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Summary 24 

CLN1 disease, also called infantile neuronal ceroid lipofuscinosis, is a fatal neurodegenerative 25 

disease caused by mutations in the CLN1 gene encoding palmitoyl protein thioesterase 1 (PPT1). 26 

To identify depalmitoylation substrate of PPT1 is crucial to understand CLN1 disease.  In this study, 27 

we found that PPT1 depalmitoylates GABAAR α1 subunit at Cystein-260, while binding to Cystein-28 

165 and -179. Mutations of PPT1 or its GABAAR α1 subunit binding site result in enhanced 29 

inhibitory synaptic transmission, strengthened and oscillation but disrupted phase coupling in CA1 30 

region and impaired learning and memory in 1- to 2-months-old PPT1-deficient and Gabra1em1 31 

mice. Our study highlights the critical role of PPT1 in maintaining GABAAR palmitoylation 32 

homeostasis and reveals a previously unknown molecular pathway in PPT1 induced diseases. 33 

Key words 34 

CLN1 disease, palmitoyl protein thioesterase 1, PPT1-KI, GABAAR, in vivo field potential (FP) 35 

recordings, synaptic transmission, higher brain function  36 
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Introduction 37 

Palmitoylation is a posttranslational modification in which a long-chain 16-carbon fatty acid 38 

(palmitate) is attached to the thiol groups of cysteine residues in substrate proteins (Camp et al., 39 

1994). This modification influences the cellular distribution of substrate proteins and regulates 40 

protein function (Jin et al., 2021). The enzymes responsible for this process are palmitoyl 41 

acyltransferases, that contain a zinc-finger domain with a conserved DHHC (Asp-His-His-Cys) 42 

motif (zDHHCs) (Lemonidis et al., 2015; Mitchell et al., 2006). Depalmitoylation is a reverse 43 

process of palmitoylation and is catalysed by palmitoyl-protein thioesterases (PPTs), acyl-protein 44 

thioesterases, and the α/β hydrolase domain-containing proteins (Lin and Conibear, 2015b; Vesa et 45 

al., 1995).  46 

Neuronal ceroid lipofuscinoses (NCLs) are worldwidely distributed rare diseases. 47 

Epidemiological studies indicate an incidence of 1–3/100,000 and a prevalence of about 2–48 

4/1,000,000(Santorelli et al., 2013; Sleat et al., 2016; Williams, 2011). Different forms of NCL are 49 

typically classified according to the age of onset, with infantile NCL (INCL) exhibiting the earliest 50 

onset and the most rapid course(Santavuori et al., 1973). Previous studies indicate that 25 % of the 51 

patients worldwide and 40 % in the United States harbour nonsense mutations in the CLN1 encoding 52 

PPT1 gene (Bouchelion et al., 2014). Patients with CLN1 disease undergo progressive retinal 53 

degeneration, leading to blindness, learning and memory loss, and seizures(Hobert and Dawson, 54 

2006; Mukherjee et al., 2019).  55 

     Despite the severity of PPT1 mutations during early brain development, the mechanisms 56 

underlying the PPT1 deficiency-induced clinical profile of CLN1 disease remain poorly 57 

understood. A large-scale proteomic screen has shown that more than 100 synaptic proteins are 58 

PPT1 substrates(Gorenberg et al., 2022), which depicts the complexity of PPT1 function in the 59 

central nervous system. Other studies have indicated that PPT1 plays important roles in synapses, 60 

such as regulating axonal growth(Chu-LaGraff et al., 2010) and neurite extension(Lange et al., 61 

2018; Sapir et al., 2019). In the presynaptic area, PPT1 modifies the synaptic protein synaptobrevin 62 

2 (VAMP2), the synaptosomal-associated protein of 25kD (SNAP 25), and the cysteine string 63 

protein α (CSPα), thereby PPT1 deficiency causes vesicle recycling failure in both mice and 64 

humans(Sung-Jo Kim). In the postsynaptic area, GluN2B and Fyn kinases are hyperpalmitoylated 65 

in PPT1-/- neurons, which hinder the developmental N-methyl-D-aspartate receptor (NMDAR) 66 

subunit switch from GluN2B to GluN2A(Koster et al., 2019). Studies have shown that PSD-95 and 67 

GluN2A are not PPT1 substrates (Koster et al., 2019; Yokoi et al., 2016). To better understand the 68 

pathogenesis of CLN1 disease, we try to identify the synaptic depalmitoylation substrates of PPT1. 69 
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     Further, GABAAR plays a central role in synchronising network neuronal activity, which are 70 

tightly associated with higher brain functions such as learning and memory(Nakazono et al., 2018). 71 

PPT1-KI mice carrying nonsense mutations in the CLN1/PPT1 gene exhibited reduced expression 72 

of GABAAR along with impaired gamma oscillation and seizure onset (Zhang et al., 2022). These 73 

findings indicate the importance of GABAAR in CLN1 disease.  74 

In the present work, we undertook multilevel functional and biochemical approaches to 75 

investigate both inhibitory and excitatory synaptic transmission, and generated transgenic mice 76 

Gabra1em1 with a double mutation of GABAAR α1 binding sites to PPT1, aiming to elucidate the 77 

postsynaptic mechanisms of NCL. We demonstrated that the GABAAR α1 subunit is a substrate of 78 

PPT1. In 1- to 2-month-old PPT1-deficient (PPT1-KI) mice, we found inhibitory synaptic 79 

transmission was enhanced, GABAAR was hyperpalmitoylated, which resulted in membrane 80 

retention of GABAAR. Gabra1em1 mice show disrupted neural network oscillations similar to those 81 

observed in PPT1-deficient mice. These results indicated that GABAAR, as a PPT1 substrate, via 82 

alteration of its palmitoylation which affect function of neural circuits in the early stage and 83 

provides a novel synaptic mechanism for NCL pathogenesis. 84 

Results 85 

PPT1-KI enhances GABAAR α1 membrane expression and GABAergic neurotransmission 86 

To investigate the function of postsynaptic receptors in PPT1-deficiency induced diseases, we 87 

first assessed the role of GABAAR α1 subunit hyperpalmitoylation in regulating inhibitory 88 

neurotransmission. Consequently, we investigated GABAergic neurotransmission in 1- to 2-month-89 

old PPT1-KI mice to simulate the early stages of pathogenesis of CLN1 disease. Evoked inhibitory 90 

postsynaptic currents (eIPSCs) were recorded by holding pyramidal cells in the CA1 region at +40 91 

mV, as shown in Fig. 1A. Compared with wildtype (WT) neurons, PPT1-KI neurons showed an 92 

increased amplitude (Fig. 1B) and a decreased fast tau value without affecting the slow tau by 93 

double exponential fitting of the repolarization phase (Fig. 1C). Miniature inhibitory postsynaptic 94 

currents (mIPSCs) amplitude and frequency were both enhanced in PPT1-KI neurons, which is 95 

similar to Gabra1em1mice (Fig. 1D-F), as described below. Next, we incubated hippocampal slices 96 

of PPT1-KI mice with 1 μM BuHA, a thioesterase mimetic that selectively cleaves thioester linkage 97 

in palmitoylated proteins and compensates for the molecular defect caused by PPT1 mutations 98 

(Sarkar et al., 2013), both the amplitude and frequency of mIPSCs were recovered to the control 99 

level (Fig. 1D-F). These results demonstrated that hyperpalmitoylation of the GABAAR α1 subunit 100 

by PPT1 deficiency strengthened GABAergic neurotransmission. 101 
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Furthermore, we examined whether postsynaptic glutamatergic receptors could be affected by 102 

PPT1; AMPAR-and NMDAR-mediated currents (Fig. 2A-C), as well as the AMPA/NMDA current 103 

ratio (Fig. 2D) showed no difference between WT and PPT1 mice, miniature excitatory 104 

postsynaptic currents (mEPSCs) amplitude and frequency were also comparable in WT and PPT1-105 

KI mice with and without BuHA treatment (Fig. 2E-G). Western blot analysis of AMPAR, 106 

NMDAR 2a/2b, and their scaffold proteins (PSD95/93 and SAP102) showed no changes in 107 

membrane protein expression in WT and PPT1-KI mice with and without BuHA treatment (Fig. 108 

S1). These data suggest that PPT1-KI did not affect glutamatergic transmission. 109 

GABAAR α1 subunit membrane expression is developmentally regulated in PPT1-KI mice  110 

We tested the membrane expression of GABAAR α1, β2, and γ2 subunits at different 111 

developmental stages by performing membrane fraction analysis using western blot. In PPT1-KI 112 

mice, we observed a distinct age-dependent pattern for the α1 subunit: membrane expression was 113 

increased at 1 and 2 months but decreased at 7 months (Fig. 3A, B). While, qPCR results showed 114 

no differences in the total mRNA expression of all GABAAR subunits until 7 months (Fig. 3C). 115 

Furthermore, the membrane expression level of GABAAR α1 in PPT1-KI mice was higher than that 116 

of the WT, which could be mitigated by in vitro incubation with different concentrations of BuHA 117 

(Fig. 3D-E). The membrane expression of β2 and γ2 subunits remained unchanged compared to the 118 

WT group (Fig. S2). These results suggest that the increased membrane level of the α1 subunit in 119 

1- to 2-month-old PPT1-KI mice is initiated by post-translational modification rather than changes 120 

in gene expression. Further, the reduced membrane level of the α1 subunit in 7-month-old mice is 121 

likely due to neuron loss(Kielar et al., 2007). 122 

PPT1 depalmitoylates GABAAR α1 subunit at cysteine residues 123 

We performed an immunocytochemical assay to examine the subcellular distributions of 124 

the GABAAR α1 subunit and the PPT1 enzyme in hippocampal neurons. We found that the 125 

endogenous GABAAR α1 subunit colocalized with PPT1 in neuronal soma, neurites and spines with 126 

super-resolution stimulated emission depletion (STED) microscopy (neurites and spines: Pearson’s 127 

coefficient: 0.79± 0.0091, overlap coefficient: 0.83± 0.0060; soma: Pearson’s coefficient: 0.80± 128 

0.0077, overlap coefficient: 0.88± 0.0041, n=8 cells) (Fig. 3H, I). The close localisation of the 129 

GABAAR α1 subunit and PPT1 prompts the investigation of whether the GABAAR α1 subunit can 130 

be palmitoylated by PPT1. We employed the Acyl-Biotin Exchange (ABE) assay to analyse the 131 

palmitoylation level of membrane fractions; the GABAAR α1 subunit’s palmitoylation level is 132 

upregulated in PPT1-KI mice, which was suppressed by in vitro incubation with BuHA (Fig. 3F, 133 

G). In contrast, the palmitoylation status of its postsynaptic scaffold protein gephyrin was not 134 
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affected (Fig. S3), suggesting that an enzyme other than PPT1 regulates the depalmitoylation of 135 

gephyrin. 136 

Moreover, an in vitro co-immunoprecipitation (co-IP) assay revealed the biochemical 137 

interaction between PPT1 and the GABAAR α1 subunit (Fig. 4A), indicating that GABAAR is a 138 

substrate of PPT1. Bioinformatics analysis predicted four potential palmitoylated cysteine residues 139 

(C165, C179, C260, and C319) (Fig. 4B). The mutation of GABAAR α1 subunit 260-cysteine 140 

residue to alanine reduces its palmitoylation level, suggesting the palmitoylation site (Fig. 4C and 141 

D). To identify the binding site between PPT1 and GABAAR α1, we mutated different GABAAR 142 

α1 cysteine residues to alanine in the 293T cell line. Co-IP results showed that single mutation of 143 

the cysteine residues did not affect PPT1-GABAAR α1 binding; however, this binding was strongly 144 

reduced when we double-mutated 165 and 179 cysteines to alanine (C165A& C179A) (Fig. 4E and 145 

F). In contrast, no reduction was detected when cysteine residues (260 and 319) were mutated to 146 

alanine residues (C260A and C319A) (Fig. 4G and H). These results indicate that C165 and C179 147 

are the binding sites of GABAAR α1 to PPT1. 148 

We also investigated the potential of PPT1 as a substrate for excitatory synapses. The ABE 149 

results showed that the palmitoylation status of ionotropic glutamate receptors (iGluRs), such as 150 

AMPAR and NMDA 2a/2b, as well as their scaffold proteins PSD95/93 and SAP102, were 151 

comparable between PPT1-KI and WT mice (Fig. S4A–G). QPCR analysis showed no changes in 152 

mRNA expression at an early stage (Fig. S4H). Our data suggest that these excitatory synaptic 153 

proteins are unlikely to be PPT1 substrates. 154 

Disruption of PPT1 or GABAAR α1 subunit impairs neural network oscillations 155 

A previous study reported that CLN3-/- mice, as young as 2 months old, exhibited a widespread 156 

decrease in network coordination in most of the hippocampus and fast beta frequency power with 157 

decreased slow delta activity by 18 months of age (Ahrens-Nicklas et al., 2019). Using in vivo field 158 

potential (FP) recordings of the hippocampal CA1 region, we observed epileptiform discharges in 159 

6- to 7-month-old PPT1-KI mice (Fig. S5)(Musto et al., 2015). Further analysis of the neural 160 

circuitry of 1- to 2-month-old PPT1-KI mice showed that power spectral density (PSD) had an 161 

increased power of θ (3–8 Hz) and γ (30–80 Hz) bands compared to in WT mice, which could be 162 

suppressed by oral treatment with BuHA (Fig. 5A–C and E–G). Given the abnormal inhibitory 163 

neurotransmission, neural network activity, and altered expression of GABAAR in the PPT1-KI 164 

mice, we further explored the function of GABAAR as a PPT1 substrate. By genetically mutating 165 

165 and 179 cysteines of GABAAR α1 to serine, we generated Gabra1em1 mutant mice (Figs. S6 166 

and S7). Remarkably, Gabra1em1 mice also exhibited enhanced power in θ and γ bands (Fig. 5D, H, 167 

and I-K) and disrupted phase locking (Figs. 6D, H, I and S8D, H, I) similar to that observed in 168 
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PPT1-KI mice (Fig. 5B and F). BuHA treatment partially rescued the disrupted phase locking of 169 

the theta (Fig. 6) and gamma rhythms (Fig. S8) in PPT1-KI mice. This implies that an interruption 170 

of GABAAR α1 subunit palmitoylation status disturbed temporal alignment.  171 

Research has shown that spike-phase coupling can predict memory strength(Rutishauser et 172 

al., 2010), with a recent study demonstrating that spike–phase locking is the most sensitive index 173 

for the detection of early pathological AD(Arroyo-García et al., 2021). The polar histograms 174 

indicate that most phase-locked neurons fire during the descending phase of the theta oscillations 175 

(Fig. 6E–H). The length of the mean resultant vector (MRL) is calculated to evaluate the degree of 176 

phase locking. As shown in Figure 6I, the MRL was shorter in PPT1-KI and Gabra1em1 mice than 177 

in WT mice. Similarly, the gamma band polar histograms showed dramatic changes in the preferred 178 

phase and shorter MRL in PPT1-KI hippocampal CA1 neurons (Fig. S8). 179 

These results indicate that the interruption of the GABAAR palmitoylation status alters 180 

theta/gamma band oscillations and uncouples the temporal relationships between neuronal 181 

discharge and theta/gamma rhythms. Our data provide pivotal evidence that normal neural activity 182 

is maintained through the PPT1-GABAAR α1 subunit axis, and dysfunction of such an axis may 183 

lead to neural network disorders. 184 

Interruption of GABAAR palmitoylation homeostasis impairs learning and memory in mice 185 

Disruption of PPT1 or its binding site to the GABAAR α1 subunit causes massive synaptic and 186 

neural network disorders. It would be interesting to understand how learning and memory are 187 

affected in these mice. A recent study reported that PPT1-KO mice exhibit impaired long- and 188 

short-term potentiation at 3-6 months (Sapir et al., 2019).  We found that long-term potentiation 189 

(LTP) induced in the hippocampal SC-CA1 region was normal in 1- to 2-month-old mice, but 190 

impaired in 6- to 7-month-old PPT1-KI mice likely due to the hippocampal NMDAR 2a/b and 191 

PSD95 expression decrease (Fig. S9). Consistently, the activation and expression of voltage-gated 192 

calcium channels was not altered in 1- to 2-month-old PPT1-KI mice, which sustained normal LTP 193 

formation (Fig. S10).  194 

Despite normal LTP formation, PPT1-KI mice began to suffer from impaired spatial learning 195 

and memory as early as 2 months. As shown in Fig. 7A, PPT1-KI and Gabra1em1mice took more 196 

time to find the hidden platform and spent less time in the target entrance area in the water maze 197 

test on training days 2-5 compared to their WT littermates, and oral administration of BuHA (0.5 198 

mM) improved their learning ability (Fig. 7A and B). No obvious differences in motor activity were 199 

detected between all the groups because swimming speed to locate the submerged escape platform 200 

during the 5 days of testing were the same (Fig. 7C). On the test day (day 6), the entry time and 201 

distance spent in the target arena were strongly reduced in PPT1-KI mice, which could be recovered 202 

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

The copyright holder for this preprintthis version posted March 29, 2024. ; https://doi.org/10.1101/2024.03.26.585929doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.26.585929
http://creativecommons.org/licenses/by-nc-nd/4.0/


by BuHA treatment (Fig. 7D–F). In addition, our Y-maze assay showed that 1- to 2-month-old 203 

PPT1-KI mice had impaired short-term spatial working memory as they entered and spent less time 204 

in the novel arm zone (Fig. 7G–I). Gabra1em1 mice showed similar behavioral results compared to 205 

PPT1-KI mice (Fig. 7). 206 

     Our results indicate that PPT1-KI and Gabra1em1mice begin to exhibit impaired spatial learning 207 

and memory formation during early development, likely due to the interruption of GABAAR α1 208 

subunit palmitoylation and its resulting neural network disorders. 209 

Discussion  210 

Our study identified the GABAAR α1 subunit as a substrate of PPT1. The palmitoylation status 211 

of the GABAAR α1 subunit regulates inhibitory synaptic transmission, neuronal circuit oscillation, 212 

and learning and memory ability in young mice. Our study sheds light on the potential role of 213 

postsynaptic GABAARs in the early onset of CLN1 disease.  214 

GABAergic neurotransmission dysfunction and neuronal apoptosis 215 

As a fatal infantile neurodegenerative disorder, CLN1 disease causes severe nervous system 216 

deficits, such as complete retinal degeneration and blindness, cognitive and motor deficits, seizures, 217 

and flat electroencephalograms(Mole et al., 2005; Santavuori et al., 1973). In PPT1-deficient mice, 218 

the loss of GABAergic interneurons in the cortical region occurs before the onset of seizure 219 

activity(Kielar et al., 2007; Koster et al., 2019). Other studies have shown that GABAAR 220 

dysfunction is closely linked to neuroapoptosis (Hann; Qiu et al., 2015).  221 

Similarly, we observed considerable neuron loss in the hippocampus of 6- to 7-month-old 222 

PPT1-KI mice(Zhang et al., 2022), as well as reduced expression of NMDAR 2a/b and PSD95, 223 

which may be the underlying mechanism for impaired LTP in old mice (Fig. S9). Neuron loss was 224 

not apparent 1-2-month-old PPT1-KI mice; however, overactivation of GABAAR was detected. To 225 

our surprise, newly generated Gabra1em1 mice also exhibited severe developmental deficits with ~ 226 

80% embryonic lethality, median lifespan of 40.5 days for male, 41 days for female, and prominent 227 

weight loss irrespective of gender (Fig. S6B and C). Therefore, it is likely that the palmitoylation 228 

status change of GABAAR triggers chronic neuron loss in PPT1 deficiency and Gabra1em1mice, 229 

which further develops into severe symptoms, such as seizures. It would be of great interest to 230 

verify this proposal in the future. 231 

Palmitoylation status of GABAARα1 as a regulator of synaptic function 232 

More than 600 palmitoylated proteins have been identified, a high percentage of which are 233 

localized to synapses(Collins et al., 2017; Kang et al., 2008; Segal-Salto et al., 2017). 234 

Approximately 10% of palmitoylated synaptic proteins are the substrates of PPT1(Gorenberg et al., 235 

2022). PPT1 deficiency causes abnormal and persistent membrane accumulation of presynaptic 236 
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vesicle proteins such as VAMP 2 and syntaxin-1(Kim et al., 2008); however, none of them are 237 

critical in the genesis of CLN1 disease. Proteomic studies have also predicted that many proteins 238 

involved in inhibitory GABAergic transmission, such as GAD 1/2, GABA transporter 1, and 239 

dynamin 1, are putative substrates of PPT1(Gorenberg et al., 2022). Numerous studies have 240 

demonstrated that both GABAAR(Fang et al., 2006; Keller et al., 2004; Rathenberg et al., 2004) 241 

and gephyrin(Dejanovic et al., 2014; Shen et al., 2019) are palmitoylated proteins (Fig. S3). 242 

Palmitoylation regulates the clustering and cell surface stability of GABAAR(Rathenberg et al., 243 

2004). We discovered that PPT1 can depalmitoylate GABAAR α1 subunit at C260 (Fig. 4C, D). 244 

The lack of PPT1 caused abnormal membrane accumulation of GABAAR and enhancement of the 245 

amplitude and frequency of mIPSCs (Figs. 1 and 3D-E).  246 

In contrast to inhibitory synapses, in PPT1-KI mice, there was no change in excitatory synaptic 247 

transmission (Fig. 2). We detected no retention of iGluRs or their scaffold proteins in the 248 

membranes of the hippocampal neurons of PPT1-KI mice at an early stage (Fig. S1). The ABE 249 

results imply that excitatory glutamate receptors are not depalmitoylated by PPT1 and are unlikely 250 

to be key molecules in the early onset of PPT1-related disease. It is also noteworthy that the mRNA 251 

expression of ABDH17B, another depalmitoylase in the central nervous system(Kanadome et al., 252 

2019; Lin and Conibear, 2015a; Won et al., 2018; Yokoi et al., 2016), was lower in the hippocampus 253 

of PPT1-KI mice (Fig. S4H). Similarly, a previous study indicated that GluN2A and PSD-95 are 254 

not PPT1 substrates (Koster et al., 2019). Nevertheless, they demonstrated that PPT1 controls the 255 

developmental NMDAR subunit switch from GluN2B to GluN2A, probably by the 256 

depalmitoylation of Fyn kinase or GluN2B, and thus, the surface retention of GluN2B. However, 257 

it is not clear whether GluN2B is a PPT1 substrate, and why GluN2A and PSD-95 expression levels 258 

decrease from P33 to P60, whereas GluN2B remains the same (Koster et al., 2019). In addition, the 259 

rise time of NMDAR-mediated EPSCs did not show much difference in PPT1-/- mice compared to 260 

that of the EPSC trace (Koster et al., 2019). Thus, PPT1 can dramatically alter synaptic strength 261 

through GABAAR rather than through excitatory synaptic proteins.  262 

Palmitoylation homeostasis of GABAAR regulates neural circuitry oscillation and brain function 263 

GABAAR plays a critical role in generating theta and gamma oscillations, which are key to 264 

cognitive processes(Kahana et al., 1999) (Belchior et al., 2014) and are associated with cognitive 265 

related behaviours such as place coding(Buzsáki, 2005; Jensen and Lisman, 2000), memory 266 

formation(Jones and Wilson, 2005; Winson, 1978), exploratory locomotion(Buzsáki, 2002), 267 

attention, object recognition, and working memory(Buzsáki and Wang, 2012; Colgin and Moser, 268 

2010; Garner et al., 2005; Lu et al., 2013). Further, GABAAR play a pivotal role in the generation 269 

of both theta and gamma oscillations(Buzsáki and Wang, 2012; Colgin and Moser, 2010; Garner et 270 
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al., 2005; Lu and Henderson, 2010; Lu et al., 2013; Soltesz and Deschênes, 1993). Our in vivo FP 271 

recordings indicated enhanced theta and gamma oscillations, but loss of theta or gamma phase 272 

locking in the CA1 area of 1- to 2-month-old PPT1-deficit mice under free-moving conditions. 273 

However, the substrates and downstream signalling pathways that mediate abnormalities in brain 274 

oscillations remain unclear. Among the hundreds of neuronal targets of PPT1, we found that 275 

GABAAR is one of the substrates. Interestingly, when we generated Gabra1em1 mice by mutating 276 

the binding sites between PPT1 and GABAAR α1 at C165 and C179, in vivo FP data also showed 277 

enhanced theta and gamma oscillations in the CA1 area, as well as poor phase-locking in theta or 278 

gamma waves, which is similar to CLN1-/-(PPT1-KI) mice (Figs. 5, 6, and Fig. S8).  279 

This provides the missing evidence that the GABAAR α1 subunit is the targeting molecules in 280 

PPT1-induced neurological disorders. Moreover, PPT1 deficiency induces serious epilepsy in both 281 

humans suffering from NCLs(Kravljanac and Sims, 2021; Maeser et al., 2021; Schulz et al., 2013) 282 

and animals(Gupta et al., 2001). In PPT1-/- mice, seizures can be detected after 7 months using 283 

electroencephalogram recordings(Kielar et al., 2007). Consistently, we observed two types of 284 

epileptiform discharges at 6–7 months old but not in 1- to 2-month-old PPT1-KI mice (Fig. S5). It 285 

is possible that the potentiation of low-frequency oscillations with the chaos of neuronal discharges 286 

recorded in early stage gradually developed into epileptiform discharges at later stages.   287 

Neural circuitry oscillations are fundamental to higher brain functions. One study found that 288 

older CLN1−/− mice (5–6 months) exhibited impairments in spatial learning and memory (Dearborn 289 

et al., 2015). Similarly, our data showed that learning and memory were impaired, even in 1- to 2-290 

month-old PPT1-KI and Gabra1em1 mice (Fig. 7), which strongly correlates with the disrupted 291 

oscillation waves. Surprisingly, these memory deficits in PPT1-KI mice could be partially rescued 292 

by feeding the mice BuHA, indicating the crucial role of PPT1 in disease genesis. 293 

In summary, we found that the GABAAR α1 subunit is a depalmitoylation substrate of PPT1, 294 

and its palmitoylation homeostasis determines GABAergic neurotransmission, neuronal network 295 

oscillations, and high brain function in mice. Mutation of GABAAR and PPT1 binding sites 296 

mimicked the phenotype of PPT1-KI mice, highlighting the importance of GABAAR in the 297 

pathogenesis of NCL. These findings present GABAAR as a therapeutic target that can be leveraged 298 

not only for CLN1 disease but also for other GABAAR dysfunction-induced neurodegenerative 299 

disorders. 300 
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Materials and Methods 324 

Animals 325 

C57BL/6N-Gabra1em1Cin(p.C165S,p.C179S)/Cya (Gabra1em1) mutant mice 326 

The mouse Gabra1 gene (GenBank accession number: NM_010250.5; Ensembl: 327 

ENSMUSG00000010803) is located on chromosome 11. Ten exons were identified, with an ATG 328 

start codon in exon 2 and a TAG stop codon in exon 10. p.C165 and p.C179 are located in exon 6. 329 

Exon 6 was selected as the target site. We designed a gRNA targeting vector and donor oligo (with 330 

a targeting sequence flanked by 240 bp homologous sequences combined on both sides) (Table 1). 331 

 332 

Table 1. Nuclease expression vector for Gabra1 point mutation knock-in 

Vector name Sequence 

gRNA-A1 (matches forward 

strand of gene) 
CATTGGGCATTCAGCTCTCA-CGG 

gRNA-A2 (matches reverse 

strand of gene) 
CGAATTTTAGTGGGCAGGCA-TGG 

Donor oligo 

TGCACTTTACTTCCATCTCTTCTGTT

TGCTAAGGTTAATACCATCCTACTC

TAATTATCAATATCTAA 

TCTATAGAGCTTTTATTTGTATTCTG

TGTTCCCTTAATAAGGTTGACCGTG

AGAGCGGAAAGCCCA 

ATGCACTTGGAAGACTTCCCTATGG

ATGCCCATGCCAGCCCTCTAAAATT

CGGAAGCTGTAAGTAAATTTACTTC

AAACTATCATTATTTTTTTGTCTACT

AGTTTATTTATTTATTCACTTTACAT

CCAGATTGC 

TATTCCCCTCCCAGTCTCCCCTCCTC

TA 

CrRNA-A1 

5’-

CAUUGGGCAUUCAGCUCUCAGUUU

UAGAGCUAUGCUGUUUUG-3’ 

CrRNA-A2 

5’-

CGAAUUUUAGUGGGCAGGCAGUU

UUAGAGCUAUGCUGUUUUG-3’ 
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TracrRNA 

5’-

AAACAGCAUAGCAAGUUAAAAUA

AGGCUAGUCCGUUAUCAACUUGAA

AAAGUGGCACCGAGUCGGUGCU-3’ 

 333 

The gRNA to the mouse Gabra1 gene, the donor oligo containing p.C165S (TGC to AGC) 334 

and p.C179S (TGC to AGC) mutations, two synonymous mutations (p.A163= (GCT to GCG) and 335 

p.P180= (CCA to CCT)), and Cas9 were co-injected into fertilized mouse eggs, followed by 336 

implantation of the eggs into surrogate mothers to obtain offspring to generate targeted knock-in 337 

offspring. F0 founder animals were identified by PCR, followed by sequence analysis, and were 338 

bred with WT mice to test germline transmission and F1 animal generation. F2 homozygotes were 339 

generated by F1 autocopuation. The target region of the mouse Gabra1 locus was amplified by 340 

PCR using specific primers. The PCR products were sequenced to confirm the targeting. Primer 341 

sequence: Primer-F: 5’-GGATTAGTGGGTGCTCTCTGTTAT-3’; Primer-R: 5’-342 

GCCTGTGGATCTTCTACCCTAAC-3’. 343 

PPT1-KI (CLN1 c.451C>T (p.R151X)) mutant mice 344 

The strategy for point mutation of the CLN1 gene to generate PPT-KI mice has been described 345 

as before. As previous studies, PPT1-KI mice carrying c.451C>T/c.451C>T mutations are deficient 346 

in PPT1-protein as well as PPT1 enzyme activity. And the PPT1-KI mice did not show structural 347 

deterioration of the retinal layers until 6 months of age(Bouchelion et al., 2014). C57BL/6N mice 348 

were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd, Beijing, China 349 

(animal licence number:2016-0006) and used as the WT controls. All animals were housed and 350 

maintained in the specific pathogen-free animal facility of the Animal Experiment Center of the 351 

Institute of Psychiatry and Neuroscience of Xinxiang Medical University (XXMU) under a 12-h 352 

light/dark cycle. Animals had ad libitum access to food and water, except during food and water 353 

deprivation periods. A previous study demonstrated that BuHA can easily cross the blood-brain 354 

barrier in the mouse brain(Sarkar et al., 2013). PPT1-KI mice and their littermates were orally 355 

administered 1 mM BuHA for 1 month before mating to breast-feed pups with BuHA after 356 

parturition. Young pups had free access to food and water (containing 1 mM BuHA) throughout 357 

the experiments. All efforts were made to minimise animal suffering and reduce the number of 358 

animals used. Experiments were performed in accordance with the guidelines published in the NIH 359 

Guide for the Care and Use of Laboratory Animals (NIH publication no. 86-23, revised 1987). All 360 

reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA), unless otherwise stated. 361 

Electrophysiology  362 
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In vivo electrophysiological recording 363 

Stereotaxic surgery and electrode implantation 364 

Mice were anesthetised with an intraperitoneal injection of 1% pentobarbital sodium (0.45–365 

0.5 mL/100 g). Under anaesthesia, mice were secured in a stereotaxic frame with ear bars. The head 366 

was shaved with a razor, and a midline 5-mm incision was made using a sterile scalpel. The 367 

subcutaneous tissue was removed from the skull, and a craniotomy (~1.5 × 0.5 mm) was drilled 368 

(AP: 1.82 mm, ML:1.25 mm, DV:1.5 mm, right hemisphere) in the CA1 region. Two steel screws 369 

are anchored to the anterior and posterior edges of the surgical site to secure the implant. After the 370 

endocranium was removed, a 4 × 2 micro wire electrode (KD-MWA-8, 25 μm nitinol wire, Kedou 371 

(Suzhou) Brain-Computer Technology Co., Ltd.) with 3 μm polyethylene glycol coating was 372 

implanted into the pyramidal cell layer of CA1. The craniotomy site was sealed with a sterile 373 

silicone elastomer (Kwik-Sil WPI) to prevent brain injury. After surgery, the implanted electrodes 374 

and screws were cemented integrally to the skull using a denture base resin type II (Shanghai 375 

Medical Instruments Co., Ltd.). After surgery, the animals were housed individually on a reversed 376 

12/12 h day/night schedule.  377 

Signal acquisition 378 

Following one week of recovery, wideband signals were recorded using an OmniPlex Neural 379 

Recording Data Acquisition System (Plexon Inc., Dallas, TX, USA) with an 8 kHz global low-pass 380 

filter. A continuous spike was sampled at 4 kHz, followed by a 300 Hz low-cut filter. The FP was 381 

set to a 200 low-pass filter and down-sampled to 1 kHz. After recording, the hippocampus was 382 

post-fixed for Nissl staining to verify the proper placement of the electrodes in the target region. 383 

Spike sorting 384 

Spikes were sorted using Offline Sorter (Plexon Inc., Dallas, TX, USA) to classify the 385 

electrical activity of individual neurons, based on the first to third principal components(Adamos 386 

et al., 2008). Spike units were excluded when the absolute refractory period of single-unit 387 

autocorrelation was < 1 ms. Cross-channel artefacts identified by their time coincidence across 388 

channels were also invalidated. 389 

Spectral analysis 390 

The power spectrum density and spectrogram of continuous FP were computed using 391 

NeuroExplorer (Nex Technologies, Colorado Springs, CO, USA) with 1024 frequency values and 392 

25% window overlap. Before this process, the FP signal values were multiplied by the coefficients 393 

of the Hann window and discrete fast Fourier transformations of the results were calculated using 394 

formulas defined previously(Sfondouris et al., 2012). Theta/gamma waves were filtered by 395 
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bandpass filtering of the FP data using NeuroExplorer software with Digital Filtering of Continuous 396 

Variables function.  397 

Phase locking analysis  398 

To evaluate the wave phase locking, waves were further processed through Hilbert 399 

transformation using built-in or custom-built MATLAB scripts (R2016a, MathWorks, USA). Only 400 

neurons with ≥ 50 spikes during the period analysed were used for phase locking estimation. We 401 

tested the significance of spike-FP phase locking using circular statistics (CirStat toolbox in 402 

Matlab)(Berens, 2009; Fisher and N., 1993; Gregoire, 1996). Rayleigh's test was employed to assess 403 

the circular distribution of the mean phase angle and to test the nonuniformity of each neuron’s 404 

spike phase distribution to theta or gamma. Neurons were considered significantly phase-locked at 405 

P< 0.05. The mean phase angle was computed in the circular direction of the mean resultant vector. 406 

The Watson-Williams F-test was performed to compare the mean phase angles of neurons recorded 407 

from multiple groups. 408 

We evaluated the phase locking of neurons by calculating the mean resultant vector (MRL, 409 

range 0–1) length of the spike phase angle distribution. An MRL value of one indicates exact phase 410 

synchrony, whereas a value of zero indicates no phase synchrony. The non-parametric Kruskal–411 

Wallis test was performed to test the differences in the MRL values between multiple groups. P< 412 

0.05 was considered statistically significant. Moreover, the valley of the wave timestamp was 413 

identified as a reference event using Find Oscillation function to plot the peri-event raster. Data and 414 

MATLAB scripts supporting the findings of this study are available from the corresponding author 415 

upon request.  416 

In vitro electrophysical recording 417 

Slice preparation 418 

The mice were anaesthetised with urethane and perfused with ice-cold artificial cerebrospinal 419 

fluid (aCSF) through the left ventricle until the limbs turned white. The brain was then rapidly 420 

removed and immersed in ice-cold aCSF-containing 225 mM sucrose, 3 mM KCl, 6 mM MgCl2, 421 

1.25 mM NaH2PO4, 24 mM NaHCO3, 0.5 mM CaCl2, and 10 mM glucose. Transverse slices (350 422 

μM thickness) were prepared using a vibratome (Ci-7000SMZ2, Campden instrument, 423 

Loughborough, UK). Immediately after preparation, slices were transferred to a nylon net within a 424 

chamber, and two sides of the chamber were exposed to normal aCSF containing mM 126 NaCl, 3 425 

mM KCl, 1.25 mM NaH2PO4, 2 mM MgSO4, 24 mM NaHCO3, 2 mM CaCl2, and 10 mM glucose, 426 

bubbled with a mixture of 95 % O2 and 5 % CO2, and kept at pH 7.35-7.45 at room temperature 427 

(RT) for storage or 32 °C for recording. For the BuHA treatment group, slices were incubated with 428 
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1 μM BuHA for 1 h at 37 ℃ before patch clamp recording. The perfusion rate was maintained at 429 

1-2 mL/min (Guo et al., 2017).  430 

LTP induction 431 

We stimulated the Schaffer collateral (SC) projecting from CA3 to the pyramidal layer of CA1 432 

and extracellularly recorded the field excitatory postsynaptic potentials (fEPSPs). To determine the 433 

standard stimulation intensity for each slice, stimuli were administered at varying intensities, and 434 

the PSP amplitude was used to construct a stimulus-response curve. For SC-CA1 LTP recording, 435 

the fEPSPs were evoked in the stratum radiatum layer at CA1 using glass pipettes (3–4 MΩ) by 436 

stimulating the SC of CA3 with a concentric bipolar microelectrode (25 μm inner pole diameter, 437 

30203, FHC, Bowdoin, ME). Pulses of 0.1 ms duration were delivered every 30 s. The standard 438 

stimulus intensity was set 40% of the maximum fEPSP slope. An fEPSP amplitude of less than 1 439 

mV before tetanus indicated an unhealthy condition of slice and was excluded from the experiment. 440 

LTP was induced by a double high-frequency stimulation (100 Hz for 1 s). Recordings were 441 

performed at 32 °C. 442 

Patch clamp recording 443 

We measured mIPSCs in voltage-clamp mode at -70 mV in the presence of a metabotropic 444 

glutamate receptors blocker, [250 μM (S)-α-methyl-4-carboxyphenylglycine (MCPG)], GABAB 445 

receptor blocker (1 μM CGP55845), and 1 μM tetrodotoxin (TTX)(O'Neill and Sylantyev, 2018). 446 

The pipette solution contained 140 mM CsCl, 10 mM Na-HEPES, 10 mM EGTA, 2 mM Mg-ATP, 447 

and 5 mM QX-314 (pH 7.3). To block EPSCs, 25 μM D-(–)-2-amino-5-phosphonopentanoic acid 448 

(D-APV) and 5 μM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) were added in the bath solution 449 

just before use(Chakrabarti et al., 2016; Sabanov et al., 2017). For the evoked IPSCs recordings, 450 

the cells were clamped at +40 mV(Kapur et al., 1997). All patch-clamp recordings were performed 451 

at RT. 452 

To isolate AMPAR-mediated miniature excitatory postsynaptic currents (mEPSCs), 1 μM 453 

TTX, 10 μM D-APV, and 10 μM bicuculline were added to the bath solution. Pipette (3-4 MΩ) 454 

solution contained 125 mM Cs-gluconate, 20 mM KCl, 4 mM Mg-ATP, 10 mM Na2-455 

phosphocreatine, 0.3 mM Na2-GTP, 10 mM HEPES, 0.5 mM EGTA, and 5 mM QX314 (pH 7.3) 456 

adjusted with CsOH. For evoked EPSC recording, neurons were voltage-clamped at -70 mV to 457 

record AMPAR- mediated EPSCs or at +40 mV to record dual-component EPSCs containing 458 

NMDAR-mediated EPSCs. AMPAR/NMDAR ratios were also calculated by dividing the peak of 459 

the AMPAR-mediated EPSC at -70 mV by the value of the NMDAR-mediated EPSC after a 460 

stimulation start time of 50 ms at +40 mV.  461 
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For the isolation of voltage-dependent inward calcium currents, 1 μM TTX and 20 mM TEA-462 

Cl were added to the bath solution to block Na+ and K+ channels. The recipe of the pipette solution 463 

was similar to that of the postsynaptic pipette solution, except that K+ was replaced with Cs+. Cells 464 

were clamped at -80 mV and then depolarised to +60 mV for 20 ms in 10 mV steps.  465 

Currents were amplified using a Multiclamp 700 B amplifier (Molecular Devices, Sunnyvale, 466 

CA, USA), low-pass filtered at 1 kHz, and digitised using a Digidata 1550B interface (Molecular 467 

Devices) at 5 kHz. Synaptic currents were detected and analysed using pClamp 10 software 468 

(Molecular Devices). Offline analysis of mEPSCs/IPSCs was performed using Clampfit 10.4.2.0 469 

(Molecular Devices) software. Only recordings where series resistance remained below 16 MΩ and 470 

did not increase by more than 20 % during the experiment were included in the analysis (Sabanov 471 

et al., 2017). 472 

Cell culture and Immunostaining  473 

Primary cultures of hippocampal neurons were prepared as previously described (Thomas et 474 

al., 2012). Briefly, timed-pregnant mice at E17.5–18.5 were anaesthetised on ice and decapitated. 475 

The foetal hippocampi were quickly dissected out in an ice-cold Hank’s balanced salt solution 476 

without calcium or magnesium, containing 1 mM HEPES (GIBCO; ThermoFisher Scientific, 477 

Waltham, MA) and penicillin (100 units/mL) or streptomycin (100 μg/mL) (GIBCO). The 478 

hippocampi were triturated with a sterile tweezer and digested in Hanks’ balanced salt solution 479 

containing 0.25% trypsin and 0.1 mg/mL DNase Ⅰ at 37 ℃ for 15 min. The digested hippocampus 480 

was minced in DMEM with 5% FBS culture medium and filtered through a 70 μm cell strainer. 481 

The filtrate was centrifuged at 500 rpm for 10 min and resuspended in neurobasal feeding medium 482 

containing 2% B27 supplement and 2 mM glutamine solution. The cells were plated onto poly-D-483 

lysine (100 μg/mL, Sigma) and laminin (4 mg/mL, Sigma)-coated glass coverslips and incubated 484 

at 37 ℃ with 5% CO2.   485 

Cells were washed three times with PBS and fixed with 4% paraformaldehyde or methanol at 486 

DIV15. Then cells were permeabilized with 0.1% Triton X-100 in PBS. After blocking with 3% 487 

BSA, the cells were incubated with primary antibodies overnight at 4 ℃ followed by Alexa Fluor-488 

conjugated secondary antibodies (Abcam) for 1 h at RT. The primary antibodies used were anti-489 

PPT1 (DF7733; Affinity) and anti-GABAA1 (ab94585; Abcam). The secondary antibodies were 490 

goat anti-rabbit IgG H&L (Alexa Fluor®594) and goat anti-mouse IgG H&L (Alexa Fluor® 647). 491 

After DAPI counterstaining, cells were mounted using Fluoromount-G™ Slide Mounting Medium 492 

(EMS, 17984-25), and fluorescence was visualised by confocal microscopy (Leica TCS SP8 STED, 493 

Germany) at a dark place. 494 
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HEK293T cell lines were obtained from ATCC (Manassas, VA). The cells were cultured in 495 

high-glucose Dulbecco’s Modified Eagle Media (DMEM) (Servicebio, cat: G4515-500 mL) with 496 

10 % (v/v) fetal bovine serum (FBS) (Invigentech, Cat: A6903 FBS-500) and 1 % (v/v) penicillin- 497 

streptomycin solution (Hyclone, SV30010) at 37 °C with 5 % CO2. 498 

STED image  499 

The cells were imaged using 594 and 647 nm excitation lasers coupled with STED 775 nm 500 

depletion lasers. XY/Zstack scan mode with the logical size of 1024×1024 (15 nm×15 nm pixels per 501 

voxel size) and scan speed at 600 Hz was set to capture the entire cell images under 100 x oil 502 

objective, numerical aperture: 1.4 with 151.6 μm pinhole. All images were deconvolved using 503 

Huygens software (Scientific Volume Imaging, Hilversum, Holland) and analysed using the LAS 504 

X software (Leica). Colocalisation was analysed using Image J 6.0 software (National Institutes of 505 

Health, Bethesda, MD, USA) with the colocalization analysis plugin (Bolte and Cordelières, 2006). 506 

ABE assay  507 

We performed the ABE as previously described (Hayashi et al., 2009; Wan et al., 2007). 508 

Briefly, the lysates were incubated with 10 mM N-ethylmaleimide (NEM, E3876; Sigma) overnight 509 

at 4 °C. NEM was then removed using three sequential chloroform/methanol (CM) precipitation 510 

steps. After three CM precipitations, proteins were solubilised in solubilising buffer containing 1 511 

M hydroxylamine hydrochloride (159417, Sigma), 1 mM HPDP-biotin (A8008; APExBIO, 512 

Houston, TX), 0.2% TritonX-100 (T8787, Sigma), and protease inhibitors (4693132001; Roche, 513 

Basel, Switzerland) in phosphate-buffered saline (pH 7.4). After incubation for 1 h at RT, proteins 514 

were precipitated by CM and then suspended with 200 μM HPDP-biotin and 0.2% Triton X-100 515 

for 1.5–2 h at RT. After 3 CM precipitations, the proteins were incubated with streptavidin-agarose 516 

(16-126; Millipore sigma, Burlington, MA) for one night at 4 °C. The beads were washed five times 517 

with wash buffer containing 150 mM NaCl, 50 mM Tris-HCl, 5 mM EDTA (pH 7.4), and 0.2% 518 

Triton X-100. After washing, the proteins were eluted with wash buffer containing 1.5% β-519 

mercaptoethanol (Sigma-Aldrich, M3148) at 37 °C for 0.5 h with agitation (350 rpm) and then 520 

heated in a 100 °C water bath for 10 min. After centrifugation, the released proteins in the 521 

supernatant were denatured in sodium dodecyl sulphate sample buffer and processed for western 522 

blotting with primary antibody ABE assays. All other biochemical experiments were performed at 523 

least three times. In each case, a representative experiment is presented.  524 

The potential palmitoylation sites (C165, C179, C260, C319) of the GABAAR α1 subunit were 525 

forecast using the CSS-Palm Online Service webset. All mutants (GABAARα1 C165A, C179A, 526 

C165A&179A, C260A&C319A) with Myc tags were purchased from Fenghui Biology (Hu’nan, 527 

China). The ABE assay was performed as described previously. 528 
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Other experimental procedures are provided in the Supplemental Information: 529 

S1 Behavioural studies 530 

Morris water maze (MWM) 531 

Y maze 532 

S2 Biochemical analysis 533 

Cell membrane/cytoplasmic protein extraction 534 

Co-immunoprecipitation (Co-IP)  535 

Western blot 536 

Quantitative polymerase chain reaction (qPCR) 537 

Cell culture 538 

Statistics 539 

All data were acquired and analysed by researchers who were blinded to the genotype of the 540 

mice and acute slices. All data were analysed using SPSS Statistics 20 (IBM, Armonk, NY, USA). 541 

We confirmed the homogeneity of variances using Levene’s test and the equality of means using 542 

the Brown–Forsythe test. Data were statistically analysed by Student’s t-test for two-group 543 

comparisons and one-way analysis of variance (ANOVA) for multi-group comparisons. Data that 544 

did not follow a normal distribution were estimated by the non-parametric Mann–Whitney U-test 545 

for two-group comparisons and the Kruskal–Wallis test for multi-group comparisons. Cumulative 546 

probability distribution analysis was performed using the Kolmogorov-Smirnov test. Differences 547 

in the mean phase angles of multiple groups of neurons were evaluated using Watson-Williams F-548 

test. Western blot results were analysed using the t-test for two-group comparisons and one-way 549 

ANOVA for multi-group comparisons. 550 

 551 

  552 
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Figure legends 778 

 779 

Figure 1. Mobilization of GABAAR α1 subunit to the cellular membrane enhances 780 

GABAergic transmission in PPT1-deficient mice. (A) Sample traces showing evoked IPSCs 781 

recorded at +40 mV from CA1 pyramidal cells in 1- to 2-month-old WT (black trace) and PPT1-782 

KI mice (red trace). (B, C) Amplitude (B), fast tau, and slow tau (C) of IPSCs from A. WT: n=8 783 

neurons from six slices; PPT1-KI: n=8 neurons from five slices. T-test, **P < 0.01. (D-F) Sample 784 

traces (D) showing mIPSCs amplitude (E) and frequency (F) are enhanced in PPT1-KI mice, 785 

Gabra1em1 mice, compared to WT mice, and partially recovered by pre-incubation with 1 μM 786 

BuHA. WT: n=12 neurons from 9 slices; PPT1-KI: n=11 neurons from 7 slices; Gabra1em1: n=11 787 

neurons from 10 slices, PPT1-KI with BuHA: n=11 neurons from 6 slices. Histogram: One-way 788 

ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001; cumulative curve: Kolmogorov–Smirnov test, **P 789 

< 0.01, ***P < 0.001. Data are represented as mean ± SEM. 790 
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 791 

Figure 2. Excitatory synaptic transmission is not altered in PPT1-deficient mice. (A) Sample 792 

traces of evoked EPSCs recorded from WT (black trace) and PPT1-KI mice (red trace) hippocampal 793 

pyramidal neurons at +40 mV (upper traces) and -70 mV (bottom traces). (B-D) Amplitudes of 794 

AMPAR (B), NMDAR (C), and AMPAR/NMDA ratio (D) from the evoked EPSCs of hippocampal 795 

pyramidal neurons. WT: n=11 neurons from 10 slices; PPT1-KI: n=8 neurons from 6 slices; t-test: 796 

no significant difference. (E-G) Representative traces and analyses of mEPSCs recorded from CA1 797 

pyramidal neurons of WT (black trace) and PPT1-KI (red trace) mice. WT: n=12 neurons from 10 798 

slices; PPT1-KI: n=9 neurons from 9 slices; PPT1-KI with 5 μM BuHA: n=8 neurons from 7 slices. 799 

A one-way ANOVA showed no significant differences. Data are represented as mean ± SEM. 800 
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 801 

Figure 3. GABAAR α1 subunit is a substrate of PPT1 enzyme. (A, B) Representative 802 

immunoblot (A) and quantification (B) of GABAAR α1 subunits levels on the cellular membrane 803 

in WT and PPT1-KI mice at indicated ages. N=3 for each group, two-way ANOVA, *P < 0.05. (C) 804 

Quantitative PCR showing developmental changes in the mRNA expression of GABAAR α1 805 

subunit at the indicated ages. N=3, two-way ANOVA, *P < 0.05. (D, E) Representative 806 

immunoblotting (D) and quantification (E) of GABAAR α1 subunit levels on the cellular membrane 807 

in WT, PPT1-KI, and PPT1-KI mice treated with BuHA. N=3 for each group, one-way ANOVA; 808 

*P < 0.05, **P < 0.01. (F, G) Increased levels of the palmitoylated GABAAR α1 subunit in cultured 809 

PPT1-KI neurons, which were recovered by incubation with BuHA. (H, I) Representative images 810 

(H) and colocalization analysis (I) of GABAAR α1 subunit and PPT1 enzyme in cultured 811 
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hippocampal neurons from WT mice. Fluorescence intensity was measured using the red line across 812 

the cell body. N=8 cells. +HA, with hydroxylamine; N= 3 for each group, one-way ANOVA, *P < 813 

0.05; **P < 0.01. Data are represented as mean ± SEM. 814 

  815 

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

The copyright holder for this preprintthis version posted March 29, 2024. ; https://doi.org/10.1101/2024.03.26.585929doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.26.585929
http://creativecommons.org/licenses/by-nc-nd/4.0/


 816 

 817 

Figure 4. Identification of the binding sites between GABAAR α1 subunit and PPT1. (A) 818 

Interaction between PPT1 and GABAAR α1 subunit verified by in vitro CO-IP using mouse 819 

hippocampal tissue. IB: immunoblotting. (B) Bioinformatic prediction of palmitoylation site (Cys). 820 

(C, D) Identification of palmitoylation sites within GABAAR α1 subunit. Mutation of Cys-260 821 

residues to alanine reduce palmitoylation level of GABAAR α1 in 293T cell line. N= 3, one-way 822 
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ANOVA, *P< 0.05. (E-H) Representative blots and quantification of immunoprecipitation show 823 

that mutations of Cys-165 and Cys-179 (E, F), but not Cys-260 or Cys-319 (G, H), to alanine block 824 

GABAAR α1 subunit binding to PPT1 in 293T cell line.  N= 3, one-way ANOVA, **P< 0.01. 825 

  826 
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 827 

 828 

Figure 5. PPT1 deficiency enhances theta and gamma oscillation in CA1 region of young 829 

mice. (A-D) FP signals recorded in the CA1 region of WT (A), PPT1-KI (B), PPT1-KI treated with 830 

BuHA (C), and Gabra1em1 mice (1 to 2 months old) (D). Lower traces show filtered theta (3–8 Hz) 831 

and gamma oscillation (30–80 Hz) from the FP signals. (E-H) Spectrograms of the FP signals 832 

recorded from WT (E), PPT1-KI (F), BuHA-treated PPT1-KI (G), and Gabra1em1 (H) mice. (I) 833 

PSD of FP recorded from WT (black), PPT1-KI (red), BuHA-treated PPT1-KI (blue), and 834 

Gabra1em1 (green) mice. Analysis of the theta (J) and gamma (K) PSD. WT: n= 8 mice; PPT1-KI: 835 

n= 8 mice; PPT1-KI treated with BuHA: n= 8 mice; Gabra1em1: n= 6 mice; one-way ANOVA, 836 

***P< 0.001. Data are represented as mean ± SEM. 837 
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 838 

Figure 6. PPT1 deficiency disrupts theta phase coupling. (A-D) Sample traces show theta phase 839 

locking in the CA1 region. Peri-event raster (upper panel) and histogram (lower panel) displaying 840 

phase coupling of spike units and theta waves recorded from WT (A), PPT1-KI (B), BuHA-treated 841 

PPT1-KI (C), and Gabra1em1 (D) mice. Tips display the timestamps of the spike units. Dotted lines 842 

indicate valleys of theta waves. Bin width is 2 ms. (E-H) Circular distribution of mean-spike theta 843 

phase angles (15° bin width) (upper panel) recorded from the CA1 area of WT (E), PPT1-KI (F), 844 

BuHA-treated PPT1-KI (G), and Gabra1em1 (H) mice. The red bars represent the direction and 845 

magnitude (length) of the MRL of the population. Distribution of mean-spike theta phase angles 846 

(45° bin width) (lower panel). The red curve displays a schematic of the theta cycle, and the white 847 
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circle represents the mean phase angle. WT: -130.09°± 7.85°; PPT1-KI: -127.05°± 10.74°; PPT1-848 

KI with BuHA: -99.99°± 17.76°; Gabra1em1: -90.72°± 11.13°; Watson–Williams test, WT vs. 849 

PPT1-KI, *P= 0.038; PPT1-KI vs. PPT1-KI with BuHA, P= 0.80; WT vs. Gabra1em1, P= 0.45. (I) 850 

Comparison of mean MRL values between multiple groups. WT: n= 31 neurons from 6 mice; PPT1-851 

KI: n= 35 neurons from 5 mice; BuHA-treated PPT1-KI: n= 29 neurons from 5 mice; Gabra1em1: 852 

n= 40 neurons from 6 mice. Kruskal–Wallis test, ***P< 0.001. 853 

  854 
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 855 

 856 

Figure 7. PPT1 deficiency in mice causes spatial learning and memory deficits. Average 857 

latency to reach the hidden platform (A), number of times entering the platform area (B), averaged 858 

swimming speed (C) in five days. WT (n = 14), PPT1-KI (n = 9), PPT1-KI mice treated with BuHA 859 

(n = 10), and Gabra1em1 mice (n=12), two-way ANOVA, WT vs. PPT1-KI: *P< 0.05, **P< 0.01, 860 

***P< 0.001; PPT1-KI vs. PPT1-KI mice treated with BuHA: #P< 0.05, ##P< 0.01; WT vs. 861 

Gabra1em1: 
†
P< 0.05, 

†††
P< 0.001. (D) Representative paths of WT, PPT1-KI, PPT1-KI mice treated 862 

with BuHA, and Gabra1em1 mice were recorded on the spatial probe test day. Times entering the 863 

platform area (E) and total distance (F) in the test trial (Day 6). WT mice: n=14; PPT1-KI mice: n= 864 
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9; PPT1-KI mice treated with BuHA: n= 10; Gabra1em1 mice: n=12, one-way ANOVA, *P< 0.05, 865 

**P< 0.01, ***P< 0.001. (G) Path taken in the Y-maze test by WT, PPT1-KI, PPT1-KI mice treated 866 

with BuHA and Gabra1em1 mice. Times of novel arm entries in test trial (H) and time spent in the 867 

novel arm zone (I). WT (n = 11), PPT1-KI (n = 11), PPT1-KI mice treated with BuHA (n = 11), 868 

and Gabra1em1 mice (n=7); one-way ANOVA, *P< 0.05, ***P< 0.001. Data are represented as 869 

mean ± SEM. 870 

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

The copyright holder for this preprintthis version posted March 29, 2024. ; https://doi.org/10.1101/2024.03.26.585929doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.26.585929
http://creativecommons.org/licenses/by-nc-nd/4.0/

	GABAAR-PPT1 palmitoylation homeostasis controls synaptic transmission and circuitry oscillation in CLN1 disease
	References

