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Abstract 13 

The Cre-lox tool is invaluable for cell type-specific genetic manipulation to understand the 14 

function of the gene of interest in specific cell types. This study characterizes three Cre-driver lines 15 

targeting cerebellar granule cells (CGCs) to then generate an optimal CGC Shank3 conditional 16 

knockout (cKO) mouse. First, we compared the Cre-recombination efficiency of three Cre mouse 17 

models for targeting CGCs. We then used the predicted optimal Cre line to delete the Shank3 gene in 18 

CGCs in mice given its expression in CGCs and association with Phelan McDermid Syndrome (PMS) 19 

and autism spectrum disorder (ASD). The specificity of Cre recombinase in CGCs was evaluated by 20 

using Atoh1-CreERTM, Atoh1-Cre, and Nse-CreERT2 lines with Ai14 reporter mice. Atoh1-CreERTM 21 

showed the highest specificity and uniform reporter expression across all cerebellar lobes. Therefore, 22 

Atoh1-CreERTM mice were crossed with Shank3fl/fl mice to generate inducible CGC-specific Shank3 23 

cKO mice that were injected with tamoxifen. To confirm the deletion, Shank3 mRNA levels in the 24 

cerebellum were quantified. Unexpectedly, only a mild reduction of Shank3 mRNA levels was observed 25 

in the cerebellum, which was in contrast with tdTomato expression. These findings highlight the 26 

importance of validating functional gene deletion at the mRNA or protein level, independent of reporter 27 

fluorescence, when characterizing cKO models. Future studies should explore alternative Cre lines or 28 

optimize Cre induction protocols to better understand the cerebellar-specific role of Shank3. 29 

 30 
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Introduction 34 

Conditional gene deletion strategies have transformed neuroscience research by enabling 35 

investigators to manipulate gene expression in specific cell populations at defined developmental 36 

timepoints (Tsien, 2016; Kim et al., 2018). This became possible with the development of the Cre-lox 37 

system in mice, which provided spatiotemporal control over gene deletion (Sauer and Henderson, 38 

1988; Orban et al., 1992; Gu et al., 1994; Tsien et al., 1996). This system uses a driver line that 39 

expresses Cre recombinase under the control of a cell-type-specific promoter to excise loxP-flanked 40 

(“floxed”) genomic segments in a mouse line carrying a "floxed" allele of the gene of interest (Feil et al., 41 

1997; Cox et al., 2012). By restricting genetic ablation to specific neuronal populations or 42 

developmental windows, it is possible to dissect the contributions of distinct circuit elements to complex 43 

behaviors and disease states (Gavériaux-Ruff and Kieffer, 2007).  44 

A crucial step in conditional gene deletion experiments is verifying that the target locus is 45 

correctly recombined in the specific cells at the right time and to a sufficient level to impact gene 46 

expression (Schmidt-Supprian and Rajewsky, 2007; Heffner et al., 2012; Becher et al., 2018; Erhardt et 47 

al., 2025). Recombinase activity is usually inferred by crossing a driver line with a Cre-dependent 48 

reporter allele (such as a ROSA26 “lox-stop-lox” fluorescent reporter or lacZ), because reporter 49 

expression gives a convenient readout of where Cre has been active (Soriano, 1999; Madisen et al., 50 

2009). However, reporter activation does not necessarily mean that the target gene has been excised 51 

or inverted. Recombination efficiency can vary with factors such as chromatin accessibility (Long and 52 

Rossi, 2009), local sequence context, and the distance between loxP sites (Liu et al., 2013; Luo et al., 53 

2020). As a result, a highly sensitive reporter might indicate widespread recombination even when 54 

recombination at a separate floxed allele is partial or mosaic (Madisen et al., 2009; Luo et al., 2020). 55 

This issue can be amplified for inducible CreER systems, where recombinase nuclear translocation is 56 

temporally constrained by tamoxifen exposure and metabolism (Feil et al., 1997, 2009), and where low-57 

level or transient Cre activity may be sufficient for reporter recombination but insufficient for robust 58 

excision of a larger or less permissive target locus (Álvarez-Aznar et al., 2020; Jahncke and Wright, 59 
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2024). For these reasons, careful validation of conditional models ideally requires direct measurement 60 

of target gene loss (mRNA and/or protein) in addition to reporter-based mapping of Cre activity (Becher 61 

et al., 2018; Jahncke and Wright, 2024). 62 

Cerebellar granule cells (CGCs) form the primary input layer of the cerebellar cortex that 63 

receives sensorimotor input from mossy fibers (Sassoè-Pognetto and Patrizi, 2013; Rossi and 64 

Richardson, 2018). Accumulating evidence implicates cerebellar dysfunction in autism spectrum 65 

disorder (ASD), and several ASD-associated genes are expressed in CGCs, including Shank3 (Soda et 66 

al., 2019; Achilly et al., 2021; Kawamura et al., 2021; Kshetri et al., 2024, 2025). Therefore, targeted 67 

manipulation of ASD-related genes and other genes that cause ataxia and motor dysfunction in CGCs 68 

enables researchers to dissect the specific contributions of this cell type to cerebellar dysfunction and 69 

associated CGC-relevant behavioral phenotypes.  70 

To target CGCs, several Cre driver lines have been established using promoters or enhancers 71 

active in these neurons or their precursors. The Atoh1 (Math1) promoter, a proneural transcription 72 

factor, is expressed in rhombic lip progenitors that give rise to CGCs and unipolar brush cells (Consalez 73 

et al., 2013) during embryogenesis. Atoh1-driven Cre or an inducible variant (Atoh1-CreERTM) target 74 

ATOH1-positive precursors, making them valuable for studying gene function during early postnatal 75 

cerebellar development when CGC precursors are proliferating and migrating (Chow et al., 2006). 76 

Another inducible line, Nse-CreERT2, driven by the neuron-specific enolase (Nse) promoter, allows for 77 

tamoxifen-inducible recombination in CGCs across all cerebellar lobules, including postmitotic CGC-78 

precursors (Pohlkamp et al., 2014). While these tools provide genetic access to CGCs at different 79 

developmental stages, systematic comparisons of their specificity and recombination efficiency are 80 

lacking. 81 

In this study, we characterize and compare the specificity and efficiency of Cre-mediated 82 

recombination in three mouse lines and their established induction protocols (Atoh1-CreERTM, Atoh1-83 

Cre, and Nse-CreERT2) suitable for targeting CGCs immediately after birth using the Ai14 tdTomato 84 

reporter. We then leverage the most promising line to generate a CGC-specific conditional knockout of 85 



5 
 

Shank3, a scaffolding protein strongly implicated in ASD (Bozdagi et al., 2010; Drapeau et al., 2018). 86 

Our results reveal an important discrepancy between reporter expression and target gene deletion 87 

efficiency, underscoring the need to validate conditional knockouts beyond reporter visualization. 88 

Materials & Methods 89 

Animals 90 

All animal experiments were performed in accordance with the protocols approved by the 91 

Institutional Animal Care and Use Committee (IACUC). Animal genotypes were determined by 92 

Transnetyx (Cordova, TN) using ear punch biopsies. All the experiments were performed in 5-6 weeks 93 

old mice. 94 

Atoh1-CreERTM;Ai14 mice: Atoh1-CreERTM (Math1-CreERTM) mouse strain (strain: FVB-Tg(Atoh1-95 

cre/ERT)1Sbk/Mmnc, RRID:MMRRC_029581-UNC), originally generated by Dr. Suzanne Baker’s 96 

laboratory at St. Jude Children's Research Hospital (Memphis, TN) (Chow et al., 2006), were used to 97 

generate Atoh1-CreERTM;Ai14 mice by crossing Atoh1-CreERTM males, maintained at a C57BL/6J 98 

genetic background, with Ai14 Cre-reporter females (JAX Strain #007914). The generated offspring 99 

were injected with tamoxifen (3 mg/40 g body weight; sunflower oil) intraperitoneally (I.P.) at P0 and P1 100 

to activate CreER. CreER+ offspring with the tdTomato allele show tdTomato fluorescence in CreER+ 101 

cells due to Cre-mediated recombination after tamoxifen injection. CreER- offspring with the tdTomato 102 

allele were used as controls.  103 

Atoh1-Cre;Ai14 mice: Atoh1-Cre male mice (maintained on a C57BL/6 background, JAX strain 104 

#011104; (Matei et al., 2005)) were acquired from the Jackson Laboratory and then crossed with Ai14 105 

females to generate Atoh1-Cre+;Ai14+, and Atoh1-Cre-;Ai14+ (control) offspring. Atoh1-Cre constitutively 106 

expresses Cre in specific cell types. Subsequently, the specificity of Cre-recombination was assessed 107 

by the expression of tdTomato in sagittal brain sections in Atoh1-Cre+;Ai14+ and control mice.  108 

Nse-CreERT2;Ai14 mice: Another tamoxifen-inducible Cre-line, Nse-CreERT2+, reported to specifically 109 

target CGCs, was obtained from the Jackson Laboratory (maintained on a C57BL/6J background, JAX 110 

strain #022763; (Pohlkamp et al., 2014)). Subsequently, Nse-CreERT2+ mice were crossed with Ai14 111 
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mice to generate Nse-CreERT2+;Ai14+ and Nse-CreERT2-;Ai14+ (control). Thus, the resultant pups were 112 

injected with 150 µg/day of tamoxifen at P1 and P2 (total 300 µg of tamoxifen). Atoh1-113 

CreERTM;Shank3fl/fl mice (CGC-Shank3cKO): Male Atoh1-CreERTM mice were bred in-house with 114 

homozygous Shank3flox ex4-22 (i.e., Shank3fl/fl) females (JAX strain #032158) to generate Atoh1-115 

CreERTM;Shank3fl/fl offspring. The Shank3flox ex4-22 mice have loxP sites flanking exons 4-22 of the 116 

Shank3 gene, allowing for conditional deletion of Shank3 in CGCs upon CreER activation after 117 

tamoxifen injection (3 mg/40 g, I.P.; sunflower oil) at P0 and P1 in Atoh1-CreERTM+;Shank3fl/fl progeny. 118 

The offspring with Atoh1-CreERTM-;Shank3fl/fl genotype were also injected with tamoxifen and used as 119 

controls. The efficiency of Shank3 deletion was assessed by comparing Shank3 mRNA levels in 120 

cerebellar slices between WT and KO using in situ hybridization (ISH). 121 

Immunofluorescence  122 

For brain extraction, mice were anesthetized using isoflurane (3-5%) and then transcardially 123 

perfused with 1X phosphate-buffered saline (PBS), followed by 4% formaldehyde diluted in 1X PBS. 124 

After perfusion, the brains were post-fixed for 24 h in 4% formaldehyde, then placed in sucrose solution 125 

gradients until they dropped to the bottom. Sagittal whole-brain slices (30 μm thick) with cerebellar 126 

vermis were prepared on a cryostat (Leica CM 1850) at -25 °C. Subsequently, free-floating 127 

immunofluorescence staining was performed. 128 

The brain slices were initially placed in 0.01M sodium citrate buffer (pH 6.0), and antigen 129 

retrieval was performed at 75 °C for 30 min. The brain slices were then permeabilized in 0.25% Triton 130 

X-100 in PBS for 30 min, followed by blocking in IHC/ICC Blocking Buffer (eBiosciences) containing 131 

0.25% Triton X-100 for 1 h. Subsequently, the slices were incubated in primary antibody rabbit IgG anti-132 

NeuN (1:1000, Novus Biologicals, catalog #NBP1-92716) overnight at 4 °C. Slices were then washed 133 

with PBS and incubated in secondary antibody donkey IgG anti-rabbit DyLight 488 (1:1000; Thermo 134 

Fisher Scientific, catalog #SA5-10038). The nuclei were counterstained with Hoechst 33342 (1:2000, 135 

Thermo Fisher Scientific, catalog #H3570). Finally, tissue sections were washed and transferred to 136 

glass slides and mounted with Prolong Gold (Invitrogen). Imaging of NeuN-positive CGCs in the 137 
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granule cell layer of the cerebellum from the stained brain slices was performed by capturing Z-stack 138 

images containing 3 optical slices at an interval of 1 µm using a 40X oil immersion objective (NA 1.3) 139 

on a confocal microscopy system (Zeiss LSM800) at a resolution of 1024 × 1024 pixels. Image 140 

acquisition settings were held constant across samples within each quantitative experiment. 141 

Cre-line validation by tdTomato reporter expression: To assess Cre recombination efficiency, the 142 

percentage of NeuN-positive CGCs expressing tdTomato was quantified manually within a 50 × 50 µm² 143 

region of interest placed in the granule cell layer across cerebellar lobules 2-10 using ZEN Lite software 144 

(v3.7; Zeiss). Two sections per animal were analyzed, and data were averaged per mouse (N = 3 mice 145 

per Cre line). 146 

After manual analysis, Cre recombination efficiency was also quantified using an in-house 147 

automated Fiji/ImageJ pipeline. Confocal Z-stacks were imported using the Bio-Formats plugin (Linkert 148 

et al., 2010), and the optical slice with the highest mean NeuN intensity was selected (with optional 149 

manual Z selection when needed). Each channel underwent thresholding and despeckling steps to 150 

reduce noise prior to mask generation, and all masks underwent a morphological opening operation 151 

prior to analysis to improve noise reduction and smoothing. For each channel (tdTomato, NeuN, 152 

Hoechst), the Trainable Weka Segmentation package was utilized to train a model using the Fast 153 

Random Forest classifier (source code: https://github.com/MKWoodbury/SegmentAndCalculate.git), 154 

with the trained models then used to generate binary masks for each channel (Breiman, 2001; 155 

Arganda-Carreras et al., 2017). The granule cell region of interest was defined as the colocalized area 156 

for both NeuN and Hoechst-positive pixels, and tdTomato-positive granule-cell signal as pixels positive 157 

for all three channels (i.e,  tdTomato, NeuN, and Hoechst). Recombination efficiency was calculated as 158 

(tdTomato + NeuN + Hoechst colocalized pixels)/(NeuN + Hoechst colocalized pixels) × 100%. 159 

Automated results closely matched manual quantification in Atoh1-CreERTM+;Ai14+ mice (Fig. 1J); 160 

therefore, automated analysis was used to quantify reporter expression efficiency in Atoh1-Cre+;Ai14+ 161 

and Nse-CreERT2+;Ai14+ mice. We note that this automated analysis reflects a pixel-based 162 

quantification and not the number of colocalized soma. However, the pixel-based analysis was in 163 
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agreement with manual analyses of cell bodies positive for each marker and accurately reflects the 164 

proportion of cells for each classification (Fig. 1J). While this may not be appropriate for all cell types or 165 

all stains, we do find this particular approach works well when in the cerebellar granule cell layer, where 166 

neurons of interest are relatively homogeneous in size and shape. Image analyses were performed with 167 

the investigator blinded to genotype and experimental group; sample identities were decoded only after 168 

completion of the analysis. 169 

In situ hybridization (ISH) 170 

This efficiency of Cre activity was further confirmed by quantifying Shank3 mRNA expression in 171 

Atoh1-CreERTM;Shank3fl/fl mice using an in situ hybridization assay. In situ hybridization was performed 172 

using the RNAscope™ Multiplex Fluorescent Reagent Kit v2 (Advanced Cell Diagnostics, Newark, CA) 173 

according to the manufacturer’s protocol. First, the brain slices (30 µm thickness) were dehydrated by 174 

immersing the slides in a series of ethanol solutions of increasing concentration (50%, 70%, and 100%) 175 

for 5 minutes each at room temperature. Next, the brain slices were treated with RNAscope Hydrogen 176 

Peroxide for 10 min, then antigen-retrieved with RNAscope 1X target retrieval reagent at 100 °C for 15 177 

min. The slices were then treated with RNAscope Protease III and incubated in a hybridization oven at 178 

40 °C for 30 min. We used the RNAscope probe for mouse Shank3 mRNA (ACD, catalog #417371), 179 

which detects the Shank3 mRNA transcript exons 11-20, specifically targeting base pairs 1488-2346. 180 

The slides were incubated in a hybridization oven at 40 °C for 2 h after the target probe was added. 181 

Following probe hybridization, the slides were washed with washing buffer and incubated with signal 182 

amplification reagents in the hybridization oven at 40 °C for 15 min. Finally, the slides were washed and 183 

mounted with Prolong Gold (Invitrogen). Airyscan imaging of the cerebellar lobes was performed by 184 

capturing Z-stack images containing 6 optical slices at an interval of 1 µm using a 10X objective (NA 185 

0.3) on a confocal microscopy system (Zeiss LSM800) at a resolution of 1000 × 1000 pixels. 186 

Data analysis: Each Z-stack image was processed to create a single orthogonal projection image using 187 

ZEN Lite software (version 3.7; Zeiss). The fluorescence intensity of the Shank3 transcript was then 188 

measured in a 100 × 100 µm² area in the granule cell layer. To quantify background intensity, a 10 × 10 189 
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µm2 square box was placed in the white matter fiber region, where Shank3 is not expressed. The 190 

background intensity was subtracted from the previously measured Shank3 transcript fluorescence 191 

intensity to obtain the actual fluorescence intensity in the image. Finally, the Shank3 mRNA intensity 192 

was normalized to the mean GC intensity value from wildtype mouse tissue sections, which was 193 

included as a positive control on each slide. Two images from each animal were analyzed, with three 194 

animals per genotype.   195 

Results 196 

Atoh1-CreERTM drives robust and cerebellum-specific tdTomato expression. 197 

Atoh1-CreERTM+;Ai14+ offspring (Fig. 1A) showed robust tdTomato fluorescence restricted to the 198 

cerebellum, with no detectable nonspecific expression in other brain regions (Fig. 1B). The Cre-199 

negative offspring with the tdTomato allele were used as a control, which did not show tdTomato 200 

expression (Fig. 1F), confirming that the reporter expression was Cre-dependent. To quantify reporter 201 

labeling efficiency, we compared manual counting of tdTomato+ CGCs with an automated image-202 

analysis approach that quantified the colocalized tdTomato and NeuN surface area across 33 high-203 

magnification (40X) images collected from cerebellar lobules 2-10 in four Atoh1-CreERTM+;Ai14+ mice 204 

(one sagittal section per mouse). Both approaches produced comparable results (Fig. 1J), supporting 205 

the reliability of the automated quantification, which was used in subsequent analyses in  Atoh1-206 

Cre+;Ai14+ (Fig. 2J, K) and Nse-CreERT2+;Ai14+ mice (Fig. 3J, K). The reporter signal was uniformly 207 

distributed across cerebellar lobes, with each lobe showing at least 80% of tdTomato-positive CGCs 208 

(Fig. 1K). This CreER-line showed a very specific and robust expression of tdTomato in the majority of 209 

the CGCs (Fig. 1L), suggesting that the Atoh1-CreERTM-mediated recombination could achieve high 210 

specificity and efficiency in manipulating loxP-flanked gene expression in CGCs (i.e. deleting Shank3 211 

when crossed with Shank3fl/fl mice).  212 

Atoh1-Cre line exhibits ectopic and variable tdTomato expression within the cerebellum. 213 

Cre-positive Atoh1-Cre;Ai14 mice (Fig. 2A) carrying the tdTomato allele (Atoh1-Cre+;Ai14+) 214 

showed tdTomato expression in the cerebellum, along with some ectopic expression observed in other 215 
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brain regions, including the superior colliculus, CA2 region of the hippocampus, hypothalamus, and 216 

pons (Fig. 2B). Cre-negative Ai14 littermate controls did not show tdTomato expression (Fig. 2F), 217 

confirming that Cre-recombination induces the reporter expression. Additionally, within the cerebellum, 218 

tdTomato labeling varied across lobules, with lobe 10 showing the lowest expression (Fig. 2B, J). 219 

Compared with Atoh1-CreERTM+;Ai14+ mice, the Atoh1-Cre line results suggest lower specificity and 220 

lower efficiency in lobe 10 for targeting CGCs (Fig. 2J). However, when pooled across cerebellar 221 

lobules, overall tdTomato labeling in CGCs was comparable between Atoh1-CreERTM+;Ai14+ and 222 

Atoh1-Cre+;Ai14+ lines (Fig. 2K).  223 

Nse-CreERT2 line exhibits low and ectopic tdTomato expression  224 

We tested another, but less often used, tamoxifen-inducible Cre-line (Nse-CreER T2;Ai14) 225 

generated by crossing Nse-CreER T2 with Ai14 (tdTomato reporter) mice (Fig. 3A). Cre-positive 226 

offspring carrying the tdTomato allele (Nse-CreER T2+;Ai14+) showed tdTomato expression in the 227 

cerebellum, along with ectopic expression in other brain regions, including the superior colliculus, 228 

dentate gyrus of the hippocampus, and medial vestibular nuclei (Fig. 3B). Similar to Atoh1-Cre+;Ai14+ 229 

mice, Nse-CreER T2+;Ai14+ mice demonstrated off-target reporter expression. Cre-negative Ai14 230 

littermate controls showed no tdTomato signal (Fig. 3F), confirming that reporter expression is Cre-231 

dependent. Interestingly, the reporter signal appears variable across the cerebellar lobes (Fig. 3J) with 232 

a subset of CGCs labeled with tdTomato. Among the three Cre lines tested, the Nse-CreER T2 line 233 

showed the lowest and most variable tdTomato labeling for CGCs (Fig. 3J, K).  234 

Atoh1-Cre and Nse-CreERT2 lines show distinct patterns of off-target tdTomato expression in 235 

extra-cerebellar regions 236 

To elucidate off-target recombination observed in Atoh1-Cre+;Ai14+ (Fig. 2B) and Nse-237 

Cre+;Ai14+ mice (Fig. 3B), we examined higher-magnification images of tdTomato signal in 238 

representative extra-cerebellar regions (Fig. 4A-G). In the Atoh1-Cre+;Ai14+ line, tdTomato 239 

fluorescence was detected in the hippocampus (prominently within the CA2 region), hypothalamus, 240 

superior colliculus, and pons (Fig. 4A-D). In Nse-Cre+;Ai14+ mice, tdTomato expression was observed 241 
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in the hippocampus (dentate gyrus), superior colliculus, and medial vestibular nuclei (Fig. 4E-G). These 242 

higher-magnification images confirm that both Cre lines drive tdTomato expression outside the 243 

cerebellum. Some off-target regions overlap between lines (e.g., the superior colliculus), whereas 244 

others are line-specific. For example, Atoh1-Cre labels hippocampal CA2 and hypothalamus, while 245 

Nse-CreERT2 labels the dentate gyrus and medial vestibular nuclei. 246 

All three Cre-lines with tdTomato reporter, i.e., Atoh1-CreERTM+;Ai14+, Atoh1-Cre+;Ai14+, and 247 

Nse-CreERT2+;Ai14+, were validated to assess the specific expression of tdTomato in the granule cell 248 

layer of the cerebellar cortex. Cre-negative mice with tdTomato reporter-positive alleles, i.e., Atoh1-249 

CreERTM-;Ai14- (with tamoxifen injection), Atoh1-Cre-;Ai14-, and Nse-CreERT2-;Ai14- (with tamoxifen 250 

injection), were used as controls. The Cre-line that showed the most specific tdTomato expression in 251 

the granule cell layer, with minimal or no off-target expression in other brain regions, was selected for 252 

further analysis.  253 

Shank3 mRNAscope signal in the cerebellar granule cell layer following Atoh1-CreERTM 254 

induction 255 

After characterizing tdTomato labeling in all three Cre-lines (and associated Cre-induction 256 

tamoxifen treatment protocols) that might be considered for targeting postnatal CGCs, we found that 257 

the Atoh1-CreERTM line showed spatially restricted reporter expression within the cerebellum and the 258 

most uniform reporter coverage across cerebellar lobules in the brain sections examined. Based on 259 

these findings, we selected the Atoh1-CreERTM line to conditionally delete Shank3 from CGCs which 260 

typically express Shank3 uniformly across cerebellar lobules. To generate CGC-specific Shank3 cKO 261 

mice, Atoh1-CreERTM+ mice were crossed with Shank3fl/fl. The resultant pups were injected with 262 

tamoxifen at P0 and P1 to induce CreER recombination and excise exons 4-22 of Shank3 specifically in 263 

CGCs (Fig. 5A, B). Next, the efficiency of CreER-loxP-mediated deletion of the Shank3 gene was 264 

evaluated by quantifying Shank3 mRNA levels within the GC layer of the cerebellum, composed 265 

primarily of GCs, using fluorescent in situ hybridization, which detects Shank3 transcript exons 11-20. 266 

Unexpectedly, our cKO mice showed only a small (~22%) reduction in Shank3 mRNA puncta 267 
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expression when compared to Cre-negative controls (Fig. 5C-E), despite complete Shank3 deletion 268 

reported in the literature when crossed with CMV-Cre mice (Drapeau et al., 2018). 269 

Discussion 270 

In this study, the three Cre mouse lines (Atoh1-CreERTM, Atoh1-Cre, and Nse-CreERT2) and 271 

their established widely-used induction protocols showed distinct Ai14 reporter-labeling patterns in 272 

cerebellar granule cells and extra-cerebellar brain regions. Based on the reporter expression, we 273 

selected Atoh1-CreERTM, which showed the most robust, selective, and uniform tdTomato expression 274 

across the cerebellar lobules within the granule cell layer. Despite the promising reporter signal, 275 

Shank3 deletion in Atoh1-CreERTM+;Shank3fl/fl mice was limited.  276 

We tested Atoh1-Cre, which constitutively expresses Cre and has been used in some previous 277 

studies (Pan et al., 2009; Lorenz et al., 2011; Wijayatunge et al., 2018; Achilly et al., 2021; Kawamura 278 

et al., 2021; Wang et al., 2021) to target the gene of interest in CGCs. Except for Pan et al., which 279 

showed LacZ expression in the cochlear nucleus, other studies have not reported off-target reporter 280 

expression in brain regions other than the cerebellum. By using the Atoh-Cre line, Katayama et al. and 281 

Kawamura et al. both reported a low Cre recombinase activity at the posterior lobes in the cerebellum, 282 

which aligns with low tdTomato expression in lobe 10 in Atoh1-Cre line in our study (Fig. 2B, J) 283 

(Kawamura et al., 2021; Katayama et al., 2022).  284 

The off-target reporter expression observed in Atoh1-Cre and Nse-CreERT2 lines highlights the 285 

complexities of using sensitive Cre-loxP systems for cell-type-specific targeting. The ectopic tdTomato 286 

signal detected in the Atoh1-Cre line (Fig. 4A-D) within the pons and hippocampus likely reflects the 287 

developmental lineage history of Atoh1-expressing progenitors (Wang et al., 2005; Wu et al., 2023), 288 

whereas tdTomato signal in the hypothalamus and superior colliculus may, at least in part, reflect 289 

projections of Atoh1-lineage neurons to these regions (Karthik et al., 2022; Zhang et al., 2024). It is 290 

well-established that the Atoh1-expressing  rhombic lip lineages give rise to multiple glutamatergic 291 

populations beyond CGCs, including neurons of the precerebellar pontine nuclei (MacHold and Fishell, 292 

2005; Machold et al., 2011). Furthermore, transient Atoh1 expression has been previously documented 293 
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in the hippocampal primordium during embryogenesis (MacHold and Fishell, 2005), in which the Ai14 294 

reporter permanently marks due to its cumulative lineage-tracing nature. Similarly, sparse dentate-295 

gyrus recombination and reporter-positive fibers in the superior colliculus and medial vestibular nuclei 296 

observed in the Nse-CreERT2 line (Fig. 4E-G) are consistent with the original characterization of this 297 

transgenic line (Pohlkamp et al., 2014).  298 

Unlike Atoh1-Cre and Nse-CreERT2 lines, the Atoh1-CreERTM line showed promising results 299 

with highly specific and uniform tdTomato expression in the majority of the CGCs (Fig. 1B, K, and L), 300 

which is in line with the previous study that generated this line (Chow et al., 2006). This finding led us to 301 

predict that the Atoh1-CreERTM line would be effective for the conditional deletion of the Shank3 gene 302 

in the CGC population. To generate a conditional deletion of the Shank3 gene in CGCs, we crossed 303 

Shank3fl/fl mice with the Atoh1-CreERTM line. Unexpectedly, our cKO mice revealed only a mild 304 

reduction in Shank3 mRNA levels in the cerebellum compared to controls (Fig. 5C-E). This discrepancy 305 

between highly efficient reporter gene activation and limited target gene deletion may be attributed to 306 

several factors. 307 

First, while reporter lines serve as valuable indicators of where and when Cre is expressed and 308 

capable of recombination (Madisen et al., 2009; Luo et al., 2020; Jahncke and Wright, 2024), they do 309 

not directly report the recombination efficiency of a specific target locus. The efficiency of Cre-mediated 310 

recombination is not uniform across all genomic loci, and different floxed alleles exhibit varying 311 

sensitivities to Cre-mediated recombination (Zheng et al., 2000; Luo et al., 2020; Jahncke and Wright, 312 

2024; Liu et al., 2013). Reporter constructs, like the Ai14 line are engineered to be easily accessible 313 

and are highly responsive to Cre by inserting into the ROSA26 locus, rely on the CAG promoter, and 314 

the woodchuck hepatitis virus post-transcriptional regulatory element (WPRE) to enhance mRNA 315 

stability (Madisen et al., 2009, 2015), together leading to efficient recombination even with relatively low 316 

or transient Cre activity (Madisen et al., 2009; Liu et al., 2013; Luo et al., 2020; Álvarez-Aznar et al., 317 

2020). The fluorescence of tdTomato is ∼2.8 times brighter than eGFP (often requiring immunostaining 318 

amplification) and is readily detected compared to eGFP or other reporters (Madisen et al., 2009, 319 
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2015). 320 

Therefore, compared to tdTomato reporter characterization data, the efficiency of recombination 321 

at a target gene locus can be significantly lower, potentially requiring higher levels or more prolonged 322 

expression of Cre (Liu et al., 2013). The duration of CreERTM activity following tamoxifen administration 323 

is transient, dependent on the metabolism of tamoxifen and the turnover of the fusion protein (Feil et 324 

al., 1997). While this transient activity might be sufficient to trigger recombination at a highly sensitive 325 

reporter locus, efficient deletion of a gene at a different locus like Shank3 might need more sustained 326 

Cre activity or a higher peak level of Cre expression within the targeted cells. 327 

Second, the distance between the loxP sites can also influence the efficiency of Cre-mediated 328 

excision. Longer distances between loxP sites, or particular sequence motifs, can reduce 329 

recombination efficacy (Zheng et al., 2000; Wang et al., 2009; Liu et al., 2013). The Shank3fl/fl allele 330 

used in this study contains loxP sites located after exons 3, 9, and 22 (Fig. 5B). The original study 331 

(Drapeau et al., 2018) used Shank3fl/fl with a CMV-Cre line to produce germline Shank3 mice used in 332 

this study, which resulted in a constitutive deletion of all major Shank3 isoforms. The Shank3 gene is 333 

relatively large (~58 kb) (Wang et al., 2011, 2014; Kouser et al., 2013) and the loxP sites flanking the 334 

region targeted for deletion (exons 4-22) span a substantial genomic distance that may hinder Cre-335 

mediated recombination efficiency, potentially contributing to the incomplete or variable Shank3 336 

deletion observed in cKO models. Although the Atoh1-CreERTM line did not show high efficiency for 337 

deleting a large segment encompassing exons 4-22 of the Shank3 gene, it may be useful for deleting 338 

small exon segments, such as exons 4-9 or exons 13-16, which target only specific Shank3 isoforms. In 339 

addition, this Cre line may be well suited for the conditional deletion of other genes with relatively short 340 

floxed intervals in Atoh1-lineage cerebellar granule cell precursors during early postnatal development. 341 

For example, conditional deletion of ~1 exon of Sox2 in the vestibular system with the Atoh1-CreERTM 342 

was remarkably efficient (Stone et al., 2021). 343 

Another reason for less efficient deletion of the Shank3 gene by Atoh1-CreERTM driver might be 344 

mosaic deletion within the target cell population or incomplete deletion within individual cells (e.g., 345 
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deletion of only one of the two floxed alleles) (Jahncke and Wright, 2024). While the reporter signal may 346 

appear widespread, indicating potential recombination, the complete Shank3 deletion across the entire 347 

CGC population could be considerably lower because some cells may have a heterozygous Shank3 348 

deletion, resulting in a modest overall reduction in the mRNA signal. Comparing reporter expression 349 

with target protein loss in other Cre lines has highlighted such discrepancies, where the reporter signal 350 

does not always predict complete loss of the target protein (Luo et al., 2020; Jahncke and Wright, 351 

2024). 352 

This study has some limitations. First, since the Cre lines were examined using unique driver 353 

configurations and established induction regimens, the results characterize reporter labeling under the 354 

specific conditions tested rather than the intrinsic recombination efficiencies of the three lines. Second, 355 

the extra-cerebellar labeling was assessed in selected sagittal sections and should therefore be 356 

interpreted as a qualitative description of the observed reporter distribution rather than a 357 

comprehensive brain-wide analysis. In addition, the automated analysis quantified the tdTomato-358 

positive fraction of a NeuN- and Hoechst-defined granule-cell-layer mask and therefore represents a 359 

pixel-based measure of reporter coverage rather than a direct count of recombined cells. Finally, the 360 

Shank3 RNAscope analysis measured background-corrected regional fluorescence from a probe 361 

targeting exons 11–20 and did not directly assess genomic recombination, transcript abundance in 362 

individually identified reporter-positive cells, or SHANK3 protein. Consequently, the observed difference 363 

between robust Ai14 labeling and the more modest reduction in Shank3 RNAscope signal 364 

demonstrates that reporter activation did not correspond to a comparable change in the measured 365 

Shank3 transcript signal under these experimental conditions. As such, this key discrepancy 366 

underscores the importance of establishing true recombination efficacy for target genes as opposed to 367 

using reporter lines (e.g., tdTomato) as a proxy. Dramatic differences, like those identified here, may be 368 

essential in interpreting cellular or behavioral functional data in comparable approaches. 369 

To address these limitations and achieve efficient conditional deletion of Shank3 in CGCs, 370 

future studies could consider alternative approaches. These could include testing alternative Cre driver 371 
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lines targeting CGCs, such as the constitutive GABAA receptor α6 subunit-Cre line (Gabra6-Cre), 372 

which may yield better results (Aller et al., 2003; Maejima et al., 2013; Rudolph et al., 2020; Lee et al., 373 

2023). Gabra6 is selectively expressed in CGCs and a subset of pre-cerebellar nuclei, and has been 374 

used to drive Cre expression in CGCs (Aller et al., 2003; Maejima et al., 2013). Since this line is 375 

reported to initiate recombination relatively late in postnatal development, peaking around P14, Gabra6-376 

Cre is limited to asynchronously targeting mature CGCs (Aller et al., 2003; Choi et al., 2021). 377 

Additionally, the Grin2C-Cre line is another Cre line for targeting mature CGCs. The promoter of the 378 

Grin2c gene, which encodes the GluN2C subunit of the NMDA receptor, is active in mature CGCs 379 

(Otsuka et al., 2016). Alternatively, optimizing the tamoxifen induction protocol by empirically testing 380 

different doses, frequencies, or timings of tamoxifen delivery in the Atoh1-CreERTM line might improve 381 

the efficiency of deleting exons 4-22 of the Shank3 gene (Cox et al., 2012; McGovern et al., 2017).  382 

Conclusion 383 

This study compared multiple Cre lines to identify the most efficient line for conditionally deleting 384 

genes of interest in CGCs. Comparing three Cre-driver lines, we identified that the Atoh1-CreERTM line 385 

exhibits specific, uniform, and robust reporter gene expression compared with Atoh1-Cre and Nse-386 

CreERT2 lines. Even with high reporter expression, we observed only a mild reduction in Shank3 mRNA 387 

in the cerebellar granule cell layer. These results highlight the importance of ensuring mRNA or protein 388 

expression levels, in addition to mapping potential Cre activity using reporter alleles, when 389 

characterizing a cKO mouse model. Future studies should explore alternative Cre drivers that yield high 390 

recombination efficiency for manipulating Shank3 or similar length regions in the CGCs.  391 
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Fig. 1: Atoh1-CreERTM+;Ai14+ mice exhibit tdTomato expression specifically in the cerebellum. 566 

(A) Schematic of the breeding strategy used to generate Atoh1-CreERTM+;Ai14+ and Atoh1-CreERTM-567 

;Ai14+ (control) mice. (B-E) Representative sagittal brain sections from Atoh1-CreERTM+;Ai14+ mice 568 

showing tdTomato fluorescence (magenta) (B), NeuN immunostaining (yellow) (C), Hoechst nuclear 569 

staining (cyan) (D), and the merged image (E). (B’-E’) Higher magnification images corresponding to 570 

panels B-E, respectively. (F-I) Representative sagittal brain slice images from Atoh1-CreERTM-;Ai14+ 571 

(control) mice showing the absence of tdTomato fluorescence (F), NeuN immunostaining (G), 572 

Hoechst nuclear staining (H), and the merged image (I). (J) Comparison of manual versus automated 573 

quantification across 33 images (40X magnification) acquired from cerebellar lobules 2-10 from four 574 

Atoh1-CreERTM+;Ai14+ mouse (one sagittal brain section per mouse). (K) Percentage of tdTomato+ 575 

CGCs within each cerebellar lobule (2-10). Individual data points are shown as solid circles, and bars 576 

represent the mean ± SEM. (L) Pie chart showing the overall average percentage of 577 

tdTomato+/NeuN+ (Magenta) and tdTomato-/NeuN+ (Gray) CGCs in the cerebellum of Atoh1-578 

CreERTM+;Ai14+ mice. Control: N = 3 mice; Atoh1-CreERTM+;Ai14+: N = 3 mice. Two brain slices were 579 

analyzed from each Atoh1-CreERTM+;Ai14+ mouse, and the mean percentage of tdTomato+ CGCs in 580 

each lobe per mouse was used for panel K. Scale bars: B-E and F-I, 1 mm; B’-E’, 20 μm. Panel A 581 

was created with BioRender.com. 582 
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Figure 2 584 
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Fig. 2: Atoh1-Cre+;Ai14+ mice show tdTomato expression in the cerebellum, with some 585 

nonspecific expression observed in other brain regions. (A) Schematic of the breeding strategy 586 

used to generate Atoh1-Cre+;Ai14+ and Atoh1-Cre-;Ai14+ (control) mice. (B-E) Representative sagittal 587 

brain sections from Atoh1-Cre+;Ai14+ mice showing tdTomato fluorescence (magenta) in the 588 

cerebellum as well as in other brain regions, including superior colliculus, hippocampus, 589 

hypothalamus, and pons (B), NeuN immunostaining (yellow) (C), Hoechst nuclear staining (cyan) (D), 590 

and the merged image (E). (B’-E’) Higher magnification images corresponding to panels B-E, 591 

respectively. (F-I) Representative sagittal brain slice images from Atoh1-Cre-;Ai14+ (control) mice 592 

showing the absence of tdTomato fluorescence (F), NeuN immunostaining (G), Hoechst nuclear 593 

staining (H), and the merged image (I). (J) Percentage of tdTomato+ CGCs within each cerebellar 594 

lobe (lobes 2-10). Individual data points are shown as solid circles, and bars represent the mean ± 595 

SEM. (K) Pie chart showing the overall average percentage of tdTomato+/NeuN+ (Magenta) and 596 

tdTomato-/NeuN+ (Gray) CGCs in the cerebellum of Atoh1-Cre+;Ai14+ mice. Control: N = 3 mice;  597 

Atoh1-Cre+;Ai14+: N = 3 mice. Scale bars: B-E and F-I, 1 mm; B’-E’, 20 μm. The image in panel A is 598 

created with BioRender.com. 599 
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Figure 3 601 

 602 
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Fig. 3: Nse-CreERT2+;Ai14+ mice show tdTomato expression in the cerebellum, with some 603 

nonspecific expression observed in other brain regions. (A) Schematic of the breeding strategy 604 

used to generate Nse-CreERT2+;Ai14+ and Nse-CreERT2-;Ai14+ (control) mice. (B-E) Representative 605 

sagittal brain sections from Nse-CreERT2+;Ai14+ mice showing tdTomato fluorescence (magenta). 606 

Nse-CreERT2+;Ai14+ mice showed non-specific expression of tdTomato in the superior colliculus, the 607 

hippocampus (Dentate gyrus), and the medial vestibular nuclei (B), NeuN immunostaining (yellow) 608 

(C), Hoechst nuclear staining (cyan) (D), and the merged image (E). (B’-E’) Higher magnification 609 

images corresponding to panels B-E, respectively. (F-I) Representative sagittal brain slice images 610 

from Nse-Cre-;Ai14+ (control) mice showing the absence of tdTomato fluorescence (F), NeuN 611 

immunostaining (G), Hoechst nuclear staining (H), and the merged image (I). (J) Percentage of 612 

tdTomato+ CGCs within each cerebellar lobe (lobes 2-10). Individual data points are shown as solid 613 

circles, and bars represent the mean ± SEM. (K) Pie chart showing the overall average percentage of 614 

tdTomato+/NeuN+ (Magenta) and tdTomato-/NeuN+ (Gray) CGCs in the cerebellum of Nse-Cre+;Ai14+ 615 

mice. Control: N = 3 mice;  Nse-Cre+;Ai14+: N = 3 mice. Scale bars: B-E and F-I, 1 mm; B’-E’, 20 μm. 616 

The image in panel A is created with BioRender.com. 617 
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Figure 4 618 

 619 
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Fig. 4: Higher-magnification images show off-target tdTomato expression in Atoh1-Cre+;Ai14+  620 

and Nse-Cre+;Ai14+ mice. (A-D) Representative high-magnification images showing ectopic 621 

tdTomato fluorescence (magenta) in Atoh1-Cre+;Ai14+ mice in the hippocampal CA2 region (A), 622 

hypothalamus (B), superior colliculus (C), and pons (D). (E-G) Representative high-magnification 623 

images showing ectopic tdTomato fluorescence (magenta) in Nse-Cre+;Ai14+ mice in the 624 

hippocampal dentate gyrus (E), superior colliculus (F), and medial vestibular nuclei (G). Scale bars: 625 

A-G, 100 μm. 626 
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Figure 5 628 
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Fig. 5: Assessment of Shank3 mRNA signal by RNAscope following Atoh1-CreERTM induction. 630 

(A) Schematic of the breeding strategy used to generate Atoh1-CreERTM+;Shank3fl/fl and Atoh1-631 

CreERTM-;Shank3fl/fl (control) mice. (B) Schematic of the generation of conditional Shank3ex∆4-22 KO 632 

mice using a Cre-loxP strategy.  Shank3fl/fl mice have two loxP inserted after exon 3, 9 (red triangles), 633 

and an additional loxP at the downstream of exon 22 (green triangle). Shank3fl/fl mice were crossed 634 

with Atoh1-CreERTM+ to generate conditional Shank3ex∆4-22 KO mice. (C, D) Cerebellar lobes showing 635 

Shank3 mRNA expression (in white) in Atoh1-CreERTM-;Shank3fl/fl (control, C) and Atoh1-636 

CreERTM+;Shank3fl/fl (control) mice (cKO, D). (E) Quantification of normalized Shank3 mRNA 637 

expression between control (red) and cKO (light red). Individual data points are shown as circles, and 638 

bars represent the mean ± SEM. Control: N = 3 mice; cKO: N = 3 mice. Abbreviations: ANK: ankyrin 639 

repeat domain, SH3: SRC homology, PDZ: PSD-95-discs large-zone occludens-1, PRO: proline-rich 640 

domain, SAM: sterile alpha motif. The image in panel B was modified from Drapeau et al., 2018. 641 

Scale bars: C-D, 50 μm.The images in panels A and B were created with BioRender.com. 642 


