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24  ABSTRACT

25  Mutations linked to neurodevelopmental disorders, such as intellectual disability (ID), are
26 frequently found in genes that encode for proteins of the excitatory synapse.
27  Transmembrane AMPA receptor regulatory proteins (TARPs) are AMPA receptor
28 auxiliary proteins that regulate crucial aspects of receptor function. Here, we investigate
29 an ID-associated mutant form of the TARP family member stargazin. Molecular
30 dynamics analyses showed that the stargazin V143L variant weakens the overall
31 interface of the AMPAR:stargazin complex and hinders the stability of the complex.
32 Knock-in mice for the V143L stargazin mutation manifest cognitive and social deficits
33 and hippocampal synaptic transmission defects. In the hippocampus of stargazin V143L
34  mice, CA1 neurons show impaired spine maturation in basal dendrites, and synaptic
35  ultrastructural alterations. These data demonstrate a causal role for mutated stargazin
36 in the pathogenesis of ID and highlight its role in the development and function of

37  hippocampal synapses.
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39 INTRODUCTION

40 Most of the fast component of excitatory neurotransmission in the central nervous
41  system is mediated by glutamate receptors of the a-amino-3-hydroxyl-5-methyl-4-
42  isoxazole-propionate type (AMPAR). This family of receptors is associated with receptor
43  auxiliary proteins that regulate their traffic, gating and pharmacology, thus increasing
44  receptor functional diversity in the brain '3, Members of the transmembrane AMPAR
45  regulatory protein (TARP) family are widely expressed AMPAR aukxiliary subunits 4, and
46  key modulators of AMPAR-mediated transmission. The prototypical TARP stargazin
47  (also known as TARP y2) was discovered in the ataxic stargazer mouse ®, which lacks
48  synaptic AMPARs on cerebellar granule cells 8. Stargazin interacts with both AMPA
49  receptor subunits and synaptic PDZ-containing proteins such as postsynaptic density
50 protein 95 [PSD95; 7], and this is required for targeting AMPAR to synapses 78. The
51 stargazin/PSD95 complex has recently been found to form a condensed assembly via
52  liquid-liquid phase separation, a process that is critical for AMPAR-mediated

53  transmission °.

54  TARPs, including stargazin, couple with the majority of AMPAR complexes in the brain,
55  promote receptor trafficking to the cell surface and their synaptic targeting, and augment
56 their functional properties '2. Stargazin slows the rates of AMPAR desensitization and
57 deactivation thus increasing the size of the postsynaptic current. Not surprisingly,
58 stargazin regulates baseline synaptic transmission and is also involved in Hebbian and
59  homeostatic forms of synaptic plasticity that are dependent on tightly requlated AMPAR

60 traffic 1012,

61 Impaired glutamatergic synaptic transmission and plasticity have been implicated in
62 neurodevelopmental disorders '3. Evidence from human genetic studies suggests that
63  copynumber variation or the presence of rare point mutations in genes encoding proteins

64  of the ionotropic glutamate receptor complex may play a role in the aetiology of these
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65 disorders '“'8. Single nucleotide polymorphisms in the CACNG2 gene encoding
66  stargazin were associated with a subgroup of schizophrenia patients '°, and alterations
67 in the DNA copy number and in the levels of stargazin mMRNA were detected in the post-
68  mortem brain of schizophrenia patients 2°2'. Dysregulated stargazin expression was also
69 found in the dorsolateral prefrontal cortex of patients with bipolar disorder 2!, and
70 stargazin polymorphisms were associated with the response to lithium, a frequent
71  treatment for bipolar disorder 222, A de novo missense mutation in CACNG2 has been
72  identified in a non-syndromic intellectual disability (ID) patient with moderate severity 6.
73  Taken together, these data point to a possible link between stargazin and the
74  pathogenesis of neurodevelopmental disorders, which has not yet been investigated.
75  Evaluating how human mutations in the stargazin-encoding gene disrupt synaptic
76  function and impact behavior may also provide insight into the physiological role of

77  stargazin.

78 Here, we investigated the impact of the |D-associated missense V143L mutation in
79  stargazin '8 in the molecular dynamics (MD) of the AMPAR:stargazin complex, in the cell
80  surface diffusion of stargazin and in its ability to traffic AMPAR to the neuronal surface
81 and to the synapse. To evaluate behavioral, neuronal morphology and functional
82  alterations triggered by the stargazin V143L variant, we generated a knock-in (KI) mouse
83  model to express the mutant protein. We found that stargazin V143L Kl mice display
84  alterations in cognitive and social behavior, along with altered hippocampal spine
85  morphology, associated with synaptic ultrastructural defects. We also found disrupted
86  synaptic transmission and aberrant stargazin phosphorylation in stargazin V143L mutant

87 mice.

88
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89 RESULTS

90 Intellectual disability-associated stargazin V143L mutation affects the

91 AMPAR:stargazin complex structure

92 A de novo missense mutation in the CACNG2 gene encoding stargazin was described
93 in a heterozygous 8 year-old male patient with moderate, non-syndromic, intellectual
94  disability '6. This mutation leads to substitution of valine143 by leucine (p.V143L), a
95 residue in the third transmembrane domain of stargazin that is highly conserved among
96 species (Figs. 1a,c), suggesting a critical role for the function of stargazin. Accordingly,
97 the V143L substitution was predicted to be damaging using PolyPhen-2 23, SIFT 24 and
98 PROVEAN 25, Importantly, the stargazin V143L variant has not been described in
99 databases collecting sequencing variants for the general population (Genome

100  Aggregation Database or Exome Variant Server).

101 In order to characterize the effect of the V143L stargazin mutation in the structure and
102 dynamics of the AMPAR:stargazin complex, we used molecular dynamics (MD)
103  simulations. MD simulations are key to attain an atomistic understanding of biomolecular
104  processes from ligand-binding to protein-coupling induced conformational changes, and
105 are widely used to interpret experimental data or/and to guide experimental work 2627,
106  Nevertheless, to the best of our knowledge, possibly due to the high number of residues
107 involved, there are no MD studies available regarding AMPAR:TARP complexes. To
108 perform the first MD study on this complex, we took advantage of increasing availability
109  of structural data, along with more readily accessible computational resources, to apply
110  MD algorithms and predict in silico how the AMPAR:stargazin system responds to a
111 particular perturbation. To this purpose we used homology modeling (Fig. 1b) to
112 construct both the WT and V143L models of the AMPAR:stargazin complex, based on

113  one of the described cryo-EM structures for the complex 28,
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114 AMPARs are composed of variable multidomain subunits (GIuA1-GluA4, Fig. 1d)
115 arranged in a “Y” shape, divided into three layers: the amino-terminal domains (ATDs),
116  the ligand-binding domains (LBDs), and the transmembrane domain (TMD). TMDs, with
117  four helices (M1-M4), show a pseudo-fourfold symmetric structure, a two-fold rotational
118 symmetry formed by two dimers composed of A/D and B/C subunits, providing high
119 conformational flexibility 2°3°. As such, AMPAR:TARPs shows variable stoichiometry
120  with an apparent maximum of four TARPs that can be broken down into two groups:
121 TARPs binding X sites (common interfaces with AMPAR subunits A/B or C/D) and Y
122 sites (involving subunits A/D or B/C) [, Fig. 1b]. We will herein refer to the GluA structure
123  exhibiting the highest contact surface with the coupled TARP as Main GluA and Auxiliary
124  GluA to the other one. We analyzed the effect of the stargazin V143L mutation at both
125  sites taking into account different metrics on macromolecular rearrangements such as
126  cross-correlation analysis (CCA) and root mean square deviations (RMSD), and also at

127  the interfacial level (solvent accessible surface area - SASA).

128  Figure 1e reveals the network of correlated/anticorrelated (same/opposite direction)
129 motions between different regions of the the AMPAR:stargazin complex structure, which
130 informs on the impact of the stargazin V143L mutation in the overall structural
131  conformation of the macromolecular complex. The dynamics between X and Y sites are
132  distinct. The loops between TMD1-TMD2 and TMD3-TMD4 in stargazin are highly
133  anticorrelated with the rest of the structure, whereas in the X site the movements are
134  widely positively correlated. In the Main GIuA, LBD-D1 and LBD-D2 are anticorrelated
135 forthe Y site and positively correlated for the X site. In the stargazin V143L system these
136  differences are attenuated. In the complex containing stargazin V143L, both sites are
137  much closer to the Y site’s motions of the complex containing the WT protein. Correlation
138 analysis for the complete system shows a positive correlation between M1-M2-M3 of
139  Main GluA and M4 of the Auxiliary GIuA with the transmembrane regions of stargazin in

140 both X and Y sites. This correlation weakens and, in some regions, shifts to an
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141  anticorrelation with the introduction of the V143L stargazin mutation, especially in the
142  M2-M3 of Main GIluA and M4 of Auxiliary GIuA (observed in both sites). In the Y site, the
143 31-B4 region in stargazin displays a stronger positive correlation with the D2 of the Main
144  GluA when compared to the X site, which is also weakened in the mutated system.
145  Finally, in the Y site, stargazin has a slight positive correlation with the Auxiliary GIuA
146  transmembrane domain that is lost in the mutated systems. In the X site this correlation
147 is never present. Overall CCA results indicate that the X site is more prone to
148 conformational rearrangements introduced by the V143L mutation in stargazin than the

149 Y site.

150 RMSD was used to assess protein conformational changes between different time points
151 in the trajectory, and their distribution is shown in Figures S1 and S2 for all monomers
152  at both sites, in the WT and mutated complexes. Comparing WT- and V143L stargazin-
153  containing mutated complexes, the maximum RMSD values do not change significantly,
154  but their density is lower for lower values in the complex containing stargazin V143L,
155 demonstrating a higher flexibility. RMSD values for stargazin main substructures, a-
156 helices and B-strands, are illustrated in Figures S2a and S2b, respectively. TMD3 and
157  TMD4 show higher density for lower RMSD values, and therefore lower conformational
158 flexibility in the mutated system. In the case of the B-strands, their RMSD values were
159 higher for the mutated system at both sites, which shows a higher conformational
160 flexibility of this system, especially for B4 and 5. For GluA, at both X and Y sites, the
161 M1 and M2 show higher deviation and conformational flexibility in the mutated systems,

162  while M3 and M4 show lower deviation and flexibility, particularly for the mutated X site.

163  The effect of the V143L stargazin mutation on the size of the coupling interface between
164  stargazin and AMPAR was further assessed by measuring the sum of all residues SASA
165 (Figs. S3 and S4). For both sites and systems, M1 in the Main GIluA and M4 in the
166  Auxiliary GluA display the lowest ASASA values (highest contribution) in the TM region,
167 with M1 presenting a different behavior between the two sites (data not shown). In

7
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168  stargazin, the substructures with the highest contribution for the interface were TMD3
169 and TMD4 in the TM region (data not shown). When comparing average values per
170  substructure in the WT and V143L mutant forms of stargazin, the LBD_D2 of Auxiliary
171  GluA, B4 of stargazin and the loops regions show significant differences (Fig. S3).
172 Analysis of ASASA per component of the interface (Main GIuA, Auxiliary GIuA and
173  stargazin) shows significant dissimilarities for stargazin in the X site, and for Main GIuA

174 intheY site (Fig. S4).

175  Taken together, the MD analysis indicates that the V143L mutation in stargazin weakens

176 theinteraction of stargazin with the AMPAR complex, particularly in the X interaction site.

177

178 The V143L mutation affects the trafficking properties of stargazin

179  Stargazin plays a role in AMPAR trafficking through the early compartments of the
180  biosynthetic pathway 3', and mediates complexed AMPAR trafficking to the cell
181 ~membrane, their synaptic stabilization 732 and surface diffusion trapping 833 through
182  binding to PSD95. Given the described roles, we explored the potential effect of the
183  V143L mutation on stargazin’s cell surface diffusion properties. Low-density cortical
184 neurons were co-transfected with plasmids encoding Homer-GFP, for synapse
185 identification, and HA-tagged WT stargazin (StgWT), or the V143L stargazin variant
186  (StgV143L). We monitored stargazin diffusion by single nanoparticle imaging of HA-
187  stargazin using quantum dots (QDs) (Figs. 2a,b). Stargazin V143L particles displayed
188 increased mean square displacement (MSD) (Fig. 2c), decreased synapse residence
189 time (Fig. 2d) and higher global and synaptic diffusion coefficients than StgWT (Figs.
190 2e,f), suggesting that the V143L mutation renders stargazin more mobile in the plasma

191 membrane.

192  The ID-associated mutation is located in the third transmembrane domain of stargazin

193  (Fig. 1c), which was shown to be involved in the interaction with AMPAR subunits 343,
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194  Our molecular dynamics analyses indicate that this mutation weakens the interaction of
195 stargazin with the AMPAR complex, in particular in the X site (Fig. 1e). We thus
196 hypothesized that stargazin V143L may be defective in trafficking AMPAR to the cell
197 surface and to the synapse. To test this possibility, we used a molecular replacement
198 strategy in which we silenced endogenous stargazin expression in cultured cortical
199  neurons and re-introduced either WT stargazin or the V143L variant. We assessed the
200 effect of stargazin depletion and of the expression of the stargazin V143L variant in
201  AMPAR trafficking and synaptic stabilization in young (Figs. 2g-i) and mature neurons
202  (Figs. 2j-1). Low density rat cortical neurons were transfected with a control shRNA (CTR)
203  or with a specific shRNA that depletes the levels of endogenous stargazin [KD; '']. Cell
204  surface and synaptic expression levels of AMPAR were evaluated by immunolabeling
205 GIuA AMPAR subunits using an antibody specific for their extracellular N-terminal region
206  (Figs. 2g-1). As previously described ', stargazin silencing led to a decrease on the cell
207  surface (Figs. 2h,k) and synaptic levels of AMPAR (Figs. 2i,I). AMPAR clusters were
208 considered synaptic when colocalizing with PSD95, whose expression was not affected
209 by stargazin silencing (data not shown). In cells co-transfected with stargazin shRNA
210 and WT shRNA-refractory stargazin (KD + StgWT), total and synaptic surface levels of
211  GIluA were rescued to basal levels. Critically, neuronal transfection of shRNA-refractory
212 stargazin V143L mutant (KD + StgV'43") led to a failure in mediating normal AMPAR traffic
213  to the cell surface (Figs. 2h,k) and to the synapse (Figs. 2i,l), showing that the ID-
214  associated mutation impairs stargazin’s role in AMPAR trafficking in both young and

215 mature neurons.

216
217 Genetically engineered mice with the stargazin V143L mutation show altered

218 cognitive and social behavior

219 Inorder to study the effects of the ID-associated stargazin mutation in vivo, we generated

220 a knock-in (KI) mouse line in which the human mutation was introduced in the mouse
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221  Cacng2 gene. Using the gene targeting strategy we targeted the CacngZ2 gene to modify
222 the nucleotide in the third exon which was found to be mutated in the ID patient 6. We
223  designed a targeting vector containing two homology arms and a third segment
224  containing the modification to be inserted in the mouse genome. In order to allow
225  genotyping of the animals, a random sequence was inserted upstream the third exon
226  (green sequence; Fig. 3a). Confirmation of the mutation was performed by Sanger
227 sequencing (Fig. 3b). Heterozygous and homozygous Kl mice were viable, did not
228 display gross abnormalities, and did not show spontaneous seizures. To determine
229  whether expression of the stargazin V143L variant affects gross brain morphology, we
230 performed Nissl staining in brain coronal slices and compared sections from WT and
231 homozygous stargazin V143L Kl (KIV*") mice. As shown in Figure 3c, no apparent
232  macroscopic defects were visible in the brain of stargazin KIV“V animals when compared
233 with WT littermates, suggesting that overall brain morphology is not affected by
234  expression of the stargazin V143L mutation. Moreover, the structural organization of the

235  hippocampus and the cortical lamination were preserved (Figs. 3c and S5b,c).

236 To assess whether the V143L stargazin mutation affects stargazin protein levels and
237  distribution across the brain, we performed immunolabeling of stargazin in brain coronal
238  and sagittal slices from WT and stargazin V143L Kl mice. Stargazin is broadly expressed
239  throughout the mouse brain with high expression levels in the cerebral cortex,
240  hippocampus, and cerebellum “. Within the hippocampus, stargazin immunoreactivity
241  was more intense in the stratum oriens of the CA1, CA2 and C3 regions, the stratum
242  Jacunosum moleculare of the CA1 and CA2 regions, and particularly in the subiculum
243  (Fig. S5a,b). Stargazin immunoreactivity was similar in all genotypes (Fig. 3d and S5b,c),
244  indicating that the expression of the ID-associated form of stargazin does not affect the
245  protein brain-wide distribution and total expression levels. This was also confirmed by
246  western blot analyses, using total lysates from the whole brain, cortex and hippocampus

247  (Fig. 3e, Fig. S5d,e). The expression levels of stargazin and other TARPs were also

10
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248 assessed by gPCR and no changes were detected in samples from the cortex and

249  hippocampus of Kl mice, compared to WT littermates (Fig. S5f).

250 Since the V143L stargazin mutation was found in an ID patient 6, we asked whether
251 stargazin V143L Kl mice display alterations in motor function, anxiety-like behavior,
252  cognitive and/or social performance that correlate with ID-like symptomatology. We
253  began by assessing motor behavior in the open field test (Fig. S6a) and found that,
254  whereas male stargazin KI*Vtand KIV“Vt mice showed comparable distance travelled
255 and instant speed to WT male mice (Fig. S6c,e), female stargazin KIV-Vt mice travelled
256 longer distances, and stargazin KI*V- female mice showed higher instant speed than WT
257 female mice (Fig. S6b,d), suggesting hyperactivity in female stargazin V143L Kl animals.
258 However, stargazin V143L KI mice did not display anxiety-like behaviors either in the
259  open field (Fig. S6f) or in the elevated plus maze (Fig. S6g,h) tests, nor did they show
260 depressive-like behavior in the forced swimming test (Fig. S6i,j). In an object
261  displacement test for spatial memory evaluation, while WT animals preferred to spend
262  time engaging with the displaced object, neither stargazin KI*V- nor KI"“* mice showed
263 this preference, and stargazin KIV-"- mice spent significantly less time exploring the
264  object that was moved when compared to WT animals (Fig. 4a,b). Furthermore, male
265 stargazin V143L KI animals failed to alternate above chance level in the T-maze
266  spontaneous alternation test (Fig. S6k,l). In the contextual fear conditioning test for
267  associative memory, stargazin KIV“V- mice presented less freezing behavior than WT
268 animals (Fig. 4c,d). These observations suggest that the V143L mutation in stargazin
269 elicits learning and memory impairments. Given the high expression of stargazin in the
270  cerebellum (Tomita et al 2003), we assessed motor learning of stargazin V143L KI
271 animals in the rotarod test (Fig. 4e-g). No significant motor abnormalities were displayed
272 by mutant mice in the rotarod test (Fig. 4f), but whereas WT and stargazin KI** mice
273  improved their performance the second day they were placed in the apparatus, stargazin

274 KIVYVt mice failed to do so, suggesting an impairment in motor learning (Fig. 4g).

11
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275 Typically, ID patients display deficits in several social skills, including the will/ability to
276  socially engage with other people. To determine whether stargazin V143L Kl mice
277  display social interaction deficits, we tested these animals in the three-chamber test.
278  Stargazin V143L Kl mice showed preference for a conspecific (Stranger 1) over an empty
279  cage (E), similarly to WT mice (Fig. 4h-j). However, in the presence of a novel social
280  partner (Stranger 2), contrarily to WT and stargazin KI*V- mice, stargazin KIV-' mice did
281 not prefer to interact with the unfamiliar animal (Fig. 4h,k,l). This result suggests a
282  possible deficit in social recognition and/or alterations in the motivation for social novelty.
283  The innate social behavior of nest building was not perturbed in stargazin V143L Kl mice
284  (Fig. S6n,0). Together, our results show that the ID-associated mutation in stargazin

285 elicits cognitive and social deficits reminiscent of ID-like symptoms.

286
287  Stargazin V143L mutant mice exhibit early hippocampal synaptic transmission

288 defects

289 To assess whether the decrease in surface AMPA receptor levels observed in vitro in
290 neurons expressing stargazin V143L has an impact in glutamatergic transmission in vivo,
291  we performed whole-cell patch-clamp recordings in CA1 pyramidal neurons from acute
292  hippocampal slices of P15-P20 stargazin V143L Kl mice, to measure AMPA receptor-
293 mediated miniature excitatory post-synaptic currents (mMEPSCs). We found that the
294  frequency of mEPSCs events was significantly decreased in neurons from stargazin
295  KI*Vtand KIV'V- mice compared to WT littermates (Figs. 5a,c). Interestingly, no changes
296 in the amplitude of MEPSCs (Figs. 5a,b) or in the kinetics of these events (Fig. 5a) were
297 observed. These data indicate that the V143L mutation in stargazin does not impact

298 AMPAR gating, but affects synaptic transmission in the hippocampus.

299 We next investigated the consequences of the ID-associated stargazin mutation in
300 hippocampal functional connectivity and synaptic plasticity by recording field excitatory
301 post-synaptic potentials (fEPSPs) in CA1 while stimulating the Schaffer collateral fibers.

12
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302 First, we tested the impact of the V143L stargazin mutation on the CA3-to-CA1 Schaffer
303 collateral synaptic transmission and did not find significant differences in input/output
304 curves (Fig. 5d). This suggests that the connectivity between CA3 pre- and CA1 post-
305 synaptic sites is preserved in the hippocampus of stargazin V143L Kl animals.
306 Additionally, no significant alterations were found in the fiber volley amplitude between
307 genotypes, indicating that there are no gross presynaptic impairments in stargazin
308 V143L KI mice at these synapses (Fig. 5d). Indeed, when paired-pulse facilitation, a
309 short-term strengthening of synaptic transmission, was assessed no overt alterations
310 were observed (Fig. 5e,f), further supporting that the presynaptic function is intact in the
311  hippocampus of stargazin V143L Kl mice. Finally, we induced LTP in acute hippocampal
312  slices using a theta burst stimulation protocol. Stargazin V143L KI mice showed normal
313 LTP at Schaffer collateral-CA1 synapses (Fig. 5g,h). Altogether, these data indicate that,
314  despite the decreased frequency of MEPSC events detected in CA1 pyramidal neurons
315 (Fig. 5a,c), synaptic connectivity and theta burst-induced long-term synaptic potentiation
316 in the Schaffer collateral-CA1 synapse are not severely impaired in stargazin V143L Kl

317 mice.

318
319 Stargazin V143L mutant mice have reduced mature spine density on basal

320 dendrites of CA1 hippocampal neurons

321 Dendrites and spines are key neuronal structures in signal integration and transmission.
322 Changes in dendritic branch complexity and length, and spine density, volume and
323 shape have been described in the brains of patients with neuropsychiatric disorders
324  [reviewed in %]. To understand if the stargazin V143L mutation impacts neuronal
325 morphology, we performed Sholl analysis of CA1 pyramidal neurons of stargazin V143L
326 Kl mice. This structural analysis allows the evaluation of alterations in dendritic
327 complexity based on the number of dendritic intersections at various distances from the

328 soma. For that, we intravenously injected AAV9.hSyn.GFP in the mice to achieve sparse,
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329  Golgi-like, labelling of neurons and outline the morphology of dendrites and dendritic
330 spines (Fig. S7a,b). Our results show that the stargazin V143L mutation has no impact
331 on dendritic arbor complexity (Fig. S7c,d). Moreover, no statistically significant
332  differences were found in the total dendritic length of basal and apical dendrites (Fig.

333 S7e).

334  Next, we evaluated the effects of the stargazin V143L mutation on dendritic spine density
335 and morphology in the hippocampus of stargazin V143L KI mice. While no significant
336 differences in total dendritic spine density were observed, there was a significant
337 decrease in the density of mature spines, namely mushroom and stubby spines, on basal
338 dendrites of CA1 pyramidal neurons from stargazin KI*"- and KIV“V- mice when
339 compared to WT littermates (Fig. 6a,b). Additionally, stargazin KI**t and KIV“Vt mice
340 displayed increased density of branched spines and of immature spines (thin and
341 filopodia) on basal dendrites (Fig. 6a,b). In contrast, no changes in spine density or
342  morphology were found on apical dendrites of CA1 pyramidal neurons of stargazin
343  V143L Kl mice (Fig. 6¢,d). Overall, there was a significant decrease in the percentage of
344  mature spines on basal dendrites of stargazin V143L KI mice neurons, whereas no
345 changes were observed on the morphology of spines on apical dendrites (Fig. 6e).
346 Interestingly, in the CA1 region stargazin was more expressed in the stratum oriens,
347 where the basal dendrites are located, when compared to the stratum radiatum, where
348 apical dendrites are placed (Fig. S5a). This differential pattern of stargazin expression
349  within the CA1 region correlates with the pronounced effects in spine maturation
350 observed on basal dendrites. To conclude, these data show that the stargazin V143L
351 mutation specifically results in spine dysmorphogenesis on basal dendrites without

352  having a major role on the formation/elimination of dendritic spines.

353 To further explore the alterations in spine morphology, we performed ultrastructural
354 analysis of the post-synaptic density (PSD) in hippocampal spines from WT and
355  stargazin V143L Kl mice using electron microscopy. Our analysis uncovered a significant
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356  decrease in the length of PSDs from stargazin KI*V- and KI*Vtmice (Fig. 6g,h,k), as
357 well as an increase in the thickness of PSDs from stargazin KIV-V mice when compared
358 with WT littermates (Fig. 6g,i,l), highlighting potential alterations in post-synaptic
359  structure and composition. In stargazin KIV“Vt mice there was a slight but significant
360 increase in the synaptic cleft width (Fig. 6j,m). Moreover, the total levels of PSD95 in the
361 hippocampus of stargazin V143L Kl mice were significantly reduced compared to WT
362 littermates (Fig. 6f). PSD95 has an important role in silent synapse maturation 7 and
363  PSDs with smaller size and decreased PSD95 content are less stable 8. The decreased
364 PSD95 levels further support an impairment in spine maturation in the hippocampus of
365 stargazin V143L Kl mice. Since stargazin is also expressed in the cortex, we analyzed
366 the effects of the stargazin V143L mutation in the ultrastructure of PSDs from this brain
367 region as well (Fig. S8a-g). We also observed a significant decrease in the length of
368 PSDs of stargazin KIV“'* mice (Fig. S8a,b,e). However, in contrast to what was observed
369 in the hippocampus, there was a significant decrease in the thickness of PSDs from
370 stargazin KI*-mice (Fig. S8a,c,f). No changes in the synaptic cleft width were observed
371 in cortical PSDs (Fig. S8a,d,g) nor in the total levels of PSD95 (Fig. S8h) in the cortex of

372  stargazin V143L Kl mice.

373  Together, these data reveal that the stargazin V143L mutation leads to an increase in
374  the density of spines with immature morphology and to ultrastructural changes in post-
375 synaptic compartments, indicating a general spine immaturity state in certain
376  hippocampal subregions of stargazin V143L Kl mice. Combined with our functional
377  characterization showing decreased frequency of mMEPSC events in CA1 neurons from
378  stargazin mutant mice, this strongly suggests that the stargazin V14 3L mutation perturbs
379 spine maturation and diminishes functional synaptic contacts in specific hippocampal

380 subcircuits.

381
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382  Stargazin phosphorylation and interaction with GluA1 are decreased in stargazin

383  V143L mutant mice

384 In a final set of experiments, we sought to determine whether the dendritic spines
385 immaturity (Fig. 6a,b,e) and the decreased PSD length (Figs. 6h-m and S8a,b,e) found
386 in the brain of stargazin V143L Kl animals are accompanied by altered composition of
387 the PSDs. We isolated PSDs from the cerebral cortex of WT, stargazin KI*V+ and KIV-/Vt
388 littermate mice (Fig. S8i) and quantified their content in stargazin, GluA1 and GIuA2
389 AMPAR subunits, as well as PSD95 (Fig. 7a-e). Stargazin expression was decreased in
390 the PSDs of stargazin KI*" and KIV“'* mice compared to WT mice (Fig. 7a, despite not
391  significantly changed total expression levels of stargazin in mutant mice - Fig. 3e), in
392 agreement with increased cell surface mobility and decreased synaptic residence of
393  stargazin V143L compared to the WT protein (Fig. 2a-f). Heterozygous stargazin V143L
394  mice showed decreased levels of GluA1, GluA2 and PSD95 at the PSD, which were not
395 significantly changed in homozygous stargazin KIV“Y- mice (Fig. 7a, c-e). These
396 observations suggest that the V143L mutation in stargazin impairs its expression at the
397 synapse, which interferes with the synaptic content of AMPAR subunits. However, in
398 homozygous mutant mice other TARPs may preferentially bind to AMPAR subunits and
399  partially compensate for mutant stargazin in AMPAR synaptic trafficking. Indeed, and in
400 agreement with our molecular dynamics analyses (Fig. 1e), immunoprecipitation of
401  stargazin V143L from the cerebral cortex of stargazin KIV-Vt mice showed decreased co-
402  immunoprecipitation of GluA1, compared with stargazin immunoprecipitated from the
403  cortex of WT littermate mice (Fig. 7f,g), indicating that the V143L mutation in stargazin

404  impairs its interaction with AMPAR subunits in vivo.

405  The function of stargazin is regulated by the phosphorylation of serine residues in the
406 cytoplasmic C-terminal tail of the protein 2, and these phosphorylation events regulate
407  stragazin interaction with membrane lipids 39, its binding to PSD95 °4°, and the diffusional

408 trapping of AMPARSs at synaptic sites *3. The migration pattern of stargazin in denaturing
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409 SDS-PAGE conditions correlates with the phosphorylation state of the protein, with
410 phosphorylated stargazin showing slower migration in SDS-PAGE "2, We noticed that,
411 in PSDs isolated from the cortex of stargazin KIV'VL mice, stargazin showed faster
412  migration compared to PSDs isolated from WT mice, whereas an intermediate migration
413  pattern was detected in PSD isolated from heterozygous stargazin V143L mice (Fig.
414  Th,i). To test for altered phosphorylation of mutant stargazin, we treated cortical extracts
415  with A-phosphatase before PSD purification and found that stargazin bands in PSDs
416 isolated from the cortex of WT or heterozygous stargazin KI** mice shifted to a lower
417  apparent molecular weight, putatively corresponding to the unphosphorylated form of the
418 protein "2 and coincident with the stargazin band in PSDs isolated from untreated
419  cortical extracts from stargazin KIV'Vt mice (Figs. 7j-1). In fact, the gel mobility of the
420 stargazin band in PSDs isolated from stargazin KIV“V- mice was unchanged by A-
421  phosphatase treatment (Figs. 7j-), indicating that the protein is in a dephosphorylated

422  form. These findings are consistent with decreased phosphorylation of V143L stargazin.

423

424  DISCUSSION

425 In this study, we employed molecular dynamics analyses, in vitro and in vivo models to
426  study how an ID-associated mutation in the third transmembrane domain of stargazin
427 impacts the AMPAR:stargazin complex, hippocampal synaptic architecture, synapse
428  function and behavior. Our data suggest that the V143L mutation in stargazin critically
429  affects stargazin interaction with the AMPAR complex, leads to decreased stargazin
430 phosphorylation, decreases AMPAR-mediated synaptic transmission and contributes to
431  spine immaturity in CA1 hippocampal neurons. A striking aspect of our study is that it
432  reveals not only the pathogenic effect of a mutant form of stargazin associated with
433  disease, but also unveils critical roles for stargazin in regulating synapse structure and

434  function in the hippocampus and in shaping cognitive and social behavior.
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435  Structural analyses highlight that the main interface between AMPAR:stargazin is in the
436  TMD of the complex, where the ECD of stargazin acts as a scaffold on the receptor. This
437  interaction is mainly mediated by TMD3 and TMD4 from stargazin, M1 and M2 from Main
438  GluA, and M4 from Auxiliary GIluA. Our analysis showed a positively correlated motion
439  between these substructures (Fig. 1e), which presented lower ASASA values, indicating
440 their higher contribution to the overall interface. The stargazin V143L mutation hinders
441  the correlated motion between TMD regions of stargazin and GluA, especially at M4 of
442  Auxiliary GluA. Furthermore, ASASA values for these substructures are higher in the
443  systems containing mutated stargazin. X site shows greater differences between WT
444  and mutant stargazin, suggesting that the stargazin V143L mutation especially weakens
445  AMPAR:stargazin interaction at the X site. In agreement with a weakening effect of the
446  V143L mutation on the interaction between stargazin and AMPAR, we found a
447  decreased co-immunoprecipitation of GIuA1 with stargazin V143L (in cortical brain
448 lysates from stargazin KIVYV mice) compared to WT stargazin (Fig. 7f,g). Furthermore,
449  we observed decreased trafficking of AMPAR to the synapse upon deletion of stargazin,
450 which was not rescued upon expression of the ID-associated variant of stargazin in

451  cortical neurons (Fig. 2g-l).

452  To date, the physiological roles of TARPs have been studied using knock-out mice for
453  the different TARPs, alone or in combination [reviewed in 2]. These analyses have
454  provided crucial insight into partially overlapping although non-redundant functions for
455  different TARPs, but are hindered by possible compensatory effects that may arise in
456  the absence of the endogenous proteins. Examining knock-in mouse models expressing
457  mutant forms of stargazin associated with disease has the double advantage of informing
458 on the endogenous role of stargazin, by analyzing the effects of loss of function mutant
459  variants which are still expressed, and on possible pathogenic mechanisms elicited by
460 human stargazin mutations. In this study, we have found that the V143L mutation in

461  stargazin triggers a striking decrease in the frequency of mMEPSCs in hippocampal CA1
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462  pyramidal neurons (Fig. 5a-c), and leads to a decrease in spine maturity in CA1 basal
463 dendrites (Fig. 6a, b,e), and to ultrastructural alterations in the post-synaptic
464  compartment, in particular a significant reduction of the PSD length (Fig. 6g-m). These
465  observations suggest that despite the expression of multiple other TARP members in the
466  hippocampus, including y3 and high enrichment in y8 (Tomita et al 2003), stargazin is
467  required for normal spine and PSD development and for maintaining a full complement
468  of functional synapses. Our results are in line with experiments using stargazer/y8-
469  knock-out mice, which showed that AMPAR-mediated transmission in CA1 pyramidal
470 neurons is further reduced, compared to the reduction observed in y8-knock-out mice #',
471  despite the fact that CA1 pyramidal neurons from stargazer mice did not show alterations
472  in the ratio of AMPA to NMDA EPSC amplitudes #2. The synergistic reduction in AMPAR-
473  mediated transmission in the stargazer/y8 double knock-out mice implies some degree
474  of functional redundancy for the two TARPs. If mutated stargazin is expressed, its
475  incorporation in AMPAR complexes, even if less efficient than WT stargazin, will thus
476  exert pathogenic effects, as suggested by the reduction in the frequency of MEPSCs and
477  in spine maturation that we observed in stargazin V143L mice. These results are also in
478 agreement with electron microscopy data showing that at Schaffer
479  collateral/commissural synapses in the CA1 hippocampal region the presence of
480 stargazin correlates with higher density of AMPAR expression 43 and thus presumably

481  with the presence of a higher number of functional synapses.

482  Our data show a specific effect of the stargazin V143L variant in spine maturation in
483  basal dendrites in CA1 neurons, which was not observed in apical dendrites (Figs. 6a-
484  e). Indeed, despite the significant change in the frequency of mMEPSC in CA1 neurons in
485  stargazin V143L mice (Figs. 5a-c), we found no changes in field EPSC slope (Fig. 5d) or
486 in LTP (Fig. 5g,h) in Schaffer collateral-CA1 synapses recorded in the stratum radiatum,
487  which are located in the apical dendrites of CA1 pyramidal neurons. These observations

488 indicate that stargazin has a specific role in maintaining spine structure in CA1 basal
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489  dendrites, which is in agreement with the higher expression levels of stargazin in the
490 hippocampal stratum oriens, compared with the stratum radiatum (Fig. S5a). Altogether,
491  our data suggest that, besides the well-described brain region- and cell type-specific
492 roles of TARPs, there may be subcellular-specific roles that are determined by the

493  subcellular distribution pattern of different TARPs.

494  The V143L variant of stargazin was found to be dephosphoryated in cortical PSDs
495 isolated from homozygous stargazin V143L Kl mice, compared to WT PSDs (Fig. 7h-I).
496  Phosphorylation of stargazin in its C-terminal region disrupts electrostatic interaction
497  between the membrane and stargazin C-tail 3°, promotes the extension of the C-tail into
498  the cytoplasm and binding to PSD95 49, and triggers diffusional trapping of AMPARs at
499  synaptic sites 3. Stargazin phosphorylation has been proposed to regulate Hebbian
500 forms of synaptic plasticity '> and to mediate experience-dependent plasticity and
501 synaptic scaling '®''. The lower level of phosphorylation of stargazin-V143L compared
502 to the WT protein likely underlies its higher membrane diffusion rate at the membrane
503 and its impaired capacity in supporting AMPAR synaptic traffic (Fig. 2). The low
504 phosphorylation of stargazin V143L may also determine the sequestration of its C-
505 terminal tail in the plasma membrane and thus impair it from undergoing liquid-liquid
506 phase separation with PSD scaffold proteins °. Changes in hippocampal spine
507 maturation and in the ultrastructure of the hippocampal PSDs (Fig. 6) may thus be a
508 consequence of defective stargazin V143L phosphorylation, and may be reflected in the
509 decreased number of functional synapses detected in our mEPSC analyses in CA1
510 hippocampal neurons (Fig. 5a-c). While it is likely that the aberrant stargazin V143L
511  phosphorylation contributes to the physiological effects observed, our MD analysis,
512  which does not take into account post-translational modifications in stargazin, also

513  suggests compromised function for the V143L stargazin variant.

514  Inthis study we found that the V14 3L mutation in stargazin in male and female stargazin
515 KIV"Vt mice leads to altered spatial memory (Fig. 4a,b), assessed using the object
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516 displacement test, as well as perturbed associative memory in the contextual fear
517 conditioning test (Fig. 4c,d). These alterations in hippocampal-dependent cognitive
518 behavior are likely to be related to the changes in mEPSC frequency, in spine maturity
519 and in PSD ultrastructure that we identified in the hippocampus of these mice. We did
520 not detect changes in social interaction in the three chamber test in stargazin V143L
521 mice (Fig. 5i,j), but stargazin KIV*V- mice showed impairment in preference for social
522  novelty (Fig. 5k,1), suggestive of either a perturbation in social memory or a lack of
523  motivation for social novelty. Stargazin KIVYVL mice also displayed impaired motor
524  learning in the rotarod (Fig. 5g), pointing to possible functional and structural alterations
525 in the cerebellum caused by the stargazin V143L mutation. Given the elevated
526  expression of stargazin in the cerebellum “ and its non-redundant functions in cerebellar
527  excitatory synapses in several cerebellum circuits 2742, future studies should examine
528 cerebellum circuit-specific dysfunction triggered by the ID-associated stargazin mutation.
529 The cognitive and social behavioral dysfunctions displayed by stargazin V143L mice
530 most likely arise from alterations in a combination of brain circuits, depending on the
531  stargazin expression pattern and its synaptic roles in different cell types. Together, our
532  data provide the first evidence for the causal implication of stargazin in the pathogenesis

533  of neurodevelopmental disorders.
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534 METHODS

535 Modeling the three-dimensional protein structure

536 The three-dimensional (3D) structure of stargazin was constructed by homology
537 modelling using the MODELLER package #, the target sequence retrieved from UniProt
538 [*, Q9Y698] and two templates: GluA2:stargazin complex [PDB-ID: 6DLZ 28; electron
539  microscopy with 3.9 A resolution; Human Organism; 99.5% sequence similarity]. The
540 best one hundred models from MODELLER “* were evaluated by DOPE score, z-score
541 4647 |Gscore and MaxSub “8. The final model loops were further optimized. Due to the
542 lack of a well-defined secondary structure with subsequent high conformational
543  heterogeneity, the C-terminal of this protein, located at the intracellular level, was
544  removed from the final model. The V143L stargazin mutation was built using the
545 mutagenesis tool of PyMOL, creating the ID model. The 3D structure of GluA2 (Ligand-
546  binding domain — LBD - and transmembrane domain — TMD) was also constructed using
547  the MODELLER package 44 and the subunit of AMPAR as the template (PDB-ID: 6DLZ),
548  with the sequence P42262 from UniProt. The final model was selected using the previous
549  criteria and the complexes AMPAR:stargazin (WT and V143L variant) were obtained by
550 the superimposition of the stargazin and AMPAR models with 6DLZ structure. The final

551  model 3D structure is illustrated in Figure 1b.

552  Molecular dynamics simulations

553  Molecular Dynamics (MD) simulations of AMPAR:stargazin WT and mutated form
554  (V143L variant) were performed using GROMACS 2018.4 #° and the CHARMM36 force
555 field %0. The complex orientation in the membrane was obtained through the oriented
556 crystal of GluA2:stargazin complex (PDB-ID: 6DLZ). Systems were built using
557 CHARMM-GUI %52 membrane builder with a bilayer membrane of POPC:Cholesterol

558  (9:1 ratio) to replicate the physiological environment. Each complex was solvated by a
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559 TIP3 water box and 0.15 M of NaCl. The final WT and mutated systems were constituted

560 by 518.000 and 521.000 atoms, respectively.

561 The systems were subjected to an initial minimization to remove bad contacts using the
562  steepest descent algorithm. Subsequently, they were heated using the Berendsen-
563 thermostat at 310 Kin the NVT ensemble over 7 ns, followed by an NPT ensemble of 20
564 ns with a semi-isotropic pressure coupling algorithm %3, which is used to keep the
565  pressure constant of one bar. Long-range electrostatic interactions were treated by the
566 fast smooth Particle-Mesh Ewald method 3. All bonds, involving hydrogen atoms within
567 protein and lipid molecules were constrained using the linear constraint solver (LINCS)
568  algorithm %. Additionally, a cut-off distance of 12 A was attributed to Coulombic and van
569 der Waals interactions. Three independent replicas were run for each system during 0.5

570 s, of which the first 0.15 ps of equilibration were left out of the further analysis.

571 Root mean square deviations (RMSD) calculations were performed using the Ca atoms
572 by GROMACS package “*. The cross-correlation analysis (CCA), which tracks the
573 movements of two or more sets of time series data relative to one another, was
574  calculated by Bio3D R package % for residue-level dynamic analysis using the Ca
575  trajectory. CCA analysis provides atomistic detail about the dynamic nature of proteins,
576 and in particular allows the differentiation between regions that exhibit correlated or
577 anticorrelated motions with others, in the same or in the opposite direction, respectively
578 5. The solvent-accessible surface area (SASA) analysis for each residue was performed
579 using GROMACS package “°. These analyses were performed for the bound and
580 unbound systems, and ASASA by residue was calculated as SASAawrar:ste— (SASAgiua2
581 + SASAstc). ASASA values, summed by substructure, provide another quantitative

582  measure of conformational change upon protein coupling 8.

583
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584  Primary cortical neurons

585  Primary cultures of rat cortical neurons were prepared from the cortices of E17 Wistar
586 rat embryos. Briefly after dissociation, the cortices were incubated with trypsin (0.06%,
587 10 min, 37°C, GIBCO Invitrogen) in Ca?*- and Mg?*-free HBSS (5.36 mM KClI, 0.44 mM
588 KH2PO4, 137 mM NaCl, 4.16 mM NaHCO3, 0.34 mM Na2HPO4.2H20, 5 mM glucose,
589 1 mM sodium pyruvate, 10 mM HEPES and 0.001% phenol red), washed 6 times with
590 HBSS and then mechanically dissociated. After counted, the cells were plated, at a low
591 density (0.3x10° cells per 60 mm culture dish), in neuronal plating medium (MEM
592  supplemented with 10% horse serum, 0.6% glucose and 1 mM pyruvic acid) in five poly-
593  D-lysine (0.1 mg/ml) coated coverslips (18 mm). The medium was replaced, after 2
594  hours, by Neurobasal medium supplemented with SM1 (StemCell Technologies), 0.5
595 mM glutamine and 0.12 mg/ml gentamicin. Neurons grew facing a confluent feeder layer
596  of astroglial cells but were kept apart from the glial cells by wax dots placed on the
597  coverslips 5°. The cultures were treated with 5 uM cytosine arabinoside, two days after
598 plating, to prevent the overgrowth of glial cells and were maintained in an incubator with
599 5% CO2, at 37°C. Conditioned medium was partially replaced by fresh, SM1
600 supplemented neurobasal medium every 3 days. Primary cortical cultures were used for

601 imaging.

602 Transfection of cortical neurons

603  Neurons were transfected using a calcium phosphate-mediated transfection protocol €°.
604 A CaCl. solution (2.5 M in 10 mM HEPES) was added, dropwise, to the diluted DNA.
605 This solution was then added to the equivalent volume of HEPES-buffered transfection
606  solution (274 mM NaCl, 10 mM KCI, 1.4 mM Na2HPO4, 11mM dextrose and 42 mM
607 HEPES, pH 7.2). The DNA precipitates were added, dropwise, to the coverslips in
608 conditioned medium and 2 mM of kynurenic acid. The cultures were incubated for 2 h at

609 37°C and 5% CO2. The DNA precipitates were dissociated by incubating the cells with
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610 acidified medium, for 15 minutes at 37°C and 5% CO.. Coverslips were then transferred

611 to the original astroglial-containing dish.

612 Immunocytochemistry and imaging

613 In order to stain surface proteins, live cells were incubated with anti-GIuA (MAB2263;
614  Millipore) primary antibody diluted in conditioned medium for 10 minutes and fixed for 15
615 min in 4% sucrose/ 4% paraformaldehyde in PBS at room temperature. Following 3
616 washes with PBS, the cells were incubated with the secondary antibody (Molecular
617  Probes) diluted in 3% BSA, in PBS, for 45 min, 37°C. After 6 washes with PBS, cells
618  were permeabilized for 5 min with 0,25% Triton X-100, in PBS at 4°C. Unspecific staining
619  was blocked by incubation with 10% (w/v) BSA in PBS for 30 min, at 37°C. In order to
620 label PSD95 (MA1-045; Thermo Scientific) and MAP2 (ab5392; Abcam), neurons were
621 incubated with the primary antibodies diluted in 3% BSA in PBS for 2h at 37°C or
622  overnight at 4°C. Before and after incubating with the secondary antibodies, also diluted
623 in 3% BSA in PBS, for 45 min, 37°C, cells were washed 6 times with PBS. Coverslips
624  were mounted in DAKO fluorescent mounting medium. The imaging was performed
625 using a Zeiss Axiovert 200 M microscope and a 63X (NA1.4) oil objective. Blind-to-
626  condition quantification was performed in Imaged analysis software, with a macro that
627 automatized quantification steps. The region of interest (ROI) was chosen randomly, by
628 using MAP2 and/or GFP staining to confirm that the selected dendrite was from a
629 transfected neuron. The threshold was defined to include detectable clusters and the
630 signal intensity of the particles of the selected area was analyzed. Synaptic puncta were

631 defined by their colocalization with PSD95.

632

633 Quantum dots labeling, imaging and analysis

634  Low-density 12 days in vitro (DIV) cells were co-transfected with plasmids encoding

635 Homer-GFP, for synapse identification, and HA-tagged WT stargazin or the V143L
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636  stargazin variant. At DIV 14, cells were incubated for 10 min at 37°C with anti-HA
637 antibody (3F10; Roche) (1:3000) diluted in conditioned medium. After one washing step,
638 anti-rat IgG conjugated QD655 (diluted 1:10 in PBS) was diluted in conditioned medium
639  with BSA 2% (1/2000) and added to cells for 5 min at 37°C. All washes were performed
640 in ECS containing NaCl 145mM, KCI 5mM, Glucose 10mM, Hepes 10mM, CaCl, 2 mM
641 and MgCl; 2mM, supplemented with BSA 2% at 37°C. Neurons were mounted in an
642  open chamber (K.F. Technology SRL) and imaged in ECS. Single-particle tracking was
643 performed as in (Opazo et al 2010). Cells were imaged at 37°C on an inverted
644  microscope (Axio Observer Z1, Carl Zeiss) equipped with a Plan Apochromat 63X-1.4
645 numerical aperture oil objective. Homer1C-GFP signal was detected by using an HXP
646  fluorescence lamp (For QDs: excitation filter 425/50 and emission filters 655/30,
647  Chroma). Fluorescent images from QDs were obtained with an integration time of 50 ms
648  with up to 600 consecutive frames. Signals were recorded with a digital CMOS camera
649 (ORCA Flash 4.0, Hamamatsu). The tracking of single QDs was performed using the
650 Metamorph and Matlab (Mathworks Inc., Natick, USA) software tools. Due to random
651  blinking, the trajectories were not continuously tracked, instead, when the positions
652 before and after the dark period were compatible with borders set for maximal position
653 changes between consecutive frames and blinking rates, the subtrajectories of the same
654  molecule were reconnected. MSD curves were calculated for reconnected trajectories of
655 at least 20 frames. The QDs were considered synaptic if colocalized with Homer-1c
656  dendritic clusters for at least five frames. Diffusion coefficients were calculated by a linear
657 fit of the first 4-8 points of the mean square displacement (MSD) plots versus time
658 depending on the length of the trajectory within a certain compartment. The resolution
659  limit for diffusion was 0.0075 um?/s as determined by ¢', whereas the resolution precision

660 was ~40 nm.

661
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662  Animal generation and maintenance

663  Stargazin V143L Kl mice were generated by inserting a single nucleotide mutation in the
664  third exon of the Cacng2 gene. The targeting vector was introduced through homologous
665 recombination in R1 cells, as described previously 2. Mice were viable and born at the
666 expected Mendelian ratio. Genotyping was performed by PCR from mouse ear or tail
667 DNA using a forward primer for the WT allele (A AGGGACCCTCCGTCCTCTC), a
668  forward primer for the Kl allele (GGGCCCGGTGCAATACACGC) and a reverse primer
669  for both the reactions (CATCGGGCATGGATCCTCAGTTC). Mice were maintained at
670 22°C and 60% humidity under a 12h light/dark cycle. Food and water ad libitum were
671  provided. During this study, both male and female animals were used. The imaging,
672  biochemical and behavioral analyses were performed in mice with 8 to 10 weeks and
673  electrophysiology recordings were performed in 15-20 days-old animals. All the
674  procedures involving animals were performed according to the guidelines established by
675 the European Union Directive 2010/63/EU and the experiments were previously
676  approved by the institutional animal welfare body (ORBEA) and the national competent

677  authority (DGAV).

678 Nissl Staining

679  Eight-week old mice were anesthetized with isoflurane and perfused with ice cold PBS
680 followed by 4% paraformaldehyde in PBS. Whole brains were kept in 4%
681 paraformaldehyde in PBS overnight and then transferred to a 30% sucrose in PBS
682  solution for at least 24 hours. Brains were sliced in the cryostat (Thermo Cryostar NX50,
683  Thermo Fisher Scientific, USA) to obtain 50 ym coronal slices which were mounted in
684  gelatin-coated slides. The slides were briefly washed with water and then submersed in
685 a cresyl violet solution, for 5 minutes. After 2 washes with water, the slices were
686  decolored with 100% ethanol for 2 minutes and incubated for 2 minutes in xylene before

687  mounting with Permount mounting medium (Fisher scientific). Brain slices were digitized
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688 using a Zeiss Axio Scan.Z1 slide scanner (Carl Zeiss, Germany) equipped with a Plan

689  Apochromat 20X-0.8 numerical aperture air objective.

690 Immunohistochemistry

691  For stargazin immunofluorescence staining, 50 um coronal and sagittal brain slices were
692  prepared as described above. Free-floating sections were rinsed 3 times in PBS for 10
693  minutes and then permeabilized and blocked for 1 hour at room temperature with 0.25%
694  Triton X-100 and 5% goat serum in PBS. After that, slices were incubated overnight at
695 room temperature with the primary antibody (AB_2571844, Frontier Institute Co., Japan)
696  diluted 1:200 in 0.25% Triton X-100 and 2% goat serum in PBS, followed by 3 washes
697  with 0.25% Triton X-100 in PBS. Sections were incubated with the secondary antibody
698 (anti-rabbit Alexa Fluor 568, Molecular Probes, USA) diluted 1:500 in 0.25% Triton X-
699 100 and 2% goat serum in PBS, at room temperature for 2 hours. Nuclei were visualized
700 by staining with 1ug/mL Hoechst 33342 in PBS for 5 minutes at room temperature.
701  Lastly, after 3 washes of 10 minutes in PBS, the sections were mounted in gelatinized
702  slides using Dako mounting medium (Glostrup, Denmark). Images were acquired on a
703  Carl Zeiss Axio Imager Z2 upright widefield microscope (Carl Zeiss, Germany) using a
704  Plan-Apochromat 20x air objective (NA 0.8) or in an LSM 710 Confocal microscope

705  (Zeiss, Germany) with a Plan Apochromat 63x (NA 1.4) oil objective.

706  Behavior analyses
707  Object displacement test

708 The ODT was performed in a 40x40 cm open field arena. The test consisted of five trials.
709 In the first trial the animals acclimatized to the empty arena for 6 minutes. In the three
710 following trials, the animals were allowed to explore, for 6 minutes, two different objects
711 located in a fixed position. In the fifth trial, conducted 24 hours later, one of the objects
712 was displaced and the time spent exploring the non-displaced and the displaced object

713  was evaluated.
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714  Contextual fear conditioning test

715  The contextual fear conditioning test was performed in an electrified wire-bottom 20x20
716 cm cage. On the first day, the animal was placed for 2 minutes in the cage before
717  receiving a 2s-long foot shock of 0.5 mA. After 30 seconds, a second foot shock with the
718 same magnitude and duration was administered, another 30 seconds later the animal
719  was removed from the cage. After 24h, the animal was placed in the same cage and it
720 was recorded for 3 minutes. The time spent in freezing behavior was scored using the

721  Observer XT 12 software (Noldus, Netherlands).

722 Rotarod test

723  Motor function and learning was evaluated using the accelerated rotarod (Med
724  Associates), 4 to 40 rpm in 5 min. The time withstood in the rotating beam in three
725  successive trials in a single day, for 2 days, was evaluated. An improvement in the

726  performance in the second day was considered motor learning.

727 The three-chamber test

728  The three-chamber test was evaluated in a tripartite arena (Stoelting). The test was split
729 in three epochs. In the first part, the animal was allowed to freely explore the three
730 chambers of the arena for 20 minutes. In the second part the animal was allowed to
731  voluntarily interact with an empty gridded recipient or with a similar recipient containing

732 a stranger animal, for 10 minutes. The preference index for social behavior (S1:E) was

733 determined as follows: S2/ng tme(Stranger 1)- Sniffing time(Empty €age) , 4 |n the third
Snif fing time(Stranger 1)+ Snif fing time(Empty cage)
734  part of the trial, which also lasted 10 minutes, a second stranger was placed in the

735  previously empty recipient. The preference index for social novelty (S2:S1) was

Sniffing time(Strange 2)— Sniffing time(Stranger 1)

736 determined as follows: X 100. The time

Snif fing time(Stranger 2)+ Sniffing time(Stranger 1)
737  spent in close proximity with the gridded recipients was evaluated using the Observer
738  XT 12 software (Noldus, The Netherlands).

739
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740  Slice preparation and electrophysiological recordings

741  WT and stargazin V143L Kl mice littermates (P15-P20) were deeply anesthetized with
742  isofluorane and transcardially perfused with ice-cold sucrose cutting solution (212.7 mM
743 sucrose, 2.6 mM KCl, 1.23 mM NaH2PQO4, 26 mM NaHCO3, 10 mM glucose, 3 mM MgCla,
744  1mM CaClz, pH 7.4, 300—-320 mOsm) oxygenized with carbogen (95% O» and 5% COs).
745  The brain was quickly removed and immersed in oxygenated ice-cold sucrose cutting
746  solution. 300 um acute hippocampal sagittal slices were prepared using a vibratome
747  (Leica VT1200s, Leica Microsystems, USA). The slices were collected and transferred
748  to a submersion holding chamber with artificial cerebrospinal fluid (aCSF) continuously
749  oxygenated with carbogen, at 32°C, for 30 minutes. After that, slices were allowed to
750  further recover for 1 hour at room temperature, in oxygenated aCSF, before recording.
751  aCSF composition (mM) for whole-cell patch-clamp recordings: 125.1 NaCL, 2.5 KCl,
752 1.1 NaH2POQOs4, 25 NaHCOs3, 25.0 glucose, 0.5 MgSOQa4, 2 CaCl,, pH 7.4, 300-310 mOsm.
753  aCSF composition (mM) for field recordings: 130.9 NaCL, 2.5 KCI, 1.1 NaH>PQO4, 24.0

754  NaHCOs;, 12.5 glucose, 0.5 MgSOQO., 2 CaCly, pH 7.4, 300-310 mOsm.

755  CA1 pyramidal neurons were visualized under infrared-differential interference contrast
756  (IR-DIC) microscopy using an upright microscope (Axio Examiner.D1, Zeiss, Germany).
757  Whole-cell voltage-clamp recordings were performed at a holding potential of -80 mV
758  using a Multiclamp 700B amplifier, digitized at 20 kHz with Digidata 1550A (Molecular
759  Devices Corporation), and acquired using Clampfit 10.7 software (Axon Instruments).
760  Slices were kept in a recording chamber perfused with oxygenated aCSF (2—3 mL/min),
761  at 30°C, supplemented with 1 yM TTX, 100 pM picrotoxin and 50 yM D-APV, to isolate
762  AMPAR-mediated mEPSC. Borosilicate glass recording pipettes (3-5 MQ) were filled
763  with a Cs-based solution (115.0 mM CsMeSO3, 20.0 mM CsCl, 2.5 mM MgClz, 10.0 mM
764  HEPES, 0.6 mM EGTA, 10 mM Na-phosphocreatine, 4 mM ATP sodium salt, 0.4 mM
765  GTP sodium salt, pH 7.3, 295-300 mOsm). Data were filtered at 2 kHz. Cells were

766  discarded if Ra was higher than 25 MQ or if holding current or Ra changed more than
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767  20%. Data were analysed using Clampfit software (Axon Instruments) using a template
768  search method to detect events. Experiments and analysis were done blind to the

769  genotype.

770 fEPSPs were evoked by stimulating the Schaffer collaterals at 0.05 Hz using a bipolar
771  electrode (100 ps stimulus; Bowdoin, ME, USA) connected to a stimulator Digitimer
772  model DS3 (Digitimer, UK) and recorded in CA1 stratum radiatum. Recordings were
773  performed at 25°C in a recording chamber constantly perfused with oxygenated aCSF
774  (2-3mL/min). The recording pipette was filled with aCSF (2-4 MQ). An input-output
775  curve, starting at 20 pA with 10 pA increments, was performed and the stimulation
776  intensity was set to elicit 40-50% of the maximal response. Only slices displaying a stable
777  signal response over a period of 10 minutes were used. Short-term synaptic plasticity
778 was assessed by measuring paired-pulse facilitation (PPF) using a standard protocol, as
779  previously described 3. LTP was induced by theta-burst stimulation (TBS; 10 bursts of
780 4 stimuli at 100 Hz with a burst frequency of 5 Hz) 4. A baseline was recorded in the
781  current-clamp mode with a single stimulation at 0.05 Hz (100 ps stimulus) for 15 minutes
782  immediately before TBS. Changes in fEPSPs were recorded at 0.05 Hz for 60 minutes
783  after TBS. Recordings were filtered at 0.1 Hz-1 kHz and digitized at 10 kHz. For each
784  data point three individual traces were averaged. Fiber volley amplitude and synaptic

785  response slopes were analysed using Clampfit software.

786 Labelling, detection and morphological classification of dendritic spines

787  To achieve sparse labelling of neurons in the hippocampus, we performed tail-vein
788  injections in 4-week-old animals, with 5 pL of AAV9.Syn.eGFP.WPRE.bGH at a titer of
789  8.88x10'? (Penn Vector Core, University of Pennsylvania, PA) diluted in sterile PBS to a
790 final volume of 100 pL. Four weeks post-injection, animals were sacrificed and the brains
791  were collected and processed for neuronal imaging as already described. Brains were

792  sliced in the cryostat to obtain 100 ym serial coronal slices and the GPF fluorescence
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793  signal was enhanced by performing immunostaining against GFP. Sections were then
794  mounted in gelatinized slides using Vectashield with DAPI (Vector Laboratories, USA).
795  Images of secondary basal and apical dendrites from CA1 pyramidal neurons expressing
796  GFP were acquired in an LSM 710 Confocal microscope (Zeiss, Germany) with a Plan
797  Apochromat 63x (NA 1.4) oil objective. The dendritic segments imaged were randomly
798  selected from at least four different sections. Per each animal, eight basal and eight
799  apical dendritic segments, of approximately 20 ym, from different cells were imaged. The
800 z-stack images were deconvolved using Huygens software (Scientific Volume Imaging,
801 Netherlands) and spines were visualized and identified using Imaris software (Bitplane,
802  Switzerland). Spines were manually categorized into five groups based on its
803  morphology: mushroom (defined neck and a large head), stubby (without a defined
804  neck), branched (cup-shaped; with a head protrusion; with multiple heads), thin (thin
805 neck and small head) and filopodia (without a defined head). Image acquisition and

806 analysis was performed by a blind-to-genotype observer.

807  Electron microscopy

808 Sample preparation and post-synaptic density parameter measurements were
809 performed as previously described in 3. Eight-week-old mice were anesthetized with
810 isofluorane and transcardially perfused with ice-cold PBS followed by 4%
811 paraformaldehyde. Cortices and hippocampi were dissected, and small punches of
812  tissue were left overnight in PFA 4% and then transferred into a 2.5% glutaraldehyde
813  solution in 0.1 M sodium cacodylate buffer (pH 7.2), where they were kept at 4°C
814  overnight. The tissue was then rinsed in a cacodylate buffer and post-fixed with 1%
815 osmium tetroxide for 1 h. After rinsing in buffer and distilled water, 1% aqueous uranyl-
816 acetate was added to the tissues, in the dark, during 1 h for contrast enhancement.
817  Following rinsing in distilled water, samples were dehydrated in a graded acetone series
818 (70-100%) and then impregnated and included in Epoxy resin (Fluka Analytical).

819  Ultrathin sections (70 nm) were mounted on copper grids and observations were carried
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820 out on a FEI-Tecnai G2 Spirit Bio Twin at 100kV. PSD measurements were performed

821 using Imaged (NIH, Bethesda, Maryland) by a blind-to-genotype observer.

822 Tissue lysates and post-synaptic density isolations

823  Eight-week old WT, stargazin KI*¥- and KIV“V- mice were anesthetized with isoflurane
824 and euthanized by decapitation. Tissue lysates and post-synaptic density (PSD)

825 isolations were carried out as described below. All procedures were performed at 4 °C.

826  Hippocampal lysates

827  Hippocampi from WT, KI*" and KIVYV- mice were mechanically homogenized in TEEN
828 buffer (25 mM Tris pH 7.4, 1TmM EDTA, 1 mM EGTA, 150 mM NaCl and 1% Triton X-
829 100, supplemented with 1 mM DTT, 0.2 mM PMSF, 1 pg/ml CLAP (1 mg/ml of
830 Chymostatin, Leupeptin, Antipain and Pepstatin), 5 mM NaF and 0.1mM NasVO,), using
831 a motor driven glass-Teflon homogenizer at 900 rpm (50 strokes). Hippocampal
832 homogenates were centrifuged at 700 g for 10 minutes and the supernatants were
833 collected and sonicated using an ultrasonic probe for 60 seconds (6 pulses of 5
834  seconds). The samples were again centrifuged at 21100 g for 10 minutes and the

835  supernatants were collected.

836  Whole brain lysates and PSD isolations

837 Cortices and whole brain samples from WT, KI*M and KIV'VL were dissected and
838 homogenized in HEPES A buffer (4 mM HEPES pH=7.4, 0.32 M sucrose, supplemented
839  with 1 mM DTT, 0.2 mM PMSF, 1 yg/ml CLAP, 5 mM NaF and 0.1mM Na3zVO,), using
840 a motor driven glass-Teflon homogenizer at 900 rpm (50 strokes). These homogenates
841  were centrifuged at 700 x g for 15 minutes. The whole brain lysates and a fraction of the
842  cortical lysates were collected in 2% SDS and 2.5 M Urea and stored at -80 °C for later
843  analysis. The remaining cortical lysate was subjected to the PSD isolation protocol
844  previously described in 8. Briefly, the lysates were centrifuged at 18000 x g for 15 min,

845 resulting in the crude synaptosomal pellet, which was re-homogenized in HEPES A
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846  buffer and further centrifuged at 25000 x g for 20 min. This yielded the lysed
847  synaptosomal membrane pellet. A fraction of this synaptosomal membrane lysate (SML)
848  was collected in HEPES B buffer (50 mM HEPES pH7.4, 2 mM EDTA, 0.5% Triton X-
849 100, supplemented with 1 mM DTT, 0.2 mM PMSF, 1 yg/ml CLAP, 5 mM NaF and
850 0.1mM NasVO.) and 2% SDS and stored at -80 °C for later analysis. The remaining
851 synaptosomal membrane fraction was resuspended and incubated in HEPES B buffer
852  for 15 min and centrifuged at 32000 x g for 20 min. The resulting pellet was resuspended
853  and incubated in HEPES B buffer for 15min and centrifuged at 200000 x g for 20 min.
854  The resulting pellet, consisting of the PSD fraction, was collected in HEPES B buffer and

855 2% SDS, 2.5 M urea and stored at -80 °C for later analysis.

856  Cortical lysates for immunoprecipitation

857 Cortical lysates for immunoprecipitation were obtained as previously described ©.
858  Briefly, fresh cortices from WT or KIV-VL littermates were mechanically homogenized in
859 5 ml of buffer A (20 mM HEPES, 0.15mM EDTA, 0.4mM EGTA, 10 mM KCI, pH 7.5,
860 supplemented with1 mM DTT, 0,2 mM PMSF, 1 yg/ml CLAP, 5 mM NaF, 0, 1mM
861 NasVO;) followed by sonication and then centrifuged for 10 min at 860 x g. The resulting
862  supernatant was centrifuged for 30 min at 17000 x g. Buffer A was supplemented with
863  15% sucrose and 5 ml was used to homogenize each pellet with 20 strokes, which was
864  further centrifuged for 10 min at 860 x g to remove genomic DNA. The brain membranes
865 present in the supernatant were centrifuged again for 30 min at 17000 x g. The pellets
866  were solubilized in buffer B (20 mM HEPES, 1% Triton-X100, 150 mM NaCl, 0.15 mM
867 EDTA, 4mM EGTA, pH 7.5, with the same cocktail of protease and phosphatase
868 inhibitors) with 20 dunces with a potter and centrifuged at 17000 x g for 45 minutes,

869 yielding the cortical lysates.

870  Stargazin immunoprecipitation

871 Immunoprecipitation (IP) of stargazin was performed as previously described . Briefly,

872  protein concentration of cortical lysates was quantified with a Bicinchoninic Acid (BCA)
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873 assay (Fisher Scientific, USA). The lysates (500 ug) were incubated with the anti-
874  stargazin antibody (IP+) (AB-9876, Merck Millipore, 2 ug) or with normal Rabbit
875  polyclonal IgG (IP-) (12-370, Merck Millipore, 2 ug) for 1 h at 4 °C under rotation and then
876  incubated overnight with 50 pl of protein-A Sepharose at 4 °C. Resin was washed with
877 1 ml of buffer B and 0,5 ml of the same buffer supplemented with 500 mM NaCl. Beads
878  were resuspended in 50 pl of 2x denaturing buffer (62.5 mM Tris-HCI (pH 6.8), 10%

879  Gilycerol, 2% SDS, 0.01% bromophenol blue, and 5% B-mercaptoethanol).

880 Lambda phosphatase treatment

881 Lambda phosphatase (A-PP) treatment of cortical PSD samples was performed using
882  the A-PP treatment kit from New England Biolabs (USA), according to the manufacturer’s
883 instructions. In brief, cortical lysates from WT, stargazin KI*" and KIV-Vt mice were
884  obtained according to the previously described protocol, without the supplementation
885  with the phosphatase inhibitors NaF and NasVOs. The lysates were then divided into two
886  groups: treated and untreated samples. The cortical lysates from the untreated group
887  were supplemented with 5 mM NaF and 0.1mM NazVO,4. Samples from the treated group
888  were supplemented with 12.5% of NEBuffer for Protein MetalloPhosphatases (PMP),
889  12.5% of 10mM MnCl; and 2.5% of Lambda Protein Phosphatase. All samples from both
890 groups were then incubated at 30 °C for 30 min and processed according to the

891 previously described PSD isolation protocol.

892 SDS-PAGE and Western blot

893  Protein quantification was performed using the BCA assay (Fisher Scientific, USA).
894  Samples were denatured with sample buffer 5x (NZYTech, Portugal) and resolved by
895 SDS-PAGE in Tris-glycine-SDS buffer (25 mM Tris, 192 mM glycine, 0.1 % SDS, pH 8.3)
896 in an 11% polyacrylamide gel. Stargazin immunoprecipitation samples were resolved in
897  4-20% Mini-PROTEAN® TGX™ Precast Protein Gels (BioRad) in the same Tris-glycine-

898  SDS buffer. All SDS-PAGE gels were subjected to an overnight electrotransfer (40 V, 4
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899  °C) to a PVDF membrane (Millipore, USA). The membranes were then blocked using a
900 5% milk solution in TBS (20 mM Tris, 137 mM NaCl, pH 7.6) supplemented with 0.1%
901 Tween-20 (TBS-T) for 1h at room temperature (RT). After blocking, the membranes were
902 incubated with the primary antibodies against stargazin (AB-9876, Merck Millipore, 1:750
903  in 3% Milk TBS-T), GluA1 (MAB2263, Merck Millipore, 1:1000 in 5% Milk TBS-T), GluA2
904 (MAB397, Merck Millipore, 1:1000 in 5% Mik TBS-T) and PSD95 (MA1-045,
905 ThermoFisher Scientific,1:1000) for 2h at RT. The membranes were washed 3 times for
906 10 min in TBS-T and then incubated with the appropriate alkaline phosphatase-
907 conjugated secondary antibody (#115-055-146 or #211-055-109, Jackson
908 ImmunoResearch, 1:10000 in 5% milk TBS-T) for 45 min at RT. Following 3 washes in
909 TBS-T, membranes were developed with the alkaline phosphatase substrate ECF (GE
910 Healthcare, USA) and the fluorescent signal was acquired using a ChemiDoc Gel
911 Imaging System (Bio-Rad, USA). The results were analyzed using ImageJ (NIH,

912 Bethesda, Maryland).

913  Statistical analysis

914 The normality of population distributions was calculated for each experiment by
915 comparison with a theoretical normal distribution using the Shapiro-Wilk normality test.
916  According to this evaluation parametric or non-parametric tests were used, as described
917 in the figure legends. For all tests, p < 0.05 was considered statistically significant.
918 Analyses were performed using GraphPad (Prism).

919
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954  Figure 1. The ID-associated stargazin mutation in the highly conserved V143

955 residue weakens the interaction between stargazin and AMPARs.

956 (a) Valine 143 in stargazin is highly conserved among species. (b) Surface
957 representation of AMPAR:stargazin complex viewed parallel to the membrane (left) and
958  from the extracellular side (right). The extracellular view of the complex (at the membrane

959 level) shows the two different sets of stargazin assembly points (X and Y sites) around
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960 AMPAR. Each GIuA subunit is colored individually in shades of blue. Stargazin
961 molecules are colored in orange (Y site) or brick (X site). (c) Side view of the stargazin
962  structure shown as a cartoon with substructures labelled and colored in a spectrum of
963  yellow/orange. Close-up shows the V143L mutation (WT — grey; ID — red). (d) Side view
964 of a GIuA2 subunit structure shown as cartoon with substructures labelled and
965 transmembrane domains colored in a spectrum of blue and ligand-binding domain
966 colored in green. (e) Dynamical cross-correlation maps for the AMPAR:stargazin
967 complex WT form in Y site and X site and for stargazin V143L form in the Y and X sites.
968  Substructure annotation was added at the bottom and right of each map for easier
969 reading. CCA goes from -1 (anticorrelated, opposite direction) to 1 (correlated, same

970 direction). See also Figs. S1-S4.

971
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974  Figure 2. Stargazin ID-associated variant presents altered surface diffusion and

975 elicits defective AMPAR trafficking.

976 (a) Cortical neurons were co-transfected with Homer1C-GFP and HA-stargazin
977  (either the WT form of stargazin — Stg"™ — or the intellectual disability-associated variant
978 - StgV'4%.), Stargazin surface diffusion was evaluated using quantum dot (QD)-labelled
979 secondary antibodies (dark blue) against anti-HA antibodies (light blue) to detect the
980 extracellular HA epitope (yellow) in stargazin (HA-stargazin). (b) Reconstructed HA-
981 stargazin trajectories (synaptic and perisynaptic - red, extrasynaptic - blue) and
982 Homer1C-GFP signal (white). Scale bar represents 5 ym. (¢) Stargazin mean square
983  displacement (MSD) (+ SEM) versus time plots for cells expressing WT stargazin or the
984  V143L variant. ****p < 0.0001 by Mann Whitney test. (d) Mean synaptic residence time
985 (x SEM) of WT stargazin and stargazin V143L. ****p < 0.0001 by unpaired t-test. (e, f)
986  Surface diffusion coefficient of global (e) and synaptic (f; Homer1C-GFP-colocalized)

987 single QD-stargazin particles. Median diffusion (£ 25%—75% IQR) of 277 and 485 for

41


https://doi.org/10.1101/2021.06.08.447333
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.08.447333; this version posted June 8, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

988 global trajectories, respectively and 139 and 280 for synaptic trajectories, respectively.
989 ***p < 0.0001 by unpaired t-test. A minimum of 18 cells were analyzed from 3
990 independent experiments. (g-l) Disrupted AMPAR surface expression in the presence of
991 the stargazin V143L variant. Low-density cortical neurons were transfected at 7 (g,h,i)
992  or 11 (j,k,I) days in vitro (DIV) with a control plasmid (pLL-shRNA-CTR) or with pLL-
993 shRNA-Stg, which downregulates endogenous stargazin expression, or co-transfected
994  with pLL-shRNA-Stg and pcDNA-Stg"™ or pcDNA-StgV'43-. Total surface and synaptic
995 levels of GIuA subunits were analyzed by immunocytochemistry at DIV11 or DIV15. (g,j)
996 Representative images of GIuA distribution and quantification of total (h,k) and synaptic
997  (i,l) intensity of GluA clusters show impaired trafficking of AMPAR in neurons where
998 stargazin was silenced, or which expressed the StgV'43- variant. GIuA accumulation at
999  synaptic sites was assessed by the colocalization with PSD95 clusters. Clusters from 11
1000 DIV cells were quantified from at least 33 cells imaged from four independent
1001 experiments; clusters from 15 DIV cells were quantified from 20 cells from two
1002 independent experiments. ****p < 0.0001; ***p <0.001; two-way ANOVA, followed by
1003  Dunn’s multiple comparison post hoc test. Boxes show the 25" and 75" percentiles,
1004  whiskers range from the minimum to the maximum values, and the horizontal line in each
1005  box shows the median value. Scale bars represent 5 um.

1006
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1009 Figure 3. Stargazin V143L knock-in mice express normal stargazin levels and

1010 present no gross brain abnormalities.

1011 (a) Strategy for generating stargazin V143L knock-in mice. A vector containing two
1012  selection markers, Neo and DTA, and three homology arms was constructed: the short
1013  (SA) and the long arm (LA) allowed homologous recombination with the genomic DNA
1014  of mouse embryonic stem (ES) cells, and the middle arm (MA) contained the ID-
1015 associated point mutation (V143L) (red bar). A forward primer designed against a
1016 synthetic random sequence (non-existing in the mouse genome — green bar), inserted
1017  upstream the middle arm, allows genotyping of the animals. (b) The directed
1018 mutagenesis was confirmed by Sanger sequencing of the third exon in WT and
1019  homozygous stargazin KIV-Vt animals. (c¢) Cresyl violet staining of brain slices from WT
1020 and stargazin KIV'Vtanimals showed no gross differences. Scale bar represents 1000
1021 pm for lower magnification images and 200 ym for magnified images. (d) The brain
1022  expression pattern of stargazin in WT and stargazin KIV-"Vt animals was assessed by

1023  immunohistochemistry. Scale bar represents 1000 um. (e) Total stargazin levels in the
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1024  whole brain, hippocampal and cortical lysates from WT and stargazin V143L Kl animals

1025  were evaluated by Western blot. See also Fig. Sb.

1026
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1028

1029 Figure 4. Stargazin V143L Kl mice show cognitive and social deficits.

1030 (a, b) When subjected to the object displacement recognition test, homozygous stargazin
1031  V143L (KIY'L) mice spent less time exploring the displaced object when compared to
1032  their WT counterparts, and did not have preference for the displaced object. Data are
1033  presented as mean = SEM. *p < 0.05, One-way ANOVA followed by Dunnet’'s multiple
1034  comparison post hoc test, #p< 0.05, One-sample t-test to the value of 50%. n = 16 (males
1035 and females) for all genotypes. (c,d) Homozygous stargazin V143L knock-in mice
1036  presented significantly less freezing behavior than WT counterparts in the contextual
1037 fear conditioning test. Data are presented as mean + SEM. *p < 0.05, One-way ANOVA
1038 followed by Dunnett's multiple comparison post-hoc test. n = 22 (males and females) for

1039  all genotypes. (e) Motor function and learning were evaluated using the rotarod test. (f)
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1040 The average time spent on the rotarod did not significantly vary between genotypes. (g)
1041 Both WT and heterozygous stargazin V143L (KI*Vt) animals performed significantly
1042  better in the second day, whereas stargazin KIV“V mice failed to show motor learning.
1043 ***p < 0.001, ****p < 0.0001, Ratio paired t-test, n = 14 for all genotypes (males and
1044 females). (h) Mice were submitted to the three-chamber social interaction paradigm. The
1045 time spent approaching the cages, with and without the stranger stimulus mouse, was
1046 evaluated for 10 and 5 minutes, respectively. (i,j) All animals displayed social preference,
1047  but (k,l) stargazin KIVYV- mice showed no preference for a new stranger mouse in the
1048 arena, unlike WT and heterozygous stargazin V143L mice. Data are presented as mean
1049 £ SEM (i, k) and median with range (j, i). (i, k) ****p < 0.0001, Two-way ANOVA followed
1050 by SidakOs multiple comparison post-hoc test. n = 13 (males and females) for all
1051  genotypes. (j, i) *p < 0.05, Kruskal-Wallis followed by Dunn’s multiple comparison post-
1052  hoc test. n =2 13 (males and females) for all genotypes. See also Fig. S6.

1053
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1054
1055 Figure 5. Decreased frequency of AMPAR-mediated mEPSCs in CA1 pyramidal
1056 neurons in stargazin V143L Kl mice.
1057 (a) Representative traces of mMEPSCs recordings and single average event of CA1
1058  pyramidal neurons in acute hippocampal slices from WT, stargazin KI*V* and stargazin
1059 K"Vt mice. Cumulative probability distribution and average mEPSCs amplitude (b) and
1060 frequency (c) plots, showing a reduction in frequency but not amplitude of mMEPSCs in
1061  stargazin V143L Kl mice (P15-P20). Data are presented as mean £ SEM. *p < 0.05, ***p
1062 < 0.001, ns, not significant, Kruskal-Wallis followed by Dunn’s multiple comparison post-
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1063  hoc test. n = 22 cells/10 animals (4 males and 6 females) for WT mice, n = 21 cells/8
1064  animals (4 males and 4 females) for KI** mice, n = 25 cells/6 animals (3 males and 3
1065 females) for KIWVt mice. (d) Representative traces of evoked fEPSPs at CA1 synapses
1066  on hippocampal slices from P15-P20 WT and stargazin V143L KI mice, upon stimulation
1067 of CA3 pyramidal neurons Schaffer collaterals. Plots show the mean + SEM of fiber
1068  volley amplitude and fEPSP slopes. Input-output curves were similar for all genotypes,
1069 indicating that evoked basal transmission in this synapse is not impaired in stargazin
1070  V143L KI mice. n = 17 slices/10 animals (5 male and 5 female) for WT mice, n = 11
1071  slices/8 animals (4 male and 4 female) for stargazin KI*V- mice, n = 15 slices/10 animals
1072 (6 male and 4 female) for stargazin KIV“V- mice. (e) Paired-pulse facilitation at SC-CA1
1073  synapses in stargazin V143L KI mice was not altered. Data are presented as mean %
1074 SEM. n = 8 slices/6 animals (3 males and 3 females) for WT mice, n = 7 slices/5 animals
1075 (3 males and 2 females) for stargazin KI*V* mice, n = 8 slices/5 animals (3 males and 2
1076  females) for stargazin KIV/Vt mice. (f) Representative traces of paired-pulse stimulation
1077 evoked fEPSPs in WT and stargazin V143L KI mice. (g) LTP induced by theta burst
1078  stimulation (TBS) at SC-CA1 synapses was comparable between genotypes. Insets
1079  show representative traces of evoked fEPSPs before (solid lines) and after (dashed
1080 lines) LTP induction. Data are presented as mean + SEM. n = 8 slices/6 animals (3 males
1081 and 3 females) for WT mice, n = 7 slices/5 animals (3 males and 2 females) for stargazin
1082  KI*¥ mice, n = 8 slices/5 animals (3 males and 2 females) for stargazin KIV“Vt mice. (h)
1083  Average fEPSP slope in the last 10 min of the recording post LTP-induction. Data are
1084 presented as mean + SEM. ns, not significant, One-way ANOVA followed by Dunnett’s
1085  multiple comparison post-hoc test.

1086
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1089 Figure 6. Stargazin V143L Kl mice present alterations in hippocampal spine

1090 morphology and PSD ultrastructure.

1091 (a-e) Although no changes were observed in the density of spines from both basal and
1092  apical dendrites in CA1 neurons, stargazin V143L Kl animals presented a decrease in
1093  mushroom and stubby spines and an increase in branched, thin and filopodia spines, in
1094  basal dendrites, indicating a defect in spine maturation. Data are presented as mean *

1095 SEM (b, d) or as percentage of the total number of spines (e). *p < 0.05, **p < 0.01, ***p
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1096 < 0.001, ****p < 0.0001, Two-way repeated measures ANOVA followed by Dunnet's
1097  multiple comparison post-hoc test. n = 24 branches/3 animals for all genotypes. Scale
1098  bar represents 2 uym. (f) Immunostaining of PSD95 by Western blot showed a significant
1099 decrease of its levels in hippocampal samples from stargazin V143L Kl mice compared
1100 to WT controls. *p < 0.05, One-sample t-test to the value of 100%. The staining of tubulin
1101  of hippocampi samples is the same presented in Figure 3e. (g) Representative electron
1102  transmission microscopy images of hippocampal synapses from WT, stargazin KI** and
1103  stargazin KIV*Vt animals, and (h,k) quantification of post-synaptic density length, (i,l)
1104  thickness and (j,m) cleft width. Data are presented as median with range. *p < 0.05, ***p
1105 <0.001, ***p < 0.0001, Kruskal-Wallis followed by Dunn’s multiple comparison post hoc-
1106 test. n = 153 PSDs/2 animals for WT mice, n = 203 PSDs/2 animals for KI*"- mice, n =
1107 236 cells/2 animals for KIV*V- mice. The arrows indicate post-synaptic densities. SV,
1108  synaptic vesicles. Scale bar represents 500 nm. See also Figs. S7 and S8.

1109
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1111

1112 Figure 7. Stargazin V143L expression modifies the composition of PSDs.

1113  (a) Western blot analysis of cortical PSDs (see also Fig. S8j) showed that heterozygous
1114  stargazin KI*Vt animals and homozygous stargazin KIV“V- mice have decreased synaptic
1115  levels of stargazin (b). GIuA2 (c), GIluA1 (d) and PSD95 (e) levels were also reduced in
1116  the PSDs of stargazin KI*V- animals. Data were normalized for WT values and are
1117  presented as mean + SEM. One-sample t-test to the value of 100%. * p <0.05, **p <
1118  0.01, n =2 6 for all conditions. (f) Immunoprecipitation of stargazin from the cortices of WT

1119  and stargazin KIV"Vt animals. (g) Co-immunoprecipitation of GIuA1 with stargazin was

51


https://doi.org/10.1101/2021.06.08.447333
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.08.447333; this version posted June 8, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

1120 significantly reduced in the KIVYVt cortices. Data were normalized for immunoprecipitated
1121  stargazin in each respective condition. Data normalized to WT values and presented as
1122 mean + SEM. One-sample t-test to the value of 100%, ***p < 0.001, n = 5 for all
1123  conditions. (h) The SDS-PAGE migration pattern of stargazin from WT, stargazin KI*V-
1124  and KIYY"t mouse cortical PSD extracts (a) was analyzed by quantifying the distribution
1125  of the intensity of the bands along the length of the lane. (i) In PSDs isolated from
1126  stargazin KIYYVt animals, stargazin migrated faster in the SDS-PAGE. Data were
1127 normalized for the average maximum intensity of WT stargazin for each western blot
1128 membrane and are presented as mean + SEM, n = 9. (j) Representative images from
1129  stargazin labelling profile in cortical PSD samples isolated from WT, stargazin KI*V- and
1130 K"Vt samples non-treated (k) or treated (I) with A-Phosphatase. A-Phosphatase
1131 treatment of isolated cortical PSDs induced a shift in the apparent molecular weight of
1132  stargazin in WT and stargazin KI**- PSD samples, but not in stargazin KIV*Vt PSD
1133  samples, suggesting deficient phosphorylation of the stargazin V143L protein variant
1134  detectable in homozygous stargazin V143L Kl animals.

1135
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