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In all supplemental figures, bars on each column represent SEM. ****, p < 0.0001; ***, p < 0.0001;  

**, p < 0.001; *, p < 0.05; n.s., statistically not significant. unpaired t-test or one-way ANOVA with  

post hoc Tukey test. For detailed statistics, see Table S2. Abbreviations. Cb, cerebellum; Cx, cortex;  

DG, dentate gyrus; GL, granular layer; Hi, hippocampus; Mb, midbrain; ML, molecular layer; MO,  

medulla oblongata; OB, olfactory bulb; PCL, Purkinje cell layer; Py, pyramidal cell layer; Ra,  

stratum radiatum; St, striatum; Th, thalamus; I~VI, cortical layer I through VI.  

   



Fig. S1. Intensified immunofluorescence signals for presynaptic molecules in glyoxal-fixed  

cerebellar cortex. Immunofluorescence for Bassoon, vesicular glutamate transporters VGluT1 and  

VGluT2, and vesicular inhibitory amino acid transporter VIAAT in tissues fixed by 4% PFA or  

glyoxal with different composition: 3% glyoxal (G), 3% glyoxal/0.8% acetic acid (GAA), 3%  

glyoxal/20% EtOH (GE), and 3% glyoxal/0.8% acetic acid/20% ethanol (GAAE). Insets indicate  

magnified punctate images in the molecular layer. Histograms showing the mean relative  

fluorescent intensity in each glyoxal fixative normalized to that in 4% PFA. Each data was  

calculated from 10 images per mouse (n = 2 mice). Scale bars, 20 μm; insets, 2 μm.  

   



 

Fig. S2. Effect of glyoxal/acetic acid (GAA) fixative with different concentrations on PSD-95  

immunofluorescence in parasagittal brain sections. (A to E) 4% PFA (A), 3% glyoxal (G)/0.8%  

acetic acid (A) (B), 3% glyoxal/8% acetic acid (C), 9% glyoxal/0.8% acetic acid (D), and 9%  

glyoxal/8% acetic acid (E). (F) Histograms showing the mean relative fluorescent intensity in  

respective glyoxal fixatives in the somatosensory cortex (left) and striatum (right) normalized to  

that in 4% PFA. Each data was calculated from 3 images per mouse (n = 2 mice). Significant  

intensification is noted between 4% PFA and each of four GAA fixatives with different  

concentrations, but not among four glyoxal fixatives. Scale bars, 1 mm.  

   



Fig. S3. 9% glyoxal/8% acetic acid (GAA) is superior to low concentration (1%) PFA in  

immunofluorescence for excitatory postsynaptic scaffolding proteins. (A to C)  

Immunofluorescence for PSD-95 in parasagittal brain sections fixed by 4% PFA (A), 1% PFA (B),  

and GAA (C). (E to G) Immunofluorescence for SAP-102 in parasagittal brain sections fixed by  

4% PFA (E), 1% PFA (F), and GAA (G). (D and H) Histograms showing the mean relative  

intensity for PSD-95 (D) and SAP-102 (H) in the somatosensory cortex (Cx), striatum (St), and  



hippocampus (Hi). The intensity in 1% PFA- and GAA-fixed sections are normalized to that in 4%  

PFA-fixed sections. Each data was calculated from 5 images per mouse (n = 2 mice). Scale bars, 1  

mm.  

   



Fig. S4. The specificity of GluN1 immunohistochemistry in GAA-fixed brains.  

Immunofluorescence for parvalbumin (PV) and GluN1 (A, B) and for PV, GluN1, and PSD-95 (C,  

D) in the reticular thalamic nucleus (RTN) of wild-type (A, C) and PV-Cre+; GluN1flox/flox (B, D)  

mouse brains. In wild-type RTN, GluN1 is detected as punctate labeling on PV(+) dendrites and  

overlapped with PSD-95 (arrowheads). The absence of GluN1 immunostaining on PSD-95(+)  

synapses on PV(+) dendrites in PV-Cre+; GluN1flox/flox mouse verifies the specificity of GluN1  

labeling in GAA-fixed sections. Arrowheads indicate PSD-95(+) excitatory synapses on PV(+)  

dendrites. RTN, reticular thalamic nucleus; VP, ventral posterior nucleus of the thalamus. Scale  

bars, A and B, 20 μm; C and D, 2 μm.  

   



Fig. S5. Glyoxal fixation improves immunofluorescence using paraffin sections. (A)  

Immunofluorescence for GluD2 in parasagittal brain sections. Brains fixed by 4% PFA (upper) and  

9% glyoxal/8% acetic acid (GAA, lower) were embedded in the same paraffin block. Both sections  

were mounted on the same glass slide and incubated in the same drops of antibody solution. (B and  

C) Magnified images of the cerebellar cortex (B, PFA; C, GAA) taken from A. (D) Histogram  

showing the mean relative intensity of GluD2 signals in the cerebellar molecular layer. The relative  

intensity in GAA fixation was normalized to that in PFA fixation. Each data was calculated from 3  

images per mouse (n = 2 mice). Scale bars, A, 1 mm; B and C, 20 μm.  

   



Fig. S6. Detection of glial, but not synaptic, AMPAR in PFA-fixed pepsin-untreated sections. 

Triple immunofluorescence for AMPAR (red; pan-AMPAR antibody), VGluT2 (blue), and 

calbindin (green) in the cerebellar cortex. A boxed region in A is magnified in B. Arrowheads 

indicate VGluT2(+) climbing fiber terminals in contact with Purkinje cell dendrites. Note weak 

AMPAR labeling is detected in calbindin(-) neuropil, but not at climbing fiber-Purkinje cell 

synapses, suggesting detection of glial, not synaptic, AMPA in PFA-fixed pepsin-untreated sections. 

Scale bars, A, 10 μm; B, 2 μm. 

  



Fig. S7. Deep z-axis imaging for AMPAR as well as for VGluT2 and calbindin.  

Immunofluorescence for AMPAR (red), VGluT2 (blue), and calbindin (green) was applied to  

GAA-fixed 100 m-thick cerebellar sections (A, B, D to F). (A and B) The xy, xz, and yz planes of  

images (A) and 3D images (B), which were untreated with tissue clearing methods and  

reconstructed from consecutive images along the z-axis (1.0 µm step). (C) GAA-fixed 100 m- 

thick cerebellar sections without (upper, PBS) or with treatment of the tissue clearing by ScaleS  

(middle) or AbScale (lower). (D to F) Consecutive triple immunofluorescence images in GAA- 

fixed cerebellar sections treated without (D) or with ScaleS after immunoreaction (E) or AbScale  

during immunoreaction (F). Consecutive images were captured along the z-axis by 1 µm step, and  



 

images at 0, 10, -20, -30, -40, and -50 m deep from the surface are shown in this panel. Scale bars,  

C, 3 mm; A, D to F, 20 μm.  

   



Fig. S8. GAA fixation increases the intensity of individual signals, as assessed by post- 

embedding immunofluorescence for GluD2 in the cerebellar cortex. (A to D)  

Immunofluorescence for GluD2 in Lowicryl-embedded ultrathin sections fixed by PFA (A and B)  

or GAA (C and D). (E) Histogram showing significant increase in the mean relative intensity of  

GluD2 in the cerebellar molecular layer by GAA fixation normalized to PFA fixation. Each value  

was calculated from 3 images per mouse (n = 2 mice). (F) Histograms showing that the size (right),  

but not density (left), of fluorescent signals is significantly increased by GAA fixation, as compared  

to PFA fixation. Each value was calculated from 3 images per mouse (n = 2 mice). Scale bars, A  

and B, 10 μm, C and D, 1 μm.  

   



Fig. S9–S18. Comparisons of immunofluorescence detection for various categories of molecules  

in brain sections fixed by PFA (upper) and GAA (lower). For each molecule, left panels show  

overall staining patterns in parasagittal brain sections, while right panels show magnified images  

from representative regions of the brain. The mean relative intensity in PFA- and GAA-fixed  

representative regions was measured and normalized to that of PFA fixation, as indicated in  

individual Supplemental Figures. Each data was average of 5 images per mouse (n = 2 mice) and  

the total measured area is 0.14 mm2, unless otherwise noted. Scale bars, low-magnification left  

panels, 1 mm, high-magnification right panels, 2, 10, or 50 μm (indicated in each Figure).  

   



Fig. S9. Voltage-gated ion channels. The mean relative intensity is significantly increased by  

GAA fixation for Nav1.1-1.9 in the hippocampal dentate gyrus, Kv1.1 in the hippocampal dentate  

gyrus, and Cav2.1 in the cerebellum. Scale bars for high-magnification right panels, 10 μm.  

  

   



Fig. S10. Ion channel/receptor-associated molecules. The mean relative intensity is significantly  

increased by GAA fixation for transmembrane AMPA receptor regulatory protein-γ2 (TARP-γ2)  

in the hippocampal dentate gyrus, TARP-γ8 in the hippocampal CA1, Shank2 in the hippocampal  

CA1, Homer-1 in the striatum, gephyrin in the cortex, and ankyrin-G in the cortex. Scale bars for  

high-magnification right panels, 10 μm.  

  

  

   



Fig. S11. Metabotropic receptors and related signaling molecules. The mean relative intensity  

is significantly increased by GAA fixation for GABABR2 in the hippocampal dentate gyrus,  

dopamine receptor D1R in the striatum, inositol triphosphate receptor IP3R1 in the hippocampal  

CA1, and phospholipase PLCβ1 in the hippocampal CA1. No significant differences are noted for  

metabotropic glutamate receptor mGluR1 in the cerebellum and muscarinic acetylcholine receptor  

mAChR1 in the hippocampal CA1. Scale bars for high-magnification right panels, 50 μm.  

  

   



Fig. S12. Vesicular transporters. The mean relative intensity is significantly increased by GAA  

fixation for vesicular glutamate transporter VGluT1 in the striatum, VGluT2 in the somatosensory  

cortex, VGluT3 in the hippocampal CA1, vesicular inhibitory amino transporter VIAAT in the  

striatum, vesicular acetylcholine transporter VAChT in the striatum, and vesicular monoamine  

transporter VMAT2 in the striatum. Scale bars for high-magnification right panels, 50 μm.  

  

   



Fig. S13. Plasmalemmal transporters. The mean relative intensity is significantly increased by  

GAA fixation for glutamate-aspartate transporter GLAST in the cerebellum, GABA transporter  

GAT1 in the striatum, glycine transporter GlyT2 in the cerebellum, choline transporter CHT in the  

striatum, dopamine transporter DAT in the striatum, noradrenaline transporter NET in the  

somatosensory cortex, and serotonin transporter HTT in the striatum. Scale bars for high- 

magnification right panels, 50 μm.  

   



Fig. S14. Synaptic vesicle-associated or active zone proteins. The mean relative intensity is  

significantly increased by GAA fixation for Bassoon and cytomatrix at the active zone-associated  

structural protein CAST in the striatum. No significant difference is noted for synapsin-1 in the  

striatum. Scale bars for high-magnification right panels, 10 μm.  

  

  

  

   



Fig. S15. Synaptic adhesion molecules. The mean relative intensity is significantly increased by 

GAA fixation for Cbln1 or precerebellin, Cbln3 in the cerebellum, neurexin Nrxn1α in the striatum, 

Neuroligin (NL)2 in the cortex, and NL3 in the striatum. Scale bars for high-magnification right 

panels, 10 μm. 

 

  



Fig. S16. Neuropeptides. The mean relative intensity is significantly decreased by GAA fixation 

for somatostatin in the striatum. No significant difference is noted for vasoactive intestinal peptide 

in the somatosensory cortex. Scale bars for high-magnification right panels, 50 μm. 

 

  



Fig. S17. Cytosolic calcium-binding proteins. The mean relative intensity is significantly 

increased by GAA fixation for calbindin in the striatum and calretinin in the somatosensory cortex, 

but not for parvalbumin in the somatosensory cortex. Scale bars for high-magnification right panels, 

50 μm. 

  



Fig. S18. Glial marker proteins. The mean relative intensity is significantly increased by GAA  

fixation for microglia marker Iba1, astrocyte marker GFAP in the hippocampal CA1, and  

oligodendrocyte marker CNPase in the somatosensory cortex. Nevertheless, Iba1 immunoreactivity  

was more clearly observed in PFA-fixed sections, because non-specific staining appeared in GAA- 

fixed sections in the somatosensory cortex. Thus, we judged no improvement for Iba1  

immunostaining by GAA fixation. Scale bars for high-magnification right panels, 10 μm.  

   



Table S1. List of primary antibodies used in the present study. 

 

Molecules Sequence (NCBI #) Host RRID Specificity Source Figure 

ankyrin-G 
1708-1726 aa 
(NP_733924) 

Rb AB_2571661 
IB, SL (axon 
initial segment) 

Iwakura et al. (25) 
(MSFR100220) 

Figure S10 

Bassoon   Ms AB_11181058 SL (presynapse) 
Enzo Life Sciences (VAM-
PS003) 

Figure S1, S14 

calbindin 
1-261 aa 
(NM009788) 

Go AB_2571569 IB 
Miura et al. (31) 
(MSFR100410) 

Figure S17 

    Rb AB_2571568 IB 
Miura et al. (31) 
(MSFR100390) 

Figure 4, S6, S7 

calretinin 
1-271 aa 
(AB037969) 

Rb AB_2571666 IB 
Miyazaki et al. (32) 
(MSFR100450) 

Figure S17 

CAST 
113-161 aa 
(NM_178085) 

Gp AB_2571671 IB, KO 
Uchigashima et al. (13) 
(MSFR100570) 

Figure S14 

CaV2.1 
421-460 aa 
(U76716) 

Gp AB_2571851 KO 
Miyazaki et al. (27) 
(MSFR106040) 

Figure S9 

Cbln1 
38-52aa 
(NM019626) 

Rb AB_2571672 KO 
Miura et al. (33) 
(MSFR100660) 

Figure S15 

Cbln3 
41-74 aa 
(NM198114) 

Rb AB_2895273 IB 
Iijima et al. (34) 
(MSFR106970) 

Figure S15 

CHT 531-580 (BC065089) Go AB_2571677 IB 
Miura et al. (31) 
(MSFR100870) 

Figure S13 

CNPase   Ms   
SL 
(oligodendrocyte
) 

Sigma (C5922) Figure S18 

D1R 
C-terminus 45 aa 
(NM010076) 

Go AB_2571594 IB 
Narushima et al. (35) 
(MSFR101020) 

Figure S11 

DAT 1-60 (BC054119) Gp AB_2571689 IB 
Uchigashima, et al. (36) 
(MSFR101260) 

Figure S13 

GABAA 
Rα1 

369–386 
(NM_010250) 

Rb AB_2571572 IB 
Ichikawa et al. (37) 
(MSFR101530) 

Figure 1, 7 

GABAA 
Rγ2 

  Rb AB_2263066 KD 
Synaptic Systems 
(224003) 

Figure 6, 7 

GABABR2 
 858-890aa 
(NM_001081141) 

Gp AB_2895275 KD present study Figure S11 

GAT1 
564-599aa 
(NM_178703) 

Rb AB_2571703 IB 
Iwakura et al. (25) 
(MSFR101710) 

Figure S13 

gephyrin   Ms AB_2232546 
SL (inhibitory 
synapse) 

Synaptic Systems 
(147021) 

Figure 1, S10 

GFAP 
335-400 aa 
(AF332061) 

Rb AB_2571707 
IB, SL 
(astrocyte) 

Hisano et al. (38) 
(MSFR101830) 

Figure S18 

GLAST 
C-terminal 41aa 
(NM148938) 

Rb AB_2571715 
IB, SL 
(astrocyte) 

Shibata et al. (39) 
(MSFR102130) 

Figure S13 

GluD1 
895-932 aa 
(NM_008166) 

Gp AB_2571759 IB, KO (Fig. 8) 
Konno et al. (15) 
(MSFR102510) 

Figure 7, 8 

GluD2 
897-934 aa 
(D13266) 

Rb AB_2571601 KO (Fig. 8) 
Nakamoto et al. (16) 
(MSFR102570) 

Figure 5, 7, 8, 
S5, S8 

GluA1-4 
(pan-
AMPAR) 

717-754 aa 
(X57497) 

Gp AB_2571610 IB 
Fukaya et al. (40) 
(MSFR104670) 

Figure 2, 4, S6, 
S7 

GluA2 
847-863 aa 
(X57498) 

Rb AB_2571754 IB, KO 
Fukaya et al. (40) 
(MSFR102330) 

Figure 1, 7 

GluA3 
853-883 aa 
(AB022342) 

Rb AB_2571598 IB, KO 
Nagy et al. (41) 
(MSFR102360) 

Figure 7 

GluK2 
834-864 aa 
(D10054) 

Rb AB_2904156 
KO lacking the 
C-terminus 

Yan et al. (42) Figure 7 



GluN1 
909-938 aa 
(NM_008169) 

Rb AB_2571604 IB, KO (Fig. S4) 
Abe et al. (19) 
(MSFR102660) 

Figure 3, S4 

GluN2B 
1301-1456 aa 
(D10651) 

Rb AB_2571762 IB 
Watanabe et al. (5) 
(MSFR102790) 

Figure 7 

GluN2C 
908-927 aa 
(D10694) 

Rb AB_2571763 IB 
Yamada et al. (21) 
(MSFR102810) 

Figure 1, 7 

GlyT2 1-30aa (AF411042) Rb AB_2571606 
IB, SL 
(glycinergic 
neuron) 

Hondo et al. (43) 
(MSFR103070) 

Figure S13 

Homer-1 
1-175 aa 
(NM_147176) 

Rb AB_2571774 IB 
Nakamura et al. (44) 
(MSFR103210) 

Figure S10 

HTT 1-77 aa (AF013604) Gp AB_2571777 IB 
Somogyi et al. (45) 
(MSFR103300) 

Figure S13 

Iba1   Rb AB_839504 SL (microglia) 
FUJIFILM Wako (019-
19741) 

Figure S18 

IP3R1 
2681-2749 
(NM010585) 

Rb AB_2571778 IB 
Nakamura et al. (44) 
(MSFR103400) 

Figure S11 

KV1.1 
478-492 aa 
(NM_010595) 

Rb AB_2571787 IB 
Iwakura et al. (25) 
(MSFR103610) 

Figure S9 

mAChR1 
229-358 aa 
(NM007698) 

Rb AB_2571791 IB 
Narushima et al. (46) 
(MSFR103750) 

Figure S11 

mGluR1 
945-1127 aa 
(NM_016976) 

Rb AB_2571799 IB 
Tanaka et al. (47) 
(MSFR104040) 

Figure S11 

NET 
1-56 aa 
(NM_009209) 

Go AB_2571809 IB 
Uchigashima et al. (36) 
(MSFR104360) 

Figure S13 

NaV1.1-1.9 
(pan-NaV) 

1492-1508 aa 
(NM_018733) 

Rb AB_2571818 IB 
Iwakura et al. (25) 
(MSFR104700) 

Figure S9 

NL1 
805-826 aa 
(NM_138666) 

Go AB_2895276 KO (Fig. 6) present study Figure 6 

NL2 
784-829 aa 
(NM_198862) 

Gp AB_2571609 IB, KO (Fig. 8) 
Iwakura et al. (25) 
(MSFR104480) 

Figure 8, S15 

NL3 
739-768 aa 
(NM_172932) 

Gp AB_2571814 IB, KO (Fig. 8) 
Uchigashima et al. (13) 
(MSFR104540) 

Figure 8, S15 

Nrxn1α 
1454–1507 aa 
(NM_020252) 

Rb AB_2571817 IB 
Uchigashima et al. (13) 
(MSFR104640) 

Figure S15 

parbalbum
in 

whole sequence 
(NM013645) 

Gp AB_2571615 IB 
Nakamura et al. (44) 
(MSFR105260) 

Figure S4, S17 

PLCβ1 
36-87 aa 
(NM_019677) 

Gp AB_2571828 IB, KO 
Fukaya et al. (48) 
(MSFR104930) 

Figure S11 

somatostat
in 

35-88aa (BC010770) Rb AB_2895277 ISH present study Figure S16 

PSD-95 1–64 (D50621) Gp AB_2571612 IB, KO (Fig. 8) 
Fukaya & Watanabe (8) 
(MSFR105190) 

Figure 1, 6, 8, 
S2, S3 

    Go AB_2920798 IB 
Fukaya & Watanabe (8) 
(MSFR107520) 

Figure S4 

SAP-102 1-146 aa (D87117) Rb AB_2571832 IB 
Fukaya & Watanabe (8) 
(MSFR105070) 

Figure S3 

Shank2 
C-terminal 13 aa 
(NM_001081370) 

Rb AB_2571839 IB 
Matsuda et al. (49) 
(MSFR105500) 

Figure S10 

synapsin-1 
686-706aa 
(NM_013680) 

Rb AB_2636934 IB present study Figure S14 

TARP-γ2 
302-318 aa 
(AF077739) 

Gp AB_2895281 KO 
Yamazaki et al. (26) 
(MSFR105780) 

Figure S10 

TARP-γ8 
362-421aa 
(AF361350) 

Rb AB_2571846 KO 
Fukaya et al. (40) 
(MSFR105830) 

Figure S10 

VAChT 
518-530 aa 
(AF019045) 

Rb AB_2736903 IB 
Nakamura et al. (44) 
(MSFR106490) 

Figure S12 



VGluT1 
531–560 aa 
(BC054462) 

Go AB_2571617 IB 
Miyazaki et al. (12) 
(MSFR106210) 

Figure 1, 5, S1, 
S12 

VGluT2 
559–582 aa 
(BC038375) 

Gp AB_2571621 IB 
Miyazaki et al. (12) 
(MSFR107440) 

Figure 2, 5, S1, 
S12 

    Go AB_2571620 IB 
Kawamura et al. (50) 
(MSFR106270) 

Figure 4, S6, S7 

VGluT3 
558–602 aa 
(AF510321) 

Go AB_2571854 IB 
Somogyi et al. (45) 
(MSFR106340) 

Figure S12 

VIAAT 31–112 (BC052020) Rb AB_2571622 IB 
Miura et al. (31) 
(MSFR106120) 

Figure S1, S12 

VIP 
58-72aa 
(XM_006512446) 

Gp AB_2895283 ISH present study Figure S16 

VMAT2 
 468-515 aa 
(L00603) 

Rb AB_2571857 IB 
Somogyi et al. (45) 
(MSFR106410) 

Figure S12 

   



Table S2. Detailed data and statistics.  

Figures 

    Number of measured areas  Mean ± SEM Statistics Result Post-hoc Test Comparison Significance P-value 

Fig.1A 
GluA2 

PFA 10 1.00 ± 0.22 
One-way 
ANOVA 

F (4, 45) = 5.405 
PFA, G, 
GAA, GE, 
GAAE 

** P = 0.0012 

G 10 
118.21 ± 

32.42 
  

Dunnett's 
test 

PFA 
G 

** P = 0.0038 

GAA 10 
127.23 ± 

35.28 
  PFA 

GAA 
** P = 0.0017 

GE 10 29.42 ± 9.07   PFA 
GE 

n.s. P = 0.8089 

GAAE 10 
73.67 ± 
20.09 

  PFA 
GAAE 

n.s. P = 0.1097 

Fig.1A 
GABAARα1 

PFA 10 1.00 ± 0.04 
One-way 
ANOVA 

F (4, 45) = 13.94 
PFA, G, 
GAA, GE, 
GAAE 

**** 
Padj < 
0.0001 

G 10 6.05 ± 1.11    

Dunnett's 
test 

PFA 
G 

*** P = 0.0002 

GAA 10 6.96 ± 1.36   PFA 
GAA 

**** 
Padj < 
0.0001 

GE 10 0.56 ± 0.15   PFA 
GE 

n.s. P = 0.9841 

GAAE 10 2.27 ± 0.12     
PFA 
GAAE 

n.s. P = 0.6192 

Fig.1A   
PSD-95 

PFA 10 1.00 ± 0.07 
One-way 
ANOVA 

F (4, 45) = 56.63 
PFA, G, 
GAA, GE, 
GAAE 

**** 
Padj < 
0.0001 

G 10 4.15 ± 0.31   

Dunnett's 
test 

PFA 
G 

**** 
Padj < 
0.0001 

GAA 10 6.35 ± 0.73   PFA 
GAA 

**** 
Padj < 
0.0001 

GE 10 0.25 ± 0.03   PFA 
GE 

n.s. P = 0.3855 

GAAE 10 0.48 ± 0.03   PFA 
GAAE 

n.s. P = 0.6991 

Fig.1A   
gephyrin 

PFA 10 1.00 ± 0.14 
One-way 
ANOVA 

F (4, 45) = 13.44 
PFA, G, 
GAA, GE, 
GAAE 

**** 
Padj < 
0.0001 

G 10 10.83 ± 1.84   

Dunnett's 
test 

PFA 
G 

**** 
Padj < 
0.0001 

GAA 10 14.30 ± 1.38   PFA 
GAA 

**** 
Padj < 
0.0001 

GE 10 9.63 ± 1.51   PFA 
GE 

*** P = 0.0002 

GAAE 10 9.48 ± 1.15   PFA 
GAAE 

*** P = 0.0002 

Fig.1C   
PFA_PBS (6), PFA_PBS-T 

(6), GAA_PBS (6), 
GAA_PBS-T (6) 

PFA_PBS-
T/PFA_PBS 
(1.54 ± 0.10), 
GAA_PBS-
T/GAA_PBS 
(4.27 ± 0.14) 

Unpaired 
t-test 

t = 15.99, df = 10 (Two-
tailed) 

PFA 
GAA 

**** 
Padj < 
0.0001 

Fig.2 
           

VGluT2 
PFA (10), GAA (10) 

PFA (1.00 ± 
0.13), GAA 

(11.35 ± 
1.01) 

Unpaired 
t-test 

t = 10.13, df = 18 (Two-
tailed) 

PFA 
GAA 

**** 
Padj < 
0.0001 



           
AMPAR 

PFA (10), GAA (10) 

PFA (1.00 ± 
0.37), GAA 
(9199.67 ± 

460.57) 

Unpaired 
t-test 

t = 19.97, df = 18 (Two-
tailed) 

PFA 
GAA 

**** 
Padj < 
0.0001 

Fig. 3G 

CA1   
Or 

PFA (6), GAA (6) 
PFA (1.00 ± 
0.06), GAA 

(8.73 ± 0.64) 

Unpaired 
t-test 

t = 12.03, df = 10 (Two-
tailed) 

PFA 
GAA 

**** 
Padj < 
0.0001 

CA1   
Ra 

PFA (6), GAA (6) 

PFA (1.00 ± 
0.04), GAA 

(10.03 ± 
0.53) 

Unpaired 
t-test 

t = 16.98, df = 10 (Two-
tailed) 

PFA 
GAA 

**** 
Padj < 
0.0001 

Fig. 3J   
PFA (66 synapses), GAA (62 

synapses) 

PFA (0.00 ± 
0.00), GAA 

(5.54 ± 0.45) 

Unpaired 
t-test 

t = 12.68, df = 126 (Two-
tailed) 

PFA 
GAA 

**** 
Padj < 
0.0001 

Fig. 4I 

0 μm                6 1.00 ± 0.03 
One-way 
ANOVA 

F (9, 50) = 283.6 

0, 0.2, 0.4, 
0.6, 0.8, 1.0, 
1.2, 1.4, 1.6, 
1.8 μm 

**** 
Padj < 
0.0001 

0.2 μm                6 0.89 ± 0.04     

Dunnett's 
test 

0 μm 
0.2 μm 

* P = 0.0159 

0.4 μm                6 0.69 ± 0.04    
0 μm 
0.4 μm 

**** 
Padj < 
0.0001 

0.6 μm                6 0.45 ± 0.03    
0 μm 
0.6 μm 

**** 
Padj < 
0.0001 

0.8 μm                6 0.25 ± 0.01    
0 μm 
0.8 μm 

**** 
Padj < 
0.0001 

1.0 μm                6 0.10 ± 0.01    
0 μm 
1.0 μm 

**** 
Padj < 
0.0001 

1.2 μm 6 0.04 ± 0.01   0 μm 
1.2 μm 

**** 
Padj < 
0.0001 

1.4 μm                6 0.02 ± 0.01   0 μm 
1.4 μm 

**** 
Padj < 
0.0001 

1.6 μm                6 0.00 ± 0.00   0 μm 
1.6 μm 

**** 
Padj < 
0.0001 

1.8 μm                6 0.00 ± 0.00   0 μm 
1.8 μm 

**** 
Padj < 
0.0001 

Fig. 4J 

0 μm                6 1.00 ± 0.04 
One-way 
ANOVA 

F (9, 50) = 0.352 

0, 0.2, 0.4, 
0.6, 0.8, 1.0, 
1.2, 1.4, 1.6, 
1.8 μm 

n.s. P = 0.9520 

0.2 μm                6 0.97 ± 0.06             

0.4 μm                6 1.04 ± 0.06         

0.6 μm                6 1.00 ± 0.05         

0.8 μm                6 1.07 ± 0.05         

1.0 μm                6 1.06 ± 0.06         

1.2 μm                6 1.05 ± 0.05         

1.4 μm                6 1.02 ± 0.05         

1.6 μm                6 0.98 ± 0.06         

1.8 μm                6 0.98 ± 0.07             



Fig. 4K          
PFA 

0 μm                
AMPAR(+)VGluT2(+)/Total 

VGluT2(+): 61/64 
Apposition 

rate: 95.31% 
            

0.2 μm                98/104 94.23%         

0.4 μm                108/127 85.04%         

0.6 μm                93/143 65.03%         

0.8 μm                76/159 47.79%         

1.0 μm                33/163 20.25%         

1.2 μm                9/166 5.42%         

1.4 μm                3/172 1.74%         

1.6 μm                3/159 1.89%         

1.8 μm                3/150 2.00%             

Fig. 4K          
GAA 

0 μm                80/82 97.56%             

0.2 μm                105/108 97.22%         

0.4 μm                122/130 93.85%         

0.6 μm                138/144 95.83%         

0.8 μm                153/161 95.03%         

1.0 μm                153/162 94.44%         

1.2 μm                157/169 92.90%         

1.4 μm                160/177 90.40%         

1.6 μm                153/176 86.93%         

1.8 μm                135/167 80.84%             

Fig. 5E   
PFA (159 synapses), GAA 

(32 synapses) 

PFA (9.64 ± 
0.53), GAA 

(19.81 ± 
1.92) 

Unpaired 
t-test 

t = 6.955, df = 189 (Two-
tailed) 

PFA 
GAA 

**** 
Padj < 
0.0001 

Fig. 6G  
CA1 (Ra) 

PFA  
WT 

10 1.00 ± 0.03 
One-way 
ANOVA 

F (3, 36) = 1683 

PFA-WT, 
PFA-KO, 
GAA-WT, 
GAA-KO 

**** 
Padj < 
0.0001 

PFA     
KO 

10 0.01 ± 0.00   

Tukey's 
test 

PFA-WT 
PFA-KO 

**** 
Padj < 
0.0001 

GAA 
WT 

10 4.24 ± 0.07   GAA-WT 
GAA-KO 

**** 
Padj < 
0.0001 



 

GAA 
KO 

10 0.28 ± 0.05    
PFA-WT 
GAA-WT 

**** 
Padj < 
0.0001 

Fig. 6G  
CA1 (LM) 

PFA 
WT 

10 1.00 ± 0.04 
One-way 
ANOVA 

F (3, 36) = 980.3 

PFA-WT, 
PFA-KO, 
GAA-WT, 
GAA-KO 

**** 
Padj < 
0.0001 

PFA     
KO 

10 0.02 ± 0.00     

Tukey's 
test 

PFA-WT 
PFA-KO 

**** 
Padj < 
0.0001 

GAA 
WT 

10 4.47 ± 0.11     
GAA-WT 
GAA-KO 

**** 
Padj < 
0.0001 

GAA 
KO 

10 0.18 ± 0.06     
PFA-WT 
GAA-WT 

**** 
Padj < 
0.0001 

Fig. 6G  
 Cx 

PFA 
WT 

10 1.00 ± 0.02 
One-way 
ANOVA 

F(3, 36) =707.8 

PFA-WT, 
PFA-KO, 
GAA-WT, 
GAA-KO 

**** 
Padj < 
0.0001 

PFA     
KO 

10 0.08 ± 0.01   

Tukey's 
test 

PFA-WT 
PFA-KO 

**** 
Padj < 
0.0001 

GAA 
WT 

10 2.35 ± 0.07   GAA-WT 
GAA-KO 

**** 
Padj < 
0.0001 

GAA 
KO 

10 0.08 ± 0.03     
PFA-WT 
GAA-WT 

**** 
Padj < 
0.0001 

Fig. 6G     
 St 

PFA 
WT 

10 1.00 ± 0.06 
One-way 
ANOVA 

F (3, 36) =177.8 

PFA-WT, 
PFA-KO, 
GAA-WT, 
GAA-KO 

**** 
Padj < 
0.0001 

PFA     
KO 

10 0.29 ± 0.03     

Tukey's 
test 

PFA-WT 
PFA-KO 

**** 
Padj < 
0.0001 

GAA 
WT 

10 2.28 ± 0.13    GAA-WT 
GAA-KO 

**** 
Padj < 
0.0001 

GAA 
KO 

10 0.11 ± 0.02    PFA-WT 
GAA-WT 

**** 
Padj < 
0.0001 

Fig. 6L          
CA1   
Ra 

PSD-95 (12 area, 1567 
clusters), GABAARα1 (12, 

1049) 

PSD-95 (1.00 
± 0.01), 

GABAARα1 
(0.94 ± 0.02) 

Unpaired 
t-test 

t = 1.122, df = 22 (Two-
tailed) 

PSD-95 
GABAARα1 

n.s. P = 0.2740 

Fig. 6M          
CA1 
LM 

PSD-95 (12, 1801), 
GABAARα1 (12, 1436) 

PSD-95 (1.00 
± 0.01), 

GABAARα1 
(0.63 ± 0.01) 

Unpaired 
t-test 

t = 7.734, df = 22 (Two-
tailed) 

PSD-95 
GABAARα1 

**** 
Padj < 
0.0001 

Fig. 6N        
Cx       
LI 

PSD-95 (12, 1346), 
GABAARα1 (12, 1186) 

PSD-95 (1.00 
± 0.01), 

GABAARα1 
(0.79 ± 0.01) 

Unpaired 
t-test 

t = 3.396, df = 22 (Two-
tailed) 

PSD-95 
GABAARα1 

** P = 0.0026 

Fig. 6O        
Cx     
LV 

PSD-95 (12, 1393), 
GABAARα1 (12, 741) 

PSD-95 (1.00 
± 0.01), 

GABAARα1 
(0.72 ± 0.01) 

Unpaired 
t-test 

t = 4.568, df = 22 (Two-
tailed) 

PSD-95 
GABAARα1 

*** P = 0.0002 

Fig. 6S   
WT (37 synapses), NL1-KO 

(69 synapses) 

WT (3.16 ± 
0.22), NL1-
KO (0.03 ± 

0.03) 

Unpaired 
t-test 

t = 19.20, df = 104 (Two-
tailed) 

WT 
NL1-KO 

**** 
Padj < 
0.0001 

Fig. 7 

GluA2 PFA (10), GAA (10) 

PFA (1.00 ± 
0.17), GAA 
(193.22 ± 

59.99) 

Unpaired 
t-test 

t = 3.204, df = 18 (Two-
tailed) 

PFA 
GA 

** P = 0.0049 

GluA3 PFA (10), GAA (10) 
PFA (1.00 ± 
0.14), GAA 

(8.82 ± 2.26) 

Unpaired 
t-test 

t = 3.453, df = 18 (Two-
tailed) 

PFA 
GAA 

** P = 0.0028 



GluK2 PFA (10), GAA (10) 

PFA (1.00 ± 
0.21), GAA 
(1475.42 ± 

499.42) 

Unpaired 
t-test 

t = 2.952, df = 18 (Two-
tailed) 

PFA 
GAA 

** P = 0.0085 

GluN2B PFA (10), GAA (10) 

PFA (1.00 ± 
0.19), GAA 
(283.73 ± 

69.75) 

Unpaired 
t-test 

t = 4.053, df = 18 (Two-
tailed) 

PFA 
GAA 

*** P = 0.0007 

GluN2C PFA (10), GAA (10) 

PFA (1.00 ± 
0.14), GAA 

(75.72 ± 
5.11) 

Unpaired 
t-test 

t = 14.63, df = 18 (Two-
tailed) 

PFA 
GAA 

**** 
Padj < 
0.0001 

GluD1 PFA (10), GAA (10) 
PFA (1.00 ± 
0.08), GAA 

(3.60 ± 0.15) 

Unpaired 
t-test 

t = 15.41, df = 18 (Two-
tailed) 

PFA 
GAA 

**** 
Padj < 
0.0001 

GluD2 PFA (10), GAA (10) 

PFA (1.00 ± 
0.17), GAA 

(13.00 ± 
0.42) 

Unpaired 
t-test 

t = 26.63, df = 18 (Two-
tailed) 

PFA 
GAA 

**** 
Padj < 
0.0001 

GABAA

Rα1 
PFA (10), GAA (10) 

PFA (1.00 ± 
0.05), GAA 

(10.48 ± 
2.84) 

Unpaired 
t-test 

t = 3.331, df = 18 (Two-
tailed) 

PFA 
GAA 

** P = 0.0037 

GABAA

Rγ2 
PFA (10), GAA (10) 

PFA (1.00 ± 
0.28), GAA 
(709.20 ± 
227.75) 

Unpaired 
t-test 

t = 3.110, df = 18 (Two-
tailed) 

PFA 
GAA 

** P = 0.0061 

Supplementary Figures 

Fig.S1A 
Bassoon 

PFA 10 1.00 ± 0.05 
One-way 
ANOVA 

F (4, 45) = 15.92 
PFA, G, 
GAA, GE, 
GAAE 

**** 
Padj < 
0.0001 

G 10 3.71 ± 0.58   

Dunnett's 
test 

PFA 
G 

**** 
Padj < 
0.0001 

GAA 10 4.52 ± 0.41   PFA 
GAA 

**** 
Padj < 
0.0001 

GE 10 2.69 ± 0.06   PFA 
GE 

** P = 0.0027 

GAAE 10 3.08 ± 0.19   PFA 
GAAE 

*** P = 0.0002 

Fig.S1A 
VGluT1 

PFA 10 1.00 ± 0.05 
One-way 
ANOVA 

F (4, 45) = 31.68 
PFA, G, 
GAA, GE, 
GAAE 

**** 
Padj < 
0.0001 

G 10 3.79 ± 0.10   

Dunnett's 
test 

PFA 
G 

**** 
Padj < 
0.0001 

GAA 10 3.28 ± 0.16   PFA 
GAA 

**** 
Padj < 
0.0001 

GE 10 3.08 ± 0.35   PFA 
GE 

**** 
Padj < 
0.0001 

GAAE 10 3.15 ± 0.13     
PFA 
GAAE 

**** 
Padj < 
0.0001 

Fig.S1A 
VGluT2 

PFA 10 1.00 ± 0.08 
One-way 
ANOVA 

F (4, 45) = 5.237 
PFA, G, 
GAA, GE, 
GAAE 

** P = 0.0015 

G 10 18.18 ± 4.76   

Dunnett's 
test 

PFA 
G 

*** P = 0.0009 

GAA 10 15.84 ± 4.17   PFA 
GAA 

** P = 0.0044 

GE 10 7.78 ± 1.85   PFA 
GE 

n.s. P = 0.3340 

GAAE 10 7.64 ± 1.59   PFA 
GAAE 

n.s. P = 0.3518 

Fig.S1A 
VIAAT 

PFA 10 1.00 ± 0.02 
One-way 
ANOVA 

F (4, 45) = 26.48 
PFA, G, 
GAA, GE, 
GAAE 

**** 
Padj < 
0.0001 



G 10 2.78 ± 0.16   

Dunnett's 
test 

PFA 
G 

**** 
Padj < 
0.0001 

GAA 10 2.43 ± 0.20   PFA 
GAA 

**** 
Padj < 
0.0001 

GE 10 1.59 ± 0.09   PFA 
GE 

* P = 0.0176 

GAAE 10 1.48 ± 0.17   PFA 
GAAE 

n.s. P = 0.0667 

Fig. S2F         
Cx 

PFA 6 1.00 ± 0.02 
One-way 
ANOVA 

F (4, 25) = 174.8 

PFA, 
3G0.8A, 
3G8A, 
9G0.8A, 
9G8A 

**** 
Padj < 
0.0001 

 3G   
0.8A 

6 3.90 ± 0.11   

Tukey's 
test 

PFA 
3G0.8A 

**** 
Padj < 
0.0001 

 3G      
8A 

6 3.71 ± 0.07   PFA 
3G8A 

**** 
Padj < 
0.0001 

 9G      
0.8A 

6 3.85 ± 0.14   PFA 
9G0.8A 

**** 
Padj < 
0.0001 

 9G      
8A 

6 4.05 ± 0.10   PFA 
9G8A 

**** 
Padj < 
0.0001 

Fig. S2F         
St 

PFA 6 1.00 ± 0.04 
One-way 
ANOVA 

F (4, 25) = 11.40 

PFA, 
3G0.8A, 
3G8A, 
9G0.8A, 
9G8A 

**** 
Padj < 
0.0001 

 3G   
0.8A 

6 2.99 ± 0.22   

Tukey's 
test 

PFA 
3G0.8A 

**** 
Padj < 
0.0001 

 3G      
8A 

6 2.42 ± 0.36   PFA 
3G8A 

** P = 0.0037 

 9G      
0.8A 

6 2.89 ± 0.22   PFA 
9G0.8A 

*** P = 0.0001 

 9G      
8A 

6 2.92 ± 0.28   PFA 
9G8A 

**** 
Padj < 
0.0001 

Fig. S3D    
PSD-95    

Cx 
One-way 
ANOVA 

F (2, 27) = 377.0 
4%PFA, 
1%PFA, 
GAA 

**** 
Padj < 
0.0001 

4% PFA 10 1.00 ± 0.05     

Tukey's 
test 

4%PFA 
1%PFA 

*** P = 0.0003 

1% PFA 10 1.53 ± 0.03    
4%PFA 
GAA 

**** 
Padj < 
0.0001 

GAA 10 4.02 ± 0.13     
1%PFA 
GAA 

**** 
Padj < 
0.0001 

St 
One-way 
ANOVA 

F(2, 27) = 162.3 
4%PFA, 
1%PFA, 
GAA 

**** 
Padj < 
0.0001 

4% PFA 10 1.00 ± 0.04     

Tukey's 
test 

4%PFA 
1%PFA 

n.s. P = 0.9011 

1% PFA 10 1.07 ± 0.04    
4%PFA 
GAA 

**** 
Padj < 
0.0001 

GAA 10 3.51 ± 0.19     
1%PFA 
GAA 

**** 
Padj < 
0.0001 

Fig. S3H    
SAP-102   

Cx 
One-way 
ANOVA 

F (2, 27) = 484.1 
4%PFA, 
1%PFA, 
GAA 

**** 
Padj < 
0.0001 

4% PFA 10 1.00 ± 0.03     

Tukey's 
test 

4%PFA 
1%PFA 

**** 
Padj < 
0.0001 

1% PFA 10 1.65 ± 0.05    
4%PFA 
GAA 

**** 
Padj < 
0.0001 

GAA 10 2.97 ± 0.05     
1%PFA 
GAA 

**** 
Padj < 
0.0001 

Hi 
One-way 
ANOVA 

F (2, 27) = 570.9 
4%PFA, 
1%PFA, 
GAA 

**** 
Padj < 
0.0001 

4% PFA 10 1.00 ± 0.08     
Tukey's 
test 

4%PFA 
1%PFA 

n.s. P = 0.2041 



1% PFA 10 1.29 ± 0.04    
4%PFA 
GAA 

**** 
Padj < 
0.0001 

GAA 10 6.00 ± 0.18    
1%PFA 
GAA 

**** 
Padj < 
0.0001 

Fig. S5D   PFA (6), GAA (6) 
PFA (1.00 ± 
0.06), GAA 

(4.41 ± 0.81) 

Unpaired 
t-test 

t = 4.201, df = 10 (Two-
tailed) 

PFA 
GAA 

** P = 0.0018 

Fig. S8E   PFA (6), GAA (6) 
PFA (1.00 ± 
0.08), GAA 

(4.25 ± 0.96) 

Unpaired 
t-test 

t = 3.359, df = 10 (Two-
tailed) 

PFA 
GAA 

** P = 0.0073 

Fig. S8F 

GluD2 
clusters

/100 

μm2        

PFA (6), GAA (6) 
PFA (0.12 ± 
0.01), GAA 

(0.14 ± 0.01) 

Unpaired 
t-test 

t = 2.016, df = 10 (Two-
tailed) 

PFA 
GAA 

n.s. P = 0.0715 

Size of 
clusters 

(100 

μm2)              

PFA (6), GAA (6) 

PFA (0.63 ± 
0.09), GAA 

(2.49 ± 
0.491) 

Unpaired 
t-test 

t = 3.739, df = 10 (Two-
tailed) 

PFA 
GAA 

** P = 0.0039 

Fig. S9 

Nav1.1-
1.9       

PFA (10), GAA (10) 

PFA (1.00 ± 
0.18), GAA 

(85.61 ± 
27.96) 

Unpaired 
t-test 

t = 3.026, df = 18 (Two-
tailed) 

PFA 
GAA 

** P = 0.0073 

Kv1.1       PFA (10), GAA (10) 

PFA (1.00 ± 
0.04), GAA 

(12.41 ± 
1.05) 

Unpaired 
t-test 

t = 10.86, df = 18 (Two-
tailed) 

PFA 
GAA 

**** 
Padj < 
0.0001 

Cav2.1       PFA (10), GAA (10) 

PFA (1.00 ± 
0.12), GAA 

(16.81 ± 
4.65) 

Unpaired 
t-test 

t = 3.399, df = 18 (Two-
tailed) 

PFA 
GAA 

** P = 0.0032 

Fig. S10 

TARP-
γ2       

PFA (10), GAA (10) 

PFA (1.00 ± 
0.04), GAA 

(22.03 ± 

6.42) 

Unpaired 
t-test 

t = 3.275, df = 18 (Two-
tailed) 

PFA 
GAA 

** P = 0.0042 

TARP-
γ8       

PFA (10), GAA (10) 
PFA (1.00 ± 
0.04), GAA 

(3.37 ± 0.35) 

Unpaired 
t-test 

t = 6.702, df = 18 (Two-
tailed) 

PFA 
GAA 

**** 
Padj < 
0.0001 

Shank2       PFA (10), GAA (10) 
PFA (1.00 ± 
0.05), GAA 

(5.06 ± 0.79) 

Unpaired 
t-test 

t = 5.156, df = 18 (Two-
tailed) 

PFA 
GAA 

**** 
Padj < 
0.0001 

Homer-
1       

PFA (10), GAA (10) 
PFA (1.00 ± 
0.05), GAA 

(2.81 ± 0.20) 

Unpaired 
t-test 

t = 8.811, df = 18 (Two-
tailed) 

PFA 
GAA 

**** 
Padj < 
0.0001 

gephyri
n       

PFA (10), GAA (10) 
PFA (1.00 ± 
0.07), GAA 

(3.99 ± 0.42) 

Unpaired 
t-test 

t = 6.955, df = 18 (Two-
tailed) 

PFA 
GAA 

**** 
Padj < 
0.0001 

ankyrin
-G      

PFA (10), GAA (10) 
PFA (1.00 ± 
0.03), GAA 

(3.71 ± 0.39) 

Unpaired 
t-test 

t = 6.936, df = 18 (Two-
tailed) 

PFA 
GAA 

**** 
Padj < 
0.0001 

Fig. S11 

mGluR1      PFA (10), GAA (10) 
PFA (1.00 ± 
0.04), GAA 

(0.85 ± 0.12) 

Unpaired 
t-test 

t = 1.250, df = 18 (Two-
tailed) 

PFA 
GAA 

n.s. P = 0.2271 

GABAB

R2      
PFA (10), GAA (10) 

PFA (1.00 ± 
0.02), GAA 

(9.65 ± 2.37) 

Unpaired 
t-test 

t = 3.648, df = 18 (Two-
tailed) 

PFA 
GAA 

** P = 0.0018 

mAChR
1      

PFA (10), GAA (10) 
PFA (1.00 ± 
0.02), GAA 

(0.95 ± 0.13) 

Unpaired 
t-test 

t = 0.3863, df = 18 (Two-
tailed) 

PFA 
GAA 

n.s. P = 0.7038 

D1R     PFA (10), GAA (10) 
PFA (1.00 ± 
0.05), GAA 

(2.70 ± 0.31) 

Unpaired 
t-test 

t = 5.416, df = 18 (Two-
tailed) 

PFA 
GAA 

**** 
Padj < 
0.0001 



IP3R1     PFA (10), GAA (10) 

PFA (1.00 ± 
0.40), GAA 
(17519.80 ± 

717.84) 

Unpaired 
t-test 

t = 24.40, df = 18 (Two-
tailed) 

PFA 
GAA 

**** 
Padj < 
0.0001 

PLCβ1     PFA (10), GAA (10) 

PFA (1.00 ± 
0.09), GAA 

(52.08 ± 
6.68) 

Unpaired 
t-test 

t = 7.641, df = 18 (Two-
tailed) 

PFA 
GAA 

**** 
Padj < 
0.0001 

Fig. S12 

VGluT1    PFA (10), GAA (10) 
PFA (1.00 ± 
0.05), GAA 

(1.42 ± 0.10) 

Unpaired 
t-test 

t = 3.556, df = 18 (Two-
tailed) 

PFA 
GAA 

** P = 0.0023 

VGluT2    PFA (10), GAA (10) 
PFA (1.00 ± 
0.03), GAA 

(4.45 ± 0.65) 

Unpaired 
t-test 

t = 5.332, df = 18 (Two-
tailed) 

PFA 
GAA 

**** 
Padj < 
0.0001 

VGluT3    PFA (10), GAA (10) 

PFA (1.00 ± 
0.04), GAA 

(12.01 ± 
2.38) 

Unpaired 
t-test 

t = 4.624, df = 18 (Two-
tailed) 

PFA 
GAA 

*** P = 0.0002 

VIAAT    PFA (10), GAA (10) 
PFA (1.00 ± 
0.08), GAA 

(1.65 ± 0.16) 

Unpaired 
t-test 

t = 3.653, df = 18 (Two-
tailed) 

PFA 
GAA 

** P = 0.0018 

VAChT    PFA (10), GAA (10) 
PFA (1.00 ± 
0.02), GAA 

(3.92 ± 0.61) 

Unpaired 
t-test 

t = 4.762, df = 18 (Two-
tailed) 

PFA 
GAA 

*** P = 0.0002 

VMAT2    PFA (10), GAA (10) 

PFA (1.00 ± 
0.04), GAA 

(12.53 ± 
1.93) 

Unpaired 
t-test 

t = 5.973, df = 18 (Two-
tailed) 

PFA 
GAA 

**** 
Padj < 
0.0001 

Fig. S13 

GLAST    PFA (10), GAA (10) 
PFA (1.00 ± 
0.06), GAA 

(1.92 ± 0.13) 

Unpaired 
t-test 

t = 6.373, df = 18 (Two-
tailed) 

PFA 
GAA 

**** 
Padj < 
0.0001 

GAT1    PFA (10), GAA (10) 
PFA (1.00 ± 
0.06), GAA 

(5.37 ± 0.24) 

Unpaired 
t-test 

t = 18.06, df = 18 (Two-
tailed) 

PFA 
GAA 

**** 
Padj < 
0.0001 

GlyT2   PFA (10), GAA (10) 
PFA (1.00 ± 
0.03), GAA 

(1.69 ± 0.06) 

Unpaired 
t-test 

t = 10.12, df = 18 (Two-
tailed) 

PFA 
GAA 

**** 
Padj < 
0.0001 

CHT   PFA (10), GAA (10) 
PFA (1.00 ± 
0.08), GAA 

(8.86 ± 2.43) 

Unpaired 
t-test 

t = 3.234, df = 18 (Two-
tailed) 

PFA 
GAA 

** P = 0.0046 

DAT  PFA (10), GAA (10) 
PFA (1.00 ± 
0.03), GAA 

(3.09 ± 0.52) 

Unpaired 
t-test 

t = 4.007, df = 18 (Two-
tailed) 

PFA 
GAA 

*** P = 0.0008 

NET  PFA (10), GAA (10) 
PFA (1.00 ± 
0.03), GAA 

(2.30 ± 0.11) 

Unpaired 
t-test 

t = 10.98, df = 18 (Two-
tailed) 

PFA 
GAA 

**** 
Padj < 
0.0001 

HTT  PFA (10), GAA (10) 
PFA (1.00 ± 
0.05), GAA 

(4.96 ± 0.83) 

Unpaired 
t-test 

t = 4.735, df = 18 (Two-
tailed) 

PFA 
GAA 

*** P = 0.0002 

Fig. S14 

Bassoo
n 

PFA (10), GAA (10) 

PFA (1.00 ± 
0.17), GAA 

(32.33 ± 
9.81) 

Unpaired 
t-test 

t = 3.192, df = 18 (Two-
tailed) 

PFA 
GAA 

** P = 0.0050 

CAST PFA (10), GAA (10) 

PFA (1.00 ± 
0.28), GAA 
(1490.61 ± 

500.46) 

Unpaired 
t-test 

t = 2.976, df = 18 (Two-
tailed) 

PFA 
GAA 

** P = 0.0081 

synapsi
n-1 

PFA (10), GAA (10) 
PFA (1.00 ± 
0.04), GAA 

(0.93 ± 0.05) 

Unpaired 
t-test 

t = 1.137, df = 18 (Two-
tailed) 

PFA 
GAA 

n.s. P = 0.2703 

Fig. S15 Cbln1 PFA (10), GAA (10) 
PFA (1.00 ± 
0.06), GAA 

(1.50 ± 0.06) 

Unpaired 
t-test 

t = 5.948, df = 18 (Two-
tailed) 

PFA 
GAA 

**** 
Padj < 
0.0001 



Cbln3 PFA (10), GAA (10) 

PFA (1.00 ± 
0.34), GAA 
(23903.08 ± 

8088.47) 

Unpaired 
t-test 

t = 2.955, df = 18 (Two-
tailed) 

PFA 
GAA 

** P = 0.0085 

Nrxn1α PFA (10), GAA (10) 

PFA (1.00 ± 
0.10), GAA 
(148.59 ± 

47.07) 

Unpaired 
t-test 

t = 3.136, df = 18 (Two-
tailed) 

PFA 
GAA 

** P = 0.0057 

NL2 PFA (10), GAA (10) 

PFA (1.00 ± 
0.11), GAA 

(63.69 ± 
20.22) 

Unpaired 
t-test 

t = 3.101, df = 18 (Two-
tailed) 

PFA 
GAA 

** P = 0.0062 

NL3 PFA (10), GAA (10) 

PFA (1.00 ± 
0.35), GAA 
(313.79 ± 
102.56) 

Unpaired 
t-test 

t = 3.050, df = 18 (Two-
tailed) 

PFA 
GAA 

** P = 0.0069 

Fig. S16 

somato
statin  

PFA (10), GAA (10) 
PFA (1.00 ± 
0.04), GAA 

(0.35 ± 0.07) 

Unpaired 
t-test 

t = 7.926, df = 18 (Two-
tailed) 

PFA 
GAA 

**** 
Padj < 
0.0001 

VIP  PFA (10), GAA (10) 
PFA (1.00 ± 
0.06), GAA 

(1.12 ± 0.12) 

Unpaired 
t-test 

t = 0.8594, df = 18 (Two-
tailed) 

PFA 
GAA 

n.s. P = 0.4014 

Fig. S17 

calbindi
n 

PFA (10), GAA (10) 
PFA (1.00 ± 
0.03), GAA 

(1.28 ± 0.12) 

Unpaired 
t-test 

t = 2.235, df = 18 (Two-
tailed) 

PFA 
GAA 

* P = 0.0383 

calretini
n 

PFA (10), GAA (10) 
PFA (1.00 ± 
0.05), GAA 

(7.25 ± 1.70) 

Unpaired 
t-test 

t = 3.674, df = 18 (Two-
tailed) 

PFA 
GAA 

** P = 0.0017 

parvalb
umin 

PFA (10), GAA (10) 
PFA (1.00 ± 
0.04), GAA 

(0.80 ± 0.12) 

Unpaired 
t-test 

t = 1.632, df = 18 (Two-
tailed) 

PFA 
GAA 

n.s. P = 0.1201 

Fig. S18 

Iba1 PFA (10), GAA (10) 
PFA (1.00 ± 
0.05), GAA 

(3.16 ± 0.08) 

Unpaired 
t-test 

t = 24.07, df = 18 (Two-
tailed) 

PFA 
GAA 

**** 
Padj < 
0.0001 

GFAP PFA (10), GAA (10) 
PFA (1.00 ± 
0.20), GAA 

(2.24 ± 0.06) 

Unpaired 
t-test 

t = 6.025, df = 18 (Two-
tailed) 

PFA 
GAA 

**** 
Padj < 
0.0001 

CNPase PFA (10), GAA (10) 
PFA (1.00 ± 
0.08), GAA 

(9.10 ± 0.22) 

Unpaired 
t-test 

t = 34.64, df = 18 (Two-
tailed) 

PFA 
GAA 

**** 
Padj < 
0.0001 

    



Table S3. Summary of improving effects by GAA fixation compared with PFA  

fixation.  

Ionotropic receptors GA/PFA  
Plasmalemmal transporters GA/PFA  

GluA2 ** 

GluA3 ** GLAST **** 

GluK2 ** GAT1 **** 

GluN1 **** GlyT2 **** 

GluN2B *** CHT ** 

GluN2C **** DAT *** 

GluD1 **** NET **** 

GluD2 **** HTT *** 

GABAARα1 ** Synaptic vesicle-associated or 

active zone proteins 
GA/PFA  

GABAARγ2 ** 

Voltage-gated ion channels GA/PFA  Bassoon ** 

Nav1.1-1.9 (pan-Nav1.x) ** CAST ** 

Kv1.1 **** synapsin-1 n.s. 

Cav2.1 ** Synaptic adhesion molecules GA/PFA  

Ion channel/receptor-

associated proteins 
GA/PFA  

Cbln1 **** 

Cbln3 ** 

TARP-γ2 ** Nrxn1α ** 

TARP-γ8 **** Neuroligin1 (NL1) **** 

Shank2 **** Neuroligin2 (NL2) ** 

Homer-1 **** Neuroligin3 (NL3) ** 

gephyrin **** Neuropeptides GA/PFA  

ankyrin-G **** somatostatin 
**** 

(reduced) 

PSD-95 **** VIP n.s. 

SAP-102 **** Cytosolic Ca2+-binding 

proteins 
GA/PFA  

Metabotropic receptors and 

related signaling molecules 
GA/PFA  

calbindin * 

mGluR1 n.s. calretinin ** 

GABABR2 ** parvalbumin n.s. 

mAChR1 n.s. Glial marker proteins GA/PFA  

D1R **** Iba1 **** 

IP3R1 **** GFAP **** 

PLCβ1 **** CNPase **** 

Vesicular transporters GA/PFA    

VGluT1 **   

VGluT2 ****   

VGluT3 ***   

VIAAT **   



VAChT ***   

VMAT2 ****   
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