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Abstract 13 

Dendritic spines are the central postsynaptic machinery that determines synaptic function. The F-actin 14 

within dendritic spines regulates their dynamic formation and elimination. Rai14 is an F-actin-15 

regulating protein with a membrane-shaping function. Here, we identified the roles of Rai14 for the 16 

regulation of dendritic spine dynamics associated with stress-induced depressive-like behaviors. Rai14-17 

deficient neurons failed to maintain a proper dendritic spine density in the Rai14+/- mouse brain, 18 

resulting in impaired functional synaptic activity. Rai14 was protected from degradation by complex 19 

formation with Tara, and accumulated in the dendritic spine neck, thereby enhancing spine maintenance. 20 

Concurrently, Rai14 deficiency in mice altered gene expression profile relevant to depressive conditions 21 

and increased depressive-like behaviors. Moreover, Rai14 expression was reduced in the prefrontal 22 

cortex of the mouse stress model, which was blocked by antidepressant treatment. Thus, we propose 23 

that Rai14-dependent regulation of dendritic spines may underlie the plastic changes of neuronal 24 

connections relevant to depressive-like behaviors. 25 

 26 

Introduction 27 

Dendritic spines, the actin-rich protrusions on dendrites, are the major postsynaptic machinery that 28 

determines synaptic function. Owing to their unique structure consisting of a large spine head and a thin 29 

neck, dendritic spines serve as postsynaptic compartments that are biochemically and electrically 30 

separated from the dendritic shaft, thereby contributing to efficient synaptic transmission and plasticity 31 

(Tonnesen et al., 2014; Yuste et al., 2000). An imbalance between spine formation and elimination, 32 

which can result in altered spine density, can lead to synaptic hyperconnection or hypoconnection 33 

(Forrest et al., 2018). Importantly, an aberrant loss of dendritic spine density is closely related to diverse 34 

neuropsychiatric diseases, including major depressive disorders, schizophrenia, and neurodegenerative 35 

diseases such as Alzheimer’s disease (Forrest et al., 2018; Penzes et al., 2011; Runge et al., 2020). 36 
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The stability of the dendritic spine is key to maintaining an appropriate number of dendritic spines. 37 

Most spines are formed during early postnatal development and undergo experience-dependent pruning 38 

during postnatal development, in which the remaining spines persist throughout life. Together with pre-39 

existing stable spines from early development, experience-derived new stable spines provide a 40 

structural basis for life-long memory storage (Runge et al., 2020; Yang et al., 2009). When spine 41 

elimination is abnormally accelerated by environmental factors such as chronic stress and inflammation, 42 

the net spine density consequently declines along with the reduction of synapse-related genes and 43 

expression of behavioral despair (Cao et al., 2021; Duman et al., 2019; Runge et al., 2020). Several 44 

factors, including effectors of actin dynamics and related scaffolding proteins, have been proposed to 45 

play important roles in dendritic spine formation and shape (Hotulainen and Hoogenraad, 2010). 46 

However, the detailed molecular basis of synapse stability and dendritic spine maintenance requires 47 

further exploration. 48 

Retinoic acid-induced protein 14 (Rai14) is a filamentous actin (F-actin) regulating protein with six 49 

ankyrin repeats and coiled-coil structures (Kutty et al., 2001; Peng et al., 2000). Functional studies on 50 

Rai14 illustrated its role in conferring integrity of actin filament bundles in several tissues (Qian et al., 51 

2013a; Qian et al., 2013b). Recently, it was reported that Rai14 has membrane-shaping capability and 52 

affects dendritic branch formation (Wolf et al., 2019). In combination with its actin-regulatory 53 

properties, Rai14 may be related to the development of dendritic spines. However, the role of Rai14 in 54 

spine development has not yet been clarified. 55 

In the present study, we aimed to gain insights into the function of Rai14 in the development of 56 

dendritic spines. Rai14 is stabilized by its novel interaction partner, Tara (Trio associated repeat on actin; 57 

also known as TRIO and F-actin-binding protein isoform 1), and the stabilized Rai14 specifically 58 

accumulates at the neck of dendritic spines. There, Rai14 regulates dendritic spine maintenance, 59 

consequently determining synaptic connectivity in association with stress-induced depressive-like 60 

phenotypes.  61 
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 62 

Results 63 

Rai14-depleted neurons fail to maintain a normal number of dendritic spines 64 

To investigate the function of Rai14 in dendritic spine development, we examined dendritic 65 

morphology in Rai14-deficient mice. Since Rai14 homozygous knockout (Rai14-/-) mice showed 66 

perinatal lethality (Figure 1–figure supplement 1), Rai14 heterozygous knockout (Rai14+/-) mice were 67 

used for the in vivo experiments and behavioral analyses. Rai14-deficient neurons in mouse cortex and 68 

hippocampus displayed a significantly lower number of dendritic spines than wild-type neurons (Figure 69 

1A and B).  70 

To analyze the structure of dendritic spines, we adopted primary neuron culture system. Primary 71 

cultured hippocampal neurons from Rai14-/- embryos showed significantly lower dendritic spine density 72 

(Figure 1C and D) without significant differences in spine length or spine head size (Figure 1E). 73 

Similarly, knockdown of Rai14 in primary cortical and hippocampal neurons (Figure 1F and G) and 74 

P14 mouse cortical neurons (Figure 1H) reduced the numbers of dendritic spines, indicating that the 75 

loss of dendritic spines upon Rai14 downregulation is cell-autonomous. 76 

 77 

Tara stabilizes Rai14 78 

To get a clue how Rai14 regulates dendritic spines, we examined the Rai14 protein interactome. 79 

Protein-protein interaction databases disclosed the potential association of Rai14 with Tara, another 80 

F-actin binding protein (Huttlin et al., 2017; Schweppe et al., 2018; Seipel et al., 2001; Woo et al., 2019). 81 

Rai14 and Tara share multiple additional interaction partners (Figure 2–figure supplement 1A), 82 

indicating that they likely form a functional complex. Indeed, a yeast two-hybrid screening using a 83 

human fetal brain cDNA library validated this interaction (Figure 2A), which was also confirmed by 84 

co-immunoprecipitation (co-IP) of Rai14 and Tara from mouse brain lysates (Figure 2B). Notably, 85 
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Figure 1. Rai14-depleted neurons fail to maintain a normal number of dendritic spines.
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knockdown of Tara led to the downregulation of Rai14 protein levels (Figure 2C), whereas 86 

overexpression of Tara brought about the upregulation of endogenous Rai14 protein levels (Figure 2–87 

figure supplement 1B). 88 

We therefore asked whether the functional effects of Rai14 on dendritic spine density were 89 

associated with Tara. First, we measured dendritic spine density upon Rai14 and/or Tara depletion 90 

(Figure 2D). Tara knockdown resulted in a similar reduction in dendritic spine density to those 91 

expressing Rai14 shRNA. In addition, the simultaneous knockdown of Rai14 and Tara also decreased 92 

spine density to a similar extent.  93 

To investigate how Tara regulates Rai14 protein levels, we mapped the region in Tara with Rai14 94 

association (Figure 2E, Figure 2–figure supplement 2). The TaraΔ241–330 mutant, lacking the region for 95 

Rai14 binding, failed to upregulate Rai14, whereas a fragment of Tara (aa 241–330) harboring the 96 

Rai14-binding region was sufficient to stabilize Rai14, indicating that Rai14 is stabilized by physical 97 

associations with Tara (Figure 2F). 98 

We also mapped the Tara-binding region in the Rai14 protein (Figure 2–figure supplement 3A). The 99 

binding interface was localized to the tip of the carboxyl-terminal region containing multiple typical 100 

protein degradation motifs (Figure 2–figure supplement 3B and C). Indeed, a Rai14 mutant lacking the 101 

motifs in aa 948–967, Rai14Δ948–967, showed significantly elevated protein levels regardless of Tara co-102 

expression (Figure 2G, Figure 2–figure supplement 3C). As this mutant also lost capacity to interact 103 

with Tara (Figure 2–figure supplement 3D), it is likely that Tara stabilizes Rai14 by interfering with its 104 

degradation motifs.  105 

Next, we tested whether Rai14 stability was directly linked to the regulation of dendritic spine 106 

density. The co-expression of Rai14 and Tara, which led to Rai14 upregulation, resulted in increased 107 

spine density, whereas the co-expression of Rai14 and TaraΔ241–330 failed to increase dendritic spine 108 

density (Figure 2H). Moreover, unlike wild-type Rai14, the expression of Rai14Δ948–967, a stabilized 109 

form of Rai14, alone was sufficient to increase spine density (Figure 2I), further supporting the 110 
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Figure 2. Tara-mediated stabilization of Rai14 up-regulates dendritic spine density.
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hypothesis that Tara stabilizes Rai14 by physical interaction to positively regulate dendritic spine 111 

density. 112 

 113 

Tara-Rai14 complex accumulates at the neck of dendritic spines and protects spines from 114 

elimination 115 

To understand how Tara-mediated Rai14 stabilization affects dendritic spine density, we analyzed 116 

the subcellular localization of Rai14 and Tara in neuron, especially focusing on the dendritic spines. 117 

Consistently, co-expression of Rai14 and Tara remarkably enhanced the intensity of Rai14 compared to 118 

ectopically expressed Rai14 without co-expression of Tara (Figure 3A, Figure 3–figure supplement 1A). 119 

Interestingly, when Tara was co-expressed, both Tara and Rai14 displayed a strong tendency to cluster 120 

at the neck and/or base of the dendritic spines (Figure 3A and B). Rai14Δ948–967 also accumulated at the 121 

neck of some spines without Tara-co-expression. In contrast, when Rai14ANK, which lacked membrane-122 

binding ability (Wolf et al., 2019), was co-expressed with Tara, it did not exhibit selective accumulation 123 

at the neck of dendritic spines. The accumulation of the stabilized Rai14 at the spine neck was in a tight 124 

correlation with dendritic spine density (Figure 3C); Rai14Δ948–967 effectively enhanced spine density 125 

whereas Rai14ANK, which was able to interact with and was upregulated by Tara (Figure 3–figure 126 

supplement 1B and C), failed to increase dendritic spine density compared to Rai14 and Tara co-127 

expressing dendrites. 128 

Next, to examine the contribution of the Tara-Rai14 cluster for the dynamic nature of the dendritic 129 

spines, we monitored the process of spinogenesis in primary neurons co-expressing Rai14 and Tara by 130 

time-lapse imaging. Dendritic spines were grouped into Rai14-positive spines (those containing 131 

Rai14-GFP within their neck at 0 min) and Rai14-negative spines (those without Rai14-GFP at their 132 

neck) (Figure 3D and E). Both Rai14-positive and Rai14-negative spines underwent morphological 133 

changes, such as growth and shrinkage, with no significant temporal differences. However, the fraction 134 
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Figure 3. Tara-Rai14 complex accumulates at the neck of dendritic spines and protects spines from elimination.
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of eliminated spines was markedly decreased in the Rai14-positive spines. While 33% of Rai14-135 

negative spines were eliminated, most of the Rai14-positive spines survived, with only 2.6% of these 136 

spines eliminated. Rai14 sometimes gathered at the base and entered the neck of newly formed dendritic 137 

spines (Figure 3F). These spines mostly remained until the last of the imaging period, while newly 138 

formed Rai14-negative spines shrank or disappeared. To further test the role of Rai14 in spine 139 

maintenance, we induced elimination of dendritic spines by treating neurons with latrunculin A (LatA) 140 

(Allison et al., 1998; Nestor et al., 2011; Vlachos et al., 2009), an actin destabilizer, and monitored spine 141 

dynamics (Figure 3G and H). Dendritic spines with ectopic expression of Rai14 and Tara showed 142 

significantly higher survival rates against LatA treatment than controls, indicating that stabilized Rai14 143 

protects F-actin from destruction in dendritic spines. Collectively, these data support that the Rai14-144 

Tara complex helps in the maintenance of dendritic spines.  145 

 146 

Rai14 affects functional synaptic activity 147 

Next, we attempted to see if Rai14-dependent spine maintenance contributed to excitatory 148 

synaptogenic events as dendritic spines are major postsynaptic compartments that receive most 149 

excitatory presynaptic inputs. We labeled primary hippocampal neurons with synaptophysin and PSD95, 150 

presynaptic and postsynaptic markers, respectively, to monitor excitatory synapse formation. As 151 

expected, neurons co-expressing Rai14 and Tara displayed more spines with both synaptophysin and 152 

PSD95 puncta on the spine head compared to control neurons (Figure 4A and B, Figure4–figure 153 

supplement 1A). Within Rai14-Tara overexpressing neurons, spines containing the Rai14 cluster tended 154 

to bear synapses with higher probability than the spines without Rai14 signal (Figure 4C, Figure4–155 

figure supplement 1B). Concurrently, Rai14-/- neurons had less number of spines marked simultaneously 156 

with synaptophysin and PSD95 puncta on the spine head than wild-type neurons (Figure 4D). 157 

Consistently, when we evaluated the functional consequence of Rai14 depletion on synaptic 158 

transmission, miniature excitatory postsynaptic currents (mEPSCs) measured from acute brain slices of 159 
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Figure 4. Rai14 affects functional synaptic activity.
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Rai14+/- mice showed significantly lower mean frequency without alteration of the amplitude (Figure 160 

4E–G). To test further consequences of synaptic function upon Rai14 depletion, we assessed the spatial 161 

memory retention of Rai14+/- mice with the Morris water maze test. On the probe test day, Rai14+/- mice 162 

stayed significantly less in the platform-containing quadrant, whereas wild-type littermates spent more 163 

time in the platform area (Figure 4H–K). In addition, Rai14+/- mice also displayed mild deficits in 164 

contextual fear memory without fear generalization (Figure 4L–N). On the other hand, Rai14+/- mice 165 

had no significant difference in locomotor activity and anxiety levels (Figure4–figure supplement 2). 166 

These results demonstrate that the structural deficits in spine maintenance caused by Rai14 deficiency 167 

extend to functional alterations in synapses. 168 

 169 

Rai14-deficient mice exhibit depressive-like behaviors 170 

To investigate the pathological features relevant to Rai14 depletion, we next performed RNA 171 

sequencing-based gene expression profiling on whole brains of Rai14-deficient mice (Rai14+/-) and 172 

littermate controls followed by gene set enrichment analysis (GSEA) using curated CGP gene sets 173 

(MSigDB) (Figure 5A and B). Among the significant gene sets enriched in Rai14+/- mouse brains, 174 

Aston-Major Depressive Disorder_DN (the set of downregulated genes in the temporal cortex samples 175 

from patients with major depressive disorder) showed a relatively high NES rank. The distribution of 176 

the gene set was significantly enriched in the downregulated genes of Rai14+/- group, and indeed, 17 177 

genes out of 18 significant DEGs that are included in Aston-Major Depressive Disorder DN gene set 178 

were downregulated in Rai14+/- mouse brain (Figure 5C and D, Figure5–figure supplement 1). 179 

As the gene expression analysis hints at the potential link between Rai14 deficiency and depressive 180 

disorder, Rai14+/- mice were tested in depression-like behavioral paradigms. Indeed, Rai14+/- mice 181 

showed a reduced preference for sucrose solution, an anhedonic behavior (Figure 5E). They also 182 

exhibited longer immobile periods in the Porsolt’s forced swim test, an indicative of behavioral despair 183 

(Figure 5F), which was reversed by fluoxetine, an antidepressant, administration (Figure 5G). In 184 
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Figure 5. Rai14-deficient mice exhibit depressive-like behaviors associated with stress.
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addition, chronic fluoxetine treatment rescued loss of dendritic spines in Rai14+/- mouse brain (Figure 185 

5H). 186 

Moreover, when depressive conditions were induced to C57BL/6 mice by chronic restraint stress 187 

(CRS) (Christoffel et al., 2011; Wang et al., 2017) with validation by gained body weight (Figure 5I), 188 

the reductions of both Rai14 mRNA (Figure 5J) and protein expression (Figure 5K) in the prefrontal 189 

cortex were detected. However, CRS administration while receiving i.p. injections of fluoxetine failed 190 

to decrease in Rai14 expression levels. Taken together, these results support the importance of Rai14 in 191 

the plastic changes of neuronal connections relevant to depressive-like behaviors. 192 

 193 

Discussion  194 

Here, we identified the function of Rai14 in the development of dendritic spines relevant to 195 

depression-like behaviors. We found that the Tara-mediated stabilization of Rai14 at the neck of 196 

developing spines contributed to the maintenance of mature spines. At the same time, Rai14 deficiency 197 

resulted in the loss of dendritic spines, attenuation of synaptic function, and depression-like phenotypes, 198 

including behavioral deficits relevant to mood and cognition (Figure 6). 199 

 200 

Stabilization of Rai14 by Tara 201 

According to the data, Tara acts as a stabilizing factor for Rai14 in the Rai14-Tara complex. The 202 

Rai14 full-length protein displayed very low stability that was significantly reversed by its physical 203 

interaction with Tara. The interaction of Tara at Rai14 amino acid residues 948–967 or deletion of this 204 

region appeared to be sufficient to confer stabilization of Rai14. This type of regulatory mode is not 205 

uncommon. For example, intrinsically disordered proteins such as neurolignin 3 and tumor protein p53 206 

are highly susceptible to 20S proteasomal degradation; however, their specialized binding partners, S-207 

SCAM (MAGI2) or PSD95, and MDM4, respectively, protect them from degradation (Tsvetkov et al., 208 
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Figure 6. A schematic model; Tara-mediated stabilization of Rai14 for the regulation of dendritic spine dynamics.
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2008; Tsvetkov et al., 2009). The binding of NQO1 to p53, tumor protein p73, or the ODC1 monomer 209 

also protects them from proteasomal digestion (Tsvetkov et al., 2010). Hsp90 shows a similar protective 210 

effect on CHEK1 (Oh et al., 2017). In these cases, a potential accession motif for degradation machinery 211 

resides in the interaction interface, and the interaction seems to shield the motif by interfering 212 

degradation process effectively. Indeed, favorable cleavage sites for PCSK (Kumar et al., 2020) and 213 

cathepsins (Li et al., 2020) were predicted in the region covering Rai14 amino acid residues 948–967. 214 

Moreover, large-scale protein-protein interaction studies suggested that Rai14 has interaction partners 215 

functioning in the proteasomal ubiquitination-dependent process; namely, PSMC3, UBE2V2, RBX1, 216 

LRSAM1 (Huttlin et al., 2017; Schweppe et al., 2018) and COP1 (Szklarczyk et al., 2019). Therefore, 217 

in addition to the regulation of Rai14 expression at the transcription level (Fang et al., 2013; Gokce et 218 

al., 2009; Kutty et al., 2001), a Tara-mediated post-translational regulatory mechanism for Rai14 protein 219 

expression appears to contribute to the developmental processes of the dendritic spine in the brain.  220 

 221 

Localization of Rai14 at the spine neck 222 

When Tara stabilizes Rai14 in neurons, the selective accumulation of Rai14 cluster at the neck of a 223 

sub-population of dendritic spines becomes more prominent. The Rai14ANK mutant loses this unique 224 

localization and just clusters at the dendritic shaft proximal to the base of dendritic spines. Because 225 

ankyrin repeats are often provided as an interface for membrane binding and protein-protein interaction 226 

(Bennett and Baines, 2001; Wolf et al., 2019), Rai14 is likely localized at the dendritic spine neck via 227 

its ankyrin repeats by binding to membrane proteins or other actin regulatory proteins within the spine 228 

neck. Furthermore, since self-assembly is one of the requirements for membrane-shaping proteins to 229 

enhance membrane curvature (Qualmann et al., 2011), stabilization of Rai14 by Tara co-expression, or 230 

by deletion of degradation-related motifs, may enhance the local Rai14 concentration required for self-231 

assembly for larger arrays locally around the neck of the spines. 232 
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A few other proteins, including -spectrin (SPTBN2) (Efimova et al., 2017), ankyrin-G (Smith et 233 

al., 2014), synaptopodin (Deller et al., 2000), septin 7 (Ewers et al., 2014), and DARPP-32 (PPP1R1B) 234 

(Blom et al., 2013), have been reported to localize to the spine neck. Including Rai14, these proteins 235 

share a common characteristic: actin binding and regulation of actin dynamics. Unlike the spine head 236 

filled with branched F-actin and a pool of G-actin at dynamic equilibrium (Hotulainen and Hoogenraad, 237 

2010), the spine neck consists of actin in the form of a linear F-actin bundle and periodic F-actin with 238 

a ring structure (Bar et al., 2016; Bucher et al., 2020). In particular, this periodic F-actin structure is so 239 

stable that it can give mechanical support to the spine neck. The mathematical calculation also supported 240 

that deviatoric curvature in the dendritic spine neck helps spine formation and maintenance with little 241 

force required (Miermans et al., 2017). That is, periodic F-actin along the spine neck can affect spine 242 

stabilization by constricting the spine neck, providing structural support for the spine head as a relatively 243 

biochemically and electrically separate compartment from the dendritic shaft (Tonnesen et al., 2014; 244 

Yuste et al., 2000). For example, ankyrin-G acts as a diffusional barrier that limits the mobility of GluA1 245 

(GRIA1), thereby promoting AMPA receptor retention within the spine (Smith et al., 2014). -246 

spectrin prevents microtubule invasion into dendritic protrusions within proximal dendrites to avoid the 247 

extension of dendritic protrusions into neurites (Fujishima et al., 2020). In this regard, it will be of 248 

immediate interest to investigate the potential cooperation of Rai14 and previously known machinery 249 

for spine stabilization working at the neck to maintain the functional integrity of dendritic spines. 250 

 251 

Rai14 deficiency and depressive-like behaviors 252 

Excessive, uncontrollable chronic stress is tightly linked to the expression of depressive behaviors 253 

(Kendler et al., 1999). In this line, chronic exposure of animals to highly stressful events is one of the 254 

well-characterized methods to establish animal depression model that resembles clinical depression in 255 

humans (Christoffel et al., 2011; Wang et al., 2017). Therefore, it is interesting to see that a significant 256 

reduction in Rai14 expression was observed in the prefrontal cortex of mouse stress model such as 257 
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chronic restraint stress model, and that Rai14-deficient mice mimicked stress-induced depressive-like 258 

behaviors, including behavioral despair, anhedonia, and cognitive deficits.  259 

Indeed, among 18 genes that were included in both significant DEGs in Rai14+/- mouse brains and 260 

the Aston-Major Depressive Disorder_DN gene set, several genes were reported to be involved in 261 

dendritic spine regulation. Namely, CNTN2 (Contactin-2), GPR37 (G-protein coupled receptor 37), 262 

HTR4 (5-hydroxytryptamine receptor 4), SORBS2 (Sorbin and SH3 domain-containing protein 2; also 263 

known as ArgBP2), and RASGRF1 (Ras-specific nucleotide-releasing factor 1) are present in dendritic 264 

spine and required for spine regulation (Anderson et al., 2012; DiBattista et al., 2015; Lee et al., 2016a; 265 

Lee et al., 2016b; Lopes et al., 2015; Sonnenberg et al., 2021; Watkins and Orlandi, 2020; Zhang et al., 266 

2016). This supports the links between spine loss and depressive-like behaviors in Rai14 deficiency.  267 

This is intriguing because previous studies have reported the potential implications of Rai14 in the 268 

BDNF and mTOR pathways, which are critical processes for depression-associated synaptic remodeling. 269 

That is, BDNF treatment increases Rai14 mRNA levels in primary striatal neurons (Gokce et al., 2009), 270 

and Rai14 is critical for activating mTORC1 (Shen et al., 2019). Conversely, studies also showed that 271 

BDNF and the mediators of mTORC1 signaling are reduced in the PFC and hippocampus after chronic 272 

stress (Duman and Li, 2012). Furthermore, BDNF synthesis and mTORC1 signaling activation are 273 

required for the ketamine-mediated remission of stress-induced behavioral and dendritic spine deficits 274 

(Autry et al., 2011; Li et al., 2010). In this line, the changes in BDNF expression in chronic stress 275 

conditions or upon exposure to antidepressants may alter Rai14 expression, and the altered Rai14 276 

expression mediates the mTOR pathway and dendritic spine regulation associated with behavioral 277 

phenotypes. 278 

Recent studies suggest that various factors, including inflammatory cytokines, neurotrophic factors, 279 

and glutamate, are associated with the neuropathology of depressive conditions (Cao et al., 2021; 280 

Christoffel et al., 2011; Duman et al., 2019; Schmidt et al., 2011). One common thing that encompasses 281 

them is that they all regulate the excitatory synapse structure. In major depressive disorder, synaptic 282 
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deficits are evident, including lower numbers of synapses, synaptic connections, and reduced levels of 283 

synaptic signaling proteins (Duman et al., 2019). This phenomenon is well linked to the observation 284 

that a decrease in dendritic spine density in the prefrontal cortex and hippocampus is often observed in 285 

the stress-induced depression animal model, where the loss of synapses in circuits underlying affective 286 

and cognitive processes is thought to cause depressive-like behaviors (Christoffel et al., 2011; Duman 287 

and Duman, 2015). Furthermore, the degree of stress-induced spine loss in CA3 pyramidal neurons 288 

correlates significantly with memory defects in mice (Chen et al., 2013; Qiao et al., 2016). In this line, 289 

it is noteworthy that Rai14-deficient mice display a mild cognitive deficit and lower spine density, in 290 

that major depressive disorder is often associated with cognitive problems along with lower spine and 291 

synaptic densities (Perini et al., 2019). 292 

  293 
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Materials and Methods 294 

Animals 295 

Pregnant C57BL/6 and ICR mice were purchased from Hyochang Science (Daegu, South Korea) 296 

and used for primary hippocampal neuron culture and in utero electroporation, respectively. 297 

Rai14 knockout heterozygous mice (C57BL/6NJ-Rai14em1J/J) were obtained from the Jackson 298 

Laboratory (Bar Harbor, ME). The animals were group-housed under diurnal light conditions (12-hr 299 

light, 12-hr dark cycle) and had free access to food and water. (temperature 22±2°C, humidity 50±5%). 300 

Male Rai14+/- mice and wild type littermates were kept for 10–12 weeks and subjected to behavioral 301 

analysis and brain preparation. Pregnant female Rai14+/- mice were sacrificed for primary neuron 302 

culture. All animal procedures were approved by the Institutional Animal Care and Use Committee 303 

(IACUC) of Pohang University of Science and Technology (POSTECH-2017-0037, POSTECH-2019-304 

0025, POSTECH-2020-0008, and POSTECH-2020-0018). All experiments were carried out under the 305 

approved guidelines. 306 

 307 

Cell/ Neuron culture and transfection 308 

HEK293 cells were cultured in DMEM (HyClone, South Logan, UT, USA) supplemented with 10% 309 

(v/v) fetal bovine serum (FBS) (Gibco, Gaithersburg, MD, USA) and 1% penicillin/streptomycin 310 

(Gibco) under 5% CO2 at 37 °C. Cells were transfected by using either VivaMagic (Vivagen), 311 

Polyethylenimine (PEI, Polysciences, Inc., 1 mg/mL, pH 7.0), or Lipofectamine 2000 (Thermo Fisher 312 

Scientific) according to the manufacturer’s instructions. 313 

Primary cultures of hippocampal neurons were established by isolating E16–17 C57BL/6 embryonic 314 

hippocampal tissues in HBSS (Gibco) and dissociating tissues in 0.25% trypsin (Sigma-Aldrich) and 315 

0.1% DNase I (Sigma-Aldrich) for 10 min at 37 °C. Cells were resuspended in neurobasal medium 316 

(Gibco) supplemented with 10 mM HEPES [pH7.4] and 10% (v/v) horse serum for final cell 317 
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concentration being (3.0–3.5) x 105 cells/mL, then plated on glass coverslips pre-coated with 318 

poly-D-lysine and laminin. Four hours after plating, cell medium was replaced with neurobasal medium 319 

containing 2 mM glutamine, 2% (v/v) B27 supplement (Gibco), and 1% (v/v) penicillin/streptomycin. 320 

Ara-C (Sigma-Aldrich) was treated at 5 M concentration at DIV7 for 24 h.  321 

For primary cultures of Rai14-/- hippocampal/ cortical neurons, male Rai14+/- and female Rai14+/- 322 

mice were time-mated in order to obtain E16–E17 Rai14-/-, Rai14+/-, and wild-type embryos. Developing 323 

hippocampi or cortices from each embryo were separately collected, dissociated, and then plated onto 324 

pre-coated glass coverslips. Genotyping was performed by PCR using lysates from arm, leg, and tail of 325 

each embryo.  326 

The neurons were transfected at days in vitro (DIV) 15–17 with Lipofectamine 2000, and the 327 

medium was replaced with the culture medium 4 h after transfection. 328 

 329 

Antibodies and plasmids 330 

Anti-Rai14 rabbit polyclonal antibody (Cat# 17507-1-AP, RRID: AB_2175992) was purchased from 331 

Proteintech Group (Rosemont, IL, USA). Anti-Tara rabbit polyclonal antibody (Cat# PA5-29092, 332 

RRID: AB_2546568) was purchased from Thermo Fisher Scientific (Waltham, MA, USA). Anti-333 

PSD95 mouse monoclonal antibody (Cat# ADI-VAM-PS001-E, RRID: AB_2039457) was purchased 334 

from Enzo Life Sciences (Farmingdale, NY, USA). Anti-Synaptophysin 1 rabbit monoclonal antibody 335 

(Cat# 101 008, RRID: AB_2864779) was purchased from Synaptic Systems (Goettingen, Germany). 336 

Anti-FLAG rabbit polyclonal and mouse monoclonal (Cat# F7425, RRID: AB_439687 and Cat# F1804, 337 

RRID: AB_262044, respectively, Sigma-Aldrich, St. Louis, MO, USA), anti-GFP rabbit polyclonal 338 

(Cat# A-11122, RRID: AB_221569, Molecular Probes, Eugene, OR, USA), anti-GFP mouse 339 

monoclonal (Cat# sc-9996, RRID: AB_627695, Santa Cruz Biotechnology, Santa Cruz, CA, USA), 340 

anti-α-tubulin mouse monoclonal (Cat# sc-32293, RRID: AB_628412, Santa Cruz Biotechnology, and 341 
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Cat# 66031-1-Ig, RRID: AB_11042766, Proteintech Group), and anti-c-Myc mouse monoclonal 342 

(Cat# sc-40, RRID: AB_627268, Santa Cruz Biotechnology) were used for immunoblotting, 343 

immunoprecipitation, and immunostaining experiments. As a negative control for immunoprecipitation, 344 

normal rabbit IgG (Cat# ab37415, RRID: AB_2631996, Abcam, Cambridge, UK) was used. For 345 

immunoblotting, HRP-conjugated sheep anti-mouse IgG (Cat# NA931, RRID: AB_772210, GE 346 

Healthcare, Buckinghamshire, UK) and donkey anti-rabbit IgG (Cat# NA934, RRID: AB_772206, GE 347 

Healthcare) were used as secondary antibodies. For immunostaining, Alexa Fluor 488, Alexa Fluor 568, 348 

or Flamma 648 conjugated goat anti-rabbit IgG (Cat# A-11008, RRID: AB_143165 and Cat# A-11011, 349 

RRID: AB_143157, Molecular Probes and Cat# RSA1261, BioActs, Incheon, South Korea) and Alexa 350 

Fluor 488 or 568 conjugated goat anti-mouse antibodies (Cat# A-11004, RRID: AB_141371 and 351 

Cat# A-21235, RRID: AB_141693, Molecular Probes) were used as secondary antibodies. 352 

All constructs for human Rai14 were prepared by cloning hRai14 (Retinoic acid-induced protein 14) 353 

canonical isoform into pEGFP-N1, pEGFP-C3 (Clontech, Mountain View, CA, USA), and 354 

pFLAG-CMV2 (Sigma-Aldrich). To constructs the deletion mutant of Rai14, regions of human Rai14 355 

corresponding to the designated codon was amplified by PCR using Rai14-GFP plasmid as template 356 

and cloned into pEGFP-N1 and pEGFP-C3. Constructs for human Tara were prepared by cloning 357 

full-length TRIOBP1 (Trio and F-actin binding protein1) isoform into pEGFP-C3 (Clontech, Mountain 358 

View, CA, USA), pFLAG-CMV2 (Sigma-Aldrich), and pcDNA3.1/myc-His (Invitrogen). Constructs 359 

for hTara mutants were prepared by cloning into pEGFP-C3. Constructs for LifeAct were prepared by 360 

cloning into pEGFP-N1 and dsRed-N1. Tara and scrambled shRNA constructs were designed by 361 

cloning 19–21 nt of core sequences combined with TTCAAGAGA as the loop sequence into 362 

pLentiLox3.7 vector as described previously(Woo et al., 2019). Core sequences of human Tara shRNA 363 

and control scrambled shRNA were GCTGACAGATTCAAGTCTCAA and 364 

CTACCGTTGTATAGGTG, respectively. All Rai14 shRNA constructs were designed by cloning 21 nt 365 

of core sequences combined with TCTCTTGAA as the loop sequence into pLentiLox3.7 vector. Core 366 

sequence of human Rai14 shRNA and mouse Rai14 shRNA were TCG GGA AAG GAA TCG GTA 367 
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TTT and CGA ACA CTG TGG ACG CCT TAA, respectively. 368 

 369 

Mouse lethality analysis 370 

For lethality analysis, embryos from timed breeding of Rai14+/- mice were isolated at E17.5–E18 371 

embryonic developmental stages, and genotyped by PCR from arms, legs, and tail snips. For lethality 372 

after birth, pups from the timed mating of Rai14+/- mice were separated from their dams at P21–P28 373 

and genotyped by PCR from tail snips. 374 

 375 

Golgi-Cox impregnation 376 

Golgi-Cox impregnation was performed using an FD Rapid GolgiStainTM Kit (FD 377 

Neurotechnologies, Inc.) according to the manufacturer’s instructions. Briefly, adult Rai14+/- mice and 378 

their wild-type littermates were anesthetized with an intraperitoneal (i.p.) injection of ketamine (75 379 

mg/kg) (Yuhan Corporation, Seoul, South Korea) and xylazine (11.65 mg/kg) (Bayer AG, Leverkusen, 380 

Germany) in PBS, and euthanized for brain isolation. Isolated brains were rinsed quickly with DW to 381 

remove blood from the surface and immersed in the impregnation solution for 14 days. Then brains 382 

were moved into solution C, and seven days later, coronal sections in the 100 m thickness were 383 

prepared using Leica VT1000S vibrating blade microtome (Leica Microsystems GmbH, 384 

Wetzlar ,Germany). Each section was mounted on Superfrost plus microscope slides (Fisher Scientific, 385 

Pittsburgh, PA, USA) with solution C. Excess solution was removed with pipette and filter paper. For 386 

staining, sections were rinsed with DW, and then incubated with a mixture of solution D, E, and DW 387 

for 10 min. After rinsing with DW, sections were dehydrated with 50%, 75%, 95 %, and 100% ethanol. 388 

Coverslips were cleared in xylene and mounted on the section with Permount. 389 

Images were acquired by using the FV3000 confocal laser scanning microscope (Olympus, Tokyo, 390 
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Japan) and processed by using ImageJ (Fiji) software (RRID:SCR_002285, National Institute of Health, 391 

Bethesda, MD, USA). 392 

 393 

In utero electroporation  394 

Pregnant ICR mice at E15 were anesthetized with an i.p. injection of ketamine (75 mg/ kg) (Yuhan 395 

Corporation, Seoul, South Korea) and xylazine (11.65 mg/kg) (Bayer AG, Leverkusen, Germany) in 396 

PBS. Rai14 shRNA or scrambled shRNA sequence in pLL3.7-EGFP vectors were purified by using 397 

EndoFree plasmid maxi kit (Qiagen, Germantown, MD, USA). Each DNA solution (2.0 g/L) mixed 398 

with Fast Green solution (0.001%) was injected into the lateral ventricles of the embryo through pulled 399 

microcapillary tube (Drummond Scientific, Broomall, PA, USA). Tweezer-type electrode containing 400 

two disc-type electrodes was located with appropriate angle and electric pulses were given as 35 V, 401 

50 ms, five times with 950 ms intervals using an electroporator (Harvard Apparatus, Holliston, MA, 402 

USA). After electroporation, embryos were put back into their dam’s abdomen, the incision was sutured, 403 

and the mice were turned back to their home cage.  404 

The mice were sacrificed for brain isolation at P14. Isolated brains were fixed with 405 

4% paraformaldehyde and 10% sucrose in PBS for 24 h, dehydrated with 10%, 20%, and 30% sucrose 406 

in PBS for more than 24 h/ session, soaked and frozen in Surgipath FSC22 Clear OCT solution (Leica 407 

Biosystems, Richmond, IL, USA). Brain tissue was sectioned by cryostats (Leica Biosystems) with 408 

100 m thickness, and each section was immediately bound to Superfrost Plus microscope slides 409 

(Fisher Scientific, Pittsburgh, PA, USA). 410 

 411 

Immunocytochemistry 412 

Primary cultured hippocampal neurons at DIV 17–20 were fixed with 4% paraformaldehyde and 413 

4% sucrose in PBS for 15 min, permeabilized with 0.2% TritonX-100 in PBS for 3 min, and incubated 414 
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in the blocking solution (3% BSA in PBS) for 30 min at RT. Cells were incubated with primary 415 

antibodies diluted in the blocking solution for 1.5 h at RT or overnight at 4°C, rinsed with PBS three 416 

times, and incubated with Alexa Fluor-conjugated secondary antibodies (Molecular Probe) diluted in 417 

the blocking solution for 1h at RT. Coverslips were rinsed with PBS three times and mounted in antifade 418 

medium.  419 

For sequential immunostaining, cells were incubated with the first primary antibody diluted in the 420 

blocking solution for 2 h followed by two rounds of incubation with Alexa Fluor 488-conjugated 421 

secondary antibody in the blocking solution for 1 h each at RT. Cells were rinsed with PBS for more 422 

than three times, incubated with the second primary antibody diluted in the blocking solution for 2 h at 423 

RT, and treated with Alexa Fluor 647-conjugated secondary antibody in the blocking solution for 1 h at 424 

RT.  425 

 426 

Microscopy 427 

Dendritic spine images from primary cultured neurons were acquired using FV3000 confocal laser 428 

scanning microscope (Olympus, Tokyo, Japan), with the UPLSAPO 60XO / 1.35 NA or 100X / 1.4 NA 429 

oil-immersion objective lens and 2x digital zoom. Images were taken in a 1024x1024 format, and laser 430 

power did not exceed 2% to avoid fluorescent bleaching. Stack interval of z-section was 0.56 m for 431 

60x lens and 0.38 m for 100x lens, respectively. Neurons were randomly chosen, and dendritic spines 432 

on the nearest secondary dendritic branches from soma were analyzed (for 50–70 m length). 433 

In the case of Golgi-stained neurons, TD (Transmitted light differential interference contrast) images 434 

were acquired using FV3000 confocal laser scanning microscope (Olympus, Tokyo, Japan) with the 435 

UPLSAPO 40X2 / 0.95 NA objective lens in a 2048x2048 format for dendritic spine analysis. Stack 436 

interval of z-section was 0.6 m. 437 
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For dendritic spine images from P14 mouse brains, fluorescence images were acquired using 438 

FV3000 confocal laser scanning microscope (Olympus, Tokyo, Japan) with the UPLSAPO 60XO / 1.35 439 

NA objective lens in a 1024x1024 format, with 0.43 m z-section stack interval. 440 

For Rai14 localization and synapse analysis, fluorescence images were acquired using FV3000 441 

confocal laser scanning microscope (Olympus, Tokyo, Japan), with the UPLSAPO 100XO / 1.4 NA 442 

oil-immersion objective lens in a 1024x1024 format, with 0.47 or 0.42 m z-section stack interval for 443 

Rai14 localization analysis or synapse analysis, respectively. 444 

 445 

Image analysis 446 

IMARIS 9.21 (Bitplane AG, Andor Technology; Belfast, Northern Ireland) was used to reconstruct 447 

z-stacks into 3D models to analyze dendritic spine images from primary cultured neurons. Dendritic 448 

spine density and spine morphology were analyzed semi-automatically using IMARIS Filament Tracer 449 

module. Small protrusions that extended ≤ 4 m from the parent dendrite were considered dendritic 450 

spines, and dendritic spines on the nearest secondary dendritic branches from soma were analyzed.  451 

For dendritic spine analysis from Golgi-stained mouse brains, dendritic spine density was analyzed 452 

using Image J software (National Institute of Health, Bethesda, MD, USA). 453 

For the intensity profile of Rai14-GFP within the spine, images with z-stacks were projected with 454 

maximal intensity projection, and each region of interest (ROIs) underwent line profile analysis by 455 

using cellSens software (Olympus). The set of intensity values of pixels were taken along the line with 456 

vertical stretch (from dendritic shaft 1–2 m away from the spine to spine head) with the width of spine 457 

head width. Intensity for each channel (RFP: morphology marker, GFP: Rai14wt/mut-GFP) was measured 458 

and individually normalized to its maximal intensity as 100% and minimal intensity as 0%. 459 

For Rai14 distribution analysis, cellSens software (Olympus) was used to project z-stacks with 460 
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maximal intensity projection. Every Rai14-GFP cluster on designated dendritic segments was counted 461 

and classified into seven classes: Rai14 at spine head+neck+base, Rai14 at spine head only, Rai14 at 462 

spine head+neck, Rai14 at spine neck only, Rai14 at spine neck+base, Rai14 at spine base only, and 463 

Rai14 at non-spine region. Non-spine Rai14 refers to the Rai14 cluster that is not connected to any 464 

spines within 0.2 m proximity. For one neuron, 55–80 clusters were analyzed. The fraction of Rai14 465 

at spine neck was calculated as (sum of ‘Rai14 at spine head+neck+base, head+neck, neck only and 466 

neck+base’ / all Rai14 clusters within the designated dendritic segment) x100. 467 

For quantification of synapse bearing spines, images underwent deconvolution using advanced 468 

constrained iterative (CI) algorithm-based deconvolution program of cellSens software (Olympus). 469 

Co-localization of the synaptic marker with dendritic spines was determined in the merged images using 470 

ImageJ software. The fraction of synaptic clusters co-localized with dendritic spines relative to entire 471 

spines was calculated.  472 

 473 

Time-lapse imaging of live neurons 474 

For live imaging on naïve state, hippocampal neurons were transfected with Rai14-GFP and FLAG-475 

Tara on DIV13–15 and subjected to time-lapse imaging on DIV15–17. Live neurons were transferred 476 

to the imaging chamber (5% CO2, 37°C). Confocal images were acquired using Olympus FV3000, with 477 

the UPLSAPO 20X / 0.75 NA objective lens in a 1024x1024 format with 2.5x digital zoom. Laser 478 

power did not exceed 2% to avoid fluorescence bleaching. The stack interval of z-section was 1.04 m. 479 

Images were taken every 10 min for 3h. Spines were monitored to measure fractions of spines grown, 480 

shrunk, disappeared, or with no change at 120 min. Rai14-positive spine refers to the spine containing 481 

Rai14-GFP within its neck at 0 min whereas Rai14-negative spine refers to the spine without Rai14-GFP 482 

within its neck at 0 min.  483 

For latrunculin A treatment, latrunculin A (LatA, CAY-10010630-2, Cayman Chemical Company) 484 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 22, 2022. ; https://doi.org/10.1101/2022.02.21.481264doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.21.481264
http://creativecommons.org/licenses/by/4.0/


22 

 

was used at a final concentration of 20 M. Images were taken every 10 min: 20 min and 10 min before 485 

adding LatA, and 10 min – 2h 10min after LatA treatment. For spine survival ratio analysis, each spine 486 

density after LatA treatment was normalized to spine density before LatA treatment. The eliminated or 487 

newly formed spine ratio was calculated as (the number of disappeared or newly formed spines at 120 488 

min/ total spine at 0 min) x 100, respectively. 489 

 490 

Yeast-two hybrid screening 491 

The human Tara coding sequence was amplified by PCR and cloned into the pPC97 vector 492 

(Invitrogen). Host Saccharomyces cerevisiae strain MaV203 cells were co-transformed with 493 

pPC97-Tara and human fetal brain cDNA library plasmids cloned in pPC86 (GibcoBRL). A total of 494 

3x106 co-transformants was initially screened for growth on synthetic defined media (SD)-Leu-/ Trp-/ 495 

Ura-/ His- media containing 20mM of 3-amino-1,2,4-triazole (3-AT, Sigma-Aldrich). Plasmids were 496 

isolated from the potential positive colonies, amplified in Escherichia coli DH5, and analyzed by DNA 497 

sequencing. Colonies on SD-Leu-/ Trp- plates were streaked onto yeast peptone dextrose (YPD) plates, 498 

and colony-lifting assays for -galactosidase expression were carried out. For growth test on the 499 

selective media, transformants resuspended in distilled water were dropped onto a dried SD-Leu-/ Trp-500 

/ Ura-/ His- plate containing 20 mM 3-AT and incubated for 3 d at 30 °C. 501 

 502 

Western blotting and immunoprecipitation 503 

Transfected HEK293 cells were lysed in 1X ELB lysis buffer supplemented with 2 mM NaPPi, 504 

10 mM NaF, 2 mM Na3VO4, 1 mM DTT, and protease inhibitor cocktail (Roche). Mouse brain tissues 505 

were isolated from anesthetized and perfused mice. Then, they were homogenized, and lysed in 1X 506 

modified RIPA lysis buffer (50 mM Tris [pH7.5], 150 mM NaCl, 1% NP-40, 5 mM EDTA, 1% Triton 507 

X-100, 0.5% sodium deoxycholate) supplemented with 2 mM NaPPi, 10 mM NaF, 2 mM Na3VO4, 508 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 22, 2022. ; https://doi.org/10.1101/2022.02.21.481264doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.21.481264
http://creativecommons.org/licenses/by/4.0/


23 

 

1 mM DTT, and protease inhibitor cocktail (Roche). 509 

For western blotting, proteins were denatured by mixing lysates with 5X SDS sample buffer (2% 510 

SDS, 60 mM Tris [pH6.8], 24% glycerol, and 0.1% bromophenol blue with 5% -mercaptoethanol) and 511 

incubating at 95 °C for 10 min. Proteins were separated by SDS-PAGE with 8% polyacrylamide gel 512 

and transferred to PVDF membrane (Millipore, Billerica, MA, USA). Membranes were blocked with 513 

5% skim milk in Tris-buffered saline (20 mM Tris [pH8.0], and 137.5 mM NaCl) with 0.25% Tween20 514 

(TBST) for 30 min and incubated with primary antibodies at 4 °C for more than six hours and 515 

HRP-conjugated secondary antibodies at room temperature for more than two hours. Protein signals 516 

were detected by ECL solutions (BioRad, Hercules, CA, USA). 517 

For co-IP, lysates were incubated with 1g of antibody at 4 °C for more than six hours with constant 518 

rotation. Protein-A agarose beads (Roche) washed three times with lysis buffer were mixed with IPed 519 

lysates and incubated at 4 °C for two hours or overnight with constant rotation. Beads were collected 520 

by centrifugation, washed three times, and mixed with SDS sample buffer for immunoblotting analysis. 521 

 522 

Ex Vivo Electrophysiology 523 

3-week-old mice were anesthetized with an i.p. injection of ketamine (70 mg/kg) and xylazine (5 mg/kg) 524 

in PBS, and the brains were quickly decapitated after transcardial perfusion and chilled using ice-cold 525 

carbogenated slicing solution containing 175 mM sucrose, 20 mM NaCl, 3.5 mM KCl, 1.4 mM 526 

NaH2PO4, 26 mM NaHCO3, 11 mM D-(+)-glucose, and 1.3 mM MgCl2 (pH 7.4). Brain slices were 527 

prepared in 350 um thickness with a vibratome (VT1000S, Leica Microsystems GmbH, Germany) and 528 

recovered at 32 °C for 30 min in artificial cerebrospinal fluid (aCSF) (119 mM NaCl, 2.5 mM KCl, 529 

2.5 mM CaCl2, 2 mM MgSO4, 1.25 mM NaH2PO4, 26 mM NaHCO3, and 10 mM D-glucose while 530 

equilibrated with 95% O2 and 5% CO2; pH 7.3–7.4). During the recording, brain slices were placed in 531 

the recording chamber and continuously superfused with aCSF at RT. Hippocampal pyramidal neurons 532 
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were selected by morphological guidance at the CA1 area. Whole-cell patch recordings in the 533 

voltage-clamp mode were controlled with a MultiClamp 700B amplifier (Molecular Devices) and 534 

acquired with a Clampex 10.7 (Molecular Devices). Recording electrodes (5–7 MΩ) were filled with a 535 

cesium-based internal solution (117 mM CsMeSO4, 20 mM HEPES, 0.4 mM EGTA, 2.8 mM NaCl, 536 

5 mM TEA-Cl, 2.5 mM MgATP, 0.25 mM Na3GTP, and 5 mM QX-314; pH 7.2 and 275–285 mOsm 537 

adjusted with CsOH and HEPES, respectively). mEPSCs were recorded at -70 mV holding potential in 538 

the presence of 100 M picrotoxin (Sigma) and 1M tetrodotoxin (Tocris). After recording, analyses 539 

were performed using Clampfit 10.7 (Molecular Devices). Briefly, spike events were manually selected 540 

to construct a template representing spike trace including several parameters, and tested build template 541 

whether clearly distinguish between noise and spikes. mEPSCs that matched the template were 542 

automatically analyzed, and the average number of events per second and peak amplitudes of events 543 

were present as frequency (Hz) and amplitude (pA), respectively.  544 

 545 

Mouse behavior tests 546 

For the Morris water maze test, a large circular pool (80 cm height x 120 cm diameter) with four 547 

distinct visual cues on the wall was filled with the water (25–26 °C) to a depth of 30 cm was used as 548 

testing apparatus. Skim milk was used to make the water opaque to hide a transparent circular platform 549 

(height 28.5 cm, diameter 12 cm) submerged 1.5 cm beneath the water surface. The platform was 550 

located at a fixed position, 20 cm from the nearest pool wall throughout pre-training and training 551 

procedures. For pre-training with visible platform and training with a hidden platform, mice were given 552 

5 trials (maximum 1 min/ trial) per day. The entry point into the maze was changed every trial to avoid 553 

track memorization. At the end of the trial, either when the mouse had found the platform or when 60 s 554 

had elapsed, mice were allowed to rest on the platform for 40 s. One day before training with the hidden 555 

platform, mice were trained to find a visible platform with a distinct flag for habituation to the testing 556 

room and exclusion of mice with visual impairments. Following the pre-training with the visible 557 
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platform, mice were trained to find the hidden platform for 6 consecutive days. In this phase, a fixed 558 

platform was hidden 1 cm below the water surface. After six-day-training with the hidden platform, 559 

mice were subjected to a probe test to evaluate memory retention. In this test, platform was removed 560 

and mice were allowed to swim for 5 min. Behavior was video recorded using a CCD camera above the 561 

pool. The time spent in each quadrant and number of platform crossings were automatically calculated 562 

by the video tracking system (SMART v2.5, Panlab) 563 

For the contextual fear conditioning test, a cube-shaped fear conditioning chamber (26 cm x 26 cm 564 

x 24 cm) with four acrylic walls, a transparent ceiling with an empty circle in the middle, and a 565 

removable grid floor was used as testing apparatus. An infrared webcam above the chamber recorded 566 

the behavior of the mice. The chamber was within an isolation cubicle. For context A, fear conditioning 567 

chamber consisted of four opaque black walls, a transparent ceiling with a circle in the middle, and a 568 

shocker grid floor. The rods connected to a shock generating system (Panlab, Spain) delivered a current 569 

and elicited a foot-shock (0.4 mA for 1 sec). For context B, which was not connected to electric foot 570 

shock, opaque black walls of the chamber was replaced with transparent acrylic walls. The shocker grid 571 

floor was removed, and a PVC floor covered with cage bedding was overlaid instead. The B chamber 572 

was scented with a peppermint odor. One day before training, mice were placed into the chamber with 573 

context A and context B for 5 min per context for habituation. During training, mice were placed in the 574 

conditioning chamber with context A for 6 min. After the first 3 minutes of acclimation, mice received 575 

two electric foot shocks (0.4 mA, 1 s) with a 50 s interval. On the next day, conditioned mice were 576 

placed in the same chamber for 5 min, and the freezing time was measured. Freezing was defined as 577 

the time duration of absence in all movements except for respiratory movements. For fear generalization 578 

test, fear-conditioned mice were monitored in the B chamber. 579 

For the open field test, the spontaneous exploratory activity of the mice in a white wooden box 580 

(60 cm x 40 cm x 20 cm) arena was assessed. Once the mouse was placed in the middle of the arena, 581 

the mouse movements in the arena was recorded for 15 min by a CCD camera above the arena and 582 
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analyzed by video tracking system (SMART v2.5, Panlab).  583 

For the elevated plus maze test, a plus-shaped maze (110 cm x 110 cm, 60cm above the floor) with 584 

two open arms and two closed arms with 30-cm-high opaque walls was used. Once the mouse was 585 

placed in the center (5 cm x 5 cm) facing one of the closed arms, exploratory movements of the mouse 586 

in the maze were tracked and recorded for 10 min by a CCD camera above the arena and analyzed by 587 

video tracking system (SMART v2.5, Panlab).  588 

For the sucrose preference test, mice were singly housed and subjected to the test according to 589 

previous description(Berger et al., 2018; Savalli et al., 2015; Yu et al., 2007). On day 1 of training, mice 590 

were deprived of food and water for 18 h. On the day 2 and 3, food was restored, and mice were 591 

habituated to drink a 2% sucrose solution by exposure to two bottles: 2% sucrose solution and tap water 592 

for 48 h. Then, mice were deprived of food and water for 23 h. During the three-hour test, mice were 593 

given a free choice between two bottles: 2% sucrose solution and tap water. The position of the bottles 594 

was alternated between subjects. The weight change of the bottles before and after testing was evaluated 595 

to measure liquid intake. Sucrose preference was calculated as (sucrose solution intake / total liquid 596 

intake) x 100.  597 

The Porsolt’s forced swim test was performed according to a standard procedure. The cylindrical 598 

tank (30 cm height x 20 cm diameter) was filled with water (25–28 °C) up to a height of 15 cm. Sets of 599 

dividers (47 cm height x 23 cm depth) were placed between the tanks to prevent mice from seeing each 600 

other during the test. Each mouse was gently placed in the water, and activity was monitored for 6 min 601 

by video recording. The tanks were refilled with clean water after each test session. For the analysis, 602 

the time that each mice spent mobile during the last four minutes of the test was measured. Mobility 603 

was defined as any movements other than those necessary to balance the body and keep the head above 604 

the water. Immobile time was calculated as (total 240 seconds-mobile time). For forced swim test with 605 

Rai14+/- mice with fluoxetine treatment, mice were singly housed for seven days before fluoxetine or 606 

saline treatment. Rai14+/--Fluoxetine group received i.p. injection of 10 mg/kg fluoxetine hydrochloride 607 
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(Sigma Aldrich, USP) in the volume of 10 ml/kg at every 11:30 a.m. for 16 days, whereas WT-Saline 608 

and Rai14+/--Saline group received i.p. injection of 0.9% saline in the volume of 10 ml/kg. Three hours 609 

after the last injection, the mice were subjected to the forced swim test. 610 

 611 

Chronic restraint stress (CRS) and Fluoxetine treatment 612 

7-week-old male C57BL/6 mice were divided into three groups: control, CRS+Saline, 613 

CRS+Fluoxetine, and singly housed for seven days before CRS treatment. For CRS, mice were placed 614 

into a 50 ml polypropylene conical tube (BD Falcon, 352070) with 11 holes for air ventilation. A paper 615 

towel was fixed just behind the mouse to prevent further movement in the tube. Restraint stress was 616 

introduced to mice for 2 h per day (11:00–13:00) for 15 days. For the CRS group, mice were 617 

administered CRS while receiving i.p. injections of 10 mg/kg Fluoxetine hydrochloride (Sigma Aldrich, 618 

USP) or 0.9% saline in the volume of 10 ml/kg before each CRS session. For the control group, mice 619 

received i.p. injections of 0.9% saline and were put back to their home cage. 24 hours after the last 620 

stress session, the mice were euthanized and the brains were isolated. Hippocampal and prefrontal 621 

cortical tissues from the left hemisphere were kept in RNAlaterTM Solution (Invitrogen) and stored 622 

at -80 °C for later RNA preparation; ones from the right hemisphere were stored at -80 °C for later 623 

protein preparation.  624 

 625 

Quantitative real-time PCR (qRT-PCR) 626 

The mouse brains were homogenized in TRI-Solution (Bio Science Technology) to extract total RNA 627 

according to manufacturer’s instructions. Total RNA was quantified photometrically, and underwent 628 

reverse transcription with ImProm-II Reverse transcriptase (Promega Corporation). Quantitative 629 

real-time PCR (qRT-PCR) was performed using FastStart Universal SYBR Green Master (Roche) and 630 

the StepOnePlus thermocycler (Applied Biosystems). The relative expression among the groups was 631 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 22, 2022. ; https://doi.org/10.1101/2022.02.21.481264doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.21.481264
http://creativecommons.org/licenses/by/4.0/


28 

 

calculated using 2-Ct method. The primer sequences used were 632 

mouse Rai14: forward GTGGATGTGACTGCCCAAGA/ reverse TTTCCCCGAGTTGTCAATGT, 633 

mouse GAPDH : forward CACTGAAGGGCATCTTGG/ reverse TTACTCCTTGGAGGCCATG. 634 

 635 

RNA-Sequencing and bioinformatics analysis 636 

The brains from two 9-week-old male Rai14+/- mice and two male wild-type littermate controls and 637 

two 9-week-old female Rai14+/- mice and two female wild-type littermate controls were used for 638 

RNA-sequencing. The mice were deeply anesthetized with isoflurane inhalation and transcardially 639 

perfused with PBS. Then brains except the cerebellum and pons (left cerebral hemispheres) were 640 

isolated and kept in RNAlaterTM Solution (Invitrogen) with dry ice and subjected for further RNA-Seq 641 

library construction and transcriptome sequencing.  642 

RNA-Seq library construction, transcriptome sequencing, and expression profiling were performed 643 

by Macrogen (Macrogen, Inc., Seoul, Korea, http://www.macrogen.com/). Briefly, the mRNA from 644 

each brain sample was pooled for RNA-Seq library construction using TruSeq Stranded mRNA LT 645 

Sample Prep Kit (Illumina, San Diego, CA, USA). The mRNA library was subjected to paired-end 646 

transcriptome sequencing (Illumina platform). Raw RNA-Seq reads were trimmed with a quality cutoff 647 

Q30, and trimmed reads were mapped and aligned to the reference genome (mm10) using HISAT2. The 648 

aligned reads were then subjected to transcript assembly and quantification using StringTie program. 649 

Gene expression levels were calculated based on the read count, transcript length, and depth of coverage 650 

using FPKM (Fragments Per Kilobase of transcript per Million mapped reads), RPKM (Reads Per 651 

Kilobase of transcript per Million mapped reads), and TPM (Transcripts Per Kilobase Million) methods. 652 

Differential gene expression (DEG) analysis of Rai14+/- and wild-type groups was performed using 653 

DESeq2. Genes with nbnom WaldTest raw p-value < 0.05 were considered to be significant. The 654 

hierarchical clustering heat map was performed with “R” program (https://cran.r-project.org/) (Team 655 
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RC. R: A language and environment for statistical computing. Vienna Austria: R Foundation for 656 

Statistical Computing; 2014) 657 

GSEA (v4.1.0, Broad Institute)(Mootha et al., 2003; Subramanian et al., 2005) was performed using 658 

the entire ranked list of the expression data set determined from RNA sequencing on whole brains of 659 

wild-type and Rai14+/- mice. Gene sets were obtained from curated chemical and genetic perturbations 660 

(CGP) gene set collection from from MSigDB (Liberzon et al., 2015; Liberzon et al., 2011; 661 

Subramanian et al., 2005). GSEA calculated whether genes within a gene set are randomly distributed, 662 

enriched at the top or bottom of the ranked list. Significant gene sets from curated CGP gene sets were 663 

determined using the nominal p-values. Normalized enrichment scores and p-values were measured to 664 

find enrichments with statistical significance (p<0.05). 665 

 666 

Statistical analysis 667 

All graphs were presented as the mean ± SEM. All statistical analyses were performed using 668 

GraphPad Prism 5.0 software. Statistical significance of the data was analyzed by two-tailed Student’s 669 

t-test for comparisons between two groups and one-way or two-way ANOVA followed by Bonferroni’s 670 

post-hoc test for comparisons among multiple groups. 671 

  672 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 22, 2022. ; https://doi.org/10.1101/2022.02.21.481264doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.21.481264
http://creativecommons.org/licenses/by/4.0/


30 

 

Acknowledgements 673 

This work was supported by the funds from the National Research Foundation of Korea (NRF-674 

2021R1A2C3010639, NRF-2020M3E5E2039894, and NRF-2017R1A5A1015366 to S.K.P.). This 675 

research was also supported by the KBRI basic research program funded by the Korean Ministry of 676 

Science and ICT (21-BR-03-01 to S.K.P.) and Basic Science Research Program funded by the Ministry 677 

of Education (2020R1A6A3A01096024 to Y.W.). 678 

 679 

Author Contributions 680 

Conception of the work: S.J.K., S.K.P.; Initial observations: S.J.K. and Y.W.; Acquisition of data: S.J.K, 681 

Y.W., H.J.K., B.S.G., T.T.M.N., S-A.L., B.K.S. and D.J.M.; Interpretation of data: S.J.K, Y.W., H.J.K., 682 

J-H.K., and S.K.P.; Writing- original draft: S.J.K. and S.K.P.; revision of manuscript: S.J.K., Y.W., 683 

B.S.G., S-A.L., B.K.S., D.J.M., and S.K.P.; Supervision: S.K.P. All authors have read and approved the 684 

manuscript.  685 

 686 

Competing Interests 687 

The authors declare no competing interests. 688 

  689 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 22, 2022. ; https://doi.org/10.1101/2022.02.21.481264doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.21.481264
http://creativecommons.org/licenses/by/4.0/


31 

 

References  690 

Allison, D.W., Gelfand, V.I., Spector, I., and Craig, A.M. (1998). Role of actin in anchoring postsynaptic 691 

receptors in cultured hippocampal neurons: differential attachment of NMDA versus AMPA 692 

receptors. J Neurosci 18, 2423-2436. 693 

Anderson, G.R., Galfin, T., Xu, W., Aoto, J., Malenka, R.C., and Sudhof, T.C. (2012). Candidate autism 694 

gene screen identifies critical role for cell-adhesion molecule CASPR2 in dendritic arborization and 695 

spine development. Proc Natl Acad Sci U S A 109, 18120-18125. 696 

Autry, A.E., Adachi, M., Nosyreva, E., Na, E.S., Los, M.F., Cheng, P.F., Kavalali, E.T., and Monteggia, 697 

L.M. (2011). NMDA receptor blockade at rest triggers rapid behavioural antidepressant responses. 698 

Nature 475, 91-95. 699 

Bar, J., Kobler, O., van Bommel, B., and Mikhaylova, M. (2016). Periodic F-actin structures shape the 700 

neck of dendritic spines. Sci Rep 6, 37136. 701 

Bennett, V., and Baines, A.J. (2001). Spectrin and ankyrin-based pathways: metazoan inventions for 702 

integrating cells into tissues. Physiol Rev 81, 1353-1392. 703 

Berger, S., Ronovsky, M., Horvath, O., Berger, A., and Pollak, D.D. (2018). Impact of maternal immune 704 

activation on maternal care behavior, offspring emotionality and intergenerational transmission in 705 

C3H/He mice. Brain Behav Immun 70, 131-140. 706 

Blom, H., Ronnlund, D., Scott, L., Westin, L., Widengren, J., Aperia, A., and Brismar, H. (2013). Spatial 707 

distribution of DARPP-32 in dendritic spines. PLoS One 8, e75155. 708 

Bucher, M., Fanutza, T., and Mikhaylova, M. (2020). Cytoskeletal makeup of the synapse: Shaft versus 709 

spine. Cytoskeleton (Hoboken) 77, 55-64. 710 

Cao, P., Chen, C., Liu, A., Shan, Q., Zhu, X., Jia, C., Peng, X., Zhang, M., Farzinpour, Z., Zhou, W., et 711 

al. (2021). Early-life inflammation promotes depressive symptoms in adolescence via microglial 712 

engulfment of dendritic spines. Neuron 109, 2573-2589 e2579. 713 

Chen, Y., Kramar, E.A., Chen, L.Y., Babayan, A.H., Andres, A.L., Gall, C.M., Lynch, G., and Baram, 714 

T.Z. (2013). Impairment of synaptic plasticity by the stress mediator CRH involves selective 715 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 22, 2022. ; https://doi.org/10.1101/2022.02.21.481264doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.21.481264
http://creativecommons.org/licenses/by/4.0/


32 

 

destruction of thin dendritic spines via RhoA signaling. Mol Psychiatry 18, 485-496. 716 

Christoffel, D.J., Golden, S.A., and Russo, S.J. (2011). Structural and synaptic plasticity in stress-related 717 

disorders. Rev Neurosci 22, 535-549. 718 

Deller, T., Merten, T., Roth, S.U., Mundel, P., and Frotscher, M. (2000). Actin-associated protein 719 

synaptopodin in the rat hippocampal formation: localization in the spine neck and close association 720 

with the spine apparatus of principal neurons. J Comp Neurol 418, 164-181. 721 

DiBattista, A.M., Dumanis, S.B., Song, J.M., Bu, G., Weeber, E., Rebeck, G.W., and Hoe, H.S. (2015). 722 

Very low density lipoprotein receptor regulates dendritic spine formation in a RasGRF1/CaMKII 723 

dependent manner. Biochim Biophys Acta 1853, 904-917. 724 

Duman, C.H., and Duman, R.S. (2015). Spine synapse remodeling in the pathophysiology and treatment 725 

of depression. Neurosci Lett 601, 20-29. 726 

Duman, R.S., and Li, N. (2012). A neurotrophic hypothesis of depression: role of synaptogenesis in the 727 

actions of NMDA receptor antagonists. Philos Trans R Soc Lond B Biol Sci 367, 2475-2484. 728 

Duman, R.S., Sanacora, G., and Krystal, J.H. (2019). Altered Connectivity in Depression: GABA and 729 

Glutamate Neurotransmitter Deficits and Reversal by Novel Treatments. Neuron 102, 75-90. 730 

Efimova, N., Korobova, F., Stankewich, M.C., Moberly, A.H., Stolz, D.B., Wang, J., Kashina, A., Ma, 731 

M., and Svitkina, T. (2017). betaIII Spectrin Is Necessary for Formation of the Constricted Neck of 732 

Dendritic Spines and Regulation of Synaptic Activity in Neurons. J Neurosci 37, 6442-6459. 733 

Ewers, H., Tada, T., Petersen, J.D., Racz, B., Sheng, M., and Choquet, D. (2014). A Septin-Dependent 734 

Diffusion Barrier at Dendritic Spine Necks. PLoS One 9, e113916. 735 

Fang, F., Ooka, K., Sun, X., Shah, R., Bhattacharyya, S., Wei, J., and Varga, J. (2013). A synthetic TLR3 736 

ligand mitigates profibrotic fibroblast responses by inducing autocrine IFN signaling. J Immunol 737 

191, 2956-2966. 738 

Forrest, M.P., Parnell, E., and Penzes, P. (2018). Dendritic structural plasticity and neuropsychiatric 739 

disease. Nat Rev Neurosci 19, 215-234. 740 

Fujishima, K., Kurisu, J., Yamada, M., and Kengaku, M. (2020). betaIII spectrin controls the planarity 741 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 22, 2022. ; https://doi.org/10.1101/2022.02.21.481264doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.21.481264
http://creativecommons.org/licenses/by/4.0/


33 

 

of Purkinje cell dendrites by modulating perpendicular axon-dendrite interactions. Development 147. 742 

Gokce, O., Runne, H., Kuhn, A., and Luthi-Carter, R. (2009). Short-term striatal gene expression 743 

responses to brain-derived neurotrophic factor are dependent on MEK and ERK activation. PLoS 744 

One 4, e5292. 745 

Hotulainen, P., and Hoogenraad, C.C. (2010). Actin in dendritic spines: connecting dynamics to function. 746 

J Cell Biol 189, 619-629. 747 

Huttlin, E.L., Bruckner, R.J., Paulo, J.A., Cannon, J.R., Ting, L., Baltier, K., Colby, G., Gebreab, F., 748 

Gygi, M.P., Parzen, H., et al. (2017). Architecture of the human interactome defines protein 749 

communities and disease networks. Nature 545, 505-509. 750 

Kendler, K.S., Karkowski, L.M., and Prescott, C.A. (1999). Causal relationship between stressful life 751 

events and the onset of major depression. Am J Psychiatry 156, 837-841. 752 

Kumar, M., Gouw, M., Michael, S., Samano-Sanchez, H., Pancsa, R., Glavina, J., Diakogianni, A., 753 

Valverde, J.A., Bukirova, D., Calyseva, J., et al. (2020). ELM-the eukaryotic linear motif resource 754 

in 2020. Nucleic Acids Res 48, D296-D306. 755 

Kutty, R.K., Kutty, G., Samuel, W., Duncan, T., Bridges, C.C., El-Sherbeeny, A., Nagineni, C.N., Smith, 756 

S.B., and Wiggert, B. (2001). Molecular characterization and developmental expression of NORPEG, 757 

a novel gene induced by retinoic acid. J Biol Chem 276, 2831-2840. 758 

Lee, N.J., Song, J.M., Cho, H.J., Sung, Y.M., Lee, T., Chung, A., Hong, S.H., Cifelli, J.L., Rubinshtein, 759 

M., Habib, L.K., et al. (2016a). Hexa (ethylene glycol) derivative of benzothiazole aniline promotes 760 

dendritic spine formation through the RasGRF1-Ras dependent pathway. Biochim Biophys Acta 761 

1862, 284-295. 762 

Lee, S.E., Kim, Y., Han, J.K., Park, H., Lee, U., Na, M., Jeong, S., Chung, C., Cestra, G., and Chang, 763 

S. (2016b). nArgBP2 regulates excitatory synapse formation by controlling dendritic spine 764 

morphology. Proc Natl Acad Sci U S A 113, 6749-6754. 765 

Li, F., Leier, A., Liu, Q., Wang, Y., Xiang, D., Akutsu, T., Webb, G.I., Smith, A.I., Marquez-Lago, T., 766 

Li, J., et al. (2020). Procleave: Predicting Protease-specific Substrate Cleavage Sites by Combining 767 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 22, 2022. ; https://doi.org/10.1101/2022.02.21.481264doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.21.481264
http://creativecommons.org/licenses/by/4.0/


34 

 

Sequence and Structural Information. Genomics Proteomics Bioinformatics 18, 52-64. 768 

Li, N., Lee, B., Liu, R.J., Banasr, M., Dwyer, J.M., Iwata, M., Li, X.Y., Aghajanian, G., and Duman, 769 

R.S. (2010). mTOR-dependent synapse formation underlies the rapid antidepressant effects of 770 

NMDA antagonists. Science 329, 959-964. 771 

Liberzon, A., Birger, C., Thorvaldsdottir, H., Ghandi, M., Mesirov, J.P., and Tamayo, P. (2015). The 772 

Molecular Signatures Database (MSigDB) hallmark gene set collection. Cell Syst 1, 417-425. 773 

Liberzon, A., Subramanian, A., Pinchback, R., Thorvaldsdottir, H., Tamayo, P., and Mesirov, J.P. (2011). 774 

Molecular signatures database (MSigDB) 3.0. Bioinformatics 27, 1739-1740. 775 

Lopes, J.P., Morato, X., Souza, C., Pinhal, C., Machado, N.J., Canas, P.M., Silva, H.B., Stagljar, I., 776 

Gandia, J., Fernandez-Duenas, V., et al. (2015). The role of parkinson's disease-associated receptor 777 

GPR37 in the hippocampus: functional interplay with the adenosinergic system. J Neurochem 134, 778 

135-146. 779 

Miermans, C.A., Kusters, R.P., Hoogenraad, C.C., and Storm, C. (2017). Biophysical model of the role 780 

of actin remodeling on dendritic spine morphology. PLoS One 12, e0170113. 781 

Mootha, V.K., Lindgren, C.M., Eriksson, K.F., Subramanian, A., Sihag, S., Lehar, J., Puigserver, P., 782 

Carlsson, E., Ridderstrale, M., Laurila, E., et al. (2003). PGC-1alpha-responsive genes involved in 783 

oxidative phosphorylation are coordinately downregulated in human diabetes. Nat Genet 34, 267-784 

273. 785 

Nestor, M.W., Cai, X., Stone, M.R., Bloch, R.J., and Thompson, S.M. (2011). The actin binding domain 786 

of betaI-spectrin regulates the morphological and functional dynamics of dendritic spines. PLoS One 787 

6, e16197. 788 

Oh, J.H., Hyun, J.Y., and Varshavsky, A. (2017). Control of Hsp90 chaperone and its clients by N-789 

terminal acetylation and the N-end rule pathway. Proc Natl Acad Sci U S A 114, E4370-E4379. 790 

Peng, Y.F., Mandai, K., Sakisaka, T., Okabe, N., Yamamoto, Y., Yokoyama, S., Mizoguchi, A., Shiozaki, 791 

H., Monden, M., and Takai, Y. (2000). Ankycorbin: a novel actin cytoskeleton-associated protein. 792 

Genes Cells 5, 1001-1008. 793 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 22, 2022. ; https://doi.org/10.1101/2022.02.21.481264doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.21.481264
http://creativecommons.org/licenses/by/4.0/


35 

 

Penzes, P., Cahill, M.E., Jones, K.A., VanLeeuwen, J.E., and Woolfrey, K.M. (2011). Dendritic spine 794 

pathology in neuropsychiatric disorders. Nat Neurosci 14, 285-293. 795 

Perini, G., Cotta Ramusino, M., Sinforiani, E., Bernini, S., Petrachi, R., and Costa, A. (2019). Cognitive 796 

impairment in depression: recent advances and novel treatments. Neuropsychiatr Dis Treat 15, 1249-797 

1258. 798 

Qian, X., Mruk, D.D., and Cheng, C.Y. (2013a). Rai14 (retinoic acid induced protein 14) is involved in 799 

regulating f-actin dynamics at the ectoplasmic specialization in the rat testis*. PLoS One 8, e60656. 800 

Qian, X., Mruk, D.D., Cheng, Y.H., and Cheng, C.Y. (2013b). RAI14 (retinoic acid induced protein 14) 801 

is an F-actin regulator: Lesson from the testis. Spermatogenesis 3, e24824. 802 

Qiao, H., Li, M.X., Xu, C., Chen, H.B., An, S.C., and Ma, X.M. (2016). Dendritic Spines in Depression: 803 

What We Learned from Animal Models. Neural Plast 2016, 8056370. 804 

Qualmann, B., Koch, D., and Kessels, M.M. (2011). Let's go bananas: revisiting the endocytic BAR 805 

code. EMBO J 30, 3501-3515. 806 

Runge, K., Cardoso, C., and de Chevigny, A. (2020). Dendritic Spine Plasticity: Function and 807 

Mechanisms. Front Synaptic Neurosci 12, 36. 808 

Savalli, G., Diao, W., Berger, S., Ronovsky, M., Partonen, T., and Pollak, D.D. (2015). Anhedonic 809 

behavior in cryptochrome 2-deficient mice is paralleled by altered diurnal patterns of amygdala gene 810 

expression. Amino Acids 47, 1367-1377. 811 

Schmidt, H.D., Shelton, R.C., and Duman, R.S. (2011). Functional biomarkers of depression: diagnosis, 812 

treatment, and pathophysiology. Neuropsychopharmacology 36, 2375-2394. 813 

Schweppe, D.K., Huttlin, E.L., Harper, J.W., and Gygi, S.P. (2018). BioPlex Display: An Interactive 814 

Suite for Large-Scale AP-MS Protein-Protein Interaction Data. J Proteome Res 17, 722-726. 815 

Seipel, K., O'Brien, S.P., Iannotti, E., Medley, Q.G., and Streuli, M. (2001). Tara, a novel F-actin binding 816 

protein, associates with the Trio guanine nucleotide exchange factor and regulates actin cytoskeletal 817 

organization. J Cell Sci 114, 389-399. 818 

Shen, X., Zhang, J., Zhang, X., Wang, Y., Hu, Y., and Guo, J. (2019). Retinoic Acid-Induced Protein 14 819 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 22, 2022. ; https://doi.org/10.1101/2022.02.21.481264doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.21.481264
http://creativecommons.org/licenses/by/4.0/


36 

 

(RAI14) Promotes mTOR-Mediated Inflammation Under Inflammatory Stress and Chemical 820 

Hypoxia in a U87 Glioblastoma Cell Line. Cell Mol Neurobiol 39, 241-254. 821 

Smith, K.R., Kopeikina, K.J., Fawcett-Patel, J.M., Leaderbrand, K., Gao, R., Schurmann, B., Myczek, 822 

K., Radulovic, J., Swanson, G.T., and Penzes, P. (2014). Psychiatric risk factor ANK3/ankyrin-G 823 

nanodomains regulate the structure and function of glutamatergic synapses. Neuron 84, 399-415. 824 

Sonnenberg, S.B., Rauer, J., Gohr, C., Gorinski, N., Schade, S.K., Abdel Galil, D., Naumenko, V., Zeug, 825 

A., Bischoff, S.C., Ponimaskin, E., et al. (2021). The 5-HT4 receptor interacts with adhesion 826 

molecule L1 to modulate morphogenic signaling in neurons. J Cell Sci 134. 827 

Subramanian, A., Tamayo, P., Mootha, V.K., Mukherjee, S., Ebert, B.L., Gillette, M.A., Paulovich, A., 828 

Pomeroy, S.L., Golub, T.R., Lander, E.S., et al. (2005). Gene set enrichment analysis: a knowledge-829 

based approach for interpreting genome-wide expression profiles. Proc Natl Acad Sci U S A 102, 830 

15545-15550. 831 

Szklarczyk, D., Gable, A.L., Lyon, D., Junge, A., Wyder, S., Huerta-Cepas, J., Simonovic, M., 832 

Doncheva, N.T., Morris, J.H., Bork, P., et al. (2019). STRING v11: protein-protein association 833 

networks with increased coverage, supporting functional discovery in genome-wide experimental 834 

datasets. Nucleic Acids Res 47, D607-D613. 835 

Tonnesen, J., Katona, G., Rozsa, B., and Nagerl, U.V. (2014). Spine neck plasticity regulates 836 

compartmentalization of synapses. Nat Neurosci 17, 678-685. 837 

Tsvetkov, P., Asher, G., Paz, A., Reuven, N., Sussman, J.L., Silman, I., and Shaul, Y. (2008). Operational 838 

definition of intrinsically unstructured protein sequences based on susceptibility to the 20S 839 

proteasome. Proteins 70, 1357-1366. 840 

Tsvetkov, P., Reuven, N., and Shaul, Y. (2009). The nanny model for IDPs. Nat Chem Biol 5, 778-781. 841 

Tsvetkov, P., Reuven, N., and Shaul, Y. (2010). Ubiquitin-independent p53 proteasomal degradation. 842 

Cell Death Differ 17, 103-108. 843 

Vlachos, A., Korkotian, E., Schonfeld, E., Copanaki, E., Deller, T., and Segal, M. (2009). Synaptopodin 844 

regulates plasticity of dendritic spines in hippocampal neurons. J Neurosci 29, 1017-1033. 845 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 22, 2022. ; https://doi.org/10.1101/2022.02.21.481264doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.21.481264
http://creativecommons.org/licenses/by/4.0/


37 

 

Wang, Q., Timberlake, M.A., 2nd, Prall, K., and Dwivedi, Y. (2017). The recent progress in animal 846 

models of depression. Prog Neuropsychopharmacol Biol Psychiatry 77, 99-109. 847 

Watkins, L.R., and Orlandi, C. (2020). Orphan G Protein Coupled Receptors in Affective Disorders. 848 

Genes (Basel) 11. 849 

Wolf, D., Hofbrucker-MacKenzie, S.A., Izadi, M., Seemann, E., Steiniger, F., Schwintzer, L., Koch, D., 850 

Kessels, M.M., and Qualmann, B. (2019). Ankyrin repeat-containing N-Ank proteins shape cellular 851 

membranes. Nat Cell Biol 21, 1191-1205. 852 

Woo, Y., Kim, S.J., Suh, B.K., Kwak, Y., Jung, H.J., Nhung, T.T.M., Mun, D.J., Hong, J.H., Noh, S.J., 853 

Kim, S., et al. (2019). Sequential phosphorylation of NDEL1 by the DYRK2-GSK3beta complex is 854 

critical for neuronal morphogenesis. Elife 8. 855 

Yang, G., Pan, F., and Gan, W.B. (2009). Stably maintained dendritic spines are associated with lifelong 856 

memories. Nature 462, 920-924. 857 

Yu, J., Liu, Q., Wang, Y.Q., Wang, J., Li, X.Y., Cao, X.D., and Wu, G.C. (2007). Electroacupuncture 858 

combined with clomipramine enhances antidepressant effect in rodents. Neurosci Lett 421, 5-9. 859 

Yuste, R., Majewska, A., and Holthoff, K. (2000). From form to function: calcium compartmentalization 860 

in dendritic spines. Nat Neurosci 3, 653-659. 861 

Zhang, Q., Gao, X., Li, C., Feliciano, C., Wang, D., Zhou, D., Mei, Y., Monteiro, P., Anand, M., Itohara, 862 

S., et al. (2016). Impaired Dendritic Development and Memory in Sorbs2 Knock-Out Mice. J 863 

Neurosci 36, 2247-2260. 864 

 865 

  866 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 22, 2022. ; https://doi.org/10.1101/2022.02.21.481264doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.21.481264
http://creativecommons.org/licenses/by/4.0/


38 

 

Figure titles and legends 867 

Figure 1. Rai14-depleted neurons fail to maintain a normal number of dendritic spines. 868 

(A) Golgi-stained dendrites of cortical neurons from adult wild-type (WT) and Rai14+/- mouse brains. 869 

Representative images (left) and quantitative analysis of the dendritic spine density (right) are shown 870 

(n= 4 for each group, 7–11 neurons for each mouse were analyzed). 871 

(B) Golgi-stained basal dendrites of hippocampal neurons from adult WT and Rai14+/- mouse brains. 872 

Representative images (left) and quantitative analysis of the dendritic spine density (right) are shown. 873 

(n= 4 for each group, 8–11 neurons for each mouse were analyzed). 874 

(C–E) Dendritic spine analysis of WT and Rai14-/- primary hippocampal neurons (DIV19) derived from 875 

WT and Rai14-/- embryos.  876 

(C) Representative images (left) and quantitative analysis of the dendritic spine density (right) are 877 

shown. (n= 24 neurons for WT, 38 neurons for Rai14-/- from three separate experiments).  878 

(D) Quantification of mature spine density of the dendritic segments shown in (C).  879 

(E) Cumulative probability plot of the spine length (left, n=2165 spines from WT and 2207 spines from 880 

Rai14-/- neurons) and the maximal diameter of spine head width (right, n=1131 mature spines from wild 881 

type, and 1210 mature spines from Rai14-/- neurons).  882 

(F) Spine density analysis of primary cortical neurons expressing scrambled shRNA (CTL) or Rai14 883 

shRNA (Rai14 KD, DIV19–20). Representative images (left) and quantitative analysis of the dendritic 884 

spine density (right) are shown (n=20 neurons for each group from three independent cultures).  885 

(G) Spine density analysis of primary hippocampal neurons expressing scrambled shRNA (CTL) or 886 

Rai14 shRNA (Rai14 KD, DIV19–20). Representative images (left) and quantitative analysis of the 887 

dendritic spine density (right) are shown (n=41 neurons for CTL, 40 neurons for Rai14 KD from 4 888 

independent cultures).  889 
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(H) Spine density analysis of cortical neurons expressing scrambled shRNA (CTL) or Rai14 shRNA 890 

(Rai14 KD) from mouse brains. Embryos were electroporated in utero with scrambled or Rai14 shRNA 891 

at E16, and brains were analyzed at P14. Representative images (left) and quantitative analysis of the 892 

dendritic spine density (right) are shown (n=17 neurons from 3 mice for CTL, 18 neurons from 3 mice 893 

for Rai14 KD). 894 

Scale bars represent 5 m. Data are presented as mean ± SEM. *p<0.05, **p<0.01, and ***p<0.001 895 

determined by student’s t-test for (A), (B), (C), (D), (F), (G) and (H). Kolmogorov-Smirnov test was 896 

used for (E). All experiments were repeated at least three times. See also Figure 1–figure supplement 1 897 

and Figure 1–source data 1. 898 

The following figure supplement is available for figure 1: 899 

Source data 1. Values for dendritic spine density analysis in Rai14 deficient groups. 900 

Figure supplement 1. Loss of Rai14 causes perinatal lethality 901 

Figure 1–Figure supplement 1–Source data 1. Uncropped western blot images with relevant bands 902 

labelled. 903 

 904 

Figure 2. Tara-mediated stabilization of Rai14 up-regulates dendritic spine density. 905 

(A) Yeast two-hybrid assay of Rai14 and Tara. pPC97-Tara and pPC86-Rai14 co-transformants were 906 

analyzed by-galactosidase activity assay using X-gal as substrate (left) and growth on minimal media 907 

in decreasing concentrations of yeast (right). 908 

(B) Co-immunoprecipitation of endogenous Rai14 and Tara from P14 mouse brain lysates. 909 

(C) Down-regulation of Rai14 by Tara KD. Western blot image of endogenous Rai14 from HEK293 910 

cell lysates transfected with scrambled shRNA (CTL) or Tara shRNA (Tara KD) (left) and relative 911 

Rai14 band intensity normalized to -tubulin (right) are shown (n=22 for CTL, 22 for Tara KD). 912 
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(D) Spine density analysis of Tara and/or Rai14 KD conditions. Representative images of dendritic 913 

segments from primary hippocampal neurons expressing indicated shRNA(s) (left) and quantification 914 

of the dendritic spine density (right) are shown (n=25 neurons for CTL, 24 neurons for Rai14 KD, 25 915 

neurons for Tara KD, and 26 neurons for double KD). 916 

(E) Localization of Tara region for interaction with Rai14. Co-immunoprecipitation of endogenous 917 

Rai14 with Tara deletion mutants was carried out in HEK293 cells. CTL: GFP-empty vector. 918 

(F) Up-regulation of Rai14 by Tara interaction. Western blot image of endogenous Rai14 from HEK293 919 

cell lysates transfected with indicated plasmids (left), and relative Rai14 band intensity normalized to 920 

-tubulin (right) are shown (n=9). CTL: GFP-empty vector 921 

(G) Stabilization of Rai14 by deletion of C-terminal tip. Western blot image of endogenous Rai14 from 922 

HEK293 cell lysates transfected with indicated plasmids (left) and relative Rai14 band intensity 923 

normalized to -tubulin (right) are shown (n=7). 924 

(H) Regulation of spine density by Tara-Rai14 interaction. Representative images of dendritic segments 925 

from primary hippocampal neurons expressing indicated plasmids (left) and quantification of the 926 

dendritic spine density (right) are shown (n=30 neurons for CTL, 24 neurons for Rai14+Tara and 927 

Rai14+Tara241–330). 928 

(I) Regulation of spine density by Rai14 stabilization. Representative images of dendritic segments 929 

from primary hippocampal neurons expressing indicated plasmids (left) and quantification of the 930 

dendritic spine density (right) are shown (n=15 neurons for CTL, 19 neurons for Rai14 and Rai14+Tara, 931 

and 18 neurons for Rai14948–967). 932 

Scale bars represent 5m. Data are presented as mean ± SEM. *p<0.05, **p<0.01, and ***p<0.001 933 

from student’s t-test for (C), (G) and one-way ANOVA with Bonferroni’s multiple comparison test for 934 

(D), (F), (H), and (I). Experiments were repeated at least three times. See also Figure 2–figure 935 

supplement 1, 2, and 3, and Figure 2–source data 1. 936 
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The following figure supplements are available for figure 2: 937 

Source data 1. Quantification on Rai14 expression and spine density in association with Tara. 938 

Source data 2. Uncropped western blot images with relevant bands labelled. 939 

Figure supplement 1. Rai14 and Tara form a complex. 940 

Figure 2–Figure supplement 1–Source data 1. Uncropped western blot images with relevant bands 941 

labelled. 942 

Figure supplement 2. Domain Mapping of Tara for interaction with Rai14. 943 

Figure 2–Figure supplement 2–Source data 1. Uncropped western blot images with relevant bands 944 

labelled. 945 

Figure supplement 3. Mapping of Rai14 domain involved in Tara-mediated Rai14 upregulation. 946 

Figure 2–Figure supplement 3–Source data 1. Uncropped western blot images with relevant bands 947 

labelled. 948 

 949 

Figure 3. Tara-Rai14 complex accumulates at the neck of dendritic spines and protects spines 950 

from elimination. 951 

(A–B) Localization analyses of Rai14 at the dendritic spine.  952 

(A) Dendritic segments of hippocampal neurons transfected with indicated Rai14-GFP and/or FLAG-953 

Tara constructs are shown with an intensity heat map of Rai14 and Rai14 mutants (left, green: 954 

Rai14WT/mut-GFP, blue: FLAG-Tara, magenta: RFP). Spines indicated by white arrowhead are shown 955 

in higher magnification with an intensity heat map of Rai14 and Rai14 mutants (middle). Representative 956 

intensity profiles of Rai14 and Rai14 mutants in the indicated spines are also shown (right, RFP: a 957 

morphology marker). Scale bar represents 5 m for dendritic segments and 1 m for magnified spine 958 

images. The contours of the dendritic shaft and spines are outlined by dashed lines.  959 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 22, 2022. ; https://doi.org/10.1101/2022.02.21.481264doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.21.481264
http://creativecommons.org/licenses/by/4.0/


42 

 

(B) Fraction of Rai14 clusters at spine neck relative to total Rai14 clusters within the designated 960 

dendritic segments. (n=6 neurons) 961 

(C) Impact of stabilized (Rai14948–967) or mislocalized forms of Rai14 (Rai14ANK) expression on 962 

dendritic spine density of primary hippocampal neurons (n=7 neurons). 963 

(D–E) Spine dynamics of dendritic spines with or without Rai14 from time-lapse imaging on primary 964 

hippocampal neurons expressing Rai14-GFP, FLAG-Tara, and RFP. Rai14-positive spines: spines 965 

containing Rai14-GFP clusters within their neck at time 0 min, Rai14-negative spines: spines that does 966 

not contain Rai14-GFP clusters within their neck at time 0 min.  967 

(D) Representative images of a stable Rai14-positive spine (upper) and an eliminated Rai14-negative 968 

spine (lower). Scale bar represents 2 m.  969 

(E) Quantification on the dynamics of Rai14-positive and Rai14-negative spines at 120 min compared 970 

to 0 min. (n=5 neurons) 971 

(F) Representative images of newly formed dendritic spines in which Rai14-GFP recruited (upper, 972 

Rai14-positive) or not (lower, Rai14-negative) at the spine neck. 973 

(G–H) Impact of Rai14 and Tara expression on spine maintenance upon latrunculin A (LatA) treatment. 974 

(G) Representative images of hippocampal dendritic segments (left, morphology marker: RFP-LifeAct) 975 

and normalized spine density at indicated time points after LatA treatment (right) are shown 976 

(n=9 neurons). Scale bar represents 5 m.  977 

(H) Fractions of the eliminated spines and newly formed spines at 120 min time point after LatA 978 

treatment.  979 

Data are presented as mean ± SEM. *p<0.05, **p<0.01, and ***p<0.001 determined by one-way 980 

ANOVA for (B) and (C), student’s t-test for (H), and two-way ANOVA with Bonferroni’s multiple 981 

comparison test for (E) and (G). All experiments were repeated at least three times. See also Figure 3–982 

figure supplement 1, and Figure 3–source data 1. 983 
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The following figure supplement is available for figure 3: 984 

Source data 1. Source data for Rai14 localization and dendritic spine dynamics. 985 

Figure supplement 1. Characterization of Rai14ANK protein. 986 

Figure 3–Figure supplement 1–Source data 1. Uncropped western blot images with relevant bands 987 

labelled. 988 

 989 

Figure 4. Rai14 affects functional synaptic activity. 990 

(A–C) Enhanced synapses in the hippocampal neurons over-expressing Rai14 and Tara.  991 

(A) Representative images of dendritic segments and spines are shown (magenta: PSD95, cyan: 992 

Synaptophysin, green: Rai14-GFP). Spines indicated with white arrowheads are shown in higher 993 

magnification. Scale bar represents 5 m for dendritic segment image (left) and 1 m for magnified 994 

spine images (right). Dashed lines indicate the contours of the dendritic shaft and spines.  995 

(B) Fractions of synapse-bearing spines (n=9 neurons for CTL, 8 neurons for Rai14+Tara). SYP: 996 

Synaptophysin.  997 

(C) Fractions of synapse-bearing spines in Rai14-positive and Rai14-negative spines in hippocampal 998 

neurons expressing Rai14 and Tara (n=8 neurons). SYP: Synaptophysin, Rai14-positive spines: spines 999 

containing Rai14-GFP clusters within their neck, Rai14-negative spines: spines without Rai14-GFP 1000 

within their neck. 1001 

(D) Decreased synapse number in the hippocampal Rai14-/- neurons. Representative images of dendritic 1002 

segments (left,) and fractions of synapse-bearing spines (right, n=13 neurons for WT, 18 neurons for 1003 

Rai14-/-). Dashed lines: contours of the dendritic shaft and spines. Scale bar: 5 m. magenta: PSD95, 1004 

cyan: SYP (synaptophysin) 1005 
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(E–G) miniature excitatory postsynaptic currents (mEPSCs) recorded from principal hippocampal 1006 

neurons of WT and Rai14+/- mice.  1007 

(E) Representative mEPSC traces. Scale bars represent 0.5 s and 10 pA.  1008 

(F) Left, Average mEPSC frequency of principal hippocampal neurons from WT and Rai14+/- mice. 1009 

Right, Cumulative probability distributions of mEPSC inter-spike intervals (n=3 for each group, 10–12 1010 

neurons for each mouse were analyzed).  1011 

(G) Average (left) and cumulative probability distributions (right) of mEPSC amplitude in neurons 1012 

analyzed in (D). 1013 

(H–K) Morris water maze test.  1014 

(H) Experimental scheme of Morris water maze test (upper) and representative trajectories of WT and 1015 

Rai14+/- mice during the probe test (lower). The platform is indicated with a yellow circle.  1016 

(I) Permanence time of wild-type and Rai14+/- mice in indicated quadrants during the probe test (n=10 1017 

for WT, 14 for Rai14+/-).  1018 

(J) Number of platform entries during the probe test.  1019 

(K) Total traveled distance during the probe test. 1020 

(L–N) Contextual fear conditioning test.  1021 

(L) Experimental scheme of the contextual fear conditioning test.  1022 

(M) Mean fractions of freezing time in the fear context (n=14 for WT, 13 for Rai14+/-).  1023 

(N) Mean percentage of freezing in the neutral context. 1024 

Error bars indicate the mean ± SEM. *p<0.05, **p<0.01, and ***p<0.001 determined by student’s t-test 1025 

for (B), (C), (D), (J), (K), (M), and (N), two-way ANOVA with Bonferroni’s multiple comparison test 1026 

for (I). Unpaired t-test with Welch’s correction was used for bar graphs, and Kolmogorov-Smirnov test 1027 
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was used for cumulative graphs in (F) and (G). All experiments were repeated at least three times. See 1028 

also Figure 4–figure supplement 1, and 2, and and Figure 4–source data 1. 1029 

The following figure supplements are available for figure 4: 1030 

Source data 1. Source data for synapse number and synaptic function in Rai14-deficient groups. 1031 

Figure supplement 1. Spine analyses by pre- and postsynaptic markers. 1032 

Figure supplement 2. Anxiety-related behavioral tests of Rai14+/- mice. 1033 

 1034 

Figure 5. Rai14-deficient mice exhibit depressive-like behaviors associated with stress. 1035 

(A–D) RNA sequencing and gene set enrichment analysis (GSEA) on whole brains of Rai14+/- and 1036 

littermate controls.  1037 

(A) Heat map of the one-way hierarchical clustering for gene expression value (log2 based normalized). 1038 

273 genes showing |fold change|≥2 and raw p-value<0.05. Green: higher expression, magenta: lower 1039 

expression, F: female, M: male (n=4 mice, 2 females + 2 males).  1040 

(B) GSEA results using curated chemical and genetic perturbations (CGP) gene set collection from 1041 

MSigDB. Significant gene sets (nominal p-value<0.05) negatively enriched in Rai14+/- mouse brains 1042 

are listed in the order of normalized enrichment score (NES), and gene sets associated with the nervous 1043 

system are indicated with red color. *p<0.05, **p<0.01, and ***p<0.001. 1044 

(C) The enrichment plot of the genes in the gene set ‘Aston_Major depressive disorder_DN’ generated 1045 

from GSEA (Mootha et al., 2003; Subramanian et al., 2005). Upper: Profile of running enrichment score. 1046 

Lower: Positions of the gene set members on the ranked ordered list. Green line: enrichment profile, 1047 

black line: hits of gene set members, red zone: upregulated in Rai14+/- brain, blue zone: downregulated 1048 

in Rai14+/- brain.  1049 
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(D) Heat map representation of transcripts included both in ‘ASTON-Major depressive disorder_DN’ 1050 

gene set and significant DEGs in Rai14+/- mouse brains. Green: higher expression, magenta: lower 1051 

expression, F: female, M: male. 1052 

(E) Sucrose preference test (n=16 for WT, 17 for Rai14+/-). 1053 

(F) Porsolt’s forced swim test. The fractions of immobile time are shown (n=10 for WT, 12 for Rai14+/-). 1054 

(G) Porsolt’s forced swim test upon anti-depressant administration. Fluoxetine (FLX) or saline were 1055 

treated for 15 days ahead of the test (n=9 for WT-saline, 7 for Rai14+/--saline, and 8 for Rai14+/--FLX) 1056 

(H) Effects of fluoxetine (FLX) on dendritic spine density. FLX or saline was treated for 15 days ahead 1057 

of the sampling. Representative images (left) and quantitative analysis of the dendritic spine density 1058 

(right) are shown (n= 4 for each group, 8–12 neurons for each mouse were analyzed).  1059 

(I–K) Effects of chronic restraint stress (CRS) and fluoxetine treatment (FLX). For CRS, C57BL/6 mice 1060 

received two-hour of daily restraint stress procedures for 15 days. CRS+FLX group was administered 1061 

CRS while receiving i.p. injections of fluoxetine 10 min before each CRS session.  1062 

(I) Effects of CRS and FLX on body weight gain (n=6 for CTL, 7 for CRS, and 7 for CRS+FLX).  1063 

(J) Relative Rai14 mRNA level in the prefrontal cortex of the mice prepared in (H).  1064 

(K) Relative Rai14 protein level in the prefrontal cortex of the mice prepared in (H). Representative 1065 

western blot image (left) and densitometric analysis of Rai14 band intensity normalized to -tubulin 1066 

(right).  1067 

Error bars indicate the mean ± SEM. *p<0.05, **p<0.01, and ***p<0.001 determined by student’s t-test 1068 

for (E) and (F), one-way ANOVA with Bonferroni’s multiple comparison test for (G), (H), (J), and (K), 1069 

and two-way ANOVA for (I). See also Figure 5–figure supplement 1, and Figure 5–source data 1. 1070 

The following figure supplement is available for figure 5: 1071 

Source data 1. Source data for RNA seq and depressive-like behaviors in Rai14+/- mice. 1072 
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Source data 2. Uncropped western blot images with relevant bands labelled. 1073 

Figure supplement 1. Alteration of gene expression profile in Rai14+/- mice. 1074 

 1075 

Figure 6. A schematic model; Tara-mediated stabilization of Rai14 for the regulation of dendritic 1076 

spine dynamics 1077 

Rai14-Tara interaction stabilizes Rai14 by masking degradation-related motifs within its C-terminal tip. 1078 

Stabilized Rai14-Tara complex accumulates at the neck of dendritic spines via the ankyrin repeat 1079 

domain of Rai14. The Rai14 cluster at the spine neck contributes to maintaining spines, probably by 1080 

stabilizing F-actin, thereby upregulating dendritic spine density. Rai14 deficiency leads to reduced 1081 

dendritic spine density, in association with synaptic impairments relevant to depressive-like behaviors. 1082 

  1083 
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Figure supplements 1084 

Figure 1–figure supplement 1. Loss of Rai14 causes perinatal lethality. 1085 

(A) Knockout scheme of Rai14-/- mouse (Rai14em1(IMPC)J, The Jackson Laboratory). Cas9 RNA and four 1086 

guide sequences results in the deletion of exon 3 and 336 bp of flanking intronic sequences including 1087 

the splice acceptor and donor, followed by a change in amino acid sequence after residue 12 and early 1088 

truncation 59 amino acid later (asterisk) (MGI Ref. ID: J:188991). 1089 

(B) Genotype distribution of E17.5–E18 embryos derived from the timed breeding of Rai14+/- mice. 1090 

Embryos from the timed mating were isolated at E17.5–E18, and genotyped by PCR from arms, legs, 1091 

and tail snips. 1092 

(C) Genotype distribution of pups derived from the timed breeding of Rai14+/- mice. Pups were 1093 

separated from dams and genotyped by PCR from tail snips. 1094 

(D) Morphology of Rai14-deificient (Rai14+/- and Rai14-/-) and wild-type (WT) littermate embryos at 1095 

E18.5 (upper) and embryonic brains (lower). 1096 

(E) A western blot of endogenous Rai14 in brain lysates of Rai14-deificient (Rai14+/- and Rai14-/-) and 1097 

WT littermate embryos.  1098 

 1099 

Figure 2–figure supplement 1. Rai14 and Tara form a complex. 1100 

(A) Rai14 and TRIOBP (Tara) protein interactome image generated from BioPlex (Huttlin et al., 2017; 1101 

Schweppe et al., 2018) (Modified for clear representation). Shared interactors are indicated by light 1102 

yellow nodes and bold lines. Secondary network Gene Ontology annotations with significant adjusted 1103 

p-values are listed below, and GO terms associated with the protein are indicated by designated colors 1104 

in the circle. 1105 

(B) Increased Rai14 protein level by Tara co-expression. A western blot image of endogenous Rai14 in 1106 

the lysate of HEK293 cell transfected with GFP-Tara. Relative intensity of the Rai14 band intensity 1107 
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normalized against -tubulin is shown (n=10). Data are plotted as mean± SEM. *p<0.05, **p<0.01, 1108 

and ***p<0.001 from student’s t-test. 1109 

 1110 

Figure 2–figure supplement 2. Domain Mapping of Tara for interaction with Rai14. 1111 

(A) Mapping of Tara domain involved in Rai14 interaction. Upper, The diagram of human Tara deletion 1112 

mutants: Tara1–160, Tara161–499, Tara500–593. PH: Pleckstrin homology domain. CC: coiled-coil domain. 1113 

Lower, Co-immunoprecipitation of FLAG-Rai14 with Tara deletion mutants in HEK293 cells. IP with 1114 

anti-FLAG antibody. The Tara mutant fragment containing amino acid residues 161–499 interacted 1115 

with FLAG-Rai14. 1116 

(B) Mapping of Tara domain involved in Rai14 upregulation. Upper, The diagram of the domain 1117 

structure of human Tara and its deletion mutants: Tara161–240, Tara241–330, Tara331–412, and Tara413–499. 1118 

Lower, Western blots using HEK293 cell lysates transfected with FLAG-Rai14 and indicated Tara 1119 

constructs. The Tara mutant lacking amino acid residues 241–330 failed to upregulate FLAG-Rai14. 1120 

 1121 

Figure 2–figure supplement 3. Mapping of Rai14 domain involved in Tara-mediated Rai14 1122 

upregulation. 1123 

(A) Mapping of Rai14 domain involved in Tara interaction. Upper, The diagram of the domain structure 1124 

of human Rai14 and its deletion mutants: Rai14401–600, Rai14601–800, and Rai14801–980. ANK: ankyrin 1125 

repeat domain, CC: coiled-coil domain. Lower, Co-immunoprecipitation of endogenous Tara with 1126 

Rai14 deletion mutants in HEK293 cells. IP with anti-GFP antibody. The Rai14 mutant lacking amino 1127 

acid residues 801–900 lost its interaction with Tara. 1128 

(B–C) Mapping of Rai14 domain involved in Tara-mediated Rai14 upregulation.  1129 

(B) Upper, The diagram of the domain structure of human Rai14 and its deletion mutants: Rai14801–860, 1130 

Rai14861–920, and Rai14921–980. Lower, Western blots using HEK293 cell lysates transfected with 1131 

indicated Rai14 constructs with or without GFP-Tara. CTL: GFP-empty vector. The Rai14 mutant 1132 
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lacking 921–980 amino acid sequence showed upregulated protein level even if Tara was not 1133 

co-expressed. 1134 

(C) Upper, The diagram of the domain structure of human Rai14 and its deletion mutants: Rai14921–940, 1135 

Rai14941–960, Rai14961–980, and Rai14948–967. Amino acid residues 921–980 are highlighted with light 1136 

yellow box. Black lines under the sequence represent predicted protease cleavage sites (Kumar et al., 1137 

2020; Li et al., 2020). Lower, Western blots using HEK293 cell lysates transfected with indicated Rai14 1138 

constructs with or without Myc-Tara. The Rai14 mutant lacking amino acid residues 948–967 showed 1139 

upregulated protein level even if Tara was not co-expressed. 1140 

(D) Co-immunoprecipitation of endogenous Tara with Rai14-GFP or Rai14948–967-GFP in HEK293 1141 

cells. IP with anti-GFP antibody. CTL: GFP-empty vector. Deletion of amino acid residues 948–967 1142 

completely abolished the interaction of Rai14 with Tara. 1143 

 1144 

Figure 3–figure supplement 1. Characterization of Rai14ANK protein. 1145 

(A) Localization of Rai14-GFP at the dendritic spines. Dendritic segments of hippocampal neurons 1146 

transfected with Rai14-GFP (left, upper) are shown with an intensity heat map of Rai14 (left, lower). 1147 

Spines indicated by white arrowheads are shown in higher magnification with an intensity heat map of 1148 

Rai14-GFP (middle). Representative intensity profile of Rai14 in the indicated spine is also shown 1149 

(right, RFP: a morphology marker). Scale bar represents 5 m for dendritic segments and 1 m for 1150 

magnified spine images. The contours of the dendritic shaft and spines are outlined by dashed lines. 1151 

(B) Co-immunoprecipitation of endogenous Tara with Rai14-GFP or Rai14ANK-GFP in HEK293 cell. 1152 

CTL: GFP-empty vector. ANK: ankyrin repeat domains (amino acid residues 17–252). The interaction 1153 

of Rai14 with Tara was not compromised by deletion of ankyrin repeat domain of Rai14. 1154 

(C) Representative western blot image of Rai14-GFP or Rai14ANK-GFP from HEK293 cell lysates co-1155 

transfected with/without FLAG-Tara. CTL: GFP-empty vector. ANK: ankyrin repeat domains. The 1156 

Rai14 mutant lacking ankyrin repeat domain was upregulated upon increased Tara expression.  1157 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 22, 2022. ; https://doi.org/10.1101/2022.02.21.481264doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.21.481264
http://creativecommons.org/licenses/by/4.0/


51 

 

 1158 

Figure 4–figure supplement 1. Spine analyses by pre- and postsynaptic markers. 1159 

(A) The fractions of PSD95-bearing and synaptophysin-positive spines (n=8 neurons for CTL, 8 1160 

neurons for Rai14+Tara). SYP: synaptophysin. The numbers of PSD95/ SYP-positive spines are 1161 

normalized to those of CTL. 1162 

(B) The fractions of PSD95-bearing and synaptophysin-positive spines in the Rai14-positive or 1163 

Rai14-negative spine groups (n=8 neurons). SYP: synaptophysin, Rai14-positive spines: spines 1164 

containing Rai14-GFP clusters within their neck, Rai14-negative spines: spines without Rai14-GFP 1165 

within their neck. The numbers of PSD95/ SYP-positive spines are normalized to those of CTL. 1166 

Data are plotted as mean ± SEM. *p<0.05, **p<0.01, and ***p<0.001 from student’s t-test. 1167 

 1168 

Figure 4–figure supplement 2. Anxiety-related behavioral tests of Rai14+/- mice. 1169 

(A–B) Open field test.  1170 

(A) Total travelled distance of WT and Rai14+/- mice in the open field test (n=18 mice for WT, 20 mice 1171 

for Rai14+/-).  1172 

(B) The fraction of time spent in periphery in the open field test.  1173 

(C) Elevated plus maze (EPM) test. The fraction of time spent in closed arms, open arms, and center 1174 

during EPM test (n=14 for WT, 19 for Rai14+/-). 1175 

Data are plotted as mean ± SEM. *p<0.05, **p<0.01, and ***p<0.001 from student’s t-test (A), (B), 1176 

and one-way ANOVA (C). 1177 

 1178 

Figure 5–figure supplement 1. Alteration of gene expression profile in Rai14+/- mice. 1179 

FPKM values of individual genes in (Figure 5D). Data are plotted as mean ± SEM. P-values were 1180 

obtained from RNA sequencing analysis. FPKM: Fragments Per Kilobase of exon per Million. 1181 

 1182 
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Figure 2–Source data 2. Uncropped western blot images with relevant bands labelled. 1183 

Figure 5–Source data 2. Uncropped western blot images with relevant bands labelled. 1184 

Figure 1–figure supplement 1–Source data 1. Uncropped western blot images with relevant bands 1185 

labelled. 1186 

Figure 2–figure supplement 1–Source data 1. Uncropped western blot images with relevant bands 1187 

labelled. 1188 

Figure 2–figure supplement 2–Source data 1. Uncropped western blot images with relevant bands 1189 

labelled. 1190 

Figure 2–figure supplement 3–Source data 1. Uncropped western blot images with relevant bands 1191 

labelled. 1192 

Figure 3–figure supplement 1–Source data 1. Uncropped western blot images with relevant bands 1193 

labelled. 1194 
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