACSF contained (in mM): 120 NaCl, 3.5 KCl, 1.25 NaH2PO4, 1 MgSO4, 26 NaHCO3, 10 263 
dextrose, and 2 CaCl2. Dissection ACSF consisted of (in mM): 75 sucrose, 87 NaCl, 3 KCl, 1.25 264 
NaH2PO4, 7 MgSO4, 26 NaHCO3, 20 dextrose, and 0.5 CaCl2. All solutions were adjusted to pH 7.4 and 265 
saturated with 95 % O2/5 % CO2.  266 
 267 
Statistics 268 

Plotting was performed with OriginPro 2016 (OriginLab Corporation, Northampton, MA). All 269 
statistics were performed in Statistica (v 13, Dell Inc, Tulsa OK). Significance was determined at the 270 
P<0.05 level. A main effect of genotype or sex was followed by a Tukey Honest Significant Difference 271 
test to determine significance of each group compared to control. For detailed numerical statistical results 272 
see Tables 1-2. 273 
 274 
 275 
RESULTS 276 
 277 
Treatment of Shank3GCreTam+ mice with tamoxifen diet results in rescued expression of SHANK3 278 
protein in whole brain lysates 279 
 280 

In tamoxifen-treated, cre-positive, heterozygous and homozygous mice, the level of SHANK3 281 
protein was rescued effectively to WT levels (Figure 4C-D). Statistics for Figure 4 are summarized in 282 
Table 1. Adult (8-week-old) mice were assigned to either the tamoxifen treatment group, that received 283 
tamoxifen diet for 6 weeks, or the control group, that continued to receive vehicle diet. After the 6-week 284 
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treatment period, both groups received vehicle diet for at least a 2-week wash-out period before testing. 285 
This tamoxifen treatment protocol resulted in nearly complete biochemical rescue of SHANK3 expression 286 
with no significant difference in SHANK3 protein expression levels among tamoxifen-treated, mutant 287 
Shank3G/GCreTam+ mice (adult-induced genetic reversal) compared to each of the several WT groups 288 
(vehicle-treated Shank3+/+CreTam+, tamoxifen-treated Shank3+/+CreTam+, vehicle-treated 289 
Shank3+/+CreTam−, and tamoxifen-treated Shank3+/+CreTam−). Similarly, no significant difference was 290 
observed among tamoxifen-treated heterozygous Shank3+/GCreTam+ mice and all other WT groups. 291 
Consistent with our expectations and previous findings (Speed et al., 2015a), all other heterozygous 292 
(vehicle-treated Shank3+/GCreTam+, vehicle-treated Shank3+/GCreTam−, and tamoxifen-treated 293 
Shank3+/GCreTam−) and homozygous (vehicle-treated Shank3G/GCreTam+, vehicle-treated 294 
Shank3G/GCreTam−, and tamoxifen-treated Shank3G/G CreTam−) groups without genetic reversal 295 
demonstrated an approximately 50% reduction (heterozygotes) or nearly complete loss (homozygotes) of 296 
SHANK3 protein expression. Importantly, tamoxifen diet had no effect on SHANK3 protein expression 297 
levels in cre-negative mice (Shank3+/GCreTam−and Shank3G/GCreTam−; Figure 4C).  298 
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 299
300

Figure 4. Optimization of tamoxifen treatment protocol in adult Shank3GCreTam+ mice. (A) Quantification of Western 301
blot showing minimal rescue of WT SHANK3 protein expression following treatment with 4-hydroxytamoxifen (66.67 302
mg/kg) given once per day subcutaneously (s.c.) for 15 days. (n=7 for all treatment groups). (B) Representative 303
Western blot (top) and quantification of whole brain lysates (bottom) showing degrees of rescue of SHANK3 protein 304
expression after varying duration of tamoxifen diet. (n=7 for all treatment groups). (C) SHANK3 protein levels from 305
whole-brain lysates in adult Shank3GCreTam− mice treated for 6 weeks with vehicle or tamoxifen diet. (Vehicle diet: 306
Shank3+/+ n=9, Shank3+/G n=7, Shank3G/G n=4; Tamoxifen diet: Shank3+/+ n=12, Shank3+/G n=9, Shank3G/G n=9). (D) 307
SHANK3 protein levels from whole-brain lysates in adult Shank3GCreTam+ mice treated for 6 weeks with vehicle diet 308
or tamoxifen diet. (Vehicle diet: Shank3+/+ n=26, Shank3+/G n=21, Shank3G/G n=15; Tamoxifen diet: Shank3+/+ n=23, 309
Shank3+/G n=15, Shank3G/G n=18. Data are normalized to the ß-Actin control and then to the average of WT levels 310
with C-terminus SHANK3 antibody (JH3025)). (E) Example Southern blot of brain tissue in CreTam+, WT and 311
Shank3G/G homozygous mutant mice treated with Vehicle or Tamoxifen (TAM, Rev=band expected following cre-312
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mediated recombination of floxed mutant, Mut=band expected for floxed mutant before cre recombination, WT=band 313 
expected in WT mice without mutant allele). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 314 
 315 
 316 
Table 1. Detailed statistical analysis of tamoxifen treatment on WT SHANK3 protein expression.  317 
 318 
Biochemistry 319 
15-day  
TAM s.c. vs.  
Veh s.c. (Cre+) 

2-way 
ANOVA 

Genotype 
Treatment 
Interaction 

 F2,36 = 20.97 
F1,36 = 1.61 
F2,36 = 0.49 

*p < 0.0001 
  p = 0.2133  
  p = 0.6194 

[Figure 4A] Tukey 
HSD 

Veh Shank3+/+ vs  

Veh Shank3+/+ vs  

Veh Shank3+/G vs 
Veh Shank3+/+ vs  
Veh Shank3+/+ vs 
Veh Shank3+/+ vs 
Tam Shank3+/+ vs 
Tam Shank3+/+ vs 

Tam Shank3+/G vs 

Veh Shank3+/G 

Veh Shank3G/G 

Veh Shank3G/G 

Tam Shank3+/+ 

Tam Shank3+/G 

Tam Shank3G/G 

Tam Shank3+/G 

Tam Shank3G/G 

Tam Shank3G/G 

   p = 0.0705 
*p = 0.0003 
  p = 0.2997 
  p = 1.0000  
  p = 0.6835 
*p = 0.0024 
  p = 0.6835 
*p = 0.0241 
  p = 0.0998 

1-week  
TAM diet vs. 
Veh diet (Cre+) 

2-way 
ANOVA 

Genotype 
Treatment 
Interaction 

 F2,36 = 25.49 
F1,36 = 1.78 
F2,36 = 0.45 

*p < 0.0001 
  p = 0.1906 
  p = 0.6425 

[Figure 4B] Tukey 
HSD 

Veh Shank3+/+ vs  

Veh Shank3+/+ vs  

Veh Shank3+/G vs 
Veh Shank3+/+ vs  
Veh Shank3+/+ vs 
Veh Shank3+/+ vs 
Tam Shank3+/+ vs 
Tam Shank3+/+ vs 

Tam Shank3+/G vs 

Veh Shank3+/G 

Veh Shank3G/G 

Veh Shank3G/G 

Tam Shank3+/+ 

Tam Shank3+/G 

Tam Shank3G/G 

Tam Shank3+/G 

Tam Shank3G/G 

Tam Shank3G/G 

 *p = 0.0447 
*p = 0.0002   
  p = 0.1242 
  p = 1.0000 
  p = 0.3864 
*p = 0.0012 
  p = 0.3864 
*p = 0.0012 
  p = 0.1548 

2-week  
TAM diet vs. 
Veh diet (Cre+) 

2-way 
ANOVA 

Genotype 
Treatment 
Interaction 

 F2,36 = 18.64 
F1,36 = 4.92 
F2,36 = 1.49 

*p < 0.0001 
*p = 0.0329 
  p = 0.2389 

[Figure 4B] Tukey 
HSD 

Veh Shank3+/+ vs  

Veh Shank3+/+ vs  

Veh Shank3+/G vs 
Veh Shank3+/+ vs  
Veh Shank3+/+ vs 
Veh Shank3+/+ vs 
Tam Shank3+/+ vs 
Tam Shank3+/+ vs 

Tam Shank3+/G vs 

Veh Shank3+/G 

Veh Shank3G/G 

Veh Shank3G/G 

Tam Shank3+/+ 

Tam Shank3+/G 

Tam Shank3G/G 

Tam Shank3+/G 

Tam Shank3G/G 

Tam Shank3G/G 

   p = 0.0523 
*p = 0.0002 
  p = 0.1395 
  p = 1.0000 
  p = 0.6185 
*p = 0.0404 
  p = 0.6185 
*p = 0.0404 
  p = 0.6526 

4-week  
TAM diet vs. 
Veh diet (Cre+) 

2-way 
ANOVA 

Genotype 
Treatment 
Interaction 

 F2,36 = 13.70 
F1,36 = 5.73 
F2,36 = 1.55 

*p < 0.0001 
*p = 0.0220 
  p = 0.2262 

[Figure 4B] Tukey 
HSD 

Veh Shank3+/+ vs  

Veh Shank3+/+ vs  

Veh Shank3+/G vs 
Veh Shank3+/+ vs  
Veh Shank3+/+ vs 

Veh Shank3+/G 

Veh Shank3G/G 

Veh Shank3G/G 

Tam Shank3+/+ 

Tam Shank3+/G 

   p = 0.1104 
*p = 0.0004 
  p = 1.0000 
  p = 1.0000 
  p = 0.9380 
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Veh Shank3+/+ vs 
Tam Shank3+/+ vs 
Tam Shank3+/+ vs 

Tam Shank3+/G vs 

Tam Shank3G/G 

Tam Shank3+/G 

Tam Shank3G/G 

Tam Shank3G/G 

  p = 0.1530 
  p = 0.9380 
  p = 0.1530 
  p = 0.6222 

6-week  
TAM diet vs  
Veh Diet (Cre-) 

2-way 
ANOVA 

Genotype 
Treatment 
Interaction 

 F2,44 = 45.29 
F1,44 = 0.17 
F2,44 = 0.39 

*p < 0.0001 
  p = 0.6783 
  p = 0.7010 

[Figure 4C] Tukey 
HSD 

Veh Shank3+/+ vs  

Veh Shank3+/+ vs  

Veh Shank3+/G vs 
Veh Shank3+/+ vs  
Veh Shank3+/+ vs 
Veh Shank3+/+ vs 
Tam Shank3+/+ vs 
Tam Shank3+/+ vs 

Tam Shank3+/G vs 

Veh Shank3+/G 

Veh Shank3G/G 

Veh Shank3G/G 

Tam Shank3+/+ 

Tam Shank3+/G 

Tam Shank3G/G 

Tam Shank3+/G 

Tam Shank3G/G 

Tam Shank3G/G 

 *p = 0.0008 
*p = 0.0001 
  p = 0.2915 
  p = 0.9236 
*p = 0.0007 
*p = 0.0001 
*p = 0.0046 
*p = 0.0001 
*p = 0.0255 

6-week  
TAM diet vs  
Veh Diet (Cre+) 

2-way 
ANOVA 

Genotype 
Treatment 
Interaction 

 F2,112 = 7.81 
F1,112 = 14.67 
F2,112 = 4.87 

*p < 0.0001 
*p = 0.0002 
*p = 0.0094 

[Figure 4D] Tukey 
HSD 

Veh Shank3+/+ vs  

Veh Shank3+/+ vs  

Veh Shank3+/G vs 
Veh Shank3+/+ vs  
Veh Shank3+/+ vs 
Veh Shank3+/+ vs 
Tam Shank3+/+ vs 
Tam Shank3+/+ vs 

Tam Shank3+/G vs 

Veh Shank3+/G 

Veh Shank3G/G 

Veh Shank3G/G 

Tam Shank3+/+ 

Tam Shank3+/G 

Tam Shank3G/G 

Tam Shank3+/G 

Tam Shank3G/G 

Tam Shank3G/G 

   p = 0.1319 
*p = 0.0005 
*p = 0.0012 
  p = 1.0000 
  p = 0.7763 
  p = 0.8507 
  p = 0.6913 
  p = 0.9308 
  p = 0.2261 

 320 
 321 
 322 

 323 
 324 

Replication of behavioral and synaptic phenotypes in vehicle-treated Shank3GCreTam− mice  325 
 326 
 Shank3G mice (Speed et al., 2015a), as well as Shank3ΔC mice (Kouser et al., 2013), show what 327 
we refer to as an altered response to novelty phenotype that we have now replicated in our vehicle-treated, 328 
cre-negative, Shank3G/GCreTam− mice. We tested Shank3+/+CreTam−, Shank3+/GCreTam−, and 329 
Shank3G/GCreTam− mice in a nest-building task. Homozygous Shank3G/GCreTam− mutant mice showed 330 
decreased nest width (Figure 5A) and height (Figure 5B) over a 90-min period compared to wild-type 331 
Shank3+/+CreTam− controls. We also replicated our previously demonstrated phenotype (Speed et al., 332 
2015a) in a marble burying task with Shank3G/GCreTam− mice showing a significant decrease in the 333 
number of marbles buried compared to wild-type controls (Figure 5C). Complete statistical analysis for 334 
these and all subsequent experiments is detailed in Table 2. 335 

In accordance with the altered response to novelty phenotype, Shank3G/GCreTam− mice also 336 
demonstrated significantly decreased initial locomotor activity in a novel environment (Figure 5D). As 337 
we previously demonstrated with both Shank3G/G (Speed et al., 2015a) and Shank3ΔC (Kouser et al., 2013) 338 
mice, there is no main effect of genotype on the total number of beam breaks. Tukey post-hoc analysis, 339 
however, revealed that Shank3G/GCreTam− mice are hypoactive during the first 5 min in the novel 340 
environment compared to Shank3+/GCreTam− and Shank3+/+CreTam−  littermates (Figure 5D).  341 
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We next examined motor coordination and learning on the accelerating rotarod in 342 
Shank3GCreTam− mice. A decreased motor coordination phenotype was previously observed in these and 343 
related Shank3 mutant mice (Kouser et al., 2013, Speed et al., 2015a). Shank3G/GCreTam− mice exhibited a 344 
significant decrease in coordination on the rotarod, as well as a decrease in motor learning, indicated by 345 
an overall main effect of genotype and an interaction between genotype and trial (Figure 5E). We also 346 
identified a main effect of sex that revealed longer latencies to fall in female mice than in males. No 347 
interaction between genotype and sex was observed, but overall, females performed better than males.  348 

Finally, we investigated basal synaptic transmission in the hippocampus using extracellular 349 
electrophysiology in acute brain slices from male, vehicle-treated WT Shank3+/+CreTam− and 350 
homozygous Shank3G/GCreTam− mice. We found a significant decrease in Shank3G/GCreTam− synaptic 351 
transmission compared to that of Shank3+/+CreTam− mice, with a significant decrease in the input/output 352 
relationship of stimulus intensity to the slope of the field excitatory postsynaptic response (fEPSP) 353 
(Figure 5F) at CA3 Schaffer-collateral to area CA1 synapses. Main effects of both genotype and stimulus 354 
intensity are observed along with a significant interaction between genotype and stimulus intensity. 355 
Overall, Shank3G/GCreTam− mice exhibited decreased basal synaptic strength compared to controls at 356 
stimulus intensities greater than 50 μA and reached a 44% weaker maximum fEPSP slope. Fiber volley 357 
amplitude was not affected. Thus, breeding with the CreTam transgenic mouse line did not alter the 358 
previously observed phenotypes in Shank3G/G mice (Speed et al., 2015a).  359 

 360 
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 361 
 362 

FFigure 5. Vehicle-treated Shank3G/GCreTam− mice exhibit clear behavioral and physiological phenotypes. 363 
Shank3G/GCreTam− mice exhibit a novelty avoidance phenotype by building smaller nests in both nest width (A) and 364 
height (B) over a 90-minute period, burying fewer marbles over a 30-minute period (C), and exhibiting hypoactivity 365 
within the first 5 minutes of the open field test (D) compared to Shank3+/+CreTam−  controls. (E) Rotarod testing 366 
demonstrates that motor learning and coordination are decreased in Shank3G/GCreTam− mice compared to controls.  367 
Shank3+/+ n=27, Shank3+/G n=18, Shank3G/G n=19. (F) Synaptic transmission in the hippocampus is impaired in 368 
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Shank3G/GCreTam− mice with decreased fEPSP in response to stimulus intensity compared to Shank3+/+CreTam− mice. 369 
Inset: Average of 5 consecutive raw traces at stimulus intensities 0-350 μA in 50 μA steps from Shank3+/+ (top) and 370 
Shank3G/G (bottom) mice; scale bar =0.5 mV, 5 ms. Shank3+/+ n=10 slices from 4 mice, Shank3G/G n=9 slices from 3 371 
mice. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 372 

 373 
 374 
 375 
Table 2. Detailed statistical analysis of all behavior and electrophysiology performed in this study. 376 
 377 
Vehicle-Treated Shank3GCreTam− 378 
Nest Width 3-way rmANOVA Genotype F(2,58) = 4.07 *p = 0.0222 
[Figure 5A]  Time F (2,116) = 19.12 *p < 0.0001 
  Sex F (1,58) = 0.26   p = 0.6119 
  Genotype X Time F (4,116) = 0.67   p = 0.6162 
 Tukey HSD Shank3+/+CreTam− vs  Shank3+/GCreTam−   p = 0.5894 
  Shank3+/+CreTam− vs Shank3G/GCreTam− *p = 0.0089 
  Shank3+/GCreTam− vs Shank3G/GCreTam−   p = 0.1515 
Nest Height 3-way rmANOVA Genotype F (2,58) = 3.38 *p = 0.0408 
[Figure 5B]  Time F (2,116) = 33.32 *p < 0.0001 
  Sex F (1,58) = 0.01   p = 0.9336 
  Genotype X Time F (4,116) = 0.46   p = 0.7621 
  Genotype X Sex F (2,58) = 1.82   p = 0.1710 
 Tukey HSD Shank3+/+CreTam− vs  Shank3+/GCreTam−   p = 0.9865 
  Shank3+/+CreTam− vs Shank3G/GCreTam− *p = 0.0392 
  Shank3+/GCreTam− vs Shank3G/GCreTam− *p = 0.0473 
Marble Burying 2-way ANOVA Genotype F(2,58) = 12.30 *p < 0.0001 
[Figure 5C]  Sex F(1,58) = 0.13   p = 0.7208 
  Genotype X Time F(4,116) = 0.67   p = 0.6162 
 Tukey HSD Shank3+/+CreTam− vs  Shank3+/GCreTam−   p = 0.4965 
  Shank3+/+CreTam− vs Shank3G/GCreTam− *p = 0.0001 
  Shank3+/GCreTam− vs Shank3G/GCreTam− *p = 0.0017 
Locomotor  3-way rmANOVA Genotype F(2,58) = 0.47   p = 0.6274 
[Figure 5D]  Time F(23,1334) = 103.60 *p < 0.0001 
  Sex F(1,58) = 0.82   p = 0.3689 
  Genotype X Time F(46,1334) = 3.37 *p < 0.0001 
  Genotype X Sex F(2,58) = 0.37   p = 0.6893 
 Tukey HSD Shank3+/+CreTam− vs  Shank3+/GCreTam−   p = 0.9828 
  Shank3+/+CreTam− vs Shank3G/GCreTam−   p = 0.5155 
  Shank3+/GCreTam− vs Shank3G/GCreTam−   p = 0.6796 
Rotarod 3-way rmANOVA Genotype F(2,58) = 5.83 *p = 0.0049 
[Figure 5E]  Trial F(7,406) = 13.89 *p < 0.0001 
  Sex F(1,58) = 4.31 *p = 0.0424 
  Genotype X Trial F(14,406) = 1.87 *p = 0.0282 
  Genotype X Sex F(2,58) = 0.94   p = 0.3970 
 Tukey HSD Shank3+/+CreTam− vs  Shank3+/GCreTam−   p = 0.4183 
  Shank3+/+CreTam− vs Shank3G/GCreTam− *p = 0.0015 
  Shank3+/GCreTam− vs Shank3G/GCreTam−   p = 0.4183 
fEPSP slope   2-way rmANOVA Genotype F(1,17) = 102.42 *p < 0.0001 
[Figure 5F]  Intensity F(7,119) = 36.51 *p < 0.0001 
  Genotype X Intensity F(7,119) = 2.90 *p = 0.0078 
Fiber Volley 2-way rmANOVA Genotype F(1,8) = 5.12   p = 0.0535 
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  Intensity F(7,56) = 69.13 *p < 0.0001 
  Genotype X Intensity F(7,56) = 3.51 *p = 0.0034 
 379 
 380 
Tamoxifen-Treated Shank3GCreTam− 381 
Nest Width 3-way rmANOVA Genotype F(2,54) = 5.09 *p = 0.0047 
[Figure 6A]  Time F(2,108) = 23.28 *p < 0.0001 
  Sex F(1,54) = 0.31   p = 0.5813 
  Genotype X Time F(4,108) = 1.12   p = 0.3527 
  Genotype X Sex F(2,54) = 0.35   p = 0.7070 
 Tukey HSD Shank3+/+CreTam− vs  Shank3+/GCreTam−   p = 0.3842 
  Shank3+/+CreTam− vs Shank3G/GCreTam− *p = 0.0068 
  Shank3+/GCreTam− vs Shank3G/GCreTam−   p = 0.1757 
Nest Height 3-way rmANOVA Genotype F(2,54) = 2.47   p = 0.0942 
[Figure 6B]  Time F(2,108) = 39.18 *p < 0.0001 
  Sex F(1,54) = 0.01   p = 0.9046 
  Genotype X Time F(4,108) = 1.07   p = 0.3753 
  Genotype X Sex F(2,54) = 0.14   p = 0.8719 
 Tukey HSD Shank3+/+CreTam− vs  Shank3+/GCreTam−   p = 0.4260 
  Shank3+/+CreTam− vs Shank3G/GCreTam−   p = 0.0811 
  Shank3+/GCreTam− vs Shank3G/GCreTam−   p = 0.6415 
Marble Burying 2-way ANOVA Genotype F(2,54) = 22.52 *p < 0.0001 
[Figure 6C]  Sex F(1 54) = 0.86   p = 0.3575 
  Genotype X Sex F(2,54) = 0.20   p = 0.8195 
 Tukey HSD Shank3+/+CreTam− vs  Shank3+/GCreTam−   p = 0.0776 
  Shank3+/+CreTam− vs Shank3G/GCreTam− *p = 0.0001 
  Shank3+/GCreTam− vs Shank3G/GCreTam− *p = 0.0003 
Locomotor  3-way rmANOVA Genotype F(2,54) = 5.20 *p = 0.0086 
[Figure 6D]  Time F(23,1242) = 96.67 *p < 0.0001 
  Sex F(1,54) = 0.56   p = 0.4570 
  Genotype X Time F(46,1242) = 4.55 *p < 0.0001 
  Genotype X Sex F(2,54) = 0.11   p = 0.8928 
 Tukey HSD Shank3+/+CreTam− vs  Shank3+/GCreTam−   p = 0.0740 
  Shank3+/+CreTam− vs Shank3G/GCreTam− *p = 0.0097 
  Shank3+/GCreTam− vs Shank3G/GCreTam−   p = 0.6566 
Rotarod 3-way rmANOVA Genotype F(2,54) = 13.62 *p < 0.0001 
[Figure 6E]  Trial F(7,378) = 16.98 *p < 0.0001 
  Sex F(1,54) = 17.21 *p = 0.0001 
  Genotype X Trial F(14,378) = 2.79 *p = 0.0006 
  Genotype X Sex F(2,54) = 2.50   p = 0.0912 
 Tukey HSD Shank3+/+CreTam− vs  Shank3+/GCreTam− *p = 0.0253 
  Shank3+/+CreTam− vs Shank3G/GCreTam− *p = 0.0001 
  Shank3+/GCreTam− vs Shank3G/GCreTam− *p = 0.0346 
fEPSP Slope 2-way rmANOVA Genotype F(1,40) = 8.33 *p = 0.0063 
[Figure 6F]  Intensity F(7,280) = 113.08 *p < 0.0001 
  Genotype X Intensity F(7,280) = 9.94 *p < 0.0001 
Fiber Volley 2-way rmANOVA Genotype F(1,19) = 0.49   p = 0.4931 
  Intensity F(7,133) = 51.55 *p < 0.0001  
  Genotype X Intensity F(7,133) = 0.69   p = 0.6768 
 382 



16 
 

16 
 

 383 
Tamoxifen-Treated Shank3GCreTam+ Mice  384 
Nest Width 3-way rmANOVA Genotype F(2,50) = 0.30   p = 0.7405 
[Figure 7A]  Time F(2,100) = 28.50 *p < 0.0001 
  Sex F(1,50) = 0.62   p = 0.4336 
  Genotype X Time F(4,100) = 1.12   p = 0.3531 
  Genotype X Sex F(2,50) = 0.22   p = 0.8038 
 Tukey HSD Shank3+/+CreTam+ vs  Shank3+/GCreTam+   p = 0.9947 
  Shank3+/+CreTam+ vs Shank3G/GCreTam+   p = 0.7240 
  Shank3+/GCreTam+ vs Shank3G/GCreTam+   p = 0.8221 
Nest Height 3-way rmANOVA Genotype F(2,50) = 0.07   p = 0.9335 
[Figure 7B]  Time F(2,100) = 35.62 *p < 0.0001 
  Sex F(1,50) = 0.58   p = 0.4490 
  Genotype X Time F(4,100) = 0.48   p = 0.7507  
  Genotype X Sex F(2,50) = 0.17   p = 0.8425 
 Tukey HSD Shank3+/+CreTam+ vs  Shank3+/GCreTam+   p = 0.9623 
  Shank3+/+CreTam+ vs Shank3G/GCreTam+   p = 0.9767 
  Shank3+/GCreTam+ vs Shank3G/GCreTam+   p = 0.9000 
Marble Burying 2-way ANOVA Genotype F(2,48) = 3.68 *p = 0.0326 
[Figure 7C]  Sex F(1,48) = 0.00   p = 0.9634 
  Genotype X Sex F(2,48) = 0.26   p = 0.7688 
 Tukey HSD Shank3+/+CreTam+ vs  Shank3+/GCreTam+   p = 0.6972 
  Shank3+/+CreTam+ vs Shank3G/GCreTam+ *p = 0.0296 
  Shank3+/GCreTam+ vs Shank3G/GCreTam+   p = 0.6972 
Locomotor  3-way rmANOVA Genotype F(2,50) = 2.12   p = 0.1311 
[Figure 7D]  Time F(23,1150) = 99.68 *p < 0.0001 
  Sex F(1.50) = 0.49   p = 0.4866 
  Genotype X Time F(46,1150) = 1.82 *p < 0.0008 
  Genotype X Sex F(2,50) = 0.03   p = 0.9701 
 Tukey HSD Shank3+/+CreTam+ vs  Shank3+/GCreTam+   p = 0.8310 
  Shank3+/+CreTam+ vs Shank3G/GCreTam+   p = 0.1097 
  Shank3+/GCreTam+ vs Shank3G/GCreTam+   p = 0.4023 
Rotarod 3-way rmANOVA Genotype F(2,56) = 0.12   p = 0.8894 
[Figure 7E]  Trial F(7,392) = 17.89 *p < 0.0001 
  Sex F(1,56) = 4.46 *p = 0.0392  
  Genotype X Trial F(14,392) = 0.76   p = 0.7082  
  Genotype X Sex F(2,56) = 0.29   p = 0.7499 
 Tukey HSD Shank3+/+CreTam+ vs  Shank3+/GCreTam+   p = 0.9642 
  Shank3+/+CreTam+ vs Shank3G/GCreTam+   p = 0.9906 
  Shank3+/GCreTam+ vs Shank3G/GCreTam+   p = 0.9351 
fEPSP Slope 2-way rmANOVA Genotype F(1,26) = 0.34   p = 0.5634 
[Figure 7F]  Intensity F(7,182) = 29.71 *p < 0.0001 
  Genotype X Intensity F(7,182) = 6.30 *p < 0.0001  
Fiber Volley 2-way rmANOVA Genotype F(1,11) = 0.46   p = 0.5135 
  Intensity F(7,77) = 24.06 *p < 0.0001  
  Genotype X Intensity F(7,77) = 0.16   p = 0.9915 
 385 
 386 
Vehicle-Treated Shank3GCreTam+ Mice  387 
Nest Width 3-way rmANOVA Genotype F(2,56) = 2.33   p = 0.1065 
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[Figure 8A]  Time F(2,112) = 34.73 *p < 0.0001 
  Sex F(1,56) = 0.44   p = 0.5100 
  Genotype X Time F(4,112) = 0.91   p = 0.4630 
  Genotype X Sex F(2,56) = 2.13   p = 0.1287 
 Tukey HSD Shank3+/+CreTam+ vs  Shank3+/GCreTam+   p = 0.6704 
  Shank3+/+CreTam+ vs Shank3G/GCreTam+   p = 0.0637 
  Shank3+/GCreTam+ vs Shank3G/GCreTam+   p = 0.3149 
Nest Height 3-way rmANOVA Genotype F(2,56) = 2.72   p = 0.0749 
[Figure 8B]  Time F(2,112) = 72.06 *p < 0.0001 
  Sex F(1,56) = 0.59 *p = 0.0446 
  Genotype X Time F(4,112) = 1.32   p = 0.2687 
  Genotype X Sex F(2,56) = 0.82   p = 0.4466 
 Tukey HSD Shank3+/+CreTam+ vs  Shank3+/GCreTam+   p = 0.6704 
  Shank3+/+CreTam+ vs Shank3G/GCreTam+   p = 0.0637 
  Shank3+/GCreTam+ vs Shank3G/GCreTam+   p = 0.3149 
Marble Burying 2-way ANOVA Genotype F(2,55) = 15.78 *p < 0.0001 
[Figure 8C]  Sex F(1,55) = 0.50   p = 0.4810 
  Genotype X Sex F(2,55) = 0.12   p = 0.8874 
 Tukey HSD Shank3+/+CreTam+ vs  Shank3+/GCreTam+ *p = 0.0005 
  Shank3+/+CreTam+ vs Shank3G/GCreTam+ *p = 0.0001 
  Shank3+/GCreTam+ vs Shank3G/GCreTam+   p = 0.3265 
Locomotor  3-way rmANOVA Genotype F(2,56) = 2.48   p = 0.0926 
[Figure 8D]  Time F(23,1288) = 101.49 *p < 0.0001 
  Sex F(1,56) = 1.98   p = 0.1644 
  Genotype X Time F(46,1288) = 2.57 *p < 0.0001 
  Genotype X Sex F(2,56) = 0.11   p = 0.8946 
 Tukey HSD Shank3+/+CreTam+ vs  Shank3+/GCreTam+   p = 0.0842 
  Shank3+/+CreTam+ vs Shank3G/GCreTam+   p = 0.9893 
  Shank3+/GCreTam+ vs Shank3G/GCreTam+   p = 0.1944 
Rotarod 3-way rmANOVA Genotype F(1,56) = 0.12   p = 0.8894 
[Figure 8E]  Trial F(7,392) = 17.89 *p < 0.0001 
  Sex F(1,56) = 4.46 *p = 0.0392  
  Genotype X Trial F(14,392) = 0.76   p = 0.7082 
  Genotype X Sex F(2,56) = 0.29   p = 0.7499 
 Tukey HSD Shank3+/+CreTam+ vs  Shank3+/GCreTam+   p = 0.9642 
  Shank3+/+CreTam+ vs Shank3G/GCreTam+   p = 0.9906 
  Shank3+/GCreTam+ vs Shank3G/GCreTam+   p = 0.9351 
fEPSP Slope 2-way rmANOVA Genotype F(1,30) = 0.26   p = 0.6130  
[Figure 8F]  Intensity F(7,210) = 52.49 *p < 0.0001 
  Genotype X Intensity F(7,210) = 0.45   p = 0.8699  
Fiber Volley 2-way rmANOVA Genotype F(1,15) = 1.80   p = 0.1995 
  Intensity F(7,105) = 155.78 *p < 0.0001 
  Genotype X Intensity F(7,105) = 2.96 *p = 0.0072 
 388 

389 
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Effect of CAG-CreTam on Shank3+/+ mice 390 
Nest Height 3-way rmANOVA CAG-CreTam F(1,49) = 3.12   p = 0.0837 
  Time F(2,98) = 44.08 *p < 0.0001 
  Sex F(1,49) = 3.83   p = 0.0559 
  CAG-CreTam X Time F(2,98) = 1.65   p = 0.1972 
  CAG-CreTam X Sex F(2,549 = 0.19   p = 0.6674 
Nest Width 3-way rmANOVA CAG-CreTam F(1,49) = 0.08   p = 0.7752 
  Time F(2,98) = 27.22 *p < 0.0001 
  Sex F(1,49) = 3.37   p = 0.0725 
  CAG-CreTam X Time F(2,98) = 1.28   p = 0.2839 
  CAG-CreTam X Sex F(2,49) = 0.299   p = 0.5872 
Marble  2-way ANOVA CAG-CreTam F(1,49) = 0.34 *p = 0.5654 
Burying  Sex F(1,49) = 2.93   p = 0.0934 
  CAG-CreTam X Sex F(1,49) = 0.43   p = 0.5127 
Locomotor  3-way rmANOVA Genotype F(1,49) = 16.00 *p = 0.0002 
  Time F(23,1127) = 110.93 *p < 0.0001 
  Sex F(1,49) = 2.38   p = 0.1293 
  CAG-CreTam X Time F(23,1127) = 1.46   p = 0.0749 
  CAG-CreTam X Sex F(1,49) = 0.19   p = 0.6626 
Rotarod 3-way rmANOVA CAG-CreTam F(1,49) = 0.21   p = 0.6472 
  Trial F(7,343) = 19.90 *p < 0.0001 
  Sex F(1,49) = 1.99   p = 0.1651 
  CAG-CreTam X Trial F(7,343) = 0.76   p = 0.6180 
  CAG-CreTam X Sex F(1,49) = 0.79   p = 0.5973 
fEPSP Slope 2-way rmANOVA CAG-CreTam F(1,24) = 86.39 *p < 0.0001 
[Figure 9A]  Intensity F(7,168) = 58.00 *p < 0.0001 
  CAG-CreTam X Intensity F(7,168) = 3.60 *p = 0.0012 
Fiber Volley 2-way rmANOVA CAG-CreTam F(1,9) = 0.69   p = 0.4270 
  Intensity F(7,63) = 56.18 *p < 0.0001 
  CAG-CreTam X Intensity F(7,63) = 2.95 *p = 0.0098   
 391 
 392 
Effect of CAG-CreTam on Shank3G/G mice 393 
Nest Height 3-way rmANOVA CAG-CreTam F(1,30) = 0.33   p = 0.5693 
  Time F(2,60) = 21.20 *p < 0.0001 
  Sex F(1,30) = 1.94   p = 0.1736 
  CAG-CreTam X Time F(2,60) = 0.38   p = 0.6865 
  CAG-CreTam X Sex F(2,60) = 0.44   p = 0.5132 
Nest Width 3-way rmANOVA CAG-CreTam F(1,30) = 0.12   p = 0.7331 
  Time F(2,60) = 20.06 *p < 0.0001 
  Sex F(1,30) = 3.37   p = 0.0762 
  CAG-CreTam X Time F(2,60) = 0.08   p = 0.9219 
  CAG-CreTam X Sex F(2,60) = 0.02   p = 0.8884 
Marble  2-way ANOVA CAG-CreTam F(1,30) = 0.00   p = 0.9828 
Burying  Sex F(1,30) = 0.40   p = 0.5294 
  CAG-CreTam X Sex F(1,30) = 1.03   p = 0.3179 
Locomotor  3-way rmANOVA CAG-CreTam F(1,30) = 11.83 *p = 0.0017 
  Time F(23,690) = 36.91 *p < 0.0001 
  Sex F(1,30) = 0.05   p = 0.8193 
  CAG-CreTam X Time F(23,690) = 0.89   p = 0.6145 
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  CAG-CreTam X Sex F(1,30) = 0.18   p = 0.6777 
Rotarod 3-way rmANOVA CAG-CreTam F(1,30) = 5.99 *p = 0.0205 
  Trial F(7,210) = 4.39 *p < 0.0001 
  Sex F(1,30) = 1.99   p = 0.1682 
  CAG-CreTam X Trial F(7,210) = 1.00   p = 0.4323 
  CAG-CreTam X Sex F(1,30) = 1.42   p = 0.2422 
fEPSP Slope 2-way rmANOVA CAG-CreTam F(1,23) = 0.58   p = 0.4527 
[Figure 9B]  Intensity F(7,161) = 33.71 *p < 0.0001 
  CAG-CreTam X Intensity F(7,161) = 0.173   p = 0.9904 
Fiber Volley  CAG-CreTam F(1,8) = 0.20   p = 0.6695 
  Intensity F(7,56) = 28.25 *p < 0.0001 
  CAG-CreTam X Intensity F(7,56) = 2.67 *p = 0.0184 
 394 
*Significant at 0.05 level 395 
 396 
 397 
 398 
Replication of behavioral and synaptic phenotypes in tamoxifen-treated, Shank3G/GCreTam− mice 399 
 400 

As expected, tamoxifen treatment did not rescue behavioral phenotypes in Cre-negative, mutant 401 
Shank3G/GCreTam− mice compared to tamoxifen-treated, wild-type, Cre-negative Shank3+/+CreTam− 402 
control mice. Nest width was significantly decreased in tamoxifen-treated Shank3G/GCreTam− mice 403 
compared to controls, with a main effect of genotype present in nest width (Figure 6A). The decrease in 404 
nest height of Shank3G/GCreTam− mice, however, did not reach statistical significance (Figure 6B). 405 
Similarly, in the marble burying task, tamoxifen-treated Shank3G/GCreTam− mice buried fewer marbles 406 
over a 30-min period than did tamoxifen-treated Shank3+/+CreTam− controls (Figure 6C).   407 

The same lack of effect of tamoxifen on behavioral phenotypes in Shank3G/GCreTam− mice was 408 
observed in locomotor, motor learning, and motor coordination tasks. In locomotor activity (Figure 6D), 409 
there was a main effect of genotype due to a decrease in the number of beam breaks by tamoxifen-treated 410 
Shank3G/GCreTam− mice compared to Shank3+/GCreTam− and Shank3+/+CreTam− mice over the 120-min 411 
testing period. As with vehicle-treated mice without the CreTam transgene (Figure 5D), Tukey Post-hoc 412 
analysis showed that this effect was primarily due to hypoactivity of Shank3G/GCreTam− mice in the first 5 413 
min of testing. We also observed a main effect of genotype with both Shank3+/GCreTam− and 414 
Shank3G/GCreTam− mice demonstrating decreased coordination compared to wild-type Shank3+/+CreTam− 415 
controls (Figure 6E).  416 

Tamoxifen treatment also had no effect on the reduction in synaptic transmission in cre-negative 417 
Shank3G/GCreTam− mice compared to WT. Synaptic strength in response to increasing stimulus intensity 418 
(Figure 6F) remained significantly decreased in tamoxifen-treated Shank3G/GCreTam− mice compared to 419 
wild-type Shank3+/+CreTam− controls, particularly at higher stimulus intensities. Fiber volley amplitude 420 
was similar between Shank3+/+CreTam− and Shank3G/GCreTam− mice, suggesting no effect on presynaptic 421 
excitability or axon number. As predicted, these behavioral and synaptic data demonstrated that 422 
tamoxifen treatment in the absence of the CreTam transgene did not rescue deficits in irreversible 423 
Shank3G/GCreTam− mice.  424 
 425 

 426 
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 427 
 428 

FFigure 6. Behavioral and synaptic phenotypes in Shank3G/GCreTam− mice are not rescued by treatment with 6 weeks 429 
of tamoxifen diet.  Nesting behavior is not rescued by tamoxifen treatment in Shank3G/GCreTam− mice with regard to 430 
nest width (A), though there is no main effect of genotype with regard to nest height (B). Marble burying (C) remains 431 
impaired in tamoxifen-treated Shank3G/GCreTam−  mice with decreased number of marbles buried compared to 432 
controls. Locomotor activity also remains decreased in tamoxifen-treated Shank3G/GCreTam− mice at the start of the 433 
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open field test (D). Latency to fall off the rotarod (E) remains decreased in tamoxifen-treated Shank3G/GCreTam−  mice 434 
compared to controls. Shank3+/+ n=25, Shank3+/G n =19, Shank3G/G n =16. (F) Tamoxifen treatment does not rescue 435 
synaptic transmission in Shank3G/GCreTam− mice. Inset: Average of 5 consecutive traces at each stimulus intensity 0-436 
350 μA in 50 μA steps from Shank3+/+ (top) and Shank3G/G (bottom) mice treated with 6 weeks of tamoxifen diet; scale 437 
bar =0.25 mV, 5 ms. Shank3+/+ n=22 slices from 8 mice, Shank3G/G n=20 slices from 6 mice. *p<0.05, **p<0.01, 438 
***p<0.001, ****p<0.0001 439 
 440 
Apparent partial genetic rescue of behavioral and physiological phenotypes in tamoxifen-treated, 441 
reversible Shank3G/GCreTam+ mice 442 
 443 

Shank3GCreTam+ mice treated with 6 weeks of tamoxifen diet exhibited partial rescue of novelty 444 
avoidance phenotypes identified in Shank3GCreTam− mice. In the nest-building test, there was no longer a 445 
main effect of genotype on nest width (Figure 7A) or height (Figure 7B) over a 30-min period. However, 446 
in the marble-burying task (Figure 7C), tamoxifen treatment did not rescue the main effect of genotype 447 
on number of marbles buried. Shank3G/GCreTam+ mice buried 57% fewer marbles than wild-type 448 
Shank3+/+CreTam+ mice also treated with tamoxifen diet. Tamoxifen treatment also failed to rescue the 449 
hypoactive locomotor response to a novel environment seen in vehicle-treated (Figure 5D) and 450 
tamoxifen-treated (Figure 6D) Shank3GCreTam− mice. In the first 5 min of the open field test (Figure 451 
7D), Tukey post-hoc analysis identified a significant 31% decrease in locomotor activity in 452 
Shank3G/GCreTam+ mice compared to wild-type Shank3+/+CreTam+ controls.  453 

Testing on the rotarod (Figure 7E) revealed that motor learning or coordination was also rescued; 454 
no significant effect of genotype was apparent with tamoxifen treatment of Shank3G/GCreTam+ mice. That 455 
said, a trend toward decreased motor coordination/learning was still evident in this experiment. After 456 
tamoxifen treatment, there was no main effects of genotype, but significant effects of trial and sex were 457 
apparent, with females again outperforming males and with no interaction between genotype and sex.  458 

Synaptic transmission was apparently rescued in Shank3G/GCreTam+ mice treated with tamoxifen 459 
diet for 6 weeks. fEPSP slope in response to increasing stimulus intensity (Figure 7F) and maximum 460 
fEPSP slope (Shank3+/+: 0.49 ± 0.07 mV, Shank3G/G: 0.56 ± 0.09 mV) were comparable between 461 
tamoxifen-treated Shank3G/GCreTam+ mice and tamoxifen-treated wild-type Shank3+/+CreTam+ controls, as 462 
were fiber volley amplitudes.   463 

 464 
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 465 
 466 

FFigure 7. IIncomplete genetic rescue of behavioral and physiological phenotypes in tamoxifen-treated 467 
Shank3G/GCreTam+ mice. There is no main effect of genotype on nest width (A) or height (B) in tamoxifen-treated 468 
Shank3G/GCreTam+ mice, suggesting successful rescue of the Shank3G/G nest-building phenotype. C) The Shank3G/G 469 
marble-burying phenotype is not rescued in tamoxifen-treated Shank3G/GCreTam+ mice, nor is the initial hypoactivity 470 
observed in the open-field test (D). Tamoxifen treatment of Shank3G/GCreTam+ mice does successfully eliminate the 471 
main effects of genotype in the time to fall from the rotarod. Shank3+/+ n=23, Shank3+/G n=15, Shank3G/G n=18. F) 472 
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There is no main effect of genotype on fEPSP slope over a range of stimulus intensities in tamoxifen-treated 473 
Shank3+/+CreTam+ and Shank3G/GCreTam+ mice. Inset: Average of 5 consecutive traces at each stimulus intensity 0-474 
350 μA in 50 μA steps from Shank3+/+ (top) and Shank3G/G  (bottom) mice treated with 6 weeks of tamoxifen diet; scale 475 
bar=0.25 mV, 5 ms. Shank3+/+ n=16 slices from 8 mice, Shank3G/G n=12 slices from 6 mice. *p<0.05, ***p<0.0001, 476 
****p<0.00001.  477 

 478 
 479 

Vehicle-treated Shank3G/GCreTam+ controls demonstrate that apparent partial genetic reversal with 480 
tamoxifen is uninterpretable 481 
 482 

We performed critical controls throughout this study to account for potential off-target effects of 483 
the Shank3G gene and of tamoxifen treatment on autism-associated behaviors and synaptic transmission. 484 
Control experiments resulted in robust replication of the original behavioral and synaptic deficits 485 
following both vehicle (Figure 5) and tamoxifen (Figure 6) treatment on the same genetic background in 486 
cre-negative Shank3GCreTam− mice.  487 

Thus, one is tempted to conclude that genetic reversal of SHANK3 expression in adult mice leads 488 
to reversal of both synaptic dysfunction and at least one behavioral difference in Shank3G/G mice (Figure 489 
7). Such a conclusion would have potential ramifications for development of future treatments and for 490 
timing of such interventions in future clinical trials. As a final, critical control, we also examined vehicle-491 
treated, Shank3G/GCreTam+ mice with the expectation that they too would replicate previously published 492 
(Speed et al., 2015a, Kouser et al., 2013) and currently replicated (Figures 5 and 6), behavioral and 493 
synaptic phenotypes. This was not the case. 494 
 Surprisingly, vehicle-treated, mutant Shank3G/GCreTam+ mice showed no difference in nest width 495 
(Figure 8A) or height (Figure 8B) compared to vehicle-treated, wild-type Shank3+/+CreTam+ controls (a 496 
behavior that appeared to have been rescued by tamoxifen treatment in Figure 7A/B). Marble burying 497 
(Figure 8C) and initial locomotor activity (Figure 8D) were significantly impaired in vehicle-treated 498 
Shank3G/GCreTam+ mice, as expected, replicating the robust Shank3G phenotypes identified in the original 499 
Shank3G and Shank3GCreTam−lines (and the lack of rescue with tamoxifen treatment in Figure 7C/D). 500 
However, motor coordination and learning on the rotarod (Figure 8E) were not significantly different 501 
between vehicle-treated Shank3G/GCreTam+ and Shank3+/+CreTam+ mice. Perhaps more surprisingly, 502 
synaptic transmission (Figure 8F) was not significantly different between vehicle-treated, mutant 503 
Shank3G/GCreTam+ and wild-type Shank3+/+CreTam+ mice. The lack of significant difference in the vehicle-504 
treated Shank3G/GCreTam+ mice from controls in nest-building, motor learning/coordination, and synaptic 505 
transmission makes it difficult to conclude that the apparent reversal in tamoxifen-treated 506 
Shank3G/GCreTam+ mice in nest building and synaptic transmission is due to rescue of SHANK3 protein 507 
expression. 508 
 509 
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 510 
 511 

FFigure 8. Unexpected, partial genetic “rescue” of behavioral and synaptic phenotypes in vehicle-treated 512 
Shank3G/GCreTam+ mice. The decreases in nest width (A) and height (B) in Shank3G/G mice are rescued in vehicle-513 
treated Shank3G/GCreTam+ mice. The Shank3G/G marble-burying phenotype (C) and initial locomotor hypoactivity in the 514 
open field test (D) are not rescued in vehicle-treated Shank3G/GCreTam+ mice. E) There is no main effect of genotype 515 
in time to fall from the rotarod in vehicle-treated Shank3GCreTam+ mice. Shank3+/+ n=26, Shank3+/G n=21, Shank3G/G 516 
n=15. (F) There is no main effect of genotype on fEPSP slope in response to a range of stimulus intensities. Inset: 517 
Average of 5 consecutive traces at each stimulus intensity 0-350 μA in 50 μA steps from Shank3+/+ (top) and 518 
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Shank3G/G  (bottom) mice treated with vehicle diet; scale bar=0.25 mV, 5 ms. Shank3+/+ n=16 slices from 6 mice, 519 
Shank3G/G n=16 slices from 5 mice. *p<0.05, ****p<0.00001. 520 
 521 
 One possible remaining explanation for the lack of a synaptic phenotype in our Cre-positive mice 522 
treated with either vehicle (Figure 8) or tamoxifen (Figure 7) could be that the Cre transgene affects 523 
synaptic transmission in wild-type mice. Indeed, additional comparisons and analysis of our 524 
electrophysiological data indicated an effect of the CreTam transgene on wild-type Shank3+/+ synaptic 525 
transmission (Figure 9A), with CreTam+ wild-type mice having markedly reduced input/output curves 526 
compared to CreTam− wild-type mice (Figure 9A). This was in contrast to a lack of effect of CreTam on 527 
mutant Shank3G/G synaptic transmission (Figure 9B). The presence of the CreTam gene had no effect on 528 
the amplitude of the fiber volley in either Shank3+/+ or Shank3G/G mice, suggesting this effect is not due to 529 
a decrease in axon number or presynaptic excitability. 530 
 531 
 532 

 533 
 534 
Figure 9. Effect of the CreTam transgene on synaptic physiology in WT Shank3+/+ and mutant Shank3G/G mice. The 535 
CreTam transgene causes a dramatic decrease in the relationship between stimulus intensity and fEPSP slope (A) in 536 
WT Shank3+/+ mice. Inset: Average of 5 consecutive raw traces at each stimulus intensity from 0-350 μA in 50 μA 537 
steps from Shank3+/+CreTam− mice (top) and Shank3+/+CreTam+ mice (bottom); scale bar=0.25 mV, 5 ms. 538 
Shank3+/+CreTam− n=10 slices from 4 mice, Shank3+/+CreTam+ n=16 slices from 6 mice. (B) The relationship between 539 
stimulus intensity and fEPSP slope in mutant Shank3G/G mice is unchanged with CreTam transgene expression. Inset: 540 
Average of 5 consecutive raw traces at each stimulus intensity from 0-350 μA in 50 μA steps from Shank3G/GCreTam− 541 
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mice (top) and Shank3G/GCreTam+ mice (bottom); scale bar =0.25 mV, 5 ms. Shank3G/GCreTam− n=9 slices from 3 542 
mice, Shank3G/GCreTam+ n=16 slices from 5 mice. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 543 
 544 
 545 
 546 
DISCUSSION 547 
 548 

Conditional gene targeting can allow for regulated spatial or temporal control of gene expression 549 
(Hayashi and McMahon, 2002) and has been successfully harnessed in mouse models of autism (Silva-550 
Santos et al., 2015, Guy et al., 2007, Mei et al., 2016, Clement et al., 2012). In the ideal experiment, 551 
nuclear localization of Cre-recombinase upon tamoxifen administration restores WT gene expression and 552 
rescues neuronal function and behavior. These studies can also offer insights into the critical windows in 553 
development for successful rescue (Clement et al., 2012, Mei et al., 2016, Silva-Santos et al., 2015). The 554 
potential clinical impact of adult genetic reversal is even greater, offering an avenue for permanent 555 
restoration of normal function even after brain development is complete (Van Duyne, 2015). 556 

We sought to apply adult genetic rescue to our robust Shank3G Exon 21 mouse model of autism 557 
(Speed et al., 2015b) by crossing the original Shank3G mouse line with another that expresses tamoxifen-558 
inducible Cre recombinase under the CMV-chicken actin promotor, CAGGCre-ERTM (Hayashi and 559 
McMahon, 2002), abbreviated here as CreTam. This CreTam mouse results in widespread, tamoxifen-560 
inducible, Cre-recombinase activation. The CreTam mouse line used in this study is well-described in the 561 
literature and has been used to rescue phenotypes in other mouse models of autism and neuropsychiatric 562 
disorders (Guy et al., 2007, Silva-Santos et al., 2015, Clement et al., 2012, Mei et al., 2016).  563 

Our study had two objectives. First, we validated our Shank3GCreTam mouse line in CreTam− mice 564 
by replicating the synaptic and behavioral phenotypes identified in the original Shank3G mouse (Speed et 565 
al., 2015b), and in our earlier Shank3ΔC mouse (Kouser et al., 2013). As expected, Shank3G/GCreTam− mice 566 
exhibited a novelty avoidance phenotype, hypoactivity in response to a novel environment, motor 567 
coordination deficits, and decreased hippocampal synaptic transmission compared to Shank3+/+CreTam− 568 
controls, faithfully replicating the strongest phenotypes observed in the original Shank3G (Speed et al., 569 
2015b) and Shank3ΔC (Kouser et al., 2013) mouse lines. This was true of both tamoxifen and vehicle-570 
treated CreTam− cohorts. We chose not to examine anxiety-like behaviors or other behavioral tasks that we 571 
previously demonstrated were not affected in this mutant mouse model. 572 

The second objective of our study was adult-induced reversal of those phenotypes in tamoxifen-573 
treated Shank3GCreTam+ mice. We achieved complete rescue of WT SHANK3 expression in adult, 574 
tamoxifen-treated Shank3GCreTam+ mice using our 6-week tamoxifen treatment, similar to our previous 575 
report (Speed et al., 2015b). Synaptic transmission deficits also appeared to be rescued with tamoxifen 576 
treatment in Shank3GCreTam+ mice, suggesting that synaptic function could be restored in adult animals. 577 
Our behavioral data were less promising with rescue of both nesting behavior and rotarod performance, 578 
but not marble burying or initial hypoactivity in the locomotor activity test.  579 

When taken at face value before further examination of CreTam+, vehicle-treated controls, our data 580 
suggest conditional rescue of some Shank3G phenotypes following adult, conditional, genetic reversal. For 581 
completeness, we included a key additional control. We analyzed behavior and synaptic transmission in 582 
CreTam+ mice treated with vehicle. We expected this to yield with the same phenotype as the original 583 
Shank3G and Shank3G/GCreTam− mice. This was true for marble burying and initial hypoactivity in a novel 584 
environment, but we still observed apparent rescue of nesting behavior, rotarod performance, and synaptic 585 
transmission even in the absence of tamoxifen. Upon closer inspection, we noticed that synaptic 586 
transmission in Cre+ WT animals was reduced to Shank3G/G levels in the presence of the transgene. Thus, 587 
we are unable to conclude that adult, genetic reversal of our Shank3 exon 21 insertion mutants is 588 
effective. Furthermore, our data suggest that CreTam may be having an effect on synaptic transmission and 589 
behavior, thus giving the appearance of rescue.  590 

While we were performing our experiments, a publication from Dr. Guoping Feng’s laboratory 591 
demonstrated genetic reversal of WT SHANK3 expression, striatal physiology, and some behaviors by 592 
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crossing the same CreTam mouse line with a different Shank3 mutant model targeting exons 13-16 593 
(Shank3PDZ). Tamoxifen treatment of the Shank3PDZ mutant led to rescued expression of most major 594 
protein isoforms of SHANK3 when compared to vehicle-treated Shank3PDZ mutants (Mei et al., 2016). 595 
They initially replicated behavioral and synaptic deficits in their floxed Shank3PDZ mutants without first 596 
crossing them to CreTam. Furthermore, this study compared WTCreTam+ and Shank3PDZCreTam+ mice 597 
treated with tamoxifen to one another, using vehicle-treated Shank3PDZCreTam+ mice as an additional 598 
comparison group (Mei et al., 2016). They did not perform a comparison between vehicle-treated 599 
WTCreTam+ and Shank3PDZCreTam+ mice to rule out effects of the CreTam transgene independent of 600 
tamoxifen treatment (Mei et al., 2016). Our data suggest that such a comparison may lead to apparent 601 
rescue of a subset of behavioral and synaptic phenotypes, at least on the Shank3G/G mutant background. 602 
They did, however, see additional, broader rescue of behaviors with tamoxifen treatment earlier in life, 603 
suggesting that these additionally rescued behaviors earlier in development were not likely due to 604 
spurious effects of CreTam alone in their experiments. 605 
 There are, of course, other important differences in methodology between the Mei et al. (2016) 606 
study and ours. First, our mouse model targets exon 21 of the Shank3 gene and results in loss of all three 607 
major isoforms of SHANK3 (Speed et al., 2015b) whereas the Mei et al. study targets exons 13-16 which 608 
disrupts the PDZ domain and results in loss of different isoforms of SHANK3 (Mei et al., 2016, Sheng 609 
and Kim, 2000). Tamoxifen treatment procedures also differed between studies. We administered 610 
tamoxifen in chow fed to adult mice for 6 weeks, while Mei et al (2016) used an oral gavage protocol at 611 
5-8mg/day depending on mouse weight. Neither study observed tamoxifen toxicity in adult mice, but Mei 612 
et al. (2016) did report tamoxifen toxicity in 3-week old mice. Both groups adhered to a 2-week washout 613 
period before testing.  614 

Our adult genetic rescue experiments included a complete set of controls for a total of 12 groups 615 
tested, including controls for the Shank3G allele (heterozygous and homozygous), the CreTam transgene, 616 
and tamoxifen treatment. Mei et al (2016) tested 3 groups in their adult genetic reversal experiments: 617 
Shank3+/+CreTam+ treated with tamoxifen, homozygous Shank3PDZCreTam+ with vehicle, and homozygous 618 
Shank3PDZCreTam+ with tamoxifen, with no reported controls for tamoxifen effects or for CreTam transgene 619 
effects in WT mice. Furthermore, in the Mei et al. (2016) study, the homozygous mutant mice were bred 620 
separately from a cross of heterozygotes crossed with homozygotes to generate CreTam+ homozygous 621 
mice for treatment with vehicle or tamoxifen. The Shank3+/+CreTam+ mice and homozygous 622 
Shank3PDZ/PDZCreTam+ mice used in their experiments were generated from completely separate crosses of 623 
Shank3+/+CreTam+/− mice with Shank3+/+CreTam+/− mice (to yield the Shank3+/+CreTam+/- wild-type 624 
controls) and Shank3PDZ/PDZCreTam+/− with Shank3PDZ/PDZCreTam+/− (to yield the Shank3PDZ/PDZCreTam+/- 625 
homozygous mutant mice) (Mei et al., 2016). This means that the Shank3+/+ comparators were generated 626 
from a completely separate cross with different parental genotypes than the Shank3PDZ/PDZCreTam+ 627 
mutants. In our study, all mice were generated from a single parental cross of Shank3+/GCreTam− mutants 628 
with Shank3+/GCreTam+. This allowed for each group tested to have its own internal Shank3+/+ control 629 
from the same parents, same CreTam+ status, and same treatment status within a littermate pair or triplet. 630 
These efforts greatly decreased the likelihood of mis-interpretation of our adult genetic rescue 631 
experiments in this study. 632 

Overall, we can conclude that Shank3G genetic reversal results in complete reversal of SHANK3 633 
protein expression in the brain, a result that we have demonstrated here and in our previous publication 634 
(Speed et al., 2015b). We cannot conclude, however, that this biochemical rescue leads to rescue of any 635 
behavioral or synaptic phenotypes in our mutants. In fact, it appears that the CreTam transgene has 636 
complex effects on WT mouse synaptic transmission in wild-type Shank3+/+ mice. We can also conclude 637 
that we have successfully replicated our previous behavioral and electrophysiologic findings in two 638 
previous, similar Shank3 mutant mouse models (Speed et al., 2015a, Kouser et al., 2013). We offer this 639 
study as an important cautionary tale demonstrating that any attempt at genetic reversal must be 640 
accompanied by all appropriate controls, including careful control of parental genotypes, simultaneous 641 
CreTam controls, and comparisons among all vehicle and tamoxifen-treated groups for accurate 642 
interpretation of results. We cannot interpret our findings in a manner that negates previously published 643 
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findings using CreTam in other genetic models or backgrounds. We can only stipulate that our genetic 644 
reversal data are not able to be interpreted as clearly successful genetic reversal. 645 
 646 
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