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23 Abstract:

24 Sleep quantity and quality are homeostatically regulated through either cell-autonomous
25  molecular mechanisms or neurocircuit-level processes'™. The amount of non-rapid eye
26 movement sleep (NREMS) is determined by a kinase signaling pathway operating at the
27  transcriptional level within the posterior hypothalamus’!!. However, the core molecular
28  mechanisms governing sleep quality in mammals remain elusive. Here, we identify the
29  voltage-gated Na“ channel Nay1.2 as a critical modulator of NREMS slow-wave activity

30 (SWA) —a macro-electrophysiological index of sleep need or quality!?!4

—across multiple
31 sleep models. As a non-synaptic sleep-need-index-phosphoproteins (SNIPPs)'3,
32 Nayl.2—among the 12 Na“ channel subunit proteins—undergoes unique cumulative
33  phosphorylation at multiple sites upon time-course sleep deprivation (SD) or in Sleepy mice

34  (two increased sleep need models)’!?

, and is dephosphorylated during subsequent sleep.
35 These phosphosites cluster within a functional patch of the Nayl.2 intracellular loop
36  connecting transmembrane domains I and [I—a region critical for dynamically regulating the
37  channel’s slow inactivation'>!, A single amino acid mutation in the S6 segment of Nay1.2
38 domain III (N1467D) structurally impairs its slow inactivation, reduces baseline
39 NREMS-SWA in wild-type mice, and markedly blunts AAV-Camk2a-SLEEPY-induced
40 increases in NREMS-SWA. This mutation also attenuates SD -induced phosphorylation
41  changes in the adult mouse brain proteome (including SNIPPs) and completely abolishes
42  NREMS-SWA rebound following sleep loss. Mechanistically, Nayl.2’s role in sleep
43  regulation 1is physiologically dependent on the AKAP7a-RIIB-PKA holoenzyme.
44 Gabapentin—a clinically approved anticonvulsant'’—promotes Nay1.2 slow inactivation and
45  increases NREMS-SWA in a Nayl.2-dependent manner. Our results suggest that the

46  AKAP7a-RIIB-PKA-Nay1.2 complex forms a compact homeostatic oscillator that senses

47  global neuronal activity and specifically determine sleep quality (not sleep quantity),
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48  highlighting a potential therapeutic target for developing mechanism-based sleep medicines.
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50 MAIN TEXT

51 Elucidating the regulatory mechanisms underlying sleep is crucial for uncovering its
52  intricate relationship with cognitive function and systemic physiological health*!8-2°. Genetic
53  studies in both fruit flies and mice have identified several sleep-regulatory protein kinases
54 and phosphoprotein phosphatases (SRPKs and SRPPPs)—including protein kinase A
55  (PKA)?™?, casein kinase I (CK2)**3!, extracellular signal-regulated kinase 1/2 (ERK1/2)%>33,
56  salt-inducible kinase 3 (SIK3)*!!'34 calcium/calmodulin-dependent protein kinase II
57  (CaMKII)*>*7, protein phosphatase 1 (PP1)%, protein phosphatase 2A (PP2A)*?3% and
58 protein phosphatase 2B calcineurin (CaN)*-%*—regulate sleep duration, timing,
59  architecture, and homeostasis.  Integrating advanced  genetic,  biochemical,
60 electrophysiological, and quantitative electroencephalogram/electromyogram
61 (EEG/EMG)-based sleep behavior analyses is necessary to identify the downstream effectors
62  of these signaling pathways and their specific roles in sleep regulation!%!1:13:43,

63 NREMS-SWA, the EEG delta power band (1-4 Hz), is one of the most reliable markers
64  for sleep need, depth, quality, and homeostasis'>!*. It exhibits a quantitative and predictive
65 relationship with prior wakefulness'®!?>!%; its proportional increase depends on both the
66  duration and experience of prior wakefulness, and it decreases exponentially during the first

67 several hours of sleep'>!’

. Quantitative trait loci analysis shows that the increase in
68 NREMS-SWA is under strong genetic control!’; however, the gene and the regulatory
69  mechanism that fulfil these temporal changes and the proposed criteria!** for the molecular
70  substrate of sleep need remain unknown.

71 EEG/EMG-based forward-genetics analysis in randomly mutagenized mice identified a
72 gain-of-function mutation in the Sik3 gene that causes constitutively high NREMS-SWA and

73 prolonged NREMS duration’. Together with other mouse genetic studies linking SRPKs

74  (PKAZ2 CaMKIIP%Y7) and SRPPPs (PP2A??38, CaN?*142) to NREMS-SWA, these



Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.06.17.000274. This version posted June 20, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0
https://creativecommons.org/licenses/by-nc-nd/4.0

75  findings highlight a potential phosphorylation-based feedback regulatory system (PBFRs) in
76  sleep homeostasis'*??. While the direct substrates of these sleep-regulatory enzymes (which
77  function as effectors in the sleep homeostatic system) remain unidentified, large-scale
78  quantitative phosphoproteomic analyses have uncovered a set of phosphoproteins whose

79  phosphorylation status is tightly linked to sleep—wake states!20-21:45:46

. Specifically, we
80 identified 80 SNIPPs via cross-comparison of SD and Sleepy models, whose phosphorylation
81  states parallel changes in sleep need'’. Genetic perturbations of 12 SNIPPs induce sleep
82  phenotypes in mice or humans, suggesting that SNIPPs include previously uncharacterized
83  sleep regulators'’.

84 In this study, we identify the AKAP70-RIIB-PKA-Nayl.2 complex as the central
85  molecular machinery of the sleep homeostatic system. This complex meets the proposed
86  criteria for the molecular substrates of sleep need; it undergoes cumulative phosphorylation at
87 multiple sites and specifically enhances Nay1.2 slow inactivation. We thus propose a
88  regulatory mechanism that directly links molecular modifications to the channel’s
89 electrophysiological properties and changes in neuronal excitability—thereby mediating sleep
90 homeostasis.

91  Use-dependent multisite phosphorylation of Nay1.2

92 Genetic deficiencies in several SNIPPs are associated with sleep abnormalities—a

93  common comorbidity of neurodevelopmental disorders®*4¢

. However, the physiological
94  functions of these SNIPPs and their underlying regulatory mechanisms in sleep remain
95 unclear. Additionally, while 69 SNIPPs are annotated as synaptic proteins (highlighting a
96  mechanistic link between synaptic homeostasis, synaptic transmission, and sleep—wake
97  homeostasis*!'>!®), we noted that two mouse Na* channels—Nay1.1*"*% and Na,1.2%-°

98  (encoded by Scnla and Scn2a)—fall into the non-synaptic category (Fig. 1a, Extended Data

99  Fig. 1a). These channels are widely expressed in the central nervous system and regulate
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100  action potential propagation and neuronal excitability, suggesting they may contribute
101  directly to the control of NREMS-SWA—an established electrophysiological readout of
102 sleep.

103 To examine the detailed correlation between phosphorylation changes of Na* channels
104  and sleep need, we first performed quantitative phosphoproteomic analysis on brain samples
105  from mice subjected to time-course sleep deprivation (tc-SD) at 1 h, 3 h, and 6 h (Extended
106  Data Fig. 1b, Supplementary Table 1a). Briefly, we calculated the slope and P value for
107 31,196 phosphopeptides in the tc-SD phosphoproteome (Extended Data Fig. 1c), followed
108 by overlap analysis with phosphopeptides from acute SD datasets—including comparisons of
109  SD6/S6 (6 h of ad libitum sleep, ZT0-ZT6) and SD6/RS3 (3 h of recovery sleep following
110  SD6) (Extended Data Fig. 1d-f, Supplementary Table 1b-e).

111 This analysis revealed a unique and dominant phosphorylation pattern for Nay1.2 (Fig.
112 1b): among 49 overlapping phosphopeptides (from a total of 187 identified phosphopeptides)
113 across 12 Na* channel family members, 6 phosphopeptides of Nay1.2 (out of 29 total Nay1.2
114 phosphopeptides) exhibited SD time-dependent increases in phosphorylation. These elevated
115  phosphorylation levels were subsequently followed by dephosphorylation—either after 3 h of
116  recovery sleep or when compared with the phosphorylation levels after 6 h of ad libitum
117 sleep (Fig. 1b, Extended Data Fig. le, f). Based on this sleep-associated dynamic
118  phosphorylation profile, these phosphopeptides were designated as sleep-time-dependent
119  class A phosphopeptides (STDPs-A, n=828) (Fig. 1¢, Extended Data Fig. 1e).

120 To validate the functional link between Nay1.2 STDPs-A and sleep need, we analyzed
121 their phosphorylation status across multiple sleep models (Fig. 1d). Specifically, many
122 STDPs-A sites were upregulated in models of increased sleep need (S/eepy mice and
123 MKS8O0I1-treated mice) and downregulated in models of decreased sleep

124  need—including Sleepy and wild-type (WT) mice treated with the pan-SIK inhibitor
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125  HG-9-91-0128 (HG)" (Fig. 1d). Thus, the temporal changes in Na,l1.2 STDPs-A
126  phosphorylation closely correlate with sleep need across these distinct sleep models'®. Given

49-52 " jts variable

127  that Nayl.2 is well established to regulate neuronal electrophysiology
128  multisite phosphorylation may enable use-dependent regulation of channel gating and
129  neuronal firing properties. This modulation of Nay1.2 function, in turn, dynamically regulates
130  integrated brain functions such as SWA-—specifically by shaping cortical network
131  synchronization and global slow oscillations®*!* (Fig. 1e).

132  Impaired slow inactivation of Nav1.2 compromises NREMS-SWA

133 Most STDPs-A sites cluster within a functional domain of the Nayl.2 DI-DII
134  intracellular loop (Fig. 1b, Supplementary Table 1e). Previous heterologous cell-based
135  studies have shown that this phosphorylation domain is critical for regulating Nay1.2 slow
136  inactivation'>!%. Increased phosphorylation promotes the transition of Nayl.2 into a slow
137  inactivation state, and the asparagine residue at position 1467 (N1467) in the S6 segment of
138 domain III (DIII) gates this process'>!6. In heterologous cell expression systems, mutating
139 N1467 to aspartic acid (N1467D) inhibits this state transition'> (Fig. 1e). To elucidate the role

140  of Nayl.2 slow inactivation in sleep regulation, we generated Scn2a™#%’P

mutant mice using
141  CRISPR/Cas9-mediated genome editing (Extended Data Fig. 2a). However, homozygous
142 Scn2a™¥%7P mutants exhibited neonatal lethality within 48 hours of birth (Extended Data Fig.
143 2b), a phenotype consistent with that of Scn2a-null mice®®. By contrast, heterozygous
144 Scn2a™*’P"™* mice (N1467D/+) were healthy and fertile, with normal body weight and
145  Nayl.2 protein abundance (Extended Data Fig. 2¢, d). At baseline (BL), N/467D/+ mice
146 showed a significant reduction in NREMS-SWA despite normal total sleep amount
147  (Extended Data Fig. 2e-h); following SD, they also exhibited a trend toward reduced

148 NREMS-SWA rebound (Extended Data Fig. 2i-k).

149 To establish a Scn2a™#”P homozygous model, we first generated an additional Scn2a™"
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150  strain by inserting loxP sites downstream of exon 3 and upstream of exon 6 (Extended Data
151  Fig. 3a, b). We then crossed Scn2a™#7P?"* and Scn2d™" mice with CAGG*ER™ transgenic
152  mice, yielding two strains: Scn2a™'#7Pl. CAGG < ER™™* (N1467D) (Fig. 1f) and Scn2d"*;
153  CAGGCER™M* train (KO/+) (Extended Data Fig. 3c¢). Two weeks following tamoxifen
154  (TAM) induction (initiated at 6 weeks of age), Nay1.2 protein levels in both TAM-N1467D
155  and TAM-KO/+ mice were reduced to ~50% of those in WT mouse brain samples (Fig. 1f-h,
156  Extended Data Fig. 2¢, 3d), indicating that only the Nay1.2 N1467D proteoform is present in
157  TAM-N1467D mice.

158 NREMS-SWA is regulated in layer 5 pyramidal neurons of the cerebral cortex!®!"!4 To
159  assess how the Nayl.2 N1467D mutation affects channel slow inactivation in ex vivo brain
160  slices, we performed whole-cell patch-clamp recordings on layer 5 pyramidal neurons
161  isolated from TAM-NI1467D and WT mice’*> (Extended Data Fig. 4¢, d). Compared to WT
162  neurons, those from 7TAM-NI467D mice exhibited significant impairments in slow
163  inactivation: across a range of voltages, sodium currents in 7TAM-N1467D neurons showed
164  reduced slow inactivation, with delayed onset and accelerated recovery (Fig. 1i-l). Notably,
165 TAM-N1467D mice displayed normal EEG/EMG activity and body weight (Extended Data
166  Fig. 4a, b), confirming that the Scn2a™'#7P!1: CAGG"¢ER™ strain is a valid genetic model
167  for investigating the role of Nay1.2 in sleep regulation.

168 Detailed analysis of sleep-wake behavior in TAM-N1467D mice revealed lower daily
169 NREMS-SWA density (Fig. 1m, n, Extended Data Fig. 4e), indicative of reduced baseline
170  sleep need. Furthermore, the elevation in NREMS-SWA induced by 6 hours of sleep
171 deprivation (SD6) in WT mice was completely abolished in TAM-N1467D mice, but not in
172 TAM-KO/+ mice (Fig. 1o, p and Extended Data Fig. 3i-k). Importantly, TAM-N1467D mice
173 showed normal wake and NREMS durations (Extended Data Fig. 4f-i). Together with

174  observations from N/467D/+ mice (Fig. 1n, p), these results suggest that Nay1.2 regulates
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175  sleep need in an allele-dose-dependent manner.

176 To further confirm that Nay1.2 functions in excitatory neurons to regulate NREMS-SWA,
177  we performed adult-brain-chimeric (ABC) knockout of Scn2a by retro-orbital injection (ROI)
178  of recombinant AAV-PHP.eB virus into adult Scn2a™#7P/" mice**° (Fig. 2a). This virus
179  drives systemic CRE recombinase expression under either the Camk2a or mDIx promoter to
180  target excitatory neurons or inhibitory neurons, respectively!'!?2. Consistent with findings in
181  TAM-N1467D mice, only Camk2a-N1467D mice exhibited reduced Nayl.2 protein levels
182  (Fig. 2b, ¢), lower daily NREMS-SWA (Fig. 2d, e and Extended Data Fig. 5a, f, g), and a
183  blunted SD-induced NREMS-SWA rebound (Fig. 2f, g and Extended Data Fig. 51)—with
184  wake and NREMS durations remaining normal (Extended Data Fig. Sb-e, h-k).

185 To test whether Nay1.2 also acts downstream of the SLEEPY kinase, we expressed a
186  constitutively active truncated SIK3 kinase (designated as sSLP) via ROI of AAV-PHP.eB
187  virus carrying the Camk2a-HA-sSLP construct (Fig. 2h). Immunoblotting confirmed sSLP
188  expression and elevated phosphorylation of the AMP-activated protein kinase (AMPK)
189  substrate motif'>*? (Fig. 2i). Moreover, sSLP significantly enhanced Nay1.2 slow
190 inactivation—with changes in voltage dependence, onset, and recovery that were opposite to
191  those observed in TAM-NI1467D mice (Fig. 2j-m). As previously reported®!>*? forced
192  expression of sSSLP in WT mice altered sleep—wake behaviors: it shortened wake durations,
193  increased NREMS, and elevated SWA during NREMS, REMS, and wakefulness (Fig. 2n, o
194  and Extended Data Fig. 6a-c). Notably, all these sSLP-induced phenotypes were completely
195  absent in TAM-N1467D mice (Fig. 2p, q and Extended Data Fig. 6d-f)}—indicating that the
196  sleep-regulatory gain-of-function of SLEEPY kinase acts through Nay1.2.

197  Nayl.2 functions as an effector in the sleep homeostatic system

198 A homeostatic system comprises three core elements: a sensor that periodically monitors

199 the state variable, an integrator that analyzes this input to compute homeostatic drive, and an
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200 effector responsible for acting on this drive to directly adjust the state variable**. From the
201  perspective of sleep homeostatic signaling pathways: sleep regulatory substances (SRSs)
202 —including adenosine, nitric oxide, hormones, prostaglandins, and cytokines—along with
203  their corresponding receptors function as sensors>>**4>37-63 SRPKs and SRPPPs act as
204  integrators,  processing  sensory  information and  modifying  downstream
205  effectors”!1:19:222427-29.32-42.64  Effectors—such as histone deacetylases, transcriptional
206  regulators, and voltage-gated channels—dynamically regulate neuronal excitability via either
207  transcriptional or electrophysiological mechanisms-!!-21:2735.43.65-68

208 Quantitative EEG analyses suggest that Nay1.2 serves as a modulator in the sleep
209  homeostatic system, acting downstream of both behavioral and genetic manipulations (Fig. 1
210 and 2). To further clarify the role of Nayl.2 at the molecular level, we performed
211  transcriptomic (bulk RNA sequencing), quantitative proteomic, and phosphoproteomic
212  analyses using cerebral cortex samples from WT and TAM-N1467D mice under both S6 and
213 SD6 conditions (Extended Data Fig. 7a and Supplementary Table 2-4). Relative to WT
214  controls, TAM-N1467D samples showed a specific ~30-50% reduction in Nay1.2 RNA levels,
215  protein abundance, and the abundance of most Nay1.2-derived peptides (Fig. 3a-d, Extended
216  Data Fig. 7b, ¢)—that consistent with earlier immunoblotting results (Fig. 1h).

217 For the TAM-N1467D/WT proteomic comparison, we quantified 187,613 unique peptides
218  derived from 12,341 proteins; notably, very few proteins exhibited significant abundance
219  changes under either S6 or SD6 conditions (Fig. 3b, ¢, Extended Data Fig. 9a and b). In the
220  phosphoproteomic analysis of TAM-NI1467D/WT samples, we quantified 35,246
221 phosphopeptides from 5,062 phosphoproteins (Fig. 3d and e, Extended Data Fig. 9c and d).
222 The Nayl.2 N1467D mutation altered only a small fraction of the brain phosphoproteome,

223 3.2% under S6 conditions and 2.3% under SD6 conditions (Fig. 3d and Extended Data Fig.

224 9c).

10
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225 To explore the potential molecular substrates or signaling pathways underlying
226 NREMS-SWA changes in TAM-NI1467D mice, we performed APs analysis'® to examine
227  global phosphorylation state changes in proteins modulated by multisite cumulative
228  phosphorylation®®, and kinase motif-enrichment (KME) analysis*>’® to evaluate global
229  changes in kinase signaling pathways. Through cross-comparison of multiple models with
230 altered sleep need (SD, Sleepy, and pan-SIK inhibitor HG-treated Sleepy), SNIPPs!® and
231  sleep-related kinases (S-RKs)?? (identified via KME analysis) are the molecular substrates or
232  signaling pathways most functionally correlated with sleep need (Extended Data Fig. 8a-j).
233 Notably, compared with the classic "increased sleep need" comparison (Slp/WT), both APs
234  analysis and KME analysis revealed minimal parallel changes in the APs values of SNIPPs or
235  enrichment of S-RKs in TAM-NI1467D mice (Fig. 3e-h, Extended Data Fig. 9d-g and
236 Supplementary Table 4-5). These results indicate that the attenuation of Nayl.2 slow
237  inactivation caused by the N1467D mutation is the direct factor responsible for the decreased
238  Dbasal sleep need—rather than effects mediated through other sleep regulatory pathways.

239 To evaluate differences in the homeostatic response between WT and TAM-N1467D mice,
240  we analyzed their brain proteomes and phosphoproteomes under the SD6/S6 comparison. The
241  brain proteomes of both WT (SD6/S6) and TAM-N1467D (SD6/S6) mice remained globally
242  stable*” (Extended Data Fig. 9h-k). Consistent with previous findings'’, the brain
243  phosphoproteome of WT mice showed significant changes in the SD6/S6 comparison (6.2%)
244  (Fig. 3i); however, SD-induced phosphoproteomic alterations were largely suppressed in
245  TAM-N1467D samples (only 0.91%) (Fig. 3j). Accordingly, the SD-induced cumulative
246 phosphorylation of SNIPPs (Fig. 3k, 1) and changes in S-RKs observed in WT mice were
247  completely abolished in TAM-N1467D mice (Fig. 3m-p).

248 To further explore the potential mechanisms, we analyzed transcriptomic datasets from

249  the TAM-N1467D/WT comparison. A total of 15,104 genes were quantified, but very few of

11
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250 these genes exhibited significant changes in expression (only 0.35%) (Fig. 3a, Extended
251  Data Fig. 7b-e). Notably, several immediate early genes (IEGs)—including Fos, Arc, Npas4
252 and Egr2- Egr4—were significantly downregulated in TAM-NI1467D samples (Fig. 3a,
253 Extended Data Fig. 7e). This significant and widespread downregulation of IEGs (a
254  hallmark of reduced neuronal activity) suggests that neuronal activity is largely suppressed in
255  TAM-NI1467D mice, which might be the direct cause of the stable phosphoproteome and
256  unaltered NREMS-SWA of TAM-N1467D after sleep lose.

257 Collectively, these EEG, electrophysiological, and molecular findings are logically
258  consistent across different biological levels. The dramatic and specific changes in sleep
259  quality in TAM-N1467D mice—reduced basal NREMS-SWA and the lack of SD-induced
260 NREMS-SWA rebound—indicate that Nay1.2, which functions as a downstream terminal
261  effector in the sleep homeostatic system, is not only regulated by sleep but also gates other
262  sleep-associated signaling pathways to control sleep homeostasis and related functions.

263  The PKA-RIIB-Nayl.2 pathway regulates sleep quality

264 Prediction of kinase-specific phosphorylation sites’®’! identified 7 PKA substrate sites
265  within the DI-DII loop of Nay1.2 (Fig. 4a and Supplementary Table 6a). This finding was
266  further validated via i1mmunoblot analysis—utilizing an antibody targeting
267  PKA-phosphorylated substrate motifs (pPKAsub)-performed after immunoprecipitation (IP)
268  of endogenous Nay1.2 protein under S6 and SD6 conditions (Fig. 4b, ¢). Moreover, co-IP
269  assays revealed that Nayl.2 interacts with the cAMP-dependent protein kinase catalytic
270  subunit alpha (PKA-Ca), cAMP-dependent protein kinase type Il-beta regulatory subunit
271  (RIIB), and membrane-anchored type II-specific A-kinase anchor protein 7 isoform alpha
272 (AKAP7a)'® (Fig. 4d). We hypothesize that this AKAP7a-RIIB-PKA-Ca-Nay1.2 interaction
273 mediates increased Nay1.2 phosphorylation and enhanced slow inactivation in vivo'®’? (Fig.

274  4e).

12
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275 To test this hypothesis, we administered a Stapled AKAP Disruptor Peptide (STAD-2)"3
276  via intracerebroventricular injection (i.c.v.) to specifically disrupt the interaction between
277  RIIp and AKAP7a in brain cells (Fig. 4e). As expected, STAD-2 suppressed the interaction
278  between RIIP and Nay1.2, altered the phosphorylation status of Nay1.2 (Fig. 4f), and impaired
279  Nayl1.2 slow inactivation—with changes in voltage dependence, onset, and recovery that were
280 reminiscent of those observed in TAM-NI1467D mice (Fig. 4g-j). Consistent with these
281  molecular and electrophysiological alterations, STAD-2 treatment significantly reduced
282  baseline NREMS-SWA and SD-induced NREMS-SWA rebound, while having no effect on
283  NREMS duration (Fig. 4k-n and Extended Data Fig. 10). To further confirm the role of this
284  complex, we expressed Camk2a-driven RIIf or AKAP7a in WT mice (Fig. 40). Notably,
285 only forced expression of RIIf in WT mice increased NREMS-SWA, with no impact on
286 NREMS duration (Fig. 4p-r and Extended Data Fig. 11). Thus, these results indicate that
287  the AKAP70-RIIB-PKA holoenzyme—functioning as an integrator in the sleep homeostatic
288  system—promotes Nay1.2 phosphorylation and slow inactivation, and this process plays a
289  critical role in regulating sleep quality.

290  Gabapentin improves sleep quality via Nav1.2 in mammals

291 Clinically, over 80 distinct sleep disorders have been identified, with the most common
292  including insomnia, narcolepsy, restless legs syndrome, and circadian rhythm disorders—all
293  categorized in the International Classification of Sleep Disorders (ICSD). However, for most
294  of these disorders, our understanding of their underlying mechanisms remains limited, and
295 mechanism-based therapeutic options are even scarcer. A landmark example of
296  mechanism-driven progress is the discovery of orexin/hypocretin and its role in narcolepsy:
297  this finding advanced our understanding of the molecular and neurocircuitry mechanisms

60,61

298  governing arousal regulation®®’, and further led to the development of orexin antagonists, a

299  novel class of clinically approved sedative-hypnotics for sleep-onset and sleep-maintenance
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300 insomnia®>. Building on this paradigm, our results demonstrate that the
301  AKAP70-RIIB-PKA-Nay1.2 pathway plays a central role in regulating sleep quality, and that
302 Nayl.2 slow inactivation is a critical node in this process—representing a potential
303 therapeutic target for developing mechanism-based sleep medications.

304 Notably, Nay1.2 is a validated target for numerous small-molecule modulators, which
305 regulate its electrophysiological properties!’. A previous study demonstrated that prolonged
306 (3-day) treatment with gabapentin (GBP)—a clinically approved anticonvulsant—induces a
307  hyperpolarizing shift in the inactivation of rat Nay1.2 channels in a heterologous cell
308  expression system’*. Concurrently, a single i.p injection of GBP administered prior to
309 light-phase onset increased NREMS-SWA and prolonged NREMS duration in adult rats”.
310  Clinically, GBP is also used off-label to improve NREMS quantity in patients with primary
311  insomnia’®, sensory nervous system disorders’’, and critically ill patients’®. To validate the in
312  vivo link between GBP, Nay1.2, and sleep, we administered GBP via intraperitoneal injection
313  (i.p.) to WT and Camk2a-N1467D mice (Fig. Sa-m). In WT mice, GBP administration
314  significantly increased NREMS-SWA (within the first 3 hours) and NREMS duration (within
315  the first 4 hours) in a dose-dependent manner (Fig. Sb—e, Extended Data Fig. 12a—d).
316  Notably, unlike its effects in heterologous cell systems (which required prolonged treatment),
317  GBP rapidly enhanced Nay1.2 slow inactivation in ex vivo brain slices (Fig. 5f-i), which
318  aligns with its rapid sleep-modulating effects in animals. Critically, the GBP-induced increase
319 in NREMS-SWA was completely abolished in Camk2a-N1467D mice, whereas the
320  GBP-induced increase in NREMS duration remained intact (Fig. 5j—m, Extended Data Fig.
321  12e-k). Collectively, these results suggest that Nay1.2 is the key target through which GBP
322  regulates sleep quality (NREMS-SWA), whereas an alternative target protein may mediate its

323  role in modulating sleep quantity (NREMS duration) in mammals.
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324  Discussion
325 Sleep and wakefulness induce global phosphorylation changes in the brain

132046 "and a subset of these alterations are tightly linked to the regulation of sleep

326  proteome
327  homeostasis'>!'*2°. We previously hypothesized that the molecular substrates underlying sleep
328  need must meet the following criteria: they should accumulate during wakefulness, dissipate
329  with sleep, and track sleep pressure across different contexts; they should be globally
330  regulated in the brain, and their manipulation should bidirectionally alter sleep need'>. Nay1.2
331 not only satisfies all these criteria but also functions in cortical excitatory
332 neurons—consistent with recent cell-type-specific studies of sleep regulation'®!!!4further
333  supporting its role as a critical terminal effector in the homeostatic system that controls sleep
334  need (Fig. 5n).

335 Nay1.2 possesses three key molecular features that enable its function in regulating sleep
336  homeostasis. First, multisite phosphorylation of Nay1.2 provides sufficient capacity to
337  monitor both the quantity and complexity of prior waking experiences through activity- or
338 use-dependent phosphorylation. Concurrently, this post-translational modification enables

13,151652  Second, as a

339 graded regulation of the channel’s electrophysiological properties
340  voltage-gated sodium channel, Nay1.2 is pivotal for both the initiation and backpropagation
341  of action potentials'>!®* Specifically, cumulative phosphorylation of Nay1.2 drives graded
342  enhancement of its slow inactivation—a process that, in turn, suppresses neuronal firing”>”°.
343  This cascade directly links molecular-level modifications to functional changes in neuronal
344  excitability. Third, PKA is one of the most critical kinases in signal transduction pathways
345  that respond to diverse types of SRSs*?°. The plasma membrane-anchored protein complex
346 composed of AKAP70, PKA, RIIB, and Nayl.2 (AKAP70-RIIB-PKA-Nay1.2)'6, forms a

347  compact homeostatic oscillator. This specialized molecular machinery closely senses global

348 neuronal activity and, in turn, modulates the balance between sleep and wake states. This
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349  cell-autonomous phosphorylation-based feedback regulatory mechanism is likely vital for
350 controlling neuronal excitability, cortical network synchronization, and global slow
351  oscillations—operating both at the level of individual local neurons and across the entire
352 brain**"°(Fig. 5n). Through these feedback regulatory actions, the constituent proteins of
353 PBFRs probably exert a protective function, safeguarding optimal synaptic homeostasis,
354  cognitive performance, and even organismal survival*!8-20:222479,

355 The molecular mechanism governing circadian rhythms, primarily the
356 transcriptional-translational negative feedback loops (TTFLs), have evolved to adapt to
357  Earth’s 24-hour rotation?®. This rotational cycle regulates the timing of rest and activity for
358  nearly all organisms on Earth, including the sleep-wake cycles of animals?®. In animals, the
359 nervous system senses the external environment and controls daily activities, consuming
360  approximately 20% of the body’s total energy (in the form of ATP)*°. Most of this ATP is
361 expended on maintaining neuronal firing to ensure proper signal transmission. Meanwhile,
362  changes in the phosphorylation status of signaling transducers (e.g., synaptic SNIPPs) serve
363 as the physical basis for fine-tuning information flow—both intracellularly and
364  intercellularly—within neurons, and this process also consumes ATP. As the fundamental
365 units of cognitive function, neurons depend on the restoration of their functional integrity
366  during sleep to sustain subsequent waking periods via the PBFRs. Thus, the kinetic time scale
367  of the phosphorylation-dephosphorylation cycle for these information transducers may have
368 undergone convergent evolution across animals, allowing it to match the specialized
369 functions of their respective nervous systems during sleep-wake cycles. A key function of
370  sleep at the molecular level, therefore, is to maintain phosphoproteome homeostasis within
371  the nervous system*>—particularly in major neuronal cell types that are critical for long-range
372  signal transmission and the control of daily activities'®?2,

373 Notably, PBFRs also operates in the animal circadian regulatory system. As core
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374  components of the circadian oscillator, PERIOD proteins (PERs), undergo robust circadian

375  fluctuations in multisite phosphorylation®!

, a dynamic process modulated by the balance
376  between CK18/e and PP1%2. This phosphorylation-dephosphorylation cycle, in turn, plays a
377  central role in sustaining the TTFLs®'"*. In addition, the KaiC phosphorylation cycle is an
378  essential regulatory mechanism of the circadian clock in cyanobacteria®, and the discovery
379  of RUVBL2%—a P-loop NTPase that is the eukaryotic analog of KaiC—indicates that a
380  similar molecular mechanism may exist in eukaryotes. Thus, the two-process model of sleep
381  regulation—the major conceptual framework in sleep research proposed in 1982'°—may
382 converge on the same phosphorylation-based feedback regulatory mechanism. While the
383  specific regulatory kinases, phosphatases, and molecular effectors may differ, and may also
384  act in distinct brain regions and neuronal cell types, the core logic of the PBFRs is shared
385  between sleep homeostasis and circadian rhythms. Intriguingly, several proteins function
386  dually in both systems: for instance, SIK3 and HDAC4 participate in circadian regulation by
387 modulating the timing of arousal at dark onset and circadian period through the
388  SIK3-HDAC4 axis in the suprachiasmatic nucleus (SCN)®%; in sleep regulation, they
389  contribute to maintaining sleep homeostasis and the modulating NREMS amounts and
390  depth’!'. Navl.2 also modulates circadian rhythms and the spontaneous firing activity of
391  SCN neurons®. Therefore, further investigating the roles of regulators and effectors in the
392 PBFRs of these two processes—sleep drive (orchestrated by sleep homeostasis) and
393  sleep-wake timing (governed by circadian rhythms)—will be critical for unraveling how the
394  optimal timing, duration, and depth of sleep are coordinated'> (Fig. Sn).

395 The discovery of the orexin/hypocretin system and the subsequent development of its
396  antagonists as a new generation of sedative-hypnotics have proven the transformative power
397  of fundamental mechanism-driven sleep research?>%$!47 Similarly, our findings demonstrate

398 that the AKAP7a-RIIB-PKA-Nay1.2 pathway plays a key physiological role in regulating
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399 sleep quality—acting via a specific mechanism that couples phosphorylation to the
400  modulation of Nay1.2 electrophysiological properties. This pathway therefore represents a
401  promising therapeutic target for development of a new class of mechanism-based sleep
402  medications, which could provide effective relief for various sleep disorders and their
403  associated psychological comorbidities.

404

405
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429  Materials and Methods

430  Animals.

431 All animal experiments were conducted following procedures approved by the Harbin
432  Institutional Animal Care and Use Committee of Harbin Institute of Technology
433  (HIT/TACUC). The mice were housed under appropriate temperature and humidity conditions,
434  with a 12-hour light-dark cycle. All mice were the C57BL/6J strain background, provided
435  with adequate food and water, and housed until 8 to 12 weeks for experimentation. Point
436  mutation mice Scn2a™'*’P and, Scn2a™" mice and CAGG " ER™* mice were purchased from

437  Cyagen Bioscience (Guangzhou, China). We crossed CAGG " ER™* mice with Scn2a™!#7P™

N1467D/+, Cre/+ N1467D/fl,

438  mice to obtain Scnla , and then crossed with Scn2d™" mice to obtain Scnla
439 “* mice.

440  STDPs analysis.

441  STDP analysis was performed using two datasets: (i) the time-course SD dataset (1 h, 3 h, 6 h
442  of SD) and (ii) the acute SD dataset (SD6, RS3, and S6 conditions). For the time-course
443  dataset, phosphopeptide abundances quantified in two independent TMT10-plex experiments
444  were used to calculate the slope of abundance changes across SD time points
445  (Supplementary Fig. Sle). The significance of the slope was assessed by linear regression,
446  yielding P values for each peptide. Phosphopeptides with [slope| > 0.02 and P < 0.05 were
447  considered to exhibit significant time-dependent phosphorylation changes.

448  These candidates were then cross-analyzed with the acute SD dataset, in which
449  phosphopeptide abundances were compared between SD6 and RS3 or between SD6 and S6
450  using statistical testing (Multiple t-test, P < 0.05). Phosphopeptides showing overlap between
451  the two datasets were classified into five groups (A-E) according to their directional changes:

452  slope*RS3/S6-, slope RS3/S6*, slope'RS3/S6*, slope RS3/S6-, and peptides without

453  significant changes in either dataset (Supplementary Fig. Sle).
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454  Examples of each group are shown in Fig. 1lc. For instance, Nay1.2 S573/576
455  phosphopeptides exhibited SD time-dependent increases in phosphorylation that were
456  reversed during RS3 and S6 (Group A). SPARCLI1 S411 also showed SD-dependent
457  increases, but phosphorylation continued to rise after RS3 and S6 (Group B). In contrast,
458  ERMN S98 phosphorylation decreased with increasing SD duration and further declined after
459  RS3 and S6, while FYCOL T372 also decreased during SD but increased after RS3 or S6. As
460 an example of Group E, SBF1 S706 displayed no significant changes in phosphorylation
461  levels cross conditions. A complete list of STDPs is provided in Supplementary Table 1e.
462  Genotyping.

463  Genomic DNA was prepared from toe biopsies (postnatal day 8—12) using a commercial
464  rapid mouse genotyping kit (APE*BIO, K1025), which contains lysis buffer, balance buffer,
465  proteinase K, and 2xTaq PCR Master Mix. Tissues were incubated in 60 pL lysis buffer with
466 0.6 uL proteinase K at 56 °C for 15 min and 95 °C for 30 min, cooled to 4 °C, and
467  neutralized with 60 pL balance buffer. PCR was performed in 10 pL reactions using 0.5 puL
468 lysate as template. For NI467D/+ genotyping, amplicons were digested with Mbol
469  (recognition site GATC) in 20 pL reactions (10 uLL PCR product, 3 pL buffer, 0.5 uL Mbol,
470 6.5 pL water) at 37 °C for 60 min. PCR or digest products were resolved by agarose gel
471  electrophoresis, and genotypes were assigned from the expected banding patterns.

472  Immunoprecipitation and immunoblotting.

473  Immunoprecipitation analysis was performed following the standard protocol with minor
474  modifications'®. Brain tissue was promptly excised from the mice, placed into
475  cryopreservation tubes, and then stored in liquid nitrogen before being transferred to -80°C
476  freezer. Both the glass homogenizers and the brain tissue lysis buffer were pre-cooled during
477  the immunoprecipitation process. The lysis buffer consisted of 1% Triton X-100, 150 mM

478  NaCl, 20 mM HEPES (pH 7.4), 2 mM MgCl:, | mM EDTA, 15 mM NaF, 20 uM Leupeptin
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479  hemisulfate, 10 uM Pepstatin A, 1 mM PMSF, 100 mM Sodium orthovanadate, 4 mM
480  Sodium tartrate dibasic dihydrate, and a protease-phosphatase inhibitor cocktail. The brain
481  tissue was placed in a glass homogenizer, 4 ml of lysis buffer was added, along with nuclease
482  (#88702, Thermo). Homogenization was performed at 4°C. After lysis, the samples were
483  incubated on ice for 30 minutes, after which the supernatant was collected and centrifuged at
484 13,000 g for 20 minutes at 4°C. The resulting supernatant was then subjected to BCA protein
485  concentration assay. For immunoprecipitation, 35 mg of protein was mixed with 30 ul of
486  Protein A/G PLUS-Agarose (sc-2003, Santa Cruz) and pre-incubated at 4°C for 30 minutes.
487  The mixture was then centrifuged at 2,500 rpm for 5 minutes at 4°C, and the supernatant was
488  collected. To the supernatant, 5 ul of anti-SCN2A (Nay1.2) (#ASC-002, Alomone Labs) was
489  added and incubated at 4°C for 1 h. Subsequently, 30 ul of Protein A/G PLUS-Agarose was
490  added and incubated overnight at 4°C to isolate the immune complexes. Protein samples were
491  separated and analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) followed by
492  Western blotting.

493  Immunoblotting was performed using the corresponding antibodies according to standard

494  procedures. Antibodies utilized in this study encompassed anti-SCN2A(Nay1.2) (1:1000,

495  #ASC-002, Alomone labs), anti-B-Tubulin (9F3) (1: 1000, #2128, Cell Signaling),
496  anti-GAPDH (14C10) (1: 1000, #2118, Cell Signaling), guinea pig anti-SCN2A(Nay1.2)

497  (1:1000,ASC-002-GP, ALomone labs), anti-phospho-AMPK Substrate Motif (LXRXX(S*/T*)
498  (1:1000, #5759, Cell Signaling), anti-phospho-PKA Substrate (RRXS*/T*) (1:1000, #9624,
499  Cell Signaling), PRKAR2B polyclonal antibody (1:1000, 28351-1-AP, Proteintech),
500 DYKDDDDK Tag (D6W5B) Rabbit mAb (Binds to same epitope as Sigma-Aldrich
501 Anti-FLAG M2 antibody) (1:1000, #14793, Cell Signaling), anti-Cre Recombinase
502  (D7L7L)(1:1000, #15036, Cell Signaling), PKA C-a antibody(1:1000, #4782, Cell Signaling),
503 anti-HA (C29F4) (1:1000, #3724, Cell Signaling) and anti-AKAP7 (1:1000, 12591-1-AP,
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504  Proteintech).

505 EEG recording and sleep phenotype analysis.

506 The EEG recordings and sleep phenotype analysis were carried out as previously
507  described”!*?3. All the mice that underwent EEG recording were male and at least 8 weeks
508  old. During electrode implantation, the animals were anesthetized with continuous isoflurane
509 and their heads were secured in a stereotaxic frame to maintain a horizontal position. The fur
510  overlying the skull was shaved, and the skull surface was disinfected with hydrogen peroxide.
511  Bregma (0, 0, 0) was marked as the origin with a marker pen. Four small holes were drilled in
512  the skull at the following coordinates: (—1.27, 0), (-1.27, 5.03), (1.27, 5.03), and (1.27, 0).
513  Stainless steel screw electrodes were placed at these sites and secured to the skull with dental
514  cement (3M, USA). The scalp was then sutured. Following the surgical procedure, the mice
515  were housed individually and allowed to recover for 7 days. After that, they were connected
516  to recording cables and given an additional 7 days for habituation. The EEG/EMG recording
517  started 14 days after the surgery and lasted for 4 consecutive days.

518  Sleep deprivation was performed starting at Zeitgeber Time 0 (ZT0). Mice were kept awake
519 by gentle handling, including lightly tapping the cage, touching the animals with a brush, or
520 introducing novel objects as needed. This procedure was maintained until ZT6 to effectively
521  prevent sleep without causing undue stress. The EEG/EMG data were first analyzed
522  semi-automatically and then manually corrected to ensure accuracy. The Fast Fourier
523  transform was applied to the EEG data within the frequency range of 1 to 30 Hz and in
524  20-second epochs. The waking state was defined as featuring low-amplitude, fast EEG
525  coupled with high-amplitude, variable EMG. NREMS was characterized by high-amplitude,
526  delta (1-4 Hz) frequency EEG accompanied by low muscle tone. REMS was characterized by
527  dominant theta ( 6-9 Hz) frequency EEG along with muscle atonia. Absolute and relative

528  power spectrum analyses were performed for each ZT period. The relative power spectrum
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529 (%) was calculated by expressing the EEG power in each frequency band as a percentage of
530 the total power across all frequency bands (1-30 Hz). The duration and power density of
531  NREMS, REMS, and the waking state were averaged on an hourly basis from ZT0 to ZT23.
532  All data analyses were performed with the experimenters blinded to genotype. Animals with
533  unreadable EEG signals were excluded from the study to ensure data quality.

534  Tamoxifen and gabapentin supplementation.

535  Tamoxifen (#S1238, Selleck) was dissolved in corn oil to prepare a solution with a
536  concentration of 20 mg/ml. When the mice reached 6 weeks, tamoxifen was intraperitoneally

NI467Dfl Cre/* mice and their littermate Scn2d”*

537  administered at a dose of 75 mg/kg to Scnla
538 mice for five consecutive days. Tamoxifen treatment did not affect body weight in either
539  genotype.

540  Gabapentin (#PHR1049, Sigma) was dissolved in 0.9% saline at final concentrations of 3
541 mg/mL and 12 mg/mL and administered intraperitoneally at ZT23.5, corresponding to doses
542  of 30 mg/kg and 120 mg/kg.

543  Brain slice preparation and electrophysiology.

544  The preparation of motor cortical slices for electrophysiological recordings followed

545  protocols established in previous studies®*>

. Whole-cell patch-clamp recordings were
546  conducted at 32-34°C using Model 2400 amplifiers (A-M Systems). The data were analyzed
547  using Igor Pro 6 (WaveMetrics). All brain slices were obtained from 8-week-old-mice. After
548  decapitation, brain tissue was quickly extracted and immersed in ice-cold (0—4°C) artificial
549  cerebrospinal fluid (ACSF) solution. The ACSF (pH 7.4) contained 119 mM NacCl, 2.5 mM
550 KCIl, I mM NaH>PO4, 26 mM NaHCOs3;, 1 mM MgCl, 25 mM glucose, and 2 mM CaCl,,
551  with an osmolarity of 300-305 mOsm and saturated with 95% O; and 5% CO;. During

552  recordings of slow inactivation in brain slices from WT mice intraperitoneally injected with

553  gabapentin (120 mg/kg), 300 uM gabapentin was also added to the ACSF. The brain tissue
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554  was then subsequently mounted on a custom-made slicing platform with a 10° bevel and
555  sliced into 400 pM coronal sections using a VT1200S vibratome (Leica Biosystems).
556  Following this, the slices were incubated in oxygenated ACSF at 37.0°C £+ 0.5°C for 20
557  minutes, and then incubated at room temperature until being transferred to the recording
558  chamber.

559 In this experiment, all recordings were from layer 5 pyramidal neurons in the motor cortex.
560  Electrodes were pulled from borosilicate glass using a P-97 puller (Sutter Instruments), with
561  resistances ranging from 4—7 MQ. The intracellular solution contained 10 mM HEPES, 2.5
562 mM MgCl, 20 mM CsCl, 115 mM CsMeSO3, 4 mM Nax-ATP, 0.4 mM Na-GTP, 10 mM
563  Na-Phosphocreatine, 0.6 mM EGTA and 0.1 mM Spermine (pH 7.25), with an osmolarity of
564 300 mOsm/kg. A motorized micromanipulator (Junior Multpatch, Lugis & Neumann) was
565 used to guide the electrodes to the target cells for data acquisition. Electrophysiological data
566  acquisition and stimulation commands were managed through synchronized LIH 8+8 data
567  acquisition interface boards (HEKA Instruments), with operation controlled by Igor Pro 6°°.
568  To study the voltage dependence of slow inactivation, a prepulse was applied for 5 s, stepping
569  from a holding potential of -100 mV to the indicated potentials ranging from -120 mV to 20
570  mV. Following this, the cells were repolarized to -100 mV for 20 ms to allow recovery from
571  fast inactivation. A second test pulse to 10 mV was then applied for 10 ms, and evoked
572  currents were recorded. To study the onset of slow inactivation, the above protocol was
573  modified so that the prepulse had a fixed voltage (10 mV) but with different durations
574  (ranging from 10 ms to 10*® ms, following an exponential increase pattern). To study the
575  recovery from slow inactivation, both the voltage and the duration of the prepulse were fixed
576 (10 mV, 5 s), but the time interval between the prepulse and the test pulse varied.

577  Plasmids construction and AAV packaging.

578  Mouse open reading frame (ORF) of sSLP (Sik3, A260-K527, NM_027498) was produced
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579  from Comate Bioscience. Human AKAP7a and pAAV-Camk2a-PRKAR2B-3xFLAG was
580 purchased from  Miaoling Biology  (P4655, P80292, respectively). The
581 pAAV-Camk2a-AKAP70-3XFLAG was generated by replacing PRKAR2B in
582 pAAV-Camk2a-PRKAR2B-3xFLAG with AKAP7a. The Cre recombinase and mDIx
583  promoter were from pAAV-U6-sgRNA-pCBh-Cre-WPRE-hGHpA (60229, Addgene) and
584  pAAV-mDIx-GFP-Fishell-1 (Addgene, 83900). The pAAV-Camk2a-Cre and pAAV-mDIx-Cre
585  were constructed using restriction enzyme digestion and ligation.

586 Based on previous methods?>*-® for AAV packaging and purification, with some
587  improvements made, pAAV-PHP.eB, pAAV-helper, and the pAAV vector containing the
588  target gene sequence were co-transfected into AAVpro 293T cells using polyethyleneimine
589  "Max" (PEI MAX) transfection reagent. Twelve hours after the transfection, the original
590  culture medium was replaced with serum-free DMEM. After incubating for 5 days, the
591  supernatant was collected and the cells were harvested with a cell scraper. The mixture was
592  then transferred to a 50 ml centrifuge tube and centrifuged at 13,000 rpm for 10 minutes at
593  room temperature. Subsequently, the supernatant was transferred to a new 50 mL centrifuge
594  tube. Meanwhile, the remaining cell pellet was resuspended in 1 ml of phosphate buffered
595 saline (PBS), subjected to 5 freeze-thaw cycles, and then centrifuged at 13,000 rpm for 20
596  minutes to obtain the supernatant. The supernatants from both centrifugations were filtered
597  through a 0.45 pum filter into a 50 mL centrifuge tube. Next, 6 ml of sterile 14% bovine serum
598  albumin (BSA) were added to reach a final concentration of 3%. Then, 7 ml of pre-chilled
599  PEG8000 solution (4X) were added, mixed thoroughly, and left at 4°C overnight (not
600  exceeding 24 hours). On the following day, the 50 ml centrifuge tube was centrifuged at
601 3,500 g for 1 hour at 4°C. After that, the supernatant was discarded, and the pellet was
602  centrifuged again at 3,500 g for 1 minute at 4°C. The pellet was then resuspended in 1.5 ml

603  PBS by gentle pipetting. The concentrated virus solution was frozen at -80°C for future use.
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604  The virus titers were determined using linearized genomic plasmids as standards. For the
605 injection of AAV virus into mice, the mice were first deeply anesthetized with isoflurane and
606  then injected with 100 ul of AAV virus solution (1.0x10'? vg/ml) through the retro-orbital
607  sinus.

608  Transcriptomic analysis.

609  For RNA-seq analysis, the mouse cerebral cortex and hippocampus were rapidly dissected at
610 the same time point ten days after Tamoxifen induction, immediately flash-frozen in liquid
611  nitrogen, and subsequently submitted to Novogene for sequencing. Total RNA was extracted
612  from samples using TRIpure Isolation Reagent (94015120, Roche, Mannheim, Germany).
613  For each sample, 1 pg of RNA was used for library preparation. Sequencing libraries were
614  generated using the NEBNext® Ultra™ RNA Library Prep Kit for [llumina® (NEB, USA)
615 according to the manufacturer’s instructions, and index codes were added to each sample.
616  Clustering of the index-coded libraries was performed on a cBot Cluster Generation System
617  using the TruSeq PE Cluster Kit v3-cBot-HS (Illumina) according to the manufacturer’s
618  protocol. After cluster generation, the libraries were sequenced on an Illumina HiSeq X Ten
619  platform to generate 150 bp paired-end reads. High-quality paired-end reads were aligned to
620  the mouse reference genome (GRCm38, Ensembl release 90) using Hisat2 (v2.0.4), and gene
621  expression levels were quantified with HTSeq (v0.9.1).

622  All raw sequencing data were subjected to quality assessment using FastQC, and the results
623  indicated high overall quality. Gene expression analysis was performed with edgeR. Lowly
624  expressed genes were filtered based on CPM, requiring each gene to have at least 20 counts
625  in at least 40% of the samples (Extended Data Fig. 7b). Normalization was conducted using
626  the trimmed mean of M-values (TMM) method to correct for biases caused by differences in
627  sequencing depth or sample composition. Dispersion estimates were obtained, and expression

628 levels for each gene were modeled using a generalized linear model. Differential expression
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629  between groups was assessed with likelihood ratio tests. Differentially expressed genes
630 (DEGs) were defined as those with FDR < 0.05 and [logoFC| > 1 (Supplementary Table 2b).
631  Tissue collection and sample preparation for mass spectrometry.

632  The preparation of mass spectrometry samples was conducted according to previously
633  described procedures with certain modifications'>. Wild type mice and N/467D mice were
634  subjected to two conditions: normal sleep for 6 h (S6) and sleep deprivation for 6 h (SD6).
635 The mice brains were rapidly extracted, placed into cryovials, and immediately frozen in
636  liquid nitrogen. Subsequently, they were transferred to a -80°C freezer for long-term storage.
637  The brain tissue was lysed using a buffer consisting of 50 mM HEPES (pH 8.5), 150 mM
638  NaCl, 2 mM MgCl, and 1% SDS. A pre-chilled glass homogenizer was used to grind the
639  brain tissue; initially, 5 mL of the brain tissue lysis buffer and nuclease (Thermo) were added,
640  followed by 2 mL of 10% SDS buffer. After homogenization, the samples were incubated for
641 30 minutes followed by centrifugation at 13,000 g for 20 minutes at room temperature. The
642  supernatant was transferred to a new 15 mL tube. Total protein concentration was determined
643  using the BCA™ Protein Assay (Pierce). Dithiothreitol was added to the protein lysate for
644  reduction, followed by alkylation with iodoacetamide. The samples were then processed
645  using the chloroform-methanol precipitation method and subsequently resuspended in 8 M
646  urea buffer. Following this, the samples were digested with recombinant Lys-C for 2 hours,
647  diluted with 100 mM NH4HCO; buffer (pH 7.8) to a final concentration of 2 M urea, and
648  further digested with trypsin (Promega) at room temperature for 12 hours. The digestion was
649  terminated with 1% trifluoroacetic acid (TFA). The resulting peptides were desalted using
650  C18 solid-phase extraction and then concentrated to near dryness by vacuum centrifugation.
651  The desalted peptides were resuspended in 1.2 mL of phosphopeptide binding buffer [2 M
652  lactic acid/50% acetonitrile (ACN)], and centrifuged at 13,000 g for 20 minutes. The

653  supernatant was transferred to a new tube. TiO; beads were first washed three times with the
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654  phosphopeptide binding buffer, then added to the supernatant and incubated at room
655  temperature for 1 hour. The mixture was then washed twice with 2 M lactic acid/50% ACN,
656  followed by two washes with 50% ACN/0.1% TFA. Elution was performed twice with 500
657  uL of elution buffer (50 mM KoHPO4, pH 10), followed by acidification with 20% TFA,
658  desalting, and concentration to dryness by vacuum centrifugation.

659  The enriched phosphopeptides were resuspended in 200 mM HEPES (pH 8.5) buffer. The
660  concentration of phosphopeptides was determined using the BCA assay. Approximately 50
661  pg of each sample was labeled with Tandem Mass Tags (TMT) at room temperature for 1
662  hour. Labeling was quenched with 5% hydroxylamine, and the TMT-labeled samples were
663  pooled into a single tube, acidified with 20% TFA, desalted, and concentrated to near dryness
664 by vacuum centrifugation. The samples were then subjected to HPLC fractionation using a
665 400 pL buffer A (1% ACN, 10 mM ammonium formate, pH 9.5) and an Agilent 300 Extend
666 C18 column (5 puM particles, 4.6 mM inner diameter, 150 mm length). After HPLC
667  fractionation, the samples were acidified with 20% TFA and concentrated to dryness by
668  vacuum centrifugation. The resulting samples were desalted using Stage Tips, concentrated to
669  dryness, and resuspended for LC/MS analysis.

670  Mass spectrometry data acquisition and processing.

671  For liquid chromatography tandem mass spectrometry (LC-MS/MS) analysis, TMT-labeled
672  peptides were separated using a 120-minute gradient elution at a flow rate of 0.300 mL/min
673  through an Ultimate 3000 system, which was connected directly to a Thermo Orbitrap
674  exploris 480 mass spectrometer. The analytical column was a fused silica capillary (75 pm ID,
675 150 mm long; Upchurch, Oak Harbor, WA) packed with C-18 resin (300 A, 5 pm; Varian,
676  Lexington, MA). Mobile phase A consisted of 0.1% formic acid, and mobile phase B
677  consisted of 100% acetonitrile and 0.1% formic acid. The Orbitrap exploris 480 mass

678  spectrometer was operated in data-dependent acquisition mode using Xcalibur 4.5 software.
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679  The Orbitrap performed a single full-scan mass spectrometry analysis (300-1800 m/z, 60,000
680  resolution), followed by a 2 s of data-dependent MS/MS scans in an ion-guided multipole
681  with a standard collision energy of 36%.

682  Mass spectra obtained from each LC-MS/MS analysis were compared with the mouse
683  database using the Sequest HT algorithm in Proteome Discoverer software (PD, version 2.5).
684  The search criteria were as follows: full tryptic trypsin specificity was required; one missed
685 cleavage was allowed; oxidation (M) was set to variable modification; carbamidomethylation
686  (C) and TMT-6 plex (K- and N-terminal) were set to fixed modification; and the precursor
687  ion mass tolerance was set to 20 ppm for all MS data and 0.02 Da for all MS/MS spectra.
688  Peptide False Discovery Rate (FDR) was calculated using Percolator provided with PD 2.5.
689  Peptide spectra were considered correctly matched when the q value was less than 1%.
690  Relative protein quantification was performed by PD software based on the intensity of TMT
691  reporter ions. Quantification was performed only for proteins with two or more unique
692  peptide matches. Peptides assigned to only a single proteome were considered unique. Protein
693  ratios were calculated based on the median number of all peptides belonging to the protein.
694  The precision of quantification is expressed by the variability of the protein ratios.

695  Mass spectrometry data analysis.

696  Protein isoforms were considered distinct proteins in proteomic analysis. Phosphopeptides
697  were utilized in phosphoproteomic analysis, which includes unique forms and composite
698  forms (containing two or more phosphorylation sites). Standardized abundance data obtained
699  from experiments are combined (summed) to generate unique protein or phosphopeptide IDs
700  along with the aggregated abundance values, which are then scaled to ensure that the average
701  abundance for each sample is one. Standardized data from different experiments were
702  integrated based on a unique sample ID for comparative purposes (e.g., SD6/S6 WT).

703  Subsequently, the “logo(fold change)” values were generated using the means of each
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704  experimental group; statistical significance was analyzed through multiple unpaired t-tests (P
705  values). A statistical significance threshold of P < 0.01 was applied in the proteomic analysis,
706  whereas for the phosphoproteomic analysis of N1467D mice, where overall changes were
707  relatively limited, the threshold was slightly relaxed to P < 0.02 to facilitate downstream
708  investigations. Detailed descriptions and datasets of all proteomic experiments are listed in
709  Supplementary Table 3, while datasets from all phosphoproteomic experiments are listed in
710  Supplementary Table 4.

711 The calculation method for the change in phosphorylation state (APs) value is as previously
712 described!®, which is equal to the sum of the "log>(fold change)" values of all phosphorylated
713 peptides that show statistically significant changes (P < 0.02). These phosphorylated peptides
714  come from all protein isoforms encoded by the same gene. If none of the P values for the
715  phosphorylated peptides are less than 0.02, then the APs value is zero. A complete description
716  of the APs analysis and the dataset are listed in Table S6.

717  Kinase motif enrichment analysis.

718  Kinase enrichment analysis was performed using the Python package kinase-library
719  (https://kinase-library.phosphosite.org). In brief, phosphopeptides were converted into
720  single-site patterns, with each site in multi-phosphorylated peptides assigned the same
721 log2FC and statistical values. Sequence windows of 15 amino acids (7 residues upstream and
722 downstream of the site) were generated, with “-” used as a placeholder when the sequence
723  was shorter. These sequence windows, along with their corresponding log2FC and P values,
724  were analyzed using kinase-library with parameters lfc thresh = 0.3 and Ifc_thresh = 0.02,
725 while all other parameters were kept at default. Enrichment analyses were performed
726  separately for Ser/Thr and Tyr kinases, and the results were subsequently combined for
727  downstream analysis. Complete kinase enrichment results are provided in Supplementary

728  Table Sb. Sleep-related kinases (S-RKs) were defined as those showing significant changes
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729  in Slp/WT and also in SD6/RS3 or SD6/S6 comparisons. Kinases that were consistently
730  enriched were designated as S-RKs-E, while those consistently depleted were designated as
731 S-RKs-D (Supplementary Fig. S7i and Supplementary Table 5c¢). Changes in S-RKs
732  across different comparisons were assessed, and the proportion of concordantly changed
733 S-RKs was used for Chi-square testing (Fig. 3i). S-RKs exhibiting significant changes across
734 multiple comparison groups were further analyzed by linear regression to test the correlation
735  of kinase changes, with slopes, R?, and P values reported.

736  S-RKs and kinase motif-enrichment correlation analysis help to elucidate the kinase change
737  patterns across different sleep models: comparisons with elevated sleep need, such as Slp/WT
738 and SD6/RS3, exhibited a higher proportion of concordant S-RK changes and showed a
739  significant positive correlation (P < 0.01); in contrast, in the HG/Veh-Slp model with reduced
740  sleep need, concordant S-RKs were markedly decreased compared to Slp/WT, along with a
741  significant negative correlation. This indicates that S-RKs play an important role in sleep
742  need changes induced by Slp, SD6, and HG. Conversely, in the N1467D model, although
743  SWA was reduced and the proportion of concordant S-RKs was significantly decreased, no
744  correlation with kinase changes in Slp/WT was observed. This provides important insights
745  into the molecular alterations in the brains of N1467D mice.

746 PKA substrate site prediction.

747  PKA substrate site prediction for Nay1.2 was performed using both the kinase-library package
748  and the Group-based Prediction System (GPS). For kl-library, Nay1.2 sites underwent the
749  same preprocessing as described above, with a percentile threshold set at 95. The full-length
750 mouse Nayl.2 protein sequence was also analyzed using GPS, with a cutoff of 22.9 as
751  recommended by the software. The predicted PKA scores for the detected phosphorylation
752  sites in the phosphoproteomic analysis are presented in Supplementary Table 6a.

753  Cannula implantation and injection.
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754  In the experiment involving intracerebroventricular injection via cannulation, all the mice
755  were male and were at least 8 weeks old. The mice were kept under continuous anesthesia
756  with isoflurane, and their heads were fixed in a stereotaxic frame to ensure accurate
757  positioning. With the Bregma point (0, 0, 0) set as the coordinate origin, burr holes were
758  drilled at specific cranial locations using a handheld drill. A cranial cannula was implanted at
759  coordinates (2, —0.5, —1.45) with a 30° insertion angle. Electrodes were implanted at cranial
760  coordinates (—1.27, 0, 0), (-1.27, 5.03, 0), (1.27, 5.03, 0), and (1.27, 0, 0).

761  Statistical methods.

762  All experiments were carried out with biological replicates, and each experiment was
763  independently conducted at least twice to ensure the reliability. Mice were randomly assigned
764  numbers and blindly grouped for EEG/EMG, as well as subsequent data processing. All data
765  are presented as mean =+ s.e.m. The number of animals or samples used in each experiment is
766  reported in the figure legends. The intensity of protein bands was quantified using Image J
767  (NIH) software. Statistical analysis was performed using GraphPad Prism and Microsoft
768  Excel. Two-way analysis of variance (ANOVA) was employed, followed by Sidak's test for
769  comparing multiple means, Fisher's LSD test for pairwise mean comparisons when ANOVA
770  shows significant differences between groups. Unpaired two-tailed t-tests were used for
771  comparisons between two independent groups, while paired two-tailed t-tests were applied
772 for within-subject comparisons. For multiple group comparisons, ordinary one-way ANOVA
773 with Fisher’s LSD post hoc test was used, and repeated-measures one-way ANOVA with
774  Fisher’s LSD was applied when appropriate. For experiments involving two independent
775  variables, two-way ANOVA was performed, followed by Sidak’s, Dunnett’s, or Fisher’s LSD
776 post hoc tests, as specified. Fisher’s LSD was applied only when the omnibus ANOVA
777  indicated a significant difference. The complete sample size, statistical analysis methods, and
778  results for each comparison are reported in the figure legends and Supplementary Table 7.

779
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981  Fig. 1. Impaired slow inactivation of Nay1.2 attenuates SWA of NREMS.

982  a, A summary of non-synaptic SNIPPs.

983 b, Temporal profile and classification of Na* channel family phosphopeptides.

984 ¢, Representative phosphopeptides for STDPs A-E.

985 d, Analysis of mean abundance of Nay1.2 STDPs-A in 4 altered sleep need models.

986 e, A schematic of the domain structure of Nay1.2.

987 f, Schematic of constructs for tamoxifen-inducible Scn2a"#’? homozygous mice
988  (TAM-N1467D).

989 g, h Representative immunoblots (g) and quantitative analysis (h) for the abundance of brain
990 Nayl.2. WT (n=5) vs. NI1467D/+ (n=5), WT (n=3) vs. TAM-KO/+ (n=3), and WT (n=7) vs.

991  TAM-N1467D (n=9).
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997
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1001

i-l, Measurements of slow inactivation in layer 5 neurons from WT and TAM-N1467D mice.
Representative current traces (i, 15 vs. 15), voltage dependence (j, 17 vs. 16), onset (k, 10 vs.
7), and recovery (1, 17 vs. 9) of slow inactivation. The insets in (j-1) display voltage protocols.
m-p, Analyses baseline (m, n) and rebound NREMS-SWA (o, p). WT (n=14) vs. NI467D/+
(n=14), WT (n=7) vs. TAM-KO/+ (n=7), and WT (n=12) vs. TAM-N1467D (n=12).

Data shown as mean + s.e.m. Two-way ANOVA with Sidak’s test (m, 0); two-way ANOVA
with Fisher's LSD test (j-1); Ordinary one-way ANOVA with Fisher's LSD test (n, p) and
two-tailed unpaired #-test (h). * P < 0.05; ¥ P <0.01; § P <0.001; NS, not significant, P >

0.05.
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1002

1003  Fig. 2. Nay1.2 functions in excitatory neurons and acts downstream of SLEEPY Kkinase.
1004  a, Schematic of adult-brain-chimeric knockout of Scn2a by retro-orbital injection of
1005  AAV-PHP.eB into Scn2a™*7P/ mice.

1006 b, ¢ Representative immunoblots (b) and quantitative analysis (c) for the abundance of brain
1007  Nayl.2. WT (n=3) vs. Camk2a-N1467D (n=3) and WT (n=3) vs. mDIx-N1467D (n=3).

1008  d-g, Analyses baseline (d, e) and rebound NREMS-SWA (f, g). WT (n=7) vs.
1009  Camk2a-N1467D (n=7), WT (n=5) vs. mDIx-N1467D (n=5).

1010  h, Schematic diagram of the protein structure of truncated SIK3 protein (sSLP).

1011 i, Immunoblotting of brain lysates from mice injected with AAV expressing HA-sSIp with
1012  AMPK phosphorylation substrate motif antibody.

1013 j-m, Measurements of slow inactivation in layer 5 neurons from GFP and sSLP mice.
1014  Representative current traces (j, 15 vs. 15), voltage dependence (k, 38 vs. 25), onset (I, 33 vs.

1015  26), and recovery (m, 33 vs. 18) of slow inactivation.
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1016  n, A schematic for sSLP expression in WT and TAM-N1467D mice.
1017  o-q, Circadian (o, p) and quantitative (q) analyses of baseline NREMS-SWA before (pre) and
1018  after (post) AAV-Camk2a-HA-sSlp injection in WT (0, n=5) and TAM-N1467D (p, n=5) mice.
1019  Data shown as mean + s.e.m. Two-way ANOVA with Sidak’s test (d, f, o-p); two-way
1020  ANOVA with Fisher's LSD test (k-m); Ordinary one-way ANOVA with Fisher's LSD test (e,
1021 g); two-tailed unpaired #-test (¢, q) and two-tailed unpaired #-test (q). * P <0.05; ¥ P<0.01%

1022 P <0.001; NS, not significant, P > 0.05.
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Fig.3. Nav1.2 gates sleep-associated signaling pathways in brain.
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a-c Volcano plots illustrating changes in RNA expression (a), peptide abundance (b), and

protein abundance (c¢) in the N1467D/WT (S6) comparison. Immediate early genes are

labeled (a).

d-f, Phosphoproteomic analysis of the NI/467D/WT (S6) comparison in phosphopeptide

changes (d), global APs of phosphoproteins (e), global kinase motif enrichment (f).

g, Percentage and frequency factor of S-RKs-E (n=36) and S-RKs-D (n=26) in the Slp/WT

and N1467D/WT (S6) comparison. The fraction of concordant S-RKs was marked at the top

of each column.

h, Correlation analysis of S-RKs significantly enriched or depleted in both comparisons.

Percentage and correlation analyses of S-RKs revealed positive concordance when comparing
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1036  the Slp/WT with SD6/RS3 comparisons, negative concordance in the HG/Veh (Slp)
1037  comparison, and no concordance in the N1467D/WT comparison. Thus, changes in S-RKs
1038 activity paralleled changes in NREMS-SWA in the validated "altered sleep need" models, but
1039 this parallelism was absent in the N1467D/WT comparison—indicating specifically weaker
1040  coupling between S-RKs and SWA in N1467D mice.

1041  i-p, Phosphoproteomic analysis of SD6/S6 (WT) and SD6/S6 (N1467D) comparisons in
1042  phosphopeptide changes (i, j), global APs of phosphoproteins (k, 1) global kinase motif
1043  enrichment (m, n), percentage and frequency factor of S-RKs (o), and correlation analysis of
1044  S-RKs (p).

1045  Up, up-regulated; Down, down-regulated. In, increase; De, decrease. En, enriched; Dep,
1046  depleted. Hyper, hyperphosphorylated; Hypo, hypophosphorylated.

1047  Dashed line represents -log10 (FDR) =1.3 on y-axis, and [log2FC|=1 on x-axis(a).

1048  Multiple unpaired t-test (P value) (b-d, i, j).

1049  Dashed line represents APs = £1.8 (e, k, I).

1050  Fisher’s exact test was used for percentage analysis (g, 0).

1051
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Fig. 4. The RIIB-PKA holoenzyme promotes Nay1.2 phosphorylation and sleep quality.

a, PKA substrate site prediction for Nay1.2 (n=41) by Group-based Prediction System (GPS)

and Kinase-Library (KL). Threshold (score = 22.8, percentile=95).

b, ¢ Representative immunoblots (b) and quantitative analysis (c) for the abundance of PKA

substrate motif (pPKAsub) in Nayl.2 immunoprecipitates under S6 (n=4) and SD6 (n=4)

conditions.

d-f, Co-IP analysis identifying Nay1.2-associated proteins (d). Schematic illustration showing

the interaction between PKA-Ca, RIIB, AKAP7a and the DI-II loop of Nay1.2, and STAD2

treatment effect (e). Co-IP analysis of Nay1.2 following i.c.v. STAD2 treatment (f).

g-j, Measurements of slow inactivation in layer 5 neurons from mice injected with vehicle

(Veh) and STAD2. Representative current traces (g, 15 vs. 15), voltage dependence (h, 16 vs.

30), onset (i, 13 vs. 26), and recovery (j, 16 vs. 23) of slow inactivation.
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1065  k-n, Analyses baseline (k, m) and rebound NREMS-SWA (I, n) injected with Veh and
1066  STAD2 (n=11).

1067  o-r, Representative immunoblots (o), circadian (p, q) and quantitative (r) analyses of baseline
1068  NREMS-SWA for mice injected with AAV-Camk2a virus. GFP (n=10) vs. RIIp (n=14); GFP
1069  (n=4) vs. AKAP7a (n=5).

1070  Data shown as mean + s.e.m. Two-way ANOVA with Fisher's LSD (h-j, p); two-way ANOVA
1071 with Sidak’s test (k-1, q); two-tailed unpaired #-test (¢, r) and two-tailed paired #-test (m, n). *
1072 P<0.05; 1 P<0.01; £ P<0.001; NS, not significant, P > 0.05.
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Fig. 5. Gabapentin improves sleep quality via Nay1.2 in mice.

a, Chemical structure of gabapentin and schematic of the experimental protocol.

b-e, Circadian analyses of baseline NREMS (b, d) and NREMS-SWA (¢, e) in mice i.p.

injected with Veh or GBP (n=10).

f-i, Measurements of slow inactivation in layer 5 neurons from mice injected with Veh and

HD-GBP (120 mg/kg).

Representative current traces (f, 15 vs. 15), voltage dependence (g, 38

vs. 29), onset (h, 33 vs. 21), and recovery (i, 33 vs. 17) of slow inactivation.

j-m, Circadian (j, 1) and quantitative (k, m) analyses of baseline NREMS and NREMS-SWA

in WT (n=6) and Camk2a-N1467D (n=6) mice injected with Veh and HD-GBP.

n, Molecular model

of the AKAP7a-RIIB-PKA-Nayl.2 complex forms a compact

homeostatic oscillator to regulate sleep quality.

Data shown as mean + s.e.m. Ordinary one-way ANOVA with Fisher's LSD (d); two-way

ANOVA with Dunnett's test (b-c¢); two-way ANOVA with Fisher's LSD(f-h); two-way

ANOVA with Sidak’s test (k) and Wilcoxon matched-pairs test and Mann-Whitney test (j, 1).
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1089  * P<0.05; 1+ P<0.01; £ P<0.001; NS, not significant, P> 0.05.
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Extended Data Fig. 1 | Analysis approach for the classification of sleep-time-dependent
phosphopeptides.

a, Summary of the functions of non-synaptic SNIPPs.

b-d, Phosphoproteomic analysis of time-course sleep deprivation (tc-SD, b) and sleep
deprivation (SD, d) models. Representative (Nayl.2 S573/S576, left) and global linear
regression analysis of tc-SD phosphoproteome (right) (¢).

e, Overlapping analysis of two SD models to identify sleep-time-dependent phosphopeptides
classes A-E.

f, Summary of phosphopeptides number of 12 Na* channel family members.
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1101 Data shown as correlation (r) and regression slope with two-tailed t-tests(d)
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1104  Extended Data Fig. 2 | Generation and characterization of Scn24™46’? mutant mice.
1105  a, Direct sequencing, genotyping designs, and RT-PCR of the N1467D/+ mutant mouse.
1106 b, Postnatal mortality of N/467D mice and genotyping results.
1107 ¢, Representative immunoblots for the abundance of brain Nay1.2 of WT and N1467D/+
1108  mice.
1109  d, Comparison of body weight between WT (n=9 male, 7 female) and N/467D/+ (n= 8 male,
1110 7 female) mice.
1111 e-k, Sleep analyses for WT (n=14) and N/467D/+ mice (n=14). Relative EEG power spectra
1112 (e), baseline NREMS-SWA (f), hourly (g) and total time (h) for NREMS, REMS and Wake.
1113 Rebound NREMS-SWA (i), hourly (j) and total time (k) for NREMS, REMS and Wake after
1114 6 h sleep deprivation.
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1115  Data shown as mean + s.e.m. Two-way ANOVA with Sidak’s test (e-g, i-j) and two-tailed

1116  unpaired t-test (d, h, k). * P <0.05; T P <0.01; £ P <0.001; NS, not significant, P > 0.05.
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Extended Data Fig. 3 | Sleep analysis of TAM-KO/+ mice.

a-d, Schematic of the gene editing design (a), genotyping (b), breeding strategy (¢) and
immunoblotting of Nay1.2 in brain lysates from WT and 7AM-KO/+ mice (d)

e-k, Sleep analyses for WT (n=7) and 7TAM-KO/+ mice (n=7). Relative EEG power spectra
(e), baseline NREMS-SWA (f), hourly (g) and total time (h) for NREMS, REMS and Wake.
Rebound NREMS-SWA (i), hourly (j) and total time (k) for NREMS, REMS and Wake after
6 h sleep deprivation.

Data shown as mean + s.e.m. Two-way ANOVA with Sidak’s test (e-g, i-j) and two-tailed

unpaired t-test (h, k). * P <0.05; ¥ P<0.01; £ P<0.001; NS, not significant, P > 0.05.
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1130  Extended Data Fig. 4 | Sleep analysis of TAM-N1467D mice.

1131  a, Representative 8-s EEG and EMG for NREMS, REMS and Wake.

1132 b, Comparison of body weight between WT (n=7 male, 7 female) and TAM-N1467D (n= 7
1133  male, 7 female) mice.

1134 ¢, Schematic of brain slice sampling. Slicing plane is tilted forward by 10°. MO, the motor
1135  cortex; SS, the somatosensory cortex.

1136 d, Comparison of resting membrane potential (RMP) of neurons from WT (n=14) and
1137  TAM-N1467D (n=16) mice.

1138  e-i, Sleep analyses for WT (n=12) and TAM-N1467D mice (n=12). Relative EEG power
1139  spectra (e), hourly (f) and total time (g) for NREMS, REMS and Wake. Hourly (h) and total
1140  time (i) for NREMS, REMS and Wake after 6 h sleep deprivation.

1141  Data shown as mean + s.e.m. Two-way ANOVA with Sidak’s test (e, f, h) and two-tailed
1142  unpaired t-test (b, d, g, i). * P <0.05; T P<0.01; £ P <0.001; NS, not significant, P > 0.05.
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Extended Data Fig. 5 | Sleep analysis of Camk2a-N1467D and mDIx-N1467D mice.

a-e, Sleep analyses for WT (n=7) and Camk2a-N1467D mice (n=7). Relative EEG power

spectra (a), hourly (b) and total time (¢) for NREMS, REMS and Wake. Hourly (d) and total

time (e) for NREMS, REMS and Wake after 6 h sleep deprivation.

f-i, Sleep analyses for WT (n=5) and mDIx-N1467D mice (n=5). Relative EEG power spectra

(f), baseline NREMS-SWA (g), hourly (h) and total time (i) for NREMS, REMS and Wake.

Hourly (j) and total time (k) for NREMS, REMS and Wake, and rebound NREMS-SWA (1)
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1152  after 6 h sleep deprivation.

1153  Data shown as mean + s.e.m. Two-way ANOVA with Sidak’s test (a-b, d, f-h, j, 1); RM
1154  one-way ANOVA with Fisher's LSD (m) and two-tailed unpaired t-test (c, e, i, k). * P <0.05;
1155  +P<0.01; £ P<0.001; NS, not significant, P > 0.05.
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Extended Data Fig. 6 | Sleep analysis of WT and TAM-N1467D mice expressed with

sSLP.

a-c, Sleep analyses for WT (n=5) mice expressed with sSSLP. EEG power spectra (a), hourly

(b) and total time (c¢) for NREMS, REMS and Wake.

d-f, Sleep analyses for TAM-N1467D (n=5) mice expressed with sSLP. EEG power spectra

(d), hourly (e) and total time (f) for NREMS, REMS and Wake.

Data shown as mean + s.e.m. Two-way ANOVA with Sidak’s test (a-b, e) and two-tailed

paired t-test (¢, f). * P <0.05; ¥ P<0.01; £ P<0.001; NS, not significant, P> 0.05.
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d WT N1467D
Up-regulated genes
Gene Protein and function
Adamts2  Adisintegrin and metalloproteinase with thrombospondin motifs 2, cleaves the propeptides of type | and Il collagen prior to fibril assembly
Aloxe3 Hydroperoxide isomerase ALOXE3, plays a crucial role in the synthesis of corneocytes lipid envelope
Apaf1 Apoptotic protease-activating factor 1, activates caspase-3 and apoptosis
Atg9b Autophagy-related protein 9B, phospholipid scramblase involved in autophagy
Cd180 CD180 antigen, mediates the innate immune response
Cdkl4 Cyclin-dependent kinase-like 4, unknown
Crym Ketimine reductase mu-crystallin, catalyzes the NAD(P)H-dependent reduction
Dio3 Thyroxine 5-deiodinase, thyroid hormones activation and inactivation by deiodination
Dilk1 Protein delta homolog 1, involved in neuroendocrine and adipocyte differentiation
Esr1 Estrogen receptor, involved in the regulation of eukaryotic gene expression
Gli1 Zinc finger protein GLI1, craniofacial and central nervous system development
Hrk Activator of apoptosis harakiri, promotes apoptosis
Krt77 Keratin, type Il cytoskeletal 1b, unknown
Lypd1 Ly6/PLAUR domain-containing protein 1, a modulater of nicotinic acetylcholine receptors (nAChRs) activity
Magel2 MAGE-like protein 2, regulates the circadian clock by repressing the transcriptional activator activity of the CLOCK-BMAL1 heterodimer.
Myot1h Unconventional myosin-lh, intracellular movements.
Nnat Neuronatin, segment identity in the hindbrain and pituitary development
Nos1 Nitric oxide synthase 1, produces nitric oxide (NO)
Nitsr1 Neurotensin receptor type 1, the activation of downstream MAP kinases
Rprm Protein reprimo, regulation of p53-dependent G2 arrest of the cell cycle
Scmi4 Sex comb on midleg-like protein 4, required to maintain the transcriptionally repressive state of homeotic genes throughout development
Smpdi3b  Acid sphingomyelinase-like phosphodiesterase 3b, strongly influences macrophage lipid composition and membrane fluidity
Trhr Thyrotropin-releasing hormone receptor, triggers activation of the phosphatldyhnnswtol (IP3)-calcium-protein kinase C (PKC) pathway
Vegfd Vascular endothelial growth factor D, growth factor active in is and endothelial cell growth
Wdr6 NA (34-2"-O)-methyltransferase regulator WDRS, methylates the 2'-0- rlbose of nucleotides at position 34 of the tRNA anticodon loop
e
Down-regulated genes
Gene Protein and function
Arc Activity-regulated cytoskeleton-associated protein, a key regulator of synaptic plasticity
Cort Cortistatin, unknown
Dio2 Type Il iodothyronine deiodinase, thyroid hormones metabolism
Dusp4 Dual specificity protein phosphatase 4, mitogenic signal transduction
Dusp6é Dual specificity protein phosphatase 6, dephosphorylation and inactivation of MAP kinases
Egr2 E3 SUMO-protein ligase EGR2, hindbrain segmentation
Egr3 Early growth response protein 3, transcription factor involved in muscle spindle development
Egrd Early growth response protein 4, transcriptional regulator for mitogenesis and differentiation
Fos Protein c-Fos, skeletion developemnt of cells
Gpr3 G-protein coupled receptor 3, amyloid-beta peptide generation in neurons
Inhba Inhibin beta A chain, embryonic development
Npas4 Neuronal PAS domain-containing protein 4, the excitatory-inhibitory balance within neural circuits
Nptx2 Neuronal pentraxin-2, modification of cellular properties that underlie long-term plasticity
Nr4at Nuclear receptor subfamily 4 group A member 1, inflammatory response in macrophages
Opn3 Opsin-3, activating G proteins via ultraviolet A (UVA) light-mediated activation
Pdp1 [Pyruvate dehydrogenase [acetyl-transferring]}-phosphatase 1, mitochondrial, unknown
Plekha2 Pleckstrin homology domain-containing family A member 2, unknown
Sdf2lt Stromal cell-derived factor 2-like protein 1, unknown
Serinc2 Serine incorporator 2, lipid transporter for phosphatidylserine, phosphatidylcheline, and phesphatidylethanolamine

Sic52a3 Solute carrier family 52, riboflavin transporter, member 3, mediating the uptake by cells of the water soluble vitamin B2
Tnirsf12a  Tumor necrosis factor receptor superfamily member 12A, weak inducer of apoptosis

Tnnc1 Troponin C, slow skeletal and cardiac muscles
Trib1 Tribbles homolog 1, adapter protein involved in protein degradation
Vgf Neurosecretory protein VGF, neurogenesis and neuroplasticity associated with learning, memaory, depression and chrenic pain

1169

1170  Extended Data Fig. 7 | Transcriptomic analysis of cerebral cortex from TAM-N1467D
1171  mice.

1172 a, Experimental design for multi-omics analyses of TAM-N1467D mice.

1173 b, Boxplots showing the distribution of log-transformed CPM values across samples before
1174  and after filtering.

1175 ¢, Expression changes of Scn2a, immediate early genes and Esr/.

1176  d, e Summary of up-regulated (d) and down-regulated genes (e) in TAM-N1467D mice.
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1177  Immediate early genes in bold (e).
1178

1179
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approach for kinase motif enrichment in sleep-related

a-j, Kinase motif enrichment analyses.

Global kinase motif enrichment analysis of Slp/WT(a), SD6/S6(b), SD6/RS3(¢) and HG/Veh

(Slp) (f) comparisons.

Overlapping analysis of Slp/WT(a), SD6/S6(b), SD6/RS3(¢) comparisons to identify

sleep-related enriched (S-RKs-E, left) and depleted (S-RKs-D, right) kinases (d).

Percentage and frequency factor of S-RKs-E (n=36) and S-RKs-D (n=26) for Slp/WT wvs.

SD6/RS3 (e), and Slp/WT vs. HG/Veh (Slp) (g) comparison. The fraction of concordant

S-RKs was marked at the top of each column.

Correlation analysis of S-RKs significantly enriched or depleted in both Slp/WT and

SD6/RS3 (h), Slp/WT and SD6/S6 (i), Slp/WT vs. HG/Veh (Slp) (j) comparisons.

En, enriched; Dep, depleted. Fisher’s exact test was used for percentages analysis (e, g).
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1195 Note: If two comparisons exhibit the same (or opposite) trend in NREMS-SWA,
1196  accompanied by a large fraction of concordant (or discordant) S-RKs and a positive (or
1197  negative) correlation in S-RKs frequency factor, this indicate that these concordant (or
1198  discordant) S-RSs are potential functional signaling pathways in both comparisons.

1199  When using a classic "increased sleep need" model SIp/WT (a) as the control comparison, the
1200  following observations support the role of S-RKs as potential functional signaling pathways
1201 in the respective comparisons: (1) For two other "increased sleep need" model—SD6/S6(b)
1202  and SD6/RS3(c)—S-RKs showed a largely concordant pattern (e) and a positive correlation
1203 (h, i); (2) For the "decreased sleep need" model HG/Veh (Slp) (f), S-RKs exhibited a largely
1204  discordant pattern (g), and a negative correlation (j).

1205

1206
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Extended Data Fig. 9 | Proteomic and phosphoproteomic analysis of cerebral cortex
from TAM-N1467D mice.

a, b Volcano plots illustrating changes in peptide abundance (a) and protein abundance (b) in
the N1467D/WT (SD6) comparison.

c-g, Phosphoproteomic analysis of the N/467D/WT (SD6) comparison in phosphopeptide
changes (c), global APs of phosphoproteins (d), global kinase motif enrichment (e),
percentage and frequency factor of S-RKs (f), and correlation analysis of S-RKs (g).

h-k, Volcano plots showing changes in peptide abundance (h, j) and protein abundance (i, k)
in SD6/S6 (WT) and SD6/S6 (N1467D) comparisons.

In, increase; De, decrease. Hyper, hyperphosphorylated; Hypo, hypophosphorylated. En,
enriched; Dep, depleted.

Multiple unpaired t-test (P value) (a-c, h-k).

Dashed line represents APs = +1.8 (d).
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1221 Fisher’s exact test was used for percentages analysis (f).
1222

1223
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Extended Data Fig. 10 | Sleep analysis of WT mice injected with STAD2.

a-e, Sleep analyses for WT mice (n=11) injected with Veh or STAD2. EEG power spectra (a),

hourly (b) and total time (c¢) for NREMS, REMS and Wake. Hourly (d) and total time (e) for

NREMS, REMS and Wake after 6 h sleep deprivation.

Data shown as mean + s.e.m. Two-way ANOVA with Sidak’s test (a-b, d) and two-tailed

paired t-test (c, e). * P <0.05; T P <0.01; £ P <0.001; NS, not significant, P > 0.05.
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Extended Data Fig. 11 | Sleep analysis of WT mice expressed with RIIp or AKAP7a.

a-c, Sleep analyses for WT mice expressed with RIIB. Relative EEG power spectra (a),

hourly (b) and total time (¢) for NREMS, REMS and Wake. GFP(n=10) vs. RIIB (n=14).

d-f, Sleep analyses for WT mice expressed with AKAP7a. Relative EEG power spectra (d),

hourly (e) and total time (f) for NREMS, REMS and Wake. GFP(n=4) vs. AKAP7a (n=5).

Data shown as mean + s.e.m. Two-way ANOVA with Sidak’s test (a-b, d-e) and two-tailed

unpaired t-test (¢, f). * P <0.05; T P<0.01; £ P <0.001; NS, not significant, P > 0.05.

65



Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.06.17.000274. This version posted June 20, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0
https://creativecommons.org/licenses/by-nc-nd/4.0

1243

1244

1245

1246

1247

1248

1249

1250

1251

1252

a
2401 601 Wake
E1804 £ 451
E £ N
£120 s 304,
5 E \LL
2 601 32 154
o 0 04— R
NREMS REMS Wake ZT0 2 4 6 8 10121416182022 ZT0 2 4 6 810121416182022
c d
87 NREMS ven 2.0 REMS e 47Wake Ve
= = — o —
é — LD v&'— — LD ‘&'— — LD ;E'—
= 69 — HD = 1.5 ) — hD = 3 — HD =
z { z ] z z
g LI HD > Veh 2 ol }’w HD > Veh z allNs 2
g $Hz1-2 g IHL\, tHz2 8 g
g | 5 : THz3 g .| &
s 2 £ 05 z 1 H
o o o a
i —————— 0 —_— — 2
Hz 5 10 15 20 25 30 Hz 5 10 15 20 25 30 Hz 5 10 15 20 25 30 Veh LD HD
e f
60 NREMS 10.09 REMS 60 Wak 2409 WT
K veh WT Veh  WT ke wr 0 pre
M — HD — HD 1 .
£ 45-\\ X £ 75 o £ 45 Al F g —, P
£ 1 1 £ 1 £ M’Q/ E
E AN E . E / 1 - e
S a0 P « 15y 50 AL = 30 I Y\ 2 120] T =
B \| 1 /\-\ 8 /— \,LL ’\}L v B . ’l\l)’\v"’ = . I
£ 154 SN, Sasf) . A J\ £ sV veh g oo .
a a N e u — HD
0 0 0
ZT0 2 4 6 8 10121416182022 ZT0 2 4 6 8 10121416182022 ZT0 2 4 6 810121416182022 NREMS REMS Wake
9 50- : :

10.04 REMS Comiaaniagrp 597 Wake -/\'\)\T /o 20) \g  Camk2aNH67D
< Veh = [ VARSY: z Pre NS
£ 759 — HD £ 5 w \V Em"' ° mm Post —
S 50 R L \/ g
§ VAV !

S /R { Ju Camk2e-N14670 T
a 25 _])/J \/\ 1 a 154 * Veh 2
P M — HD
o b \ﬂ" T Il 0
ZT0 2 4 6 8 10121416182022 ZT0 2 4 6 810121416182022 NREMS REMS Wake

i i
__ 607NREMS ven ~_207REMS ven 4 Weke ven _ GOTNREMSSWA T
k=) — HD E=) — HD & — HD =) t — HD
T 454 107 % 157 ains = 3 X 45
z '\ HD > Veh z T f - z
2 30 v *Hz1.2 g 10| A | 2 3 HD > Veh 230 . _ )
] \e ] B Y 3 - *Hz5 3 e A e B
B % 5 5 N THz4 ]
2 154 = Zos5 g 1 %, 2 1.5
o £ o o . o
T - wroooo Wrooo Wwrooo wWT

0 e 0 T 0 ——— : D s e

Hz & 10 15 20 25 30 Hz 5 10 15 20 25 30 Hz 5 10 15 20 25 30 ZTO0 2 4 6 8 10121416182022

k

207 NREMS v 207REMS ven 207 Wake Vven
k=] — HD & — HD & — HD
15 ains =197 159 all NS
z Z * Z
2107 1 2107 4l 2104
] 5 5
o Iy L] . o \ 1.
B YN\ ] \ 5 S
o5y N 2054 205
& " Camk2a-N1467D0 & Mo Camk2aN14670 & Camk2a-N14670

0 . v : — 0 . —_— . 0 x — — !

Hz 5 10 15 20 25 30 Hz 5 10 15 20 25 30 Hz 5 10 15 20 25 30

Extended Data Fig. 12 | Sleep analysis of WT mice injected with gabapentin.

a-d, Sleep analyses for WT mice (n=10) injected with Veh or Gabapentin. Total (a) and

hourly time (b), EEG power spectra (¢) for NREMS, REMS and Wake; quantitative analyses

of baseline NREMS-SWA (d).

e-h, Circadian (e, j) and quantitative (f, h) analyses of baseline NREMS in WT (n=6) and

Camk2a-N1467D (n=6) mice injected with Veh and HD-GBP.

i-k, EEG power spectra (i, k) and baseline NREMS-SWA (j) in WT (n=6) and

Camk2a-N1467D (n=6) mice injected with Veh and HD-GBP.

Data shown as mean + s.e.m. RM one-way ANOVA with Fisher's LSD (a, d); two-way
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1253  ANOVA with Dunnett's test (b-¢); two-way ANOVA with Fisher's LSD (e, g); two-way
1254  ANOVA with Sidak's test (i-k) and two-tailed paired t-test (f, h). * P<0.05; + P<0.01; f P<

1255  0.001; NS, not significant, P> 0.05.
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Supplementary Tables

Supplementary Table 1. List of data for STDPs analysis.

Supplementary Table 2. List of data for RNA-seq and differential expression analysis.
Supplementary Table 3. List of data for quantitative proteomics.

Supplementary Table 4. List of data for quantitative phosphoproteomics. Data list for deltaPs
analysis.

Supplementary Table 5. Datasheet for kinase motif-enrichment analysis.

Supplementary Table 6. Data list for prediction of PKA site in Nav1.2.

Supplementary Table 7. Statistical Analysis. Complete sample sizes, statistical test methods,

and precise result values are reported for all comparisons.
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