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Glutamate uptake into synaptic vesicles (SVs) depends on cation/H*
exchange activity, which converts the chemical gradient (ApH) into
membrane potential (Ay) across the SV membrane at the presynap-
tic terminals. Thus, the proper recruitment of cation/H* exchanger to
SVs is important in determining glutamate quantal size, yet little is
known about its localization mechanism. Here, we found that secre-
tory carrier membrane protein 5 (SCAMP5) interacted with the cat-
ion/H* exchanger NHE6, and this interaction regulated NHE6
recruitment to glutamatergic presynaptic terminals. Protein—protein
interaction analysis with truncated constructs revealed that the 2/3
loop domain of SCAMP5 is directly associated with the C-terminal
region of NHE6. The use of optical imaging and electrophysiological
recording showed that small hairpin RNA-mediated knockdown (KD)
of SCAMPS or perturbation of SCAMP5/NHE6 interaction markedly
inhibited axonal trafficking and the presynaptic localization of NHE6,
leading to hyperacidification of SVs and a reduction in the quantal
size of glutamate release. Knockout of NHE6 occluded the effect of
SCAMP5 KD without causing additional defects. Together, our results
reveal that as a key regulator of axonal trafficking and synaptic lo-
calization of NHE6, SCAMP5 could adjust presynaptic strength by
regulating quantal size at glutamatergic synapses. Since both pro-
teins are autism candidate genes, the reduced quantal size by inter-
rupting their interaction may underscore synaptic dysfunction
observed in autism.
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The uptake of classical transmitters into synaptic vesicles (SVs)
depends on a proton electrochemical gradient (ApH™), con-
sisting of the chemical gradient (ApH) and membrane potential
(Aw) across the SV membrane (1). ApH™ is generated by vacuolar-
type H*-ATPases and ion channels/transporters on SVs (2). There
are five classes of vesicular neurotransmitter transporters on SVs,
namely, vesicular glutamate transporters (VGLUT 1 to 3), vesicular
GABA/glycine transporter (VGAT, VIAAT), vesicular monoamine
transporters (VMAT 1, 2), vesicular acetylcholine transporter
(VAChT), and vesicular nucleotide transporter (VNUT); these all
use ApH and Ay, but to different extents, to fill SVs with neuro-
transmitters (3). For example, transporters for the anionic neuro-
transmitter, glutamate, mainly utilize Ay, whereas the transporters
for the cationic neurotransmitter, acetylcholine, and zwitterionic
neurotransmitters, GABA and glycine, depend on ApH and both
ApH and Ay, respectively (4). Therefore, homeostatic regulation of
ApH™* is important for controlling the quantal size of neurotransmitter
release.

Cation/H" exchange activity across the membrane is mostly
attributed to monovalent Na*(K*)/H* exchangers (NHEs) that
present at the plasma membrane or intracellular organelles (5).
In humans, the NHE superfamily comprises nine isoforms con-
sisting of NHE1 to NHES on the plasma membrane, NHE6 and
NHED9 on intracellular vesicles, and NHE7 and NHES on the
Golgi apparatus (6). Plasma membrane isoforms recognize Na*
but not K* and have important roles in the regulation of cytoplasmic
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pH, while the intracellular isoforms recognize K* as well as Na*
(7), but their physiological roles remain poorly understood.
Loss-of-function mutations of NHE6 and NHE9, the two
endosomal subtypes (eNHEs), are implicated in multiple
neurodevelopmental and neuropsychiatric disorders, in-
cluding autism, Christianson syndrome, X-linked intellectual dis-
ability, and Angelman syndrome (8-13). NHE6 and NHE9 are
highly expressed in the brain, including the hippocampus and
cortex (14). Previous studies have found that SVs show an NHE
activity that plays an important role in glutamate uptake into SVs
by dissipating ApH and increasing Ay (15, 16), and thus, eNHEs
were considered to reside in SVs to perform this function (14).
However, it was found that there was no defect in vesicular filling
with glutamate or GABA in NHE9 knockout (KO) neurons, and
NHEDY regulated the luminal pH of axonal endosomes rather than
recycling SVs (17). In contrast, NHE6 was identified on SVs by
using quantitative proteomics (18), and its presynaptic localization
was shown by immunofluorescent analysis (19). In addition, more
severe synaptic dysfunction was observed in NHE6 KO mice (19)
than in NHE9 KO mice (17). These results suggest that NHE6
and NHED9 are not functionally redundant, and NHES6 is respon-
sible for NHE activity in SVs that regulates glutamate uptake at
presynaptic terminals. Evidently, the proper localization of NHE6
to SVs is of utmost importance in determining the glutamate
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quantal size, but the mechanism underlying NHEG6 recruitment to
SVs is mostly unknown.

Secretory carrier membrane proteins (SCAMPs) are known to
regulate vesicular trafficking and vesicle recycling processes. Of
the five known SCAMPs, SCAMP1 and SCAMPS5 are highly
expressed in the brain and enriched in SVs (20). The study of
SCAMP1 KO mice showed that it was not necessary for brain
function and synaptic physiology (21), suggesting a critical role of
SCAMPS in synaptic function. Indeed, a recent genetic analysis
showed that SCAMPS was silenced on a derivative chromosome
and was reduced in expression to ~40% of normal in a patient
with idiopathic, sporadic autism (22), and several SCAMP5
mutations reported in humans have been implicated in neuro-
developmental and neurodegenerative disorders such as intel-
lectual disability, seizure, and Parkinson’s disease (23, 24). We
also have provided evidence that SCAMPS plays a critical role in
SV endocytosis during strong neuronal activity (25) and the
protein clearance at the presynaptic SV release site (26). These
results suggest that SCAMPS plays an important role in regu-
lating the function and trafficking of synaptic proteins at
presynaptic terminals.

In this study, we showed that SCAMP5 directly interacted with
NHES6. Optical imaging and electrophysiological recordings
proved that when perturbing their interaction, axonal trafficking
and synaptic localization of NHEG6 were severely impaired, which
subsequently lowered the resting luminal pH of SVs and reduced
the amounts of glutamate release. Knockout of NHE6 occluded
the effect of SCAMPS knockdown (KD) without causing addi-
tional defects. Since NHE6 and SCAMPS are candidate genes
for autism (9, 22), the reduced quantal size following impairment
of their interaction may relate to the synaptic dysfunction ob-
served in autism.

Results

TM2-2/3-TM3 Domain of SCAMP5 Directly Interacts with the C-Terminal
Region of NHE6. Our previous results showed that SCAMPS is
highly enriched in SVs and plays a role in vesicular trafficking at
presynaptic terminals (25, 26). Since several studies reported that
other SCAMP isoforms, SCAMP1 and SCAMP2 interacted with
the plasma membrane and Golgi resident NHE isoforms, NHES
and NHE?7, respectively (27, 28), we reasoned that SCAMPS5 could
interact with NHEG6 at the presynaptic terminals. To identify the
interaction between SCAMPS and NHE6, we performed coim-
munoprecipitation assays and found that endogenous NHE6 and
SCAMPS interacted with each other (SI Appendix, Fig. S1 A and
B). We next sought to define the NHEG6-interacting domain of
SCAMPS5 (Fig. 14). None of the cytoplasmic domains of SCAMPS5
(Nt cyto, 2/3 cyto, and Ct cyto) bound to NHE6, whereas full-
length SCAMPS (SCS5 FL) did (Fig. 1B and SI Appendix, Fig.
S2A4). Neither the N-terminal cytoplasmic domain containing the
first transmembrane region (Nt-TM1) nor the C-terminal cyto-
plasmic domain containing the fourth transmembrane region
(TM4-Ct) of SCAMPS5 bound to NHE6, whereas the cytoplasmic
2/3 loop flanked by a transmembrane region at both its N and C
termini (TM2-2/3-TM3) did (Fig. 1C and SI Appendix, Fig. S24).
The 2/3 loop domain with only the N- or C-terminal transmem-
brane region (TM2-2/3 or 2/3-TM3) also failed to bind to NHE6
(Fig. 1D and SI Appendix, Fig. S24), indicating that both trans-
membrane regions flanking the cytoplasmic 2/3 loop are critical
for the interaction between SCAMP5 and NHE6. These findings
were further corroborated by the results in which the full-length
SCAMPS containing 14 randomly scrambled amino acids in the 2/3
loop domain (SC5 FL 2/3 scr) failed to bind to NHE®6 (Fig. 1E and
SI Appendix, Fig. S2A4). Since this mutant retains the protein to-
pology of the tetra-membrane spanning structure of wild-type
SCAMPS5 (26), this finding indicates that the specific motif formed
by TM2-2/3-TM3 is required for the interaction with NHE®.

20f 10 | PNAS
https://doi.org/10.1073/pnas.2011371118

Next, we tried to identify the SCAMPS5-interacting region of
NHES6 (Fig. 14). NHES6 binds several proteins via its C-terminal
cytoplasmic tail (29, 30). This was also the case for its interaction
with SCAMPS (Fig. 1F and SI Appendix, Fig. S2B). We also tested
several mutations in the C-terminal region of NHE6 that had been
isolated from patients with Christianson syndrome, X-linked in-
tellectual disability, and schizophrenia (10, 11, 31). We found that
nonsense mutants of NHE6 (E547X and W570X) with C-terminal
tail truncations did not interact with SCAMPS5, whereas the mis-
sense mutant R568Q did (Fig. 1G and SI Appendix, Fig. S2B). We
confirmed the interaction between NHE6 and SCAMPS by using
the purified GST-tagged C-terminal cytoplasmic region of NHEG6
(GST-NHEG6 Ct) and 6XHis-MBP-tagged full-length wild-type
SCAMP5 (6XHis-MBP-SCAMPS5; Fig. 1 H and ). Collectively,
these results prove that the C-terminal region of NHEG6 directly
binds to the TM2-2/3-TM3 domain of SCAMPS.

Knockdown of SCAMP5 or Perturbing SCAMP5-NHE6 Interaction
Interferes with the Recruitment of NHE6 to SVs. Although NHEG6
is known to participate in many cellular activities by modulating
the luminal pH of vesicular compartments, including SVs (19,
32), there are no reports on how the localization of NHEG6 to SVs
is regulated. We hypothesized that SCAMPS, which is highly
enriched in SVs and involved in the vesicular trafficking at syn-
apses, could regulate the recruitment of NHE6 to SVs by their
direct interaction. To check the subcellular localization of both
proteins, we cotransfected cultured rat hippocampal neurons
with NHE6 and SCAMPS together with synaptophysin (SYP), an
SV marker, and found that their expression patterns overlapped
with that of synaptophysin (Fig. 24). Furthermore, the immu-
noreactivity of endogenous SCAMP5 mostly overlapped with that
of synaptophysin, which is consistent with our previous results (26)
(SI Appendix, Fig. S1 C and D). The expression of endogenous
NHE® also substantially overlapped with that of vesicle-associated
membrane protein 2 (VAMP2) (SI Appendix, Fig. S1 E and F).
We next used a small hairpin RNA (shRNA) targeting SCAMP5
to suppress its expression. The efficiency of KD was demonstrated
previously (25, 26) and in this study (Fig. 2 G and H). Then, cul-
tured hippocampal neurons were cotransfected with NHEG6, syn-
aptophysin, and shRNA SCAMPS or scrambled RNA (sctRNA).
Unlike control neurons where NHE6 showed a considerable
colocalization with synaptophysin (Fig. 2 B, C, and F), most of
NHES failed to colocalize with synaptophysin but instead was dis-
persed along the axon in SCAMPS KD neurons (Fig. 2 D-F). We
confirmed that this was not due to the alteration in NHE6 ex-
pression level with SCAMPS5 KD (Fig. 2 G and H). This mis-
localization of NHEG6 was fully rescued by an shRNA-resistant form
of wild-type SCAMPS5 (SC5 WT sh-resi; Fig. 2 1, J, and M), while an
shRNA-resistant form of SCAMPS containing the scrambled 2/3
loop sequence (SC5 2/3 scr sh-resi), which did not bind to NHES,
failed to restore the correct localization of NHE6 (Fig. 2 K-M).
Accordingly, NHE6 mutants lacking the C-terminal region, which
did not bind to SCAMPS, failed to colocalize with synaptophysin (SI
Appendix, Fig. S3 A-D). Overexpression of the NHE6 C-terminal
fragment in control neurons showed a dominant-negative effect on
NHE® localization (SI Appendix, Fig. S4 A-G). We further found
that the colocalization between endogenous NHE6 and synapto-
physin was significantly reduced in SCAMP5 KD neurons (SI Ap-
pendix, Fig. S5 A-E), while the presynaptic localization of other
SV proteins such as vesicular glutamate transporter 1 (vGlutl),
VAMP2, and synaptotagmin 1 (Syt1) was not affected by SCAMP5
KD (SI Appendix, Fig. S5 F-L), suggesting that SCAMPS5 KD in-
duces defects, especially in NHEG6 localization but not in other
protein localization at the presynaptic terminals.

Axonal Trafficking of NHE6 Is Significantly Impaired in SCAMP5 KD
Neurons. We next investigated the detailed molecular mecha-
nisms underlying the aberrant localization of NHE6 along the
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Fig. 1. NHE6 and SCAMP5 directly associate with each other. (A) Schematic illustration of NHE6 and SCAMP5 wild-type full-length (WT FL) domain structure.
Nt, N terminus; TM, transmembrane domain; 1/2, 1/2 loop domain; 2/3, 2/3 loop domain; 3/4, 3/4 loop domain; cyto, cytoplasmic domain; lumi, luminal
domain. (B-E) Various 3XHA-NHE6-mCherry and GFP-tagged SCAMP5 fragments were expressed in HEK293T cells, immunoprecipitated using anti-GFP an-
tibody, and detected using an anti-HA antibody. (F and G) GFP-SCAMP5 and 3XHA-mCherry-tagged NHE6 without the C-terminal region or only the
C-terminal region or NHE6 patient-found mutants was expressed in HEK293T cells, immunoprecipitated using anti-GFP antibody, and detected using an anti-
HA antibody. TCL, total cell lysates; IP, immunoprecipitation; 1B, immunoblotting. (H) Purified proteins of only 6XHis-MBP and 6XHis-MBP-SCAMP5 (Left) and
only GST and GST-NHE6 Ct (Right) were confirmed by Coomassie staining. The corresponding band of each purified protein is marked with an asterisk. BSA,
bovine serum albumin. (/) Eluted GST-NHE6 Ct proteins were pulled down with only 6XHis-MBP or 6XHis-MBP-SCAMP5 proteins using amylose bead and

detected using an anti-GST antibody.

axon in SCAMPS KD neurons. Since SCAMPS plays a role in SV
endocytosis, we first hypothesized that NHE6 would be stranded
at the plasma membrane instead of being retrieved during en-
docytosis in SCAMP5 KD neurons. We transfected neurons with
3XHA-NHE6-mCherry in which HA tag is exposed extracellu-
larly and stained with anti-HA antibody without permeabiliza-
tion. We found that NHE6 was not detected at the cell surface in
SCAMPS KD as well as in control neurons (SI Appendix, Fig.
S6 A and B), so this ruled out the first possibility.

Aberrant localization would be the consequence of impaired
axonal trafficking of NHE6 in SCAMPS5 KD neurons. After being
synthesized in the cell body, NHES6 is transported along the axon
to its destination, and SCAMPS may play a role in this step. To
observe the NHEG trafficking along the axons, we cotransfected
neurons with 3XHA-NHE6-mCherry, synaptophysin, and shRNA
SCAMPS or scrambled RNA and analyzed the mobility properties
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of NHE6 in SCAMPS KD and control neurons by using live-cell
imaging (Fig. 34). We found a significant increase in the number
of stationary NHEG at the expense of the number of mobile NHE6
in SCAMP5 KD neurons while the anterograde-to-retrograde
ratio was not altered (Fig. 3 B-D). Also, SCAMP5 KD signifi-
cantly reduced the percent time in motion, segmental run length,
and segmental velocity of NHE6 compared to control neurons
(Fig. 3 E-G). Together, these results indicate that SCAMPS5 KD
induced the defects in axonal trafficking of NHE®6.

The Synaptic Vesicle Lumen Is Hyperacidified in SCAMP5 KD Neurons.
Since NHEG6 dissipates ApH and increases Ay across the SV
membrane, we hypothesized that the perturbed localization of
NHEG6 in SCAMPS KD neurons would lead to hyperacidification
of the SV lumen. To measure the luminal pH of SVs, we utilized
the Forster resonance energy transfer (FRET)-based ratiometric
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Fig. 2. SCAMP5 deficiency interferes with localization of NHE6 to SVs, which is rescued by shRNA-resistant wild-type SCAMPS5. (A) Representative images of
cultured rat hippocampal neurons cotransfected with GFP-SYP (SYP), BFP-SCAMP5 (SCAMP5), and mCherry-NHE6 (NHE®). (Scale bar, 10 um.) (B, D, /, K)
Representative images of cultured rat hippocampal neurons cotransfected with BFP-scrRNA or shRNA SCAMP5, GFP-SYP (SYP) or the shRNA-resistant form of
SCAMP5, and mCherry-NHEG6. The dashed line is used for line scan analysis. (Scale bar, 5 um.) (C, E, J, L) Fluorescent intensity profiles of the respective protein
along the dashed line. a.u., arbitrary units. (F) Manders's colocalization coefficients calculated from control (CTL) and SC5 KD neurons. SYP overlapping NHES,
CTL, 0.700 + 0.061, n =5 (coverslips). SC5 KD, 0.130 + 0.043, n = 8 (coverslips), P = 6.35E-05; NHE6 overlapping SYP, CTL, 0.642 + 0.045, n = 5 (coverslips). SC5
KD, 0.192 + 0.038, n = 8 (coverslips), P = 5.84E-05, analyzed by Student'’s t test. (G) Cultured hippocampal neurons were treated with adeno-associated virus
(AAV) containing SCAMP5 shRNA (SC5 KD) or scrambled RNA (CTL) and lysed for immunoblotting with the respective antibody. (H) Normalized relative band
intensity. NHE6, CTL, 1 + 0 (normalized), n = 3 (independent experiments); SC5 KD, 1.101 + 0.062, n = 3 (independent experiments), P = 0.180; SYP, CTL, 1 +
0 (normalized), n = 3 (independent experiments); SC5 KD, 1.066 + 0.089, n = 3 (independent experiments), P = 0.502; SCAMPS5, CTL, 1 + 0 (normalized), n =3
(independent experiments); SC5 KD, 0.106 + 0.008, n = 3 (independent experiments), P = 0.003, analyzed by Student’s t test. (M) Manders's colocalization
coefficients calculated from SC5 KD + SC5 WT and SC5 KD + SC5 2/3 scr neurons. SC5 overlapping NHE6, SC5 KD + SC5 WT, 0.601 + 0.054, n = 7 (coverslips). SC5
KD + SC5 2/3 scr, 0.196 + 0.051, n = 6 (coverslips), P = 0.0002; NHE6 overlapping SC5, SC5 KD + SC5 WT, 0.622 + 0.031, n = 7 (coverslips). SC5 KD + SC5 2/3 scr,
0.186 + 0.036, n = 6 (coverslips), P = 1.65E-06, analyzed by Student’s t test. Values are indicated as mean + SEM; **P < 0.01, ***P < 0.001.

pH-sensitive biosensor, pH-Lemon (Fig. 44), that is optimized for
live-cell imaging of pH conditions within acidic compartments (33).
First, we transfected COS-7 cells with pH-Lemon-GPI, which tar-
gets the secretory vesicles from the Golgi and the plasma membrane
(33), and measured pH-dependent ratiometric fluorescent changes
of pH-Lemon at the cell surface by perfusing a nonpermeable so-
lution of different pH (Fig. 4 B and C). We found that the half-
maximal effective concentration (ECsp) of the mTurquoise2/FRET
ratio of pH-Lemon was 6.11 (Fig. 4D). To express pH-Lemon in
SVs, we tagged pH-Lemon to the N terminus of synaptotagmin 1
with a tobacco etch virus (TEV) protease cleavage site between
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them (pH-Lemon-TEV-Sytl) (Fig. 4E). We confirmed that pH-
Lemon-TEV-Styl was expressed in SVs of cultured hippocampal
neurons (SI Appendix, Fig. S7 A and B). We then removed the
surface fraction of pH-Lemon-TEV-Syt1 by applying a nonpermeable
TEV protease solution (SI Appendix, Fig. S7 C-H), which allowed
us to observe the pH-Lemon signals emanated only from SVs.
Using this probe, we found that the luminal pH of SVs in SCAMPS5
KD neurons was significantly lower than that in control neurons
(Fig. 4 F-I and N).

To validate whether this change is mediated by NHE6 mis-
localization in SCAMP5 KD neurons, we decided to compare
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Fig. 3. SCAMP5 is important for regulating axonal trafficking of NHE6. (A)
Representative images of cultured rat hippocampal neurons cotransfected
with BFP-scrRNA or shRNA SCAMP5, GFP-SYP, and mCherry-NHE6. The ky-
mograph for NHE6 axonal trafficking was generated from time-lapse images
which were acquired at 0.5 Hz (1 frame/2 s). (B) Motile NHE6 density (motile
NHE6 counts per 10 pm axon), CTL, 0.762 + 0.136 counts/10 pm, n = 17
(axons, 9 coverslips); SC5 KD, 0.367 + 0.054 counts/10 um, n = 16 (axons, 9
coverslips), P = 0.013, analyzed by Student’s t test. (C) Stationary NHE6
density (stationary NHE6 counts per 10 um axon), CTL, 1.550 + 0.149 counts/
10 pm, n = 17 (axons, 9 coverslips); SC5 KD, 2.240 + 0.135 counts/10 pym, n =
16 (axons, 9 coverslips), P = 0.002, analyzed by Student’s t test. (D) Antero-
grade ratio of NHE6 trafficking (anterograde/anterograde and retrograde),
CTL, 0.631 + 0.091, n = 17 (axons, 9 coverslips); SC5 KD, 0.583 + 0.092, n = 16
(axons, 9 coverslips), P = 0.712, analyzed by Student'’s t test. The value of the
dashed line is 0.5. (E) Percentage of time in motion of individual motile
NHE6, CTL, 54.038 + 3.751%, n = 88 (counts of motile NHE6, 17 axons, 9
coverslips); SC5 KD, 31.656 + 4.033%, n = 46 (counts of motile NHE6, 16
axons, 9 coverslips), P = 2.556E-4, analyzed by Student’s t test. Values are
indicated as mean + SEM. (F) Box and whiskers with scattered dot graph
representing segmental run length (um) of motile NHE6. Box values are
median and quartiles (25 to 75), with each scattered dot indicating indi-
vidual segmental run length of motile NHE6. CTL, 2.666 + 2.399 pm, n = 183
(segments, 9 coverslips); SC5 KD, 1.266 + 0.733 pm, n = 112 (segments, 9
coverslips), Median + MAD (median absolute deviation), P = 0.6E-05, ana-
lyzed by Mann-Whitney U test. (G) Box and whiskers with scattered dot
graph representing segmental velocity (um/s) of motile NHE6. Box values are
median and quartiles (25 to 75), with each scattered dot indicating indi-
vidual segmental velocity of motile NHE6. CTL, 0.441 + 0.359 um/s, n = 183
(segments, 9 coverslips); SC5 KD, 0.233 + 0.143 pm/s, n = 112 (segments, 9
coverslips), median + MAD, P = 0.6E-05, analyzed by Mann-Whitney U test.
*P < 0.05, **P < 0.01, ***P < 0.001. n.s., not significant.

the SV pH between SCAMPS KD in the background of NHEG6
KO and solely SCAMP5 KD or NHE6 KO neurons. NHE6
protein was knocked out by using CRISPR-Cas9. We designed
guide RNA (gRNA) against the fourth exon of NHE6 (gene:
SLC9A6; see Materials and Methods for details), and GFP-pX458
(GFP-SpCas9-NLS) (34) or the NHE6 KO vector (GFP-NHEG6
gRNA) with a plasmid encoding GFP was delivered into the
embryonic day 17 (E17) rat hippocampus by in utero electro-
poration (35) (SI Appendix, Fig. S8B). Genomic DNA cleavage
and NHES6 protein KO by the CRISPR-Cas9 system were vali-
dated through surveyor assay (36), immunoblotting by using the
isolated hippocampal CA1 region (SI Appendix, Fig. S8 C-E),
and immunocytochemistry (ICC) (SI Appendix, Fig. S8 F and G).

We then cotransfected pH-Lemon-TEV-Syt1 along with shRNA
SCAMPS or scrambled RNA into NHE6 KO neurons at days
in vitro (DIV) 8 to 10, and the luminal pH of SVs was measured at
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DIV 14 to 16 (SI Appendix, Figs. SSH and S9). The efficiency of
SCAMP5 KD in NHE6 KO cells was confirmed by immunoblotting
and ICC in mouse hippocampal cell line HT-22 and cultured rat
hippocampal neurons, respectively (ST Appendix, Fig. S10 A-C). We
found that the luminal pHs of SVs in NHE6 KO and SCAMPS5
KD + NHE6 KO neurons were significantly lower than that in
control neurons (Fig. 4 J-N). However, SCAMP5 KD + NHE6 KO
did not reduce the SV pH any further than NHE6 KO or SCAMP5
KD. These results indicate that the loss of NHE6 occluded the
effect of SCAMPS5 KD. Together, our results show that the luminal
pH of SVs is regulated through proper NHEG localization mediated
by SCAMPS, and ectopic mislocalization of NHE6 in SCAMPS KD
neurons is responsible for hyperacidification of the SV lumen.

SCAMP5 Deficiency Leads to Decreased Glutamate Release at the
Presynaptic Bouton. Since the conversion of ApH into Ay is as-
sociated with glutamate uptake into SVs, the hyperacidification of
SV lumen in SCAMP5 KD neurons might be accompanied by a
lowering of Ay and a consequent reduction in glutamate loading
into SVs at glutamatergic synapses. To address this possibility, we
measured the amount of glutamate released at individual pre-
synaptic boutons by using an intensity-based fluorescent glutamate
sensor, iGluSnFR (37), and analyzed the iGluSnFR responses to
spontaneous glutamate release (SI Appendix, Fig. S114) and a
single action potential (AP) (SI Appendix, Fig. S11D). We found
that the amplitude histogram of spontaneous iGluSnFR responses
was fitted with a single Gaussian distribution (SI Appendix, Fig.
S134), implying that the unit response was reliably detected. We
then cotransfected iGluSnFR along with shRNA SCAMPS or
scrambled RNA into cultured hippocampal neurons (Fig. 5 4 and
D) and found that the amounts of glutamate released spontane-
ously and evoked by a single AP were significantly lower in
SCAMPS5 KD neurons (Fig. 5 C and F). The reduced glutamate
release in SCAMPS KD neurons was fully rescued by introducing
shRNA-resistant wild-type SCAMPS but not by shRNA-resistant
SCAMPS with the scrambled 2/3 loop (Fig. 5 C and F and SI Ap-
pendix, Fig. S11 B, C, E, and F). We further showed that iGluSnFR
responses to spontaneous glutamate release were also reduced in
NHE6 KO, and SCAMP5 KD + NHE6 KO did not reduce
iGluSnFR responses any more than NHE6 KO or SCAMP5 KD
(Fig. 5 G-I), again indicating that the loss of NHE6 occluded the
effect of SCAMP5 KD. The amplitude distribution of iGluSnFR
responses in SCAMP5 KD, NHE6 KO, and SCAMP5 KD +
NHE6 KO neurons was also fitted with a single Gaussian distri-
bution but was shifted to the left compared to that in control
neurons, confirming the reduction of quantal size (SI Appendix, Fig.
S13 A-E).

There is a possibility that the surface localization of iGluSnFR
can be affected in SCAMPS5 KD neurons. To rule out this pos-
sibility, neurons transfected with iGluSnFR were treated with
100 uM glutamate (Fqg) to increase surface iGluSnFR fluores-
cence maximally and pH 4 nonpermeable solution (Fpp4) to
completely quench the surface fraction of iGluSnFR at resting
state. We then measured iGluSnFR responses with a subsaturat-
ing concentration of glutamate (5 pM, Fs) (SI Appendix, Fig.
S12 A-D). We found that the iGluSnFR fluorescence levels at
resting state (Fy), the responsiveness of surface iGluSnFR to a
saturating concentration of glutamate (AF;y), and the ratios of
the surface to the internal fraction of iGluSnFR were similar in
control and SCAMPS5 KD neurons (S Appendix, Fig. S12 E and
F). In addition, the iGluSnFR responses to 5 pM glutamate nor-
malized to the baseline fluorescence (AFs/F;) were similar and
constant regardless of variation in the surface iGluSnFR levels in
both neurons (SI Appendix, Fig. S12 G and H). Together, these
indicate that the surface localization of iGluSnFR was not affected
by SCAMP5 KD, and the reduced iGluSnFR response in SCAMP5
KD neurons was not due to the reduced surface expression of
iGluSnFR or any defects in the responsiveness of iGluSnFR.
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Fig. 4. Hyperacidification of SV luminal pH in SCAMP5 KD, NHE6 KO, and SCAMP5 KD + NHE6 KO neurons. (A) Schematic illustration of the FRET-based
ratiometric pH-sensitive biosensor, pH-Lemon, consisting of mTurquoise2 and EYFP. (B) Representative separate images from mTurquoise2 and the FRET
channel of pH-Lemon-GPI in COS-7 cells. Part of the white box in the COS-7 cell on the Left is magnified on the Right, representing the fluorescence ratio
(mTurquoise2/FRET) at various pH values from pH 4 to pH 8. (Scale bar, 10 pm.) (C) Fluorescent intensity of donor (mTurquoise2) and FRET images of
pH-Lemon-GPI in COS-7 cells perfused with various pH ranges of nonpermeable extracellular solution. (D) Dose-response relationship curve of pH-Lemon (n =
7, mean + SD). (E) Schematic illustration of DNA plasmid construction of pH-Lemon-TEV-Syt1. (F, H, J, L) Representative images of the mTurquoise2/FRET ratio
of pH-Lemon-TEV-Syt1 in control, SCAMP5 KD, NHE6 KO, and SCAMP5 KD + NHE6 KO neurons, respectively. (Scale bar, 5 pm.) (G, /, K, M) Histogram graphs of
the luminal pH of SVs obtained from the mTurquoise2/FRET ratio value in CTL, n = 219 (boutons); SC5 KD, n = 318 (boutons); NHE6 KO, n = 289 (boutons); and
SC5 KD + NHE6 KO, n = 356 (boutons). (N) Scattered dot graph representing the luminal pH of SVs. Values are median and quartiles (25 to 75) of SVs pH, with
each scattered dot indicating individual pH at one bouton. CTL, 5.854 + 0.261 pH units, n = 219 (boutons, 10 coverslips); SC5 KD, 5.599 + 0.259 pH units, n =
318 (boutons, 15 coverslips); NHE6 KO, 5.546 + 0.270 pH units, n = 289 (boutons, 13 coverslips); SC5 KD + NHE6 KO, 5.615 + 0.268 pH units, n = 356 (boutons,
17 coverslips), P = 7.461E-15, analyzed by a Kruskal-Wallis test followed by a Mann-Whitney U post hoc test. Values are indicated as median + MAD,

***p < 0.001.

We further verified the quantal size change by using electro-
physiological recordings of cultured autaptic neurons infected with
adeno-associated virus containing ShRNA SCAMPS or scrambled
RNA. Whole-cell patch-clamp was carried out to measure mEPSC
(miniature excitatory postsynaptic current), eEPSC (evoked ex-
citatory postsynaptic current), and mIPSC (miniature inhibitory
postsynaptic current) in the control, SCAMP5 KD, NHE6 KO,
and SCAMPS KD + NHE6 KO neurons (Fig. 6 A and D and SI
Appendix, Fig. S144). The amplitudes of both mEPSC and eEPSC
were significantly decreased in SCAMP5 KD, NHE6 KO, and
SCAMP5 KD + NHEG6 KO neurons (Fig. 6 B and E), while the
amplitude of mIPSC was not altered (S Appendix, Fig. S14B). The
frequency of mEPSC or mIPSC appeared to be lower in SCAMPS5
KD, NHE6 KO, and SCAMPS5 KD + NHE6 KO neurons com-
pared to that in control neurons, but differences were not statis-
tically significant (Fig. 6C and SI Appendix, Fig. S14C). All these
results indicate a decrease in the quantal size of SCAMP5 KD
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neurons, which is due to the reduction in the luminal pH of SVs
following the perturbed localization of NHEG6.

Discussion

Our results reveal an interaction between SCAMP5 and NHE6
that regulates axonal trafficking and synaptic localization of
NHE®6. Their interaction is critical for controlling the strength of
synaptic transmission by modulating the luminal pH of SVs and
the quantal size of glutamate release at individual presynaptic
boutons. Previous studies using rat brain synaptosomes and the
calyx of Held showed that SVs contain monovalent cation/H*
exchangers that convert ApH into Ay, which promotes glutamate
uptake into SVs (15, 16, 38). However, how NHEs are recruited to
SVs remained unknown. In this study, we found that the inter-
action of the C-terminal region of NHEG6 with the 2/3 loop domain
of SCAMPS5 (Fig. 1) is critical for the recruitment of NHEG6 to SVs
(Fig. 2 and SI Appendix, Figs. S3-S5).
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Fig. 5. The amount of spontaneous and evoked glutamate release is reduced in SC5 KD neurons. (A and D) Representative images of cultured hippocampal
neurons cotransfected with DsRed-scrRNA or shRNA SCAMP5S and iGluSnFR. Images of iGIuSnFR represent the resting state and the response of glutamate
released spontaneously or by a single AP stimulus. (Scale bar, 5 pm.) (B and E) Representative traces of individual response (thin colored lines) and average
trace (thick colored lines) of the iGluSnFR signal during spontaneous or evoked glutamate release at one presynaptic bouton in CTL and SC5 KD neurons. (C)
Scattered dot graph representing normalized peak intensity of iGIuSnFR (AF/Fy) during spontaneous glutamate release. Values are median and quartiles (25
to 75) of iGIUSNnFR responses, with each scattered dot indicating the individual response at one bouton. CTL, 0.332 + 0.057 AF/F,, n = 73 (boutons, 8 coverslips);
SC5 KD, 0.260 + 0.049 AF/Fy, n = 90 (boutons, 9 coverslips); SC5 KD + SC5 WT, 0.370 + 0.091 AF/Fo, n = 71 (boutons, 9 coverslips); SC5 KD + SC5 2/3 scr, 0.274 +
0.079 AF/Fo, n = 96 (boutons, 11 coverslips), P = 1.075E-10, analyzed by a Kruskal-Wallis test followed by a Mann-Whitney U post hoc test. (F) Scattered dot
graph representing normalized peak intensity of iGluSnFR (AF/Fy) during evoked glutamate release. Values are median and quartiles (25 to 75) of iGluSnFR
responses, with each scattered dot indicating individual response at one bouton. CTL, 0.770 + 0.206 AF/Fo, n = 262 (boutons, 17 coverslips); SC5 KD, 0.570 +
0.219 AF/Fy, n = 298 (boutons, 19 coverslips); SC5 KD + SC5 WT, 0.697 + 0.235 AF/Fq, n = 315 (boutons, 22 coverslips); SC5 KD + SC5 2/3 scr, 0.587 + 0.238 AF/Fy,
n = 305 (boutons, 21 coverslips), P = 1.894E-12, analyzed by a Kruskal-Wallis test followed by a Mann-Whitney U post hoc test. Values are indicated as
median + MAD. (G) Representative images of cultured hippocampal NHE6 KO or control neurons cotransfected with BFP-scrRNA or shRNA SCAMP5 and
iGluSnFR. Images of iGIuSnFR represent the resting state and the response of glutamate released spontaneously. (Scale bar, 5 um.) (H) Representative traces of
individual response (thin colored lines) and average trace (thick colored lines) of the iGIuSnFR signal during spontaneous glutamate release at one presynaptic
bouton in CTL, SC5 KD, NHE6 KO, and SC5 KD + NHE6 KO neurons. (/) Scattered dot graph representing normalized peak intensity of iGIuSnFR (AF/Fo) during
spontaneous glutamate release. Values are median and quartiles (25 to 75) of iGIuSnFR responses, with each scattered dot indicating individual response at
one bouton. CTL, 0.319 + 0.063 AF/Fo, n = 111 (boutons, 10 coverslips); SC5 KD, 0.236 + 0.067 AF/Fy, n = 75 (boutons, 7 coverslips); NHE6 KO, 0.204 + 0.062 AF/
Fo, n = 109 (boutons, 10 coverslips); SC5 KD + NHE6 KO, 0.204 + 0.057 AF/Fo, n = 80 (boutons, 8 coverslips), P = 1.891E-13, analyzed by a Kruskal-Wallis test
followed by a Mann-Whitney U post hoc test. Values are indicated as median + MAD; **P < 0.01, ***P < 0.001.

SCAMP1 and 2 are known to interact with NHES on the cell
surface (27) and NHE7 on the Golgi apparatus (28), respec-
tively. Intriguingly, SCAMP2 does not interact with NHEG6 (28),
and SCAMPS5 does not interact with NHES5 (27). This interaction
specificity could be due to the divergent C-terminal domains of
NHE isoforms (14), indicating that the C-terminal region of
NHESs determines the SCAMP isoforms that interact with it, and
SCAMPs serve as the selective carriers of NHEs for their targeting
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to destined cellular organelles. This idea is fully consistent with
our results that without SCAMPS5 interaction, NHEG6 failed to be
localized at its destination. In addition, we found that several
C-terminally truncated mutant forms of NHE6 (E547X, W570X)
failed to bind to SCAMPS. This result suggests the possibility that
other nonsense mutants of NHE6 without a C terminus, such as
E64X and W523X (11), Q306X (39), Q407X (40), and R500X
(41), cannot interact with SCAMP5 and that the failure to do so
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Fig. 6. Glutamatergic neurotransmission is impaired in SC5 KD, NHE6 KO, and SC5 KD + NHE6 KO neurons. (A and D) Representative traces of mEPSC and
eEPSC in CTL, SC5 KD, NHE6 KO, and SC5 KD + NHE6 KO neurons, respectively. (B) Average amplitude of mEPSC in CTL, SC5 KD, NHE6 KO, and SC5 KD + NHE6
KO neurons. CTL, 30.257 + 3.093 pA, n = 6 (coverslips); SC5 KD, 16.735 + 0.837 pA, n =5 (coverslips); NHE6 KO, 18.628 + 0.705 pA, n =5 (coverslips); SC5 KD +
NHEG6 KO, 17.815 + 0.996 pA, n =5 (coverslips); F3, 17y = 11.685, P = 0.0002, analyzed by a one-way ANOVA test followed by a least significant difference (LSD)
post hoc test. (C) Average frequency of mEPSC in CTL, SC5 KD, NHE6 KO, and SC5 KD + NHE6 KO neurons. CTL, 10.111 + 0.783 Hz, n = 6 (coverslips); SC5 KD,
8.600 + 1.600 Hz, n = 5 (coverslips); NHE6 KO, 8.800 + 1.319 Hz, n = 5 (coverslips); SC5 KD + NHE6 KO, 7.200 + 1.356 Hz, n = 5 (coverslips); F(3, 17y = 0.933, P =
0.446, analyzed by a one-way ANOVA test followed by a LSD post hoc test. (E) Average amplitude of eEPSC in CTL, SC5 KD, NHE6 KO, and SC5 KD + NHE6 KO
neurons. CTL, 3.519 + 0.561 nA, n = 5 (coverslips); SC5 KD, 1.459 + 0.493 nA, n =5 (coverslips); NHE6 KO, 1.265 + 0.308 nA, n = 5 (coverslips); SC5 KD + NHE6

KO, 1.174 £ 0.599 nA, n =5 (coverslips); F3, 16) =
mean + SEM; *P < 0.05, **P < 0.01, ***P < 0.001. n.s., not significant.

may be the molecular mechanism underpinning several neuro-
psychiatric and neurodevelopmental disorders.

iGluSnFR has been used for imaging activity from somas and
dendritic spines in vivo (37, 42) and axonal boutons in slices (43).
The signal-to-noise ratio (SNR) of iGluSnFR is high enough to
reliably quantify the amount of glutamate released from SVs by
spontaneous SV fusion or in response to a single AP. Although
previous studies have visualized individual presynaptic fusion
events using pHluorin-based probes and FM dyes, the subopti-
mal SNR of these probes requires estimates made from the
pooled average of multiple responses or a train of stimuli to
assess presynaptic properties (44-46). In addition, iGluSnFR
responses reflect the actual amount of glutamate released while
other presynaptic probes only reveal the vesicular trafficking
processes. Our data suggest that iGluSnFR is an excellent pre-
synaptic activity indicator, especially for the measurement of
glutamate release in response to APs. The iGluSnFR or other
sensitive presynaptic probes would help to provide more infor-
mation about presynaptic changes during synaptic plasticity.

Previous work has shown that the receptor for activated C
kinase 1 (RACKT1) plays a role in regulating the distribution of
NHES6 between endosomes and the plasma membrane (29, 47).
RACKI serves as a shuttling protein, enabling the various ki-
nases, including PKCBII, Fyn, and Src, to phosphorylate their
substrate at the appropriate locations (48). NHEG interacts with
RACK1 via its C-terminal cytoplasmic region (29), and the same
region mediates the interaction with SCAMPS. These results
suggest that NHE6 can use different carriers to be localized to
other organelles. It is of interest to see whether SCAMPS5 and
RACKI1 compete with each other for binding to NHES6, and if so,
the phosphorylation or posttranslational modification pattern of
NHES®6 could alter its binding preference.
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4.920, P =0.013, analyzed by a one-way ANOVA test followed by a LSD post hoc test. Values are indicated as

NHE6 and SCAMPS5 are both SV transmembrane proteins
and could be present on the SVs of other types of neurons.
According to previous studies, SCAMPS is involved in the
endocytic pathway in mouse striatal neurons (49), and NHEG6 has
been detected by mass spectrometry on the SVs of GABAergic
neurons (18). Although we found that the amplitude and fre-
quency of mIPSC were not altered in cultured SCAMPS KD and
NHES6 KO hippocampal neurons, it would be of interest to study
whether the interaction between NHE6 and SCAMPS also reg-
ulates the quantal size of GABA release at GABAergic synapses
in vivo.

In this study, we identified the functional linkage between
SCAMPS and NHES, both of which are autism candidate genes
(9, 22). Thus, our results raised the intriguing possibility that
defects in the interaction between SCAMPS and NHEG6 could
underlie some of the pathological features of autism spectrum
disorder (ASD). In addition, loss-of-function mutations of
NHESG6 are involved in the formation of deposits of tau (50), lo-
calization of amyloid precursor protein, and the process from
production to clearance of beta-amyloid protein (51), all of which
are implicated in Alzheimer’s disease (AD). Our findings suggest
the intriguing possibility that defects in NHE6 recruitment into
SVs due to impaired interaction between NHE6 and SCAMPS are
responsible for the synaptic dysfunction observed in autism
and AD.

Materials and Methods

Plasmid DNA Construction. Plasmid DNA constructs used in this research are
described in detail in SI Appendix, Materials and Methods and Table S1

Western Blot and Immunoprecipitation. HEK293T and HT-22 cells were transfected
with different constructs according to experiments using Lipofectamine 2000
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(Invitrogen). Two days after transfection, Western blot and immunoprecipitation
were performed as described in detail in S/ Appendix, Materials and Methods.

Neuron Transfection, Image Acquisition, and Immunocytochemistry. Hippo-
campal neurons were transfected by using the calcium-phosphate method
and imaged at DIV 14 to 16. For immunocytochemistry, neurons were fixed
in 4% paraformaldehyde with 4% sucrose/phosphate-buffered saline (PBS)
or 3% glyoxal with 20% absolute ethanol and 7.5% acetic acid. Detailed
processes are described in S/ Appendix, Materials and Methods.

In Utero Electroporation. CRISPR-Cas9 plasmids were delivered to E17 fetal
Sprague-Dawley rats by in utero electroporation, and the detailed processes
are described in SI Appendix, Materials and Methods.

Calibration and Calculation of Luminal pH of Synaptic Vesicle. The luminal pH
of SVs was measured by using the pH-Lemon DNA construct as previously
described (33), and the detailed processes are described in SI Appendix,
Materials and Methods.

Autaptic Neuron Culture and Electrophysiology. Rat hippocampal autaptic
neurons were prepared, and electrophysiological recordings were performed
as previously described (26, 52). The detailed processes are described in S/
Appendix, Materials and Methods.

Image Acquisition of Glutamate Release Using iGluSnFR. Transfected neurons
with iGIuSnFR at DIV 14 to 16 were mounted in a perfusion/stimulation
chamber (Chamlide) on the stage of a Nikon Eclipse Ti-U fluorescence
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microscope, and the detailed processes are described in SI Appendix, Ma-
terials and Methods.

Statistical Analysis. For analysis of protein colocalization, Manders's coloc-
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plug-in function (https://imagej.nih.gov/ij/plugins/track/jacop.html). Quanti-
tative measurements of iGluSnFR responses from individual boutons were
obtained using ImageJ (NIH). Electrophysiological recording data were an-
alyzed and plotted using IGOR Pro (Wavemetrics), MiniAnalysis software
(Synaptosoft), and Origin 9 software (OriginLab). Significances of all data are
reported as *P < 0.05, **P < 0.01, ***P < 0.001, and the detailed processes
are described in S/ Appendix, Materials and Methods.
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