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Highlights 10 

• Different subtypes of hippocampal interneurons express unique sets of 11 

(de)glutamylases and show varying levels of protein glutamylation. 12 

• Parvalbumin interneurons become hyperglutamylated when Ccp1 activity is lost. 13 

• The loss of Ccp1 disrupts axonal transport in interneurons and is associated with 14 

decreased perisomatic inhibition of hippocampal pyramidal cells in the CA2 region. 15 

 16 

Abstract 17 

Post-translational modifications (PTMs) of microtubules (MTs) endow them with specific 18 

properties that are essential for key cellular functions, such as axonal transport. 19 

Polyglutamylation, a PTM that accumulates in long-lived MTs, has been linked to 20 

neurodegeneration in the cerebellum when in excess. While hyperglutamylation of MTs leads 21 

to neurodegeneration and disrupts the function of specific neuronal subtypes like Purkinje 22 

cells, cortical neurons, and hippocampal excitatory neurons, little is known about its impact 23 

on inhibitory interneurons and their functional integration into local networks. In this study, 24 

we generated a conditional knockout mouse model to deplete cytosolic carboxypeptidase 1 25 

(Ccp1) in GABAergic neurons, a key MT deglutamylase expressed by hippocampal 26 

interneurons. Our findings reveal that the loss of Ccp1 has a profound effect on hippocampal 27 

parvalbumin (PV)-expressing interneurons, impairing their axonal transport and reducing 28 

their perisomatic inhibition of pyramidal cells (PCs) in the CA2 region of the hippocampus. 29 
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Introduction 35 

Microtubules (MTs) are polarized cytoskeletal elements essential for the establishment of 36 

neuronal morphology, and function as "tracks" for the intracellular transport of cargoes. This 37 

process is crucial, for example, for synapse formation and function1,2. In neurons, MTs are 38 

heterogeneous, with distinct molecular characteristics and tailored to undertake specific 39 

cellular roles3. This diversity arises from the dynamic incorporation of different tubulin 40 

isotypes, the accumulation of various post-translational modifications (PTMs), and their 41 

association with different pools of microtubule-associated proteins (MAPs)3. The 42 

combination of tubulin isotypes and PTMs forms the foundation of the "tubulin code"4. As 43 

neurons differentiate and mature, they form long-lived MTs that accumulate various PTMs, 44 

including polyglutamylation, which involves the addition of glutamate residues to the γ-45 

carboxyl group of gene-encoded glutamate on tubulins5.  The extension of these glutamic 46 

acid side chains is catalyzed by members of the tubulin tyrosine ligase-like (Ttll) family of 47 

enzymes6. MT glutamylation is reversible, with the breakdown of glutamate side chains and 48 

branching points controlled by enzymes from the cytosolic carboxypeptidase (Ccp) family6. 49 

In neurons, glutamylation levels are tightly regulated, and MT hyperglutamylation has been 50 

linked to neurodegeneration in the pcd mouse model. This mouse line is characterized by a 51 

loss-of-function (LOF) mutation in the Agtpbp1 gene, which encodes Ccp1. In this model, the 52 

progressive degeneration of Purkinje neurons is prevented by knocking down Ttll1, which 53 

restores physiological MT glutamylation levels7,8.  Neurodegeneration in the pcd mouse brain 54 

is neuron-type specific, indicating that intrinsic cell properties contribute to this phenotype. 55 

In fact, cortical neurons are spared in this model, unlike Purkinje neurons, likely because 56 

Ccp1 LOF function is compensated by the high expression and activity of Ccp6. 57 

Consistently, simultaneous depletion of Ccp1 and Ccp6 results in axonal transport defects 58 

and neurodegeneration in the cerebral cortex after five months6,8. The molecular mechanism 59 

linking MT hyperglutamylation to neurodegeneration in the pcd mouse remains unclear. 60 

However, increased polyglutamylation has been associated with reduced axonal transport of 61 

various cargoes in hippocampal pyramidal cells (PCs), significantly affecting mitochondrial 62 

motility, fusion, and fission, which could further compromise cell survival8-10. Mouse models 63 

lacking both Ccp1 and either Ttll1 or Ttll7 (the most abundant glutamylases) exhibit distinct 64 

brain phenotypes, further indicating that different MT glutamylation patterns generated by 65 

specific enzymes have unique effects on axonal transport and neuronal survival9. Ttll7 LOF 66 

does not prevent Purkinje neuron degeneration neither restore mitochondrial transport in the 67 

pcd mouse, suggesting that Ttll1 activity is responsible for the pathological phenotypes9.  68 
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Distinct brain regions express specific subsets of enzymes that regulate MT PTMs, leading to 69 

cell type-specific patterns of MT polyglutamylation, which may underpin specific cellular 70 

functions6. To test this hypothesis, we examined the role of the core enzymes controlling 71 

(de)glutamylation—Ccp1, Ccp6, and Ttll1—in hippocampal interneurons. Our previous work 72 

demonstrated that cortical interneurons express a wide range of Ttlls and Ccps starting in 73 

early development. Conditional Ccp1 LOF in migrating interneurons results in MT 74 

hyperglutamylation, accompanied by mild MT hyperstabilization in newly formed neurite 75 

branches11. However, the functional consequences of MT hyperglutamylation in mature 76 

interneurons and whether Ccp1 loss leads to their progressive death have not been explored.  77 

In this study, we used a conditional knockout mouse model to investigate the long-term 78 

impact of Ccp1 depletion in hippocampal interneurons. Our results reveal that Ccp1 loss 79 

leads to protein hyperglutamylation in hippocampal interneurons during adulthood and that 80 

interneuron subtypes exhibit distinct basal expression levels of (de)glutamylation enzymes. 81 

Parvalbumin (PV) interneurons express higher levels of Ttll1, Ccp1, and Ccp6 compared to 82 

somatostatin (SST) interneurons. PV+ interneurons lacking Ccp1 activity, but not SST+ 83 

interneurons, are hyperglutamylated and show axonal transport defects. Additionally, we 84 

observed a reduction of inhibitory PV+ interneuron synapses on the soma of pyramidal cells 85 

(PCs) in the hippocampal CA2 region, correlated with a reduction in miniature inhibitory 86 

postsynaptic currents (mIPSCs), indicating alterations in the PV+ interneuron-dependent 87 

hippocampal networks. 88 

Our findings demonstrate that cellular alterations caused by Ccp1 LOF are neural subtype-89 

specific. This study also supports the idea that protein hyperglutamylation may lead to a 90 

spectrum of phenotypes, with neurodegeneration being the most severe. The ultimate 91 

outcome could depend on how different cell types regulate key enzymes involved in 92 

neurodegeneration. The specific axonal transport and network defects we observed in PV+ 93 

hippocampal interneurons broaden the range of cell types and phenotypes affected by 94 

hyperglutamylation and highlight the importance of studying the tubulin code at a single-cell 95 

level. 96 

 97 

Results 98 

 99 

Differential expression of (de)glutamylation enzymes in hippocampal interneuron subtypes 100 

The level of MT glutamylation in neurons depends on the combined action of 101 

(de)glutamylases9. However, the expression of these enzymes at the level of individual cells 102 
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has been overlooked, especially in different types of hippocampal interneurons. To 103 

investigate the cellular distribution of single mRNA molecules, we used basescope on brain 104 

slices from three-month-old mice to detect and quantify the mRNAs of the main 105 

(de)glutamylases: Ccp1, Ccp6, and Ttll1. Our focus was on both PV+ and SST+ interneuron 106 

subtypes, which together make up most of the hippocampal interneurons (Figures 1A-1I)12. 107 

PV+ interneurons are primarily found in or near the PC layer (stratum pyramidale) of the 108 

CA1, CA2, and CA3 regions, targeting PC somas to provide perisomatic inhibition13. In 109 

contrast, SST+ interneurons are functionally diverse and spread across different layers of the 110 

hippocampus14. We detected mRNA molecules coding for Ccp1 (Figure 1B), Ccp6 (Figure 111 

1E), and Ttll1 (Figure 1H) in both PV and SST interneurons in three-month-old mice. 112 

However, there were more mRNA puncta for Ccp1, Ccp6, and Ttll1 in PV+ interneurons 113 

compared to SST+ interneurons (Figures 1C, 1E, 1H). Overall, our findings indicate that both 114 

PV+ and SST+ interneurons in the hippocampus express the same key (de)glutamylation 115 

enzymes, but PV+ interneurons show higher basal expression levels. This suggests that the 116 

function of PV+ interneurons may require a tighter control of their MT (de)glutamylation 117 

levels, and a loss of Ccp1 would have a greater impact on the glutamylation balance in PV+ 118 

interneurons compared to SST+ interneurons. 119 

 120 

Loss of Ccp1 results in (de)glutamylase gene expression changes in PV+ interneurons  121 

We subsequently examined whether the conditional deletion of Ccp1 in hippocampal 122 

interneurons induces compensatory alterations in the expression of Ccp6 and Ttll1. To 123 

address this, we utilized the conditional mouse model Dlx5,6 Cre-GFP; Ccp1f/f (hereafter 124 

referred to as Ccp1 cKO), in which Ccp1 is selectively inactivated in GABAergic forebrain 125 

neurons during development11,15. Given that the Dlx5,6 enhancer is inactive in adulthood, we 126 

crossed Ccp1 cKO mice with ROSA-Lox-STOP-Lox-YFP mice to permanently label 127 

GABAergic neurons. The total number of hippocampal interneurons in three-month-old mice 128 

was consistent across genotypes (Figures S1A-S1B). These findings suggest that the loss of 129 

Ccp1 activity does not result in interneuron degeneration, contrary to previous reports on 130 

Purkinje neurons in the cerebellum7. Ccp6 is strongly expressed in neurons, and its 131 

modulation has been shown to compensate for Ccp1 LOF in certain neuronal populations8,9.  132 

Additionally, Ttll1 expression is downregulated in certain cell types to prevent MT 133 

hyperglutamylation and cell death. We therefore examined how PV+ and SST+ interneurons 134 

regulate Ccp6 and Ttll1 expression following the conditional loss of Ccp1 in Ccp1 cKO mice. 135 

Quantification of Ccp6 and Ttll1 mRNA loci in hippocampal Ccp1 cKO PV+ and SST+ 136 
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interneurons revealed a reduction in the expression of both Ccp6 and Ttll1 in PV+ 137 

interneurons, but not in SST+ interneurons (Figures 1F, 1I). While a reduction in Ttll1 138 

expression may partially mitigate polyglutamylation, the reduction in Ccp6 expression 139 

suggests that PV interneurons fail to compensate for Ccp1 loss through Ccp6 upregulation. 140 

These findings indicate that PV+ and SST+ interneurons possess distinct intrinsic capacities to 141 

regulate protein glutamylation in response to Ccp1 loss, and imply a failure of PV 142 

interneurons to upregulate deglutamylases as compensation for the loss of Ccp1. 143 

 144 

PV+ interneurons accumulate hyperglutamylated proteins upon loss of Ccp1  145 

Immunolabeling of brain slices from three-month-old WT and Ccp1 cKO mice was 146 

conducted to detect hippocampal PV+ and SST+ interneurons, along with polyglutamylated 147 

proteins (C-terminally located linear glutamate chains consisting of at least four glutamic 148 

acid residues; polyE16) (Figures 2A-2B). We observed that protein glutamylation was 149 

specifically abundant in PV but not SST hippocampal interneurons in Ccp1 cKO brains 150 

(Figure 2C). We then investigated whether PV interneurons located in the three main 151 

hippocampal regions (CA1, CA2, and CA3) exhibited hyperglutamylation following Ccp1 152 

loss of activity. To delineate these anatomical hippocampal regions, we performed 153 

immunolabeling for RGS14, a regulator of G-protein signalling that is enriched in CA2 154 

dendritic spines (Figure S2A, blue staining)17. We observed that PV interneurons exhibited 155 

uniform levels of glutamylation across hippocampal regions (Figure S2B). These findings 156 

suggest that the loss of Ccp1 expression induces protein hyperglutamylation in PV+ 157 

interneurons distributed throughout the hippocampus, but not in SST interneurons. 158 

The primary protein targets for (de)glutamylation are alpha and beta tubulins, and MT 159 

hyperglutamylation has previously been linked to defects in axonal transport across various 160 

cargo types8. Since SST interneurons did not exhibit hyperglutamylation following Ccp1 loss, 161 

we tested whether PV interneurons displayed axonal transport defects. Given that protein 162 

hyperglutamylation levels were consistent across all PV interneurons (Figure S2B), we 163 

cultured hippocampal cells from E17.5 mouse embryos to measure and compare axonal 164 

lysosome transport in interneurons that either expressed or lacked Ccp1 at DIV 15 (Figure 165 

S3A). Hippocampal cultures from both WT and Ccp1 cKO mice included predominantly 166 

excitatory neurons (NeuN+, GFP-) and a smaller fraction of interneurons (NeuN+, GFP+) 167 

(Figures S3A-S3C). Among the interneurons (GFP+), only a small fraction expressed PV 168 

(ranging from 10% to 14%; Figures S3D-S3E). Culturing cells at low density on gridded 169 

dishes enabled time-lapse imaging of acidic vesicles in interneuron neurites, followed by the 170 
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identification of cell type through PV immunohistochemistry (Figure S3F). This approach 171 

allowed for the visualization of interneuron neurites and subsequent molecular transport 172 

analysis. To monitor lysosome transport, we labelled lysosomes with Lysotracker and 173 

analyzed their movement along the main proximal neurites using real-time video microscopy 174 

(Figures S4A-S4D; Supplemental movie S1). The largest proximal neurite was considered 175 

the developing axon of interneurons. We measured anterograde and retrograde lysosome 176 

transport and analyzed their speed, as well as the fraction of time the lysosomes were in 177 

motion or paused during transport. No differences were observed in the average speed of 178 

anterograde or retrograde lysosome transport between genotypes (Figures 3A-3B, 3F-3G). 179 

However, the fraction of time that lysosomes spent moving in PV+ interneurons was reduced 180 

following the loss of Ccp1 (Figure 3C), while the fraction of time lysosomes were paused 181 

was significantly increased in Ccp1 cKO PV+ interneurons compared to their controls (Figure 182 

3D). Additionally, the fraction of immotile lysosomes—defined as particles that exhibited no 183 

motion throughout the entire duration of the recording—was also higher in Ccp1 cKO PV+ 184 

interneurons (Figure 3E). Comparable analyses were conducted in PV- interneurons, where 185 

no differences were detected in neither anterograde nor retrograde lysosomal transport 186 

(Figures S4E-S4F, S4J-S4K). While the proportion of lysosomes moving per unit of time in 187 

PV- interneurons was consistent across genotypes, the fraction of time that lysosomes were 188 

paused was increased following the loss of Ccp1 (Figures S4C, S4G, S4J-S4K). However, the 189 

proportion of immotile lysosomes remained unchanged (Figure S4I). Overall, our results 190 

confirm that the loss of Ccp1 activity induces significant changes in MT-dependent transport 191 

dynamics, which correlates with hyperglutamylation in hippocampal PV+ interneurons. Given 192 

that axonal transport defects in neurons have previously been associated with 193 

neurodegeneration, we quantified the numbers of both SST+ and PV+ interneurons and found 194 

no differences between three-month-old WT and Ccp1 cKO mice (Figures 4A-4D). 195 

While the loss of Ccp1 did not trigger degeneration of PV+ interneurons in the 196 

hippocampus at three months of age, it may still impair their physiological function and 197 

network integration. PV+ interneurons primarily target the soma and proximal dendrites of 198 

PCs. To investigate this, we performed immunohistochemistry to label GABAergic synapses 199 

in the hippocampal formation. We used antibodies against the vesicular GABA transporter 200 

(VGAT)18 to label pre-synaptic inhibitory synapses and gephyrin19 to label postsynaptic sites 201 

(Figure 5A). Synaptic contacts were analyzed using super-resolution microscopy and defined 202 

as puncta where both VGAT and gephyrin were co-labeled (supplemental Movie S2)20. We 203 

first examined the CA1, CA2, and CA3 regions and their respective strata (stratum 204 
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pyramidale (SP), stratum oriens (SO), and stratum radiatum/lacunosum moleculare (SLM)). 205 

No changes in synapse numbers were observed in the SP, SO, or SLM of the CA1 and CA3 206 

regions (Figures S5A-S5C, 5F-5H). However, we detected a reduced number of synapses in 207 

the CA2 SP (Figure 5B) and SO regions in Ccp1 cKO hippocampi (Figures S5D), 208 

corresponding to the strata where PV+ interneurons predominantly project21. We then 209 

confirmed in vitro that the loss of Ccp1 activity in interneurons resulted in a reduction of 210 

perisomatic inhibition of pyramidal cells (PCs), which is primarily mediated by PV+ basket 211 

cells (Figures 5C, 5D, 5E). We observed fewer gephyrin-VGAT puncta above the somas of 212 

PCs that were targeted by multiple GABAergic terminals. A reduced number of perisomatic 213 

inhibitory boutons is expected to lead to a reduction in miniature inhibitory postsynaptic 214 

currents (mIPSCs). These synaptic events correspond to the spontaneous release of one 215 

quantum of GABA22. We performed patch-clamp recordings on PCs from the CA2 region, 216 

identifiable by an expansion of the PC layer thickness and confirmed post hoc by the 217 

localization of the recorded neuron, labeled with biocytin, in a region immunoreactive for 218 

RGS14, corresponding to CA2 (Figure 5F). We recorded mIPSCs in PCs from WT and Ccp1 219 

cKO brain slices (Figures 5G, 5J) and quantified the cumulative probability of the peak 220 

amplitude (Figure 5H) and inter-event interval (Figure 5K) of mIPSCs. We found that the 221 

average peak amplitude of mIPSCs was unchanged in the Ccp1 cKO condition (Figure 5I), 222 

while the frequency was significantly decreased (Figure 5L). These results support the 223 

anatomical data indicating a reduction in the number of GABAergic synapses onto PCs and, 224 

consequently, a decrease in the number of GABA release sites in interneurons from the Ccp1 225 

cKO. In contrast to mIPSCs, the average amplitude of spontaneous IPSCs (sIPSCs) was 226 

slightly, but not significantly, increased in PCs from Ccp1 cKO mice compared to those from 227 

WT mice (Figure S5K). However, the frequency of sIPSCs remained unchanged (Figure 228 

S5N). Perisomatic inhibitory cells (aka basket cells) are known to regulate the firing of 229 

pyramidal cells23. We therefore examined the passive and active properties of CA2 PCs in 230 

both WT and Ccp1 cKO animals. We found no significant differences between the genotypes 231 

(Figures S5I, S5O, S5M, S5S; Table 1). We did observe however a trend towards  lower 232 

membrane potential (Figure S5Q),  higher input resistance (Figure S5R), and increased 233 

number of action potentials (Figure S5S) in CA2 PCs from Ccp1 cKO mice, as well as a 234 

tendency for a higher firing rate in response to current injection (Figure S5M). Although the 235 

passive and active properties of CA2 PCs were not significantly altered, the reduced 236 

perisomatic inhibition could lead to a slight increase in the excitability of these PCs. 237 

Together, our results suggest that perisomatic inhibition of PCs is impaired, through a 238 
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reduction in mIPSCs, particularly in the CA2 region of the hippocampus. These findings 239 

indicate that some local circuit alterations in the hippocampus may occur as a consequence of 240 

Ccp1 loss in PV+ interneurons, independently of neurodegeneration. 241 

Discussion 242 

In the present study, we examined the consequences of enhanced polyglutamylation resulting 243 

from the Ccp1 LOF specifically in GABAergic interneurons, with a focus on axonal 244 

transport, synaptic density, and synaptic release. We delineated the expression profiles of 245 

Ccp1, Ccp6, and Ttll1 mRNA in mature hippocampal PV+ and SST+ interneurons, and found 246 

no compensatory changes in the expression of Ccp6 and Ttll1 in the absence of Ccp1 247 

specifically in PV+ interneurons. Moreover, we observed a significant increase in 248 

polyglutamylation intensity in PV+ interneurons compared to SST+ interneurons. This cell 249 

type-specific change was associated with an alteration of axonal transport in PV+ 250 

interneurons, while only mild disruptions were detected in SST+ interneurons. Finally, we 251 

demonstrated a reduction in the density of perisomatic GABAergic synapses and inhibitory 252 

synaptic transmission in pyramidal cells (PCs) within the CA2 region of the hippocampus. 253 

In the absence of Ccp1, protein hyperglutamylation was specifically observed in PV+ 254 

GABAergic interneurons, while no such changes were noted in SST+ cells. This enhanced 255 

polyglutamylation may be attributed to upstream modifications in the mRNA expression 256 

levels of glutamylases and deglutamylases. In WT animals, higher basal levels of Ccp1, 257 

Ccp6, and Ttll1 mRNA were quantified in PV+ cells compared to SST+ interneurons. In the 258 

absence of Ccp1, Ccp6 mRNA and Ttll1 mRNA levels were reduced in PV+ cells but not in 259 

SST+ cells. Therefore, PV+ cells exhibit particular sensitivity to the loss of Ccp1, with protein 260 

hyperglutamylation primarily resulting from the absence of the originally high levels of Ccp1 261 

mRNA expression, as Ttl1 mRNA was only moderately downregulated and Ccp6 mRNA 262 

exhibited a decrease in expression levels. The altered balance of polyglutamylation and 263 

deglutamylation specifically in PV+ interneurons indicates a cell-type-specific regulation of 264 

polyglutamylation. This observation underscores the necessity of investigating the effects of 265 

Ccp1 loss at the cellular level, as specific neuronal subpopulations may be uniquely affected. 266 

Indeed, among cerebellar GABAergic neurons, Purkinje cells exhibit a pronounced 267 

dependence on the presence of Ccp1, as its loss leads to protein hyperglutamylation and rapid 268 

neurodegeneration of Purkinje neurons6. These severe consequences may be attributable to 269 

the very low expression of Ccp6 and the absence of other members of the Ccp family that 270 

could compensate for protein deglutamylation. Analysis of lysosomal transport in the neurites 271 

of hippocampal Ccp1 cKO PV+ and PV- interneurons in vitro revealed significant transport 272 
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defects in PV+ interneurons, which closely resembled those previously described for 273 

hippocampal neurons8,9. Specifically, Ccp1 cKO PV+ interneurons exhibited a marked 274 

reduction in overall vesicle motility, characterized by increased pausing time and a higher 275 

proportion of stationary vesicles; however, the anterograde and retrograde velocities 276 

remained unchanged. This suggests that MT hyperglutamylation may disrupt the initiation of 277 

cargo movement or induce motor inactivity or detachment. Conversely, Ccp1 cKO PV- 278 

interneurons demonstrated only an increase in the pausing time of motile vesicles, with no 279 

significant change in the proportion of stationary vesicles. Given that polyglutamylation 280 

levels are elevated in Ccp1 cKO PV+ interneurons, it is plausible that lysosomes remain 281 

stationary for extended periods, thereby increasing the overall proportion of vesicles that are 282 

immobile throughout the recording duration. The phenotype observed in Ccp1 cKO PV- 283 

interneurons may reflect a milder alteration in transport, albeit governed by similar 284 

mechanisms as those in Ccp1 cKO PV+ interneurons. Notably, Ccp1 cKO PV- interneurons 285 

did not exhibit increased polyglutamylation levels in vivo at three months of age. Similar to 286 

cortical neurons, it is possible that glutamylation levels are increased during the perinatal 287 

period due to the lack of compensation by other Ccps, which may account for the mild 288 

transport defects observed in adult PV- interneurons6,11. 289 

The absence of Ccp1 led to a decrease in the density of inhibitory synapses 290 

specifically in the stratum pyramidale (SP) and stratum oriens (SO) of the CA2 region in the 291 

adult hippocampus, accompanied by a reduction in the frequency of miniature inhibitory 292 

postsynaptic currents (mIPSCs). Inhibitory synapses were identified based on the 293 

colocalization of presynaptic vesicular GABA transporter (VGAT) and postsynaptic 294 

gephyrin, indicating that all GABAergic synapses were considered regardless of the specific 295 

identity of the presynaptic GABAergic cell20. In the CA2 SP and SO, the majority of 296 

GABAergic boutons originate from PV+ basket cells, whose somata are located in the SP24. 297 

Consequently, the reduction in inhibitory synapses is primarily attributed to a decrease in 298 

presynaptic GABAergic boutons from PV+ interneurons that are hyperglutamylated. The 299 

decrease in mIPSC frequency observed in Ccp1 cKO mice supports the reduction of 300 

GABAergic synapses. Miniature currents are synaptic currents detected at the soma because 301 

they originate from synapses located in or in dendrites close to the soma25,26, while 302 

spontaneous currents occurring further out in the dendrites remain undetectable at the soma27. 303 

Therefore, mIPSCs in CA2 pyramidal cells are predominantly produced by perisomatic PV+ 304 

inhibitory neurons, including basket and chandelier cells26. Notably, the frequency of 305 

mIPSCs, but not spontaneous IPSCs (sIPSCs), was decreased in pyramidal cells in the 306 
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absence of Ccp1. The lack of a decrease in sIPSC frequency may be attributable to a 307 

compensatory increase in GABA release by other interneurons28. The trend toward larger 308 

sIPSC amplitudes in Ccp1 cKO mice might indicate an additional compensatory mechanism 309 

for the reduced perisomatic inhibition. The reduction in synaptic release associated with 310 

altered MT polyglutamylation levels has been previously documented. The absence of 311 

functional polyglutamylase PGs1, a subunit of alpha-tubulin-selective polyglutamylase, 312 

results in a reduction of MT polyglutamylation and a mis-localization of the kinesin Kif1A in 313 

neurites. This leads to a decreased density of docked vesicles at presynaptic terminals, 314 

ultimately resulting in a diminished release during sustained synaptic transmission29. 315 

Increased levels of polyglutamylation resulting from the loss of spastin, a MT-severing 316 

protein, have been shown to reduce both glutamatergic synapses and the frequency of 317 

miniature excitatory postsynaptic currents (mEPSCs)30. This reduction in the number of 318 

synaptic vesicles in presynaptic boutons has been hypothesized as a potential causal link to 319 

the decreased frequency of mEPSCs, stemming from abnormal delivery and distribution of 320 

synaptic cargoes30. Physiological levels of polyglutamylation are therefore essential for 321 

maintaining axonal transport and, consequently, ensuring sufficient accumulation of docked 322 

vesicles at presynaptic terminals, which is necessary for both basal and high-frequency 323 

synaptic vesicular release. The observed reduction in synapses may also result from axonal 324 

degeneration. In the absence of both Ccp1 and Ccp6, axons in the cerebral cortex exhibit 325 

signs of degeneration, including axonal lysis and accumulation of cellular organelles, 326 

potentially caused by defects in axonal transport8. Disturbed axonal transport is a common 327 

feature observed in several neurodegenerative diseases31. GABAergic innervation by local 328 

PV+ interneurons is particularly prominent in the hippocampal CA2 region24. These 329 

interneurons play a crucial role in mediating strong feedforward inhibition in CA2 upon the 330 

excitation of Schaffer collaterals32. A reduction in the frequency of mIPSCs, likely due to a 331 

decrease in the density of perisomatic inhibitory synapses, could result in an increased 332 

excitation/inhibition ratio, thereby diminishing feedforward inhibition. Changes in inhibitory 333 

synaptic transmission associated with dysfunctional PV+ interneurons have been observed in 334 

several neurodevelopmental disorders, including autism spectrum disorders33, epilepsy34, 335 

fragile X syndrome35, and Rett syndrome36. 336 

In this study, we observed that the expression levels of Ccp1, Ttll1, and Ccp6 mRNA are 337 

increased in wild-type (WT) PV+ interneurons compared to wild-type SST+ interneurons. 338 

Additional experiments investigating the expression levels of other Ttll and Ccp genes, as 339 

well as their respective activities, may provide further insights into why PV+ interneurons, but 340 
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not SST+ interneurons, exhibit hyperglutamylation in the adult mouse hippocampus. Despite 341 

the hyperglutamylation of PV+ interneurons observed at three months in Ccp1 conditional 342 

knockout (cKO) mice, we did not find evidence of neurodegeneration. Future assessments of 343 

GABAergic interneuron populations at later time points could clarify whether the 344 

hyperglutamylation of PV+ interneurons ultimately leads to degeneration, as it has been 345 

reported in the cortex at five months8. The synaptic defects identified in Ccp1 cKO mice may 346 

result in functional and behavioral alterations. Given that the loss of synapses is primarily 347 

localized to the CA2 region of the hippocampus, it is plausible to hypothesize that social 348 

memory may be impaired in Ccp1 cKO mice37. A comprehensive electrophysiological 349 

analysis could be conducted to probe the functionality of inhibitory microcircuits, possibly 350 

through the stimulation of Schaffer collaterals. PV+ interneurons receive robust afferent 351 

inputs from CA3 pyramidal cells38, which subsequently inhibit CA2 pyramidal cells via 352 

feedforward inhibition39. Additionally, a behavioral screening approach to assess spatial and 353 

social memory in Ccp1 cKO mice could be implemented to determine whether potential 354 

defects in microcircuitry lead to broader alterations in memory encoding. 355 

 356 

Material and methods 357 

 358 

Animals 359 

All animals were maintained under standard conditions, including a 12-hour light/12-hour 360 

dark cycle, with free access to food and water, and a stable environment with a temperature 361 

of 19-22°C and humidity of 40-50%. All animal procedures complied with the guidelines of 362 

the Belgian Ministry of Agriculture and adhered to the European Community Laboratory 363 

Animal Care and Use Regulations (86/609/CEE, Journal Official des Communautés 364 

Européennes L358, 18 December 1986). The animal experiments detailed in this chapter 365 

received ethical approval from the University of Liège's ethics committee under protocols 366 

#1912, #2177, and #2455. 367 

The study utilized male mice of the CD1 genetic background, sourced from Janvier Labs 368 

(Saint-Berthevin, France). Transgenic lines, including Dlx5,6 CRE-GFP, Ccp1 lox/lox, and 369 

ROSA-FloxStop YFP, were backcrossed to the CD1 background before being used in 370 

experiments 11. To avoid inbreeding, transgenic colonies were periodically bred with CD1 371 

mice from Janvier Labs. Wild-type (WT) mice refer to male Dlx5,6 CRE-GFP/+ mice, while 372 

Ccp1 conditional knockout (cKO) mice are male Dlx5,6 CRE-GFP/+; Ccp1 lox/lox mice. In 373 

the Ccp1 cKO mice, exons 20 and 21 of the Ccp1 gene are specifically excised in the Dlx5,6 374 
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lineage through CRE-mediated recombination, targeting interneurons (INs) in the cortex and 375 

hippocampus. WT mice serve as controls for CRE and GFP expression in the Dlx5,6 lineage, 376 

maintaining intact Ccp1 alleles. For interneuron quantification in the adult hippocampus, WT 377 

and Ccp1 cKO mice were crossed with homozygous ROSA-FloxStop YFP CD1 mice to label 378 

and examine interneuron expression at 3 months. 379 

 380 

Immunohistochemistry 381 

For brain collection, mice were anesthetized with an intraperitoneal injection of 382 

pentobarbital (Euthasol, 150 mg/kg). Once fully unconscious, they were perfused 383 

intracardially with 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS: 137 mM 384 

NaCl, 2.7 mM KCl, 10 mM Na�HPO�, 1.76 mM KH�PO�, pH 7.4). The brains were then 385 

extracted and placed in 4% PFA at 4°C overnight. The next day, the brains were rinsed with 386 

PBS and cryoprotected overnight at 4°C in 30% sucrose solution prepared in PBS. 387 

Cryoprotected brains were embedded in optimal cutting temperature (OCT) medium 388 

(Richard-Allan Scientific Neg50), frozen on dry ice, and stored at -80°C until further use. 389 

For immunohistochemistry on brain tissue, 30 µm coronal sections were cut using a 390 

LEICA cryostat (LEICA – CM30505) and transferred into PBS. In certain experiments, 391 

antigen retrieval was carried out with citrate buffer (Agilent DAKO, S169984-2). Floating 392 

sections were placed in a sealed container with antigen retrieval solution and incubated in a 393 

water bath at 80°C for 25 minutes. Refer to Table 1 for details on specific experiments 394 

requiring antigen retrieval. The sections were then permeabilized and blocked in PBS 395 

containing 0.3% Triton X-100 (Sigma Aldrich, T8787) and 10% normal donkey serum (NDS, 396 

Jackson ImmunoResearch, RRID: AB_2337258) for 1 hour at room temperature (RT) under 397 

gentle agitation. Primary antibodies were diluted in antibody solution (PBS, 0.3% Triton X-398 

100, 5% NDS), and the sections were incubated overnight at either 4°C or RT (see Table 1). 399 

Following three 15-minute washes with PBS containing 0.3% Triton X-100, the sections 400 

were incubated with DAPI (2 µg/mL, Sigma Aldrich, D9542) and appropriate secondary 401 

antibodies (Thermo Fisher Scientific or Jackson ImmunoResearch, 1:500) diluted in antibody 402 

solution for 2 hours at RT. This was followed by two washes in PBS with 0.3% Triton X-100 403 

and a final wash in PBS. The sections were then mounted onto Superfrost slides (Fisher 404 

Scientific, Epredia J1800AMNZ) using pencil brushes. After 1 hour of drying, any excess 405 

salt was removed by a quick rinse in MilliQ water, and slides were covered with a glass 406 

coverslip using Fluoromount aqueous mounting medium (Sigma Aldrich, F4680). 407 
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Preparation of samples for immunohistochemistry of synapses in vivo followed a protocol 408 

adapted from40. 409 

Brains were rapidly extracted following euthanasia via intraperitoneal injection of 410 

pentobarbital (Euthasol) and immediately submerged in isopropanol chilled to -80°C. The 411 

brains were then stored at -80°C until cryosectioning. Coronal sections, 12 µm thick, were 412 

cut and collected onto Superfrost slides, which were promptly placed at -20°C to prevent 413 

degradation of the unfixed tissue. After cryosectioning, the slices were briefly fixed with 414 

0.4% PFA in PBS using microwave irradiation (900W for 30 seconds). The slides were then 415 

washed with PBS, and the immunohistochemistry protocol outlined previously was applied 416 

for further processing.  417 

For immunohistochemistry on primary hippocampal cultures, cells were grown on 12 418 

mm coverslips, and the same protocol as described above was followed. Confocal images 419 

were acquired using the Airyscan mode on a Zeiss LSM 880 or Zeiss LSM 980 microscope 420 

(GIGA-Imaging Platform), depending on the experiment. All immunohistochemical analyses 421 

for a given experiment were performed concurrently and imaged using the same equipment 422 

and settings to ensure consistency. Image analysis was conducted with Fiji (ImageJ) or 423 

QuPath, depending on the specific requirements of the experiments. 424 

Semi-automated analysis of inhibitory synapses in hippocampal slices 425 

Tile images of the CA1, CA2, and CA3 regions (as illustrated in Figure S6) were captured 426 

using a 63x oil objective on a Zeiss LSM880 microscope in Airyscan mode. The stratum 427 

oriens (SO), stratum pyramidale (SP), and stratum radiatum (SRL) regions were cropped as 428 

depicted in Figure S6. Semi-automated analysis of gephyrin puncta colocalizing with VGAT 429 

puncta was conducted using Imaris v9 software (Figure S7). Images were blinded to 430 

minimize experimenter bias during the manual analysis steps. Background subtraction (1 431 

sigma) was applied to each channel, and gephyrin and VGAT puncta were identified using 432 

the spot detection feature. For each image, the estimated spot size was set to 400 nm, and a 433 

detection threshold was manually determined using the mean intensity filter. Inhibitory 434 

synapses were defined as gephyrin spots located within 400 nm of VGAT spots and filtered 435 

using the “shortest distance to spots” function. 436 

 437 

BaseScope 438 

Brains were perfused and fixed overnight in 4% PFA as described in the 439 

“immunohistochemistry” paragraph. 12µm slices were cut at the cryostat, collected on 440 

superfrost slides and stored at -80°C before experiments. Custom probes were designed to 441 
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detect Ccp1 (Advanced Cell Diagnostics, Cat. No. 1113561-C1), Ccp6 (Advanced Cell 442 

Diagnostics, Cat. No. 1143731-C1) and Ttll1 (Advanced Cell Diagnostics, Cat. No. 1158941-443 

C1) mRNA using the BaseScope v2 detection kit REDTM (Advanced cell diagnostics, Cat. 444 

No. 323900) according to manufacturer instructions. Concomitant detection of PV and SST 445 

via immunohistochemistry was performed using the RNA-Protein Co-detection Ancillary kit 446 

(Advanced cell diagnostics, Cat. No. 323180). The Ccp1 probe was designed to hybridize 447 

only to exons 20 and 21 of Ccp1 which are removed in Ccp1 cKO animals therefore 448 

controlling for adequate excision of these exons in Ccp1 cKO INs.  449 

Slides were first washed with PBS, baked for 30min at 60°C, post-fixed with 4% PFA for 450 

15min at 4°C and the tissue was then dehydrated with successive ethanol baths (50%-70%-451 

100%-100%) for 5min at room temperature. RNAscopeTM Hydrogen Peroxide was applied 452 

to the sections for 10min at RT and target retrieval was then performed by immersion of the 453 

slides in 100°C Co-detection Target Retrieval (Advanced Cell Diagnostics, Cat. No. 323180) 454 

for 5min. Slides were washed in water and once in PBS-T (PBS with 0,1% Tween-20). Slices 455 

were dried and primary antibodies diluted in Co-detection Antibody Diluent (Advanced Cell 456 

Diagnostics, Cat. No. 323180) were applied at 4°C overnight. The next day, slides were 457 

washed with PBS-T for 2 minutes twice and fixed with 4% PFA for 30min at RT. Additional 458 

PBS-T washes were performed and slices were treated with RNAscopeTM Protease III 459 

(Advanced Cell Diagnostics, Cat. No. 322337) for 30min at 40°C in an HybEZTM Oven 460 

(Advanced Cell Diagnostics, Cat. No. 310010). Slides were washed with distilled water and 461 

probes were hybridized for 2h, followed by serial amplifications (BaseScope v2 detection kit 462 

REDTM, Advanced cell diagnostics, Cat. No. 323900). Two washes with wash buffer 463 

reagent (Advanced Cell Diagnostics, Cat. No. 310091) were performed between each step. 464 

Probe hybridization and amplification steps 1-6 were all performed at 40°C in HybEZTM 465 

oven while amplification steps 7 and 8 were performed at RT. The signal was then revealed 466 

by incubating slides with BaseScopeTM Fast RED for 10min at RT. Finally, slides were 467 

wash buffer reagent and Co-Detection Blocker (Advanced Cell Diagnostics, Cat. No. 468 

323180) was applied for 15min at 40°C and washed in wash buffer and PBS-T. DAPI 469 

(2µg/mL, Sigma, D9542) and secondary antibodies diluted 1:300 in Co-Detection Antibody 470 

Diluent were incubated for 1h at RT. Slides were washed in PBS-T several times and 471 

coverslips were mounted using FluoromountTM aqueous mounting media. 472 

 473 

Primary hippocampal cultures 474 
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Hippocampal cultures were prepared using a protocol adapted from41. For 475 

immunohistochemistry and axonal transport recordings, 12 mm glass coverslips in 24-well 476 

plates and 35 mm glass-bottom petri dishes (Mattek, P35G-1.5-14-CGRD-D) were used, 477 

respectively. Coverslips and dishes were coated by incubating with poly-ornithine (0.1 478 

mg/mL in water, Sigma Aldrich #P4638) at 37°C for 45 minutes, followed by three rinses 479 

with water and overnight incubation with laminin (5 µg/mL in PBS, Sigma Aldrich #L2020) 480 

at 4°C. Before cell seeding, dishes were washed three times with PBS. 481 

E17.5 hippocampi from WT or Ccp1 cKO mice were micro-dissected in Hank’s balanced 482 

saline solution (HBSS, Biowest, L0612-500), and the meninges were carefully removed. The 483 

hippocampi were enzymatically dissociated at 37°C for 25 minutes in a solution of 1:10 484 

DNase (0.1%, Sigma, D5025) and 9:10 Papain (CellSystems, #LK003178) in HBSS, with the 485 

volume adjusted according to the number of hippocampi in the Eppendorf tube. After 486 

dissociation, the hippocampi were rinsed twice with 500 µL of Dulbecco’s modified Eagle 487 

medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1:100 488 

penicillin/streptomycin (Biowest, L0022-100). Mechanical dissociation was performed using 489 

a 1000 µL micropipette, and the cell suspension was filtered through a 40 µm mesh (Greiner, 490 

542040). 491 

The cells were counted, and 30,000 cells were seeded per well of 24-well plates or in glass-492 

bottom petri dishes (Mattek, P35G-1.5-14-CGRD-D) for live imaging. Two hours after 493 

plating, complete neurobasal medium was added, consisting of Neurobasal Medium (Thermo 494 

Fisher, 12348017) supplemented with GlutaMAX (1:100, Thermo Fisher, 35050038), B-27 495 

Supplement (1:50, Thermo Fisher, 17504044), and penicillin/streptomycin (1:100). Half of 496 

the medium was replaced with fresh complete neurobasal medium every 2-3 days. Cultures 497 

were maintained until DIV15, at which point they were either fixed in 4% PFA for 10 498 

minutes at room temperature or used for neuronal transport recordings. 499 

 500 

Neuronal transport recording and analysis 501 

Lysosomal transport in live neurons was recorded in WT and Ccp1 cKO hippocampal 502 

cultures at DIV15. In these cultures, GFP is expressed under the control of the Dlx5,6 503 

enhancer to label INs in both WT and Ccp1 cKO mice. To specifically identify PV INs, 504 

neurons were cultured in glass-bottom dishes with an embedded grid (Mattek, P35G-1.5-14-505 

CGRD-D) that allowed for precise positioning and imaging under the microscope (Figure 506 

S4A). Hippocampal cultures were maintained for 15 days as described earlier, and complete 507 
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neurobasal medium without phenol red was used in the days leading up to imaging to 508 

minimize autofluorescence. 509 

On the day of imaging, LysoTracker™ Red (100 nM, L7528) was added to the culture 510 

medium for 30 minutes at 37°C. Transport was recorded immediately using a 63x oil 511 

objective on a Zeiss LSM 980 confocal microscope, with environmental conditions 512 

maintained at 37°C and 5% CO�. Lysosomal transport was imaged exclusively in the 513 

proximal neurites of GFP+ INs, with reference images taken in the green channel for each 514 

neuron, along with its grid position (Figure S4B). Movies were recorded for 2 minutes using 515 

Fast Airyscan mode with a frame rate of 600 ms to capture lysosome motility (Figure S4C). 516 

Multiple neurites from the same neuron were sometimes analyzed, with data collected from 517 

25 neurons per genotype, across three independent cultures. 518 

Immediately after imaging, the dishes were fixed in 4% PFA at room temperature for 10 519 

minutes and washed three times with PBS. Immunohistochemistry for GFP and parvalbumin 520 

was performed using the previously described protocol (Figure S4D). The grid position and 521 

neuronal morphology from the reference images were used to locate GFP+ INs and determine 522 

their PV expression status. Neurons that could not be located after immunohistochemistry 523 

were excluded from the analysis due to unknown PV expression. The intensity of the PV 524 

signal within the soma was measured using Fiji to classify INs as either PV- or PV+. 525 

Lysosomal transport analysis was conducted with the KymoToolBox plugin42. Kymographs 526 

were generated for each movie, and lysosome paths were traced with segmented lines, 527 

capturing runs with direction and velocity changes. Summary data for each lysosome track 528 

were then extracted to determine anterograde and retrograde velocities, as well as pausing 529 

times. 530 

 531 

Slice preparation 532 

Slices were prepared from the brains of 3 month-old swiss male mice. Animals were kept in 533 

an oxygenated chamber for >10 min before being anaesthetized with isoflurane (IsoFlo, 534 

Zoetis, Belgium; 4% added to the inspiration air flow). After decapitation, the brain was 535 

rapidly dissected out and immersed in ice-cold slicing solution containing: 87 NaCl, 25 536 

NaHCO3, 10 D-glucose, 75 sucrose, 2.5 KCl, 1.25 NaH2PO4, 0.5 CaCl2 and 7 MgCl2, 537 

equilibrated with 95 % O2 / 5 % CO2 (pH 7.4, ~325 mOsm) as previously described43,44. 538 

Sagittal 300-μm-thick slices were cut from the dorsal level of the hippocampus45 at 2-4 mm 539 

from midline using a vibratome (Leica VT-1200, Nussloch, Germany). Slices were stored in 540 
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a reserve chamber containing slicing solution at 34°C for at least 30 min and subsequently at 541 

room temperature (20 – 25°C).  542 

 543 

Patch-clamp recording 544 

Neurons were visualized using infrared IR-Dodt gradient contrast (IR-DGC) optics on a Zeiss 545 

FS microscope equipped with an IR camera (Newvicon tube in NC-70 Dage-MTI). In 546 

hippocampal slices, the CA2 region was visually identified and pyramidal cells (PCs) were 547 

selected in CA2 close to the transition of CA2 to CA1. The correct localization of the 548 

recorded PCs in CA2 was validated using post hoc immunohistochemistry of RGS14. For 549 

recordings, the slices were perfused with saline containing in mM: 125 NaCl, 25 NaHCO3, 25 550 

D-glucose, 2.5 KCl, 1.25 NaH2PO4, 2 CaCl2 and 1 MgCl2 (equilibrated with 95% O2/5% CO2 551 

gas mixture, pH 7.4, ~315 mOsm) and maintained at room temperature. Patch pipettes were 552 

pulled from thick-walled borosilicate glass tubing (outer diameter: 2 mm, inner diameter: 1 553 

mm; Hilgenberg, Germany) with a horizontal puller (P-97, Sutter Instruments). The 554 

composition of the internal solution was, in mM: 110 KCl, 30 K-gluconate, 2 MgCl2, 2 555 

Na2ATP, 10 EGTA, 10 HEPES and 0.2% biocytin (pH = 7.2, osmolarity: ~315 mOsm). 556 

Pipette resistance was 2.4-4.3 MΩ. Series resistance (6-12.5 MΩ) was not compensated in 557 

voltage-clamp, but carefully monitored during the experiments using 5 mV, 40 ms 558 

depolarizing test pulses. Synaptic currents were recorded in the voltage-clamp configuration 559 

with a holding potential of -70 mV. Neurons with a holding current larger than -130 pA were 560 

not included in the analysis. Miniature IPSCs were pharmacologically isolated in the 561 

presence of 10 μM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), 20 μM D-2-amino-5-562 

phosphonopentanoic acid (D-AP5) and 1 μM tetrodotoxin (TTX). Resting membrane 563 

potential was measured in current-clamp immediately after rupturing the membrane and 564 

entering the whole-cell mode. In current-clamp, a holding current was injected to maintain 565 

neurons at a membrane potential of ~-70 mV. The input resistance was calculated from 566 

voltage responses to current pulses of 1 s duration (-50 pA to 50 pA amplitude, incremented 567 

in steps of 50 pA). Data points in the plot of the voltage measured 900–1000 msec after the 568 

onset of the pulse against the current step amplitude were fitted by linear regression. Sag 569 

measurements were obtained using a 1s long hyperpolarizing current (-200 pA). The average 570 

sag ratio was calculated using [(1 – ΔVss / ΔVmin) × 100%], where ΔVss = RMP - Vss, ΔVmin = 571 

RMP - Vmin, RPM is the resting membrane potential, Vss is the steady-state potential and Vmin 572 
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is the initial lowest potential (George et al., 2009). Recordings were performed at room 573 

temperature (20 – 25°C).  574 

 575 

Chemicals 576 

Chemicals were as follows: tetrodotoxin citrate (TTX, Tocris) and biocytin (Life 577 

Technologies). The remaining chemicals were purchased from Sigma-Aldrich (Belgium).  578 

 579 

Data acquisition and analysis 580 

Recordings were performed using an Axopatch 200B amplifier (Molecular devices, Palo 581 

Alto, CA) connected to a PC via a Digidata 1440A interface (Molecular devices). Data were 582 

acquired with pClamp 10.4 (Molecular devices). Capacitive currents were recorded in 583 

voltage-clamp and filtered at 10 kHz. Membrane potential and firing were examined in 584 

current clamp. Currents were low pass filtered (Bessel) at 10 kHz and acquired at 10 kHz. 585 

The liquid junction potential was not corrected.  586 

Miniature IPSCs in CA2 PCs were collected using Minianalysis (version 6.0.7). All detected 587 

events were visually examined and subsequently validated by the user. Traces in the figures 588 

were digitally low pass filtered with a Gaussian filter at 1 kHz. Cumulative distributions 589 

typically contained ~200 events. Further analysis was performed in clampFit 10.4 (Molecular 590 

devices), Stimfit 0.14 (Christoph Schmidt-Hieber, Institut Pasteur, 591 

https://github.com/neurodroid/stimfit46), Excel (Microsoft) and Mathematica 13 (Wolfram 592 

Research, Champaign, IL).  593 

Quantification and statistical analysis 594 

All values were reported as mean ± SEM. Normality of the data was tested using a Shapiro–595 

Wilk test and parametric or non-parametric tests were performed accordingly. Details for the 596 

statistical tests, n numbers and p-values are given in the figure legends. For post-hoc analysis 597 

of two-way ANOVA, Tukey’s multiple comparison test was performed.  Differences with p < 598 

0.05 were considered significant. 599 

 600 

Figure legends 601 

 602 

Figure 1. Differential expression of (de)glutamylation enzymes in SST+ and PV+ 603 

interneurons 604 
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(A, D, and G) Immunolabeling of hippocampi in brain slices from 3 months WT and Ccp1 605 

cKO brains, showing mRNA expression (red) of Ccp1, Ccp6, and Ttll1 together with PV 606 

(green)  and SST (light grey) proteins. (B, E, and H) Immunolabeling of hippocampal PV+ 607 

and SST+ interneurons showing representative signal (red) for Ccp1, Ccp6 and Ttll1 mRNAs. 608 

Yellow doted lines delineate cell contours. (C) Quantification of the number of Ccp1 mRNA 609 

dots within the cell bodies of WT PV+ and SST+ interneurons. Because no signal is present for 610 

Ccp1 mRNA in Ccp1 cKO interneurons, quantification was only performed in WT animals. 611 

PV+ WT = 156 neurons, SST+ WT = 165 neurons from 3 WT mice. For statistical analysis, a 612 

Mann-Whitney analysis was conducted (p < 0,0001). (F,I) Quantification of the number of 613 

Ccp6 or Ttll1 mRNA dots within cell bodies of WT and Ccp1 cKO PV+ and SST+ 614 

interneurons. For Ccp6 mRNA, PV+ WT = 266 neurons, SST+ WT = 255 neurons, PV+ cKO = 615 

171 neurons, SST+ cKO = 107 neurons from 4 WT and 3 Ccp1 cKO mice. For Ttll1 mRNA, 616 

PV-WT = 225 neurons, SST+ WT = 234 neurons, PV+ cKO = 196 neurons, SST+ cKO = 201 617 

neurons from 4 WT and 3 Ccp1 cKO mice. For statistical analysis, data were transformed 618 

according to the formula Y = sqrt(Y+1) to obtain a normal distribution, then a two-way 619 

ANOVA analysis was conducted. ** = p < 0.1, *** = p < 0.01, **** = p< 0.001. 620 

 621 

Figure 2. PV+ interneurons are hyperglutamylated in Ccp1 cKO adult hippocampi 622 

(A) Representative images of hippocampi immunolabeled with SST (light grey), PolyE (red), 623 

and PV (green) in WT and Ccp1 cKO three months old mice. PolyE+ labeling strongly 624 

enriched in PV+ interneurons (green arrowheads) in the Ccp1 cKO hippocampus. Yellow 625 

dotted square corresponds to the close up area in panel B. (B) Close up area of representative 626 

PV+ and SST+ interneurons immunolabeled to detect PolyE in the hippocampus of WT and 627 

Ccp1 cKO mice. White and green arrows point to the cell bodies of SST and PV interneurons, 628 

respectively. In Ccp1 cKO, PV+ but not SST+ interneurons show strong PolyE 629 

immunoreactivity. (C) Average PolyE intensity in PV+ and SST+ interneurons of WT and 630 

Ccp1 cKO mice. PolyE staining intensity was normalized to the intensity of the surrounding 631 

hippocampal tissue. PV+ interneurons show significant hyperglutamylation in Ccp1 cKO. 632 

Each dot on the graph represents the average PolyE intensity for all PV+ or SST+ interneurons 633 

analyzed in one animal. WT: n=5 CCP1cKO n= 6. A two-way ANOVA was conducted after 634 

confirmation of normal data distribution, **** = p < 0.0001 635 

 636 

Figure 3. Vesicular transport is perturbed in Ccp1 cKO PV+ interneuron neurites 637 
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(A) Histograms of the anterograde velocity of lysosome (lysotracker) trafficking in 638 

hippocampal PV+ interneurons, mouse genotypes are indicated on the histogram. Only the 639 

fractions of movement when lysosomes travel away from the cell body are considered. When 640 

lysosomes are moving in the anterograde direction, no change in velocity was detected in 641 

Ccp1 cKO PV+ interneurons. The number of lysosomes with anterograde movement in this 642 

analysis is 99 for WT and 79 for Ccp1 cKO. A Mann-Whitney test was conducted (p = 643 

0.3803). (B) Histograms of the retrograde velocity of lysosome (lysotracker) trafficking in 644 

hippocampal PV+ interneurons, mouse genotypes are indicated on the histogram. The 645 

retrograde velocity only considers the fractions of movement when lysosomes travel towards 646 

the cell body and no changes were detected in Ccp1 cKO PV+ interneurons. The number of 647 

lysososmes with retrograde movement in this analysis is 169 for WT and 110 for Ccp1 cKO. 648 

A Mann-Whitney test was conducted (p = 0.2339). (C) Histogram of the fraction of time 649 

lysosome spent moving in PV+ interneuron from both mouse genotypes. This analysis takes 650 

into account all lysosomes tracked, including motile and stationary ones and measures the 651 

percentage of time in movement for each lysosome. A threshold of 0.1 µm/s was established 652 

below which lysosomes are considered immotile. Lysosomes are less motile in the Ccp1 cKO 653 

condition as compared to WT. All lysosomes that were tracked were included in this analysis 654 

for a total of 342 and 334 ones in WT and Ccp1 cKO, respectively. A Mann-Whitney test 655 

was conducted (p < 0.0001). (D) Histogram of the fraction of time motile lysosomes pose in 656 

PV+ interneurons from both mouse genotypes. This measurement only considers motile 657 

lysosomes for at least a portion of the movie and represents the percentage of time spent with 658 

a speed < 0.1 µm/s, which is considered as pausing. Motile lysosomes spend significantly 659 

more time pausing in Ccp1 cKO PV+ interneurons. A total of 211 and 148 motile lysosomes 660 

were included for the WT and Ccp1 cKO conditions, respectively. A Mann-Whitney test was 661 

conducted (p = 0.006). (E) Histogram of the percentage of immotile lysosome sin PV+ 662 

intereneurons. Lysosomes are considered as immotile if their instantaneous speed is < 663 

0.1µm/s for the whole duration of the movie. For this analysis, the proportion of immotile 664 

lysosomes in each neuron was calculated. Individual values on the graph represent single 665 

neurons. PV+ interneurons show a higher fraction of immotile lysosomes in the Ccp1 cKO 666 

condition. Eight and seven PV+ interneurons were recorded in the WT and Ccp1 cKO 667 

conditions, respectively, and out of  3 unrelated experiments. A Mann-Whitney test was 668 

conducted (p = 0.0370). (F-G) Kymographs of moving lysosomes for each genotype in PV+ 669 

interneurons. Colored kymographs represent the tracks that were manually traced where blue 670 
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lines correspond to time pausing, green lines anterograde movement and red lines retrograde 671 

movement. 672 

 673 

Figure 4. CCP1 loss does not trigger degeneration of adult hippocampal interneurons  674 

(A) Immunolabeling of WT and hippocampi from 3 months old WT and Ccp1 cKO mice, 675 

showing the distribution of PV+ interneurons (green) and a nuclei counterstaining with Dapi 676 

(blue). (B) Histogram of the density of PV+ interneurons in the CA1, CA2 and CA3 regions 677 

normalized by the surface of the analyzed area. n =10 mice for both conditions, an unpaired t-678 

student test was performed (p = 0.7256). (C) Immunolabeling of WT and hippocampi from 3 679 

months old WT and Ccp1 cKO mice, showing the distribution of SST+ interneurons (light 680 

grey) and a nuclei counterstaining with Dapi (blue). D) Histogram of tdensity of SST+ 681 

interneurons in the CA1, CA2 and CA3 regions normalized by the surface of the analyzed 682 

area. n =6 mice for both conditions, an unpaired t-student test was performed (p = 0.4438). 683 

 684 

Figure 5. CCP1 loss results in decrease of inhibitory synapses in the CA2 stratum 685 

pyramidale of the hippocampus 686 

(A) Immunolabeling of synapses where pre and postsynaptic markers are shown VGAT 687 

(green) and gephyrin (red), respectively. This analysis was performed on 6 WT and 6 Ccp1 688 

cKO 3 month-old mice, an unpaired t-student test was conducted (p = 0.0093). (B) 689 

Quantification of inhibitory synapses density in the CA2 stratum pyramidale. The 690 

colocalization of one gephyrin red) puncta and one VGAT (green) puncta was considered as 691 

an inhibitory synapse. This analysis was performed on 6 WT and 6 Ccp1 cKO 3 month-old 692 

mice, an unpaired t-student test was conducted (p = 0.0093). (C) Representative images of 693 

WT or Ccp1 cKO neurons innervated by GFP+ interneuron axons. Immunolabeling detects 694 

VGAT (light grey) and gephyrin (red). Only GFP- neurons (principal cells, or PC) whose cell 695 

body was innervated by GFP+ fibers were considered in this analysis. (D) Magnification of 696 

the yellow dotted square in panel (C) showing the colocalization of VGAT with Gephyrin 697 

punctae. (E) Histogram of density of inhibitory synapses along GFP+ fibers innervating the 698 

cell body of PC. The number of VGAT; gephyrin puncta that colocalize was normalized to 699 

the length of GFP+ fibers that innervate the cell body. A total of 26 and 25 cell bodies were 700 

analyzed in WT and CCP1 cKO respectively, from 3 independent experiments. An unpaired 701 

t-student test was conducted (p < 0.0001). (F) Representative image of a CA2 PC injected 702 

with biocytin in a sagittal hippocampal slice from a 2 month-old mouse. The yellow dotted 703 
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line outlines the cell body of the biocytin labelled cell to highlight the colocalization with the 704 

CA2 PCs marker RGS14. (G, J) Representative traces of miniature IPSCs (mIPSCs) in a 705 

CA2 PC at -70 mV from a WT slice (G, green trace) and from a Ccp1 cKO slice (J, red 706 

trace). External solution contained 1 mM TTX, 20 mM D-AP5, and 10 mM CNQX to block 707 

action potentials and excitatory synaptic activity. Inset (G) shows average mIPSC at 708 

expanded timescale (average from 1,778 [9 WT neurons] single events and inset (J) average 709 

from 1,104 [9 cKO neurons] single events). (H) Cumulative histograms of mIPSC amplitude 710 

(light green: from 9 individual PCs of WT mice; thick green: average of WT data; light red: 711 

from 9 individual PCs of CCP1 cKO mice; red: average of CCP1 cKO data). (I) Boxplots of 712 

mIPSC peak amplitude. Data from 9 WT neurons and 9 cKO neurons. Averaged mIPSC 713 

amplitude was similar in control and cKO neurons (Mann-Whitney test, p=0.33). (K) 714 

Cumulative histograms of mIPSC inter-event interval (light green: from 9 individual PCs of 715 

WT mice; thick green: average of WT data; light red: from individual PCs of CCP1 cKO 716 

mice; red: average of CCP1 cKO data). (L) Boxplots of mIPSC frequency. Data from 9 WT 717 

neurons and 9 cKO neurons. Averaged mIPSC frequency was significantly decreased in 718 

CCP1 cKO neurons when comparing to control neurons (Mann-Whitney test, p=0.017). In 719 

box plots (I and L), horizontal lines represent median; boxes, quartiles; whiskers, extreme 720 

data points; and single points, data from individual experiments.  721 

 722 

Figure S1. No change in total number of hippocampal GABAergic interneurons at three 723 

month upon loss of Ccp1 724 

(A) Representative images of hippocampi from 3 months old WT and Ccp1 cKO mice 725 

immunolabled to detect GFP (green), nuclei were counterstained with Dapi (blue). WT and 726 

Ccp1 cKO animals were crossed with ROSA-YFP to permanently stain interneurons. (B) 727 

Quantification of interneuron density. The total number of GFP+ interneurons was divided by 728 

the area of CA1, CA2 and CA3. WT = 3 and Ccp1 cKO = 4, a Mann-Whitney test was 729 

performed (p=0.2286). 730 

 731 

Figure S2. Interneuron protein glutamylation levels are consistent across hippocampal 732 

regions  733 

A) Representative close up images of hippocampi immunolabeled with RGS14 (cyan), PolyE 734 

(red), and PV (green) in WT and Ccp1 cKO three months old mice. PolyE+ labeling increased 735 

in PV+ interneurons from Ccpi CKO as compared to WT mice hippocampi (compare white 736 

arrowheads). (B) Histogram of the average PolyE intensity in PV+ interneurons across 737 
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hippocampal regions from WT (green bars) and Ccp1 cKO (red bars) mice. PolyE staining 738 

intensity was normalized to the intensity of the surrounding hippocampal tissue. Each dot on 739 

the graph represents the average PolyE intensity for all PV+ interneurons analyzed in one 740 

animal. WT: n=5 CCP1cKO n= 5. A two-way ANOVA was conducted after confirmation of 741 

normal data distribution, * = p < 0.5, ** = p < 0.1. 742 

 743 

Figure S3. Characterization of DIV15 hippocampal cultures 744 

(A) Immunolabeling of DIV 15 hippocampal culture isolated from E17.5 WT (Dlx5,6Cre-745 

GFP) embryos, showing GFP (green), PV (red) and NeuN (light grey) and merge. (B-C) 746 

Proportion of WT and Ccp1 cKO interneurons assessed as the ratio between GFP+/NeuN+ 747 

and GFP-/NeuN+ neurons. Data were collected from 3 independent experiments per genotype. 748 

(D-E) Proportion of PV+ interneurons in WT and Ccp1 cKO assessed as the ratio between 749 

PV+/GFP+ and PV-/GFP+ neurons. Data were collected from 3 independent experiments per 750 

genotype. (F) Immunolabeling of a WT and Ccp1 cKO DIV15 interneurons showing GFP 751 

(green), PolyE (red) and PV (light grey) or merge stainings. The Ccp1 cKO interneuron 752 

shows accumulation of hyperglutamylation signal. 753 

Figure S4. Workflow for MT-dependent transport analysis in hippocampal interneurons 754 

(A) Glass-bottom dishes with a gridded coverslip were used to seed dissociated hippocampi 755 

of E17.5 WT or Ccp1 cKO embryos that were cultured for 15 days. (B) At DIV15 GFP+ 756 

interneurons were randomly selected and their position on the grid was recorded after axonal 757 

transport recording, as exemplified by red numbers. (C) Interneurons were labelled with 758 

LysoTracker and their MT-dependent transport was recorded along the proximal neurite for 759 

each neuron. (D) Neurons were fixed and stained for GFP and PV after the recording session. 760 

Using the annotated positions on the grid, each movie was retrospectively assigned to its 761 

corresponding neuron and sorted based on PV expression. (E-K) Histograms of MT-762 

dependent transport of lysosomes in GFP+,PV- interneurons showing the anterograde velocity 763 

in both genotypes. The fraction of movement when lysosomes travel away from the cell body 764 

is considered. The number of lysosomes with anterograde movement in this analysis is 363 765 

for WT and 519 for Ccp1 cKO. A Mann-Whitney test was conducted (p = 0.2017) (E). 766 

Histogram of retrograde velocity in both genotypes. Like anterograde velocity, retrograde 767 

velocity only considers the fraction of movement when lysosomes travel towards the cell 768 

body. The number of lysosomes with retrograde movement in this analysis is 522 for WT and 769 

604 for Ccp1 cKO. A Mann-Whitney test was conducted (p = 0.0699) (F). Histogram of the 770 

fraction of time spent moving in both genotypes. This analysis includes all lysosomes 771 
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tracked, including motile and stationary ones and it measures the percentage of time in 772 

movement for each lysosome. A threshold of 0.1 µm/s was established below which vesicles 773 

are considered immotile. All lysosomes that were tracked were included in this analysis for a 774 

total of 1303 and 1506 in WT and Ccp1 cKO, respectively. A Mann-Whitney test was 775 

conducted (p < 0.1107) (G). Histogram of the fraction of time pausing for lysosmes in both 776 

genotypes. This measurement only considers those that were motile for at least a portion of 777 

the movie and represents the percentage of time spent with a speed < 0.1 µm/s, which is 778 

considered as pausing. A total of 689 and 833 motile lysosomes were included for the WT 779 

and Ccp1 cKO conditions, respectively. A Mann-Whitney test was conducted (p < 0.0001) 780 

(H). Histogram of the percentage of immotile vesicles. Lysosomes are considered immotile if 781 

their instantaneous speed is < 0.1µm/s for the whole duration of the movie. For this analysis, 782 

the proportion of immotile lysosomes in each neuron was calculated. Here, 39 and 47 PV+ 783 

interneurons were recorded in the WT and Ccp1 cKO conditions respectively, from 3 784 

separate experiments. An unpaired t-student test was conducted (p = 0.7165) (I). (J-K) 785 

Kymographs represent the tracks that were manually traced where blue lines correspond to 786 

time pausing, green lines anterograde movement and red lines retrograde movement in PV- 787 

interneurons from both genotypes. 788 

Figure S5. Hippocampal inhibitory synapses and electrophysiological properties of CA2 789 

PCs 790 

(A-H) Quantification of inhibitory synapses in the CA1, CA2 and CA3 regions of the 791 

hippocampus subdivided in stratum oriens, pyramidale, and radiatum/lacunosum in six WT 792 

and six Ccp1 cKO 3 months old mice. Quantification was performed by assessing the density 793 

of colocalizing VGAT; gephyrin punctae. Unpaired t-student test was conducted, p-values are 794 

p=0.1429 (A), p=0.5655 (B), p=0.0769 (C), p=0.0428 (D), p=0.0650 (E), p=0.4545 (F), 795 

p=0.2719 (G), 0.2958 (H) . (I, L) Representative traces of sIPSCs in a CA2 PC at -70 mV in 796 

WT slices (I, green trace) and Ccp1 cKO slices (L, red trace). 20 mM D-AP5, and 10 mM 797 

CNQX were added to external solution to block excitatory synaptic activity. Inset (I) shows 798 

average sIPSC at expanded timescale (average from 2,740 [9 WT neurons] and inset (L) 799 

average from 2,341 [8 cKO neurons] single events). (J) Cumulative histograms of sIPSC 800 

amplitude (light green: from 9 individual PCs of WT mice; thick green: average of WT data; 801 

light red: from 8 individual PCs of Ccp1 cKO mice; red: average of Ccp1 cKO data). (K) 802 

Boxplots of sIPSC peak amplitude. Data from 9 WT neurons and 8 cKO neurons. Averaged 803 

sIPSC amplitude was slightly but not significantly larger in neurons from Ccp1 cKO neurons 804 

in comparison to WT neurons (t test, p=0.0963). (M) Cumulative histograms of sIPSC inter-805 
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event interval (light green: from 9 individual PCs of WT mice; thick green: average of WT 806 

data; light red: from 8 individual PCs of Ccp1 cKO mice; red: average of Ccp1 cKO data). 807 

(N) Boxplots of sIPSC frequency. Data from 9 WT neurons and 8 cKO neurons, respectively. 808 

Averaged sIPSC frequency was not changed in cKO neurons when comparing to control 809 

neurons (t test, p=0.97). In box plots (K and N), horizontal lines represent median; boxes, 810 

quartiles; whiskers, most extreme data points; and single points, data from individual 811 

experiments. (O-P) Voltage traces recorded in whole-cell current-clamp in a CA2 PC in WT 812 

(O) and Ccp1 cKO (P) mouse slice in response to a 1 s long hyperpolarizing (-150 pA) and 813 

depolarizing (150 pA) current injections. (Q-R) resting membrane potential (Q) and input 814 

resistance (R) in CA2 PCs. Data are from 9 PCs in WT and 11 PCs in Ccp1 cKO. The resting 815 

membrane potential was in tendency lower in Ccp1 cKO neurons in comparison to WT 816 

neurons (Mann-Whitney test, p=0.0615) and the input resistance was slightly higher in Ccp1 817 

cKO neurons in comparison to WT neurons (t test, p=0.0501). In box plots (Q-R), horizontal 818 

lines represent median; boxes, quartiles; whiskers, most extreme data points; and single 819 

points, data from individual experiments. (S) Input-output curve showing average action 820 

potential number of PCs in response to current injections of increasing amplitudes (0-400 pA) 821 

in WT versus Ccp1 cKO. Current to action potential number plots for CA2 PCs shows a 822 

slight non-significant increase of action potential number for neurons from Ccp1 cKO mice 823 

(two-way RM ANOVA, current step: F(8,136) = 46.94; p < 0.0001; genotype: F(1,17) = 1.961; p 824 

= 0.1794; interaction: F(8,136) = 1.034; p = 0.4134; n=9 for WT and n=11 for Ccp1 cKO). Data 825 

points in (S) represent mean ± SEM.  826 

 827 

Figure S6. Analysis of inhibitory synapses in the hippocampal  CA1, CA2 and CA3 regions  828 

Tile-scan images of synapse settings were captured in portions of the CA1, CA2 and CA3 829 

fields (Yellow dotted lines). The CA1/CA2 boundary was determined based on DAPI 830 

staining as shown in panel. CA1, CA2 and CA3 subregions were then divided in stratum 831 

oriens (SO), stratum pyramidale (SP) and stratum radiatum/lacunosum (SRL) for synapse 832 

analysis. 833 

 834 

Figure S7. Single spot detection to quantify inhibitory hippocampal synapses  835 

(A) Magnification of inhibitory synapses stained with VGAT and Gephyrin in the 836 

hippocampus of WT mice at 3 months. (B) Spots were created based on VGAT and gephyrin 837 

signal with the Imaris software. Green and red spots are generated based on VGAT and 838 

gephyrin staining respectively. Yellow spots correspond to gephyrin spots that are within 839 
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400nm of a VGAT spot. The number of yellow spots was considered as the number of 840 

inhibitory synapses and biologically corresponds to the number of post-synaptic sites that co-841 

distribute with pre-synaptic sites. (C) Merged image representing the accurate detection of 842 

synapses using the Imaris method of quantification. 843 
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