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The AMPA subtype of synaptic glutamate receptors (AMPARs) plays an essential role in cognition. Their function, numbers,
and change at synapses during synaptic plasticity are tightly regulated by neuronal activity. Although we know that long-dis-
tance transport of AMPARs is essential for this regulation, we do not understand the associated regulatory mechanisms of it.
Neuronal transmission is a metabolically demanding process in which ATP consumption and production are tightly coupled
and regulated. Aerobic ATP synthesis unavoidably produces reactive oxygen species (ROS), such as hydrogen peroxide, which
are known modulators of calcium signaling. Although a role for calcium signaling in AMPAR transport has been described,
there is little understanding of the mechanisms involved and no known link to physiological ROS signaling. Here, using real-
time in vivo imaging of AMPAR transport in the intact C. elegans nervous system, we demonstrate that long-distance synap-
tic AMPAR transport is bidirectionally regulated by calcium influx and activation of calcium/calmodulin-dependent protein
kinase II. Quantification of in vivo calcium dynamics revealed that modest, physiological increases in ROS decrease calcium
transients in C. elegans glutamatergic neurons. By combining genetic and pharmacological manipulation of ROS levels and
calcium influx, we reveal a mechanism in which physiological increases in ROS cause a decrease in synaptic AMPAR trans-
port and delivery by modulating activity-dependent calcium signaling. Together, our results identify a novel role for oxidant
signaling in the regulation of synaptic AMPAR transport and delivery, which in turn could be critical for coupling the meta-
bolic demands of neuronal activity with excitatory neurotransmission.
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Significance Statement

Synaptic AMPARs are critical for excitatory synaptic transmission. The disruption of their synaptic localization and numbers
is associated with numerous psychiatric, neurologic, and neurodegenerative conditions. However, very little is known about
the regulatory mechanisms controlling transport and delivery of AMPAR to synapses. Here, we describe a novel physiological
signaling mechanism in which ROS, such as hydrogen peroxide, modulate AMPAR transport by modifying activity-dependent
calcium signaling. Our findings provide the first evidence in support of a mechanistic link between physiological ROS signal-
ing, AMPAR transport, localization, and excitatory transmission. This is of fundamental and clinical significance since dysre-
gulation of intracellular calcium and ROS signaling is implicated in aging and the pathogenesis of several neurodegenerative
disorders, including Alzheimer’s and Parkinson’s disease.

Introduction
The AMPA subtype of glutamate receptors (AMPARs) are essen-
tial for fast excitatory synaptic transmission (Ashby et al., 2008).
The number of AMPARs at the synaptic surface is a key determi-
nant of synaptic efficacy and is the result of a dynamic equilib-
rium between the number of receptors in intracellular pools and
at the synaptic surface (Rosendale et al., 2003; Groc et al., 2009;
Henley and Wilkinson, 2013). Although a few AMPARs can be
synthesized locally (Hanus et al., 2016), the vast majority of
AMPARs are synthesized in the neuronal soma, often far away
from synapses, and are trafficked in a complex multistep process
to dendrites and synapses (Hanus et al., 2016; Henley and
Wilkinson, 2016; Brechet et al., 2017). Intracellular transport by
molecular motors (C. H. Kim and Lisman, 2001; Setou et al.,
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2002; Hoerndli et al., 2013; Esteves da Silva et al., 2015; Hangen
et al., 2018), exocytosis and endocytosis (Ehlers, 2000; Yudowski
et al., 2007) as well as surface diffusion dynamics (Choquet and
Triller, 2013) are all important steps of this complex trafficking.
Intracellular AMPAR transport between different cellular pools
of AMPARs is the least understood of these steps but is essential
for synaptic transmission and plasticity (C. H. Kim and Lisman,
2001; Setou et al., 2002; Hoerndli et al., 2013). In addition, several
studies have now shown that transcription of Kinesin-1 motors
(Puthanveettil et al., 2008) and the number of AMPARs transported
increase with neuronal activity (Hoerndli et al., 2015; Hangen et al.,
2018). Furthermore, AMPAR exocytosis (Yudowski et al., 2007)
and stopping during transport in dendrites also increase with activ-
ity (Hangen et al., 2018), suggesting that vesicle stops correlate
with AMPAR delivery (Hoerndli et al., 2013). The correlation
between stopping of vesicular cargo and delivery has also been
observed for other postsynaptic cargoes (Guillaud et al., 2008;
Ichinose et al., 2015; Stucchi et al., 2018; Bommel et al., 2019),
but the regulation of stops and delivery of AMPARs are so far
unknown.

Neuronal activity is associated with increased energy
demands that is largely fulfilled by mitochondrial ATP produc-
tion (Hall et al., 2012), which concurrently produces reactive ox-
ygen species (ROS) (Halliwell, 1992). The main ROS species are
hydrogen peroxide (H2O2), the superoxide anion (O2

-), and the
hydroxyl radical (HO-) (Halliwell, 1992). Previous studies have
shown that ROS can affect calcium signaling mediated by
NMDA glutamate receptors, voltage-gated calcium channels
(VGCCs), and calcium release from the ER (Akaishi et al., 2004;
Amberg et al., 2010; Todorovic and Jevtovic-Todorovic, 2014;
Hidalgo and Arias-Cavieres, 2016). Interestingly, the effect of
ROS varies widely depending on dosage, cell type, and model
system used (Hidalgo and Arias-Cavieres, 2016; Wilson et al.,
2018). This is illustrated by the fact that LTP is disrupted by ele-
vated ROS (Bliss and Collingridge, 1993; Klann, 1998; Kamsler
and Segal, 2003) as well as depletion of ROS (Kishida and Klann,
2007). Thus, the literature supports a link between ROS signaling
and changes in neuronal excitability. However, whether this is
because of ROS modulation of calcium signaling remains uncer-
tain. In particular, there is a lack of direct evidence for the roles
of physiological ROS on neuronal calcium signaling in vivo.

The transparent model Caenorhabditis elegans is well suited
to study the effects of ROS on calcium signaling in neurons in
vivo where circuits remain intact. More specifically, calcium and
ROS sensors have been successfully used in vivo in C. elegans to
study conserved signaling pathways (Sengupta and Samuel,
2009; Luo et al., 2014; Braeckman et al., 2016). In addition, C. ele-
gans has been instrumental in uncovering translationally con-
served calcium and ROS signaling mechanisms regulating

neuronal activity, organismal aging, and neurodegeneration
(Petriv and Rachubinski, 2004; Treusch et al., 2011; Back et al.,
2012; Tardiff et al., 2013; Griffin et al., 2019; Zullo et al., 2019;
Alvarez et al., 2020).

In this study, we start to address the possible link between
ROS production and regulation of AMPAR transport using C.
elegans. Single-neuron expression of SEP::mCherry::GLR-1 (the
C. elegans homolog of the AMPAR subunit GluA1 tagged at the
N-terminus with SEP or Super Ecliptic Phluorine, a pH-sensitive
form of GFP, and mCherry) and the calcium sensor GCAMP6f
enabled us to quantify and characterize GLR-1 transport as well
as changes in cytoplasmic calcium in vivo, in real time. Together
with genetic and pharmacological manipulation of VGCC activ-
ity and ROS levels, our results show that AMPAR transport is
directly regulated by activity-dependent calcium signaling. We
also find that physiological increases in ROS levels decrease cal-
cium and, as a result, AMPAR transport, delivery, and exocyto-
sis. We further show that the targets of increased ROS are
specific and involve L-type VGCC-dependent calcium signaling
upstream of CaMKII activation. Together, our results suggest a
mechanism by which physiological ROS signaling acts as a nega-
tive feedback mechanism regulating excitatory glutamatergic
transmission by decreasing activity-dependent calcium influx
and subsequent AMPAR transport.

Materials and Methods
Strains. C. elegans strains were maintained on nematode growth

media and fed with the Escherichia coli strain OP50 at 20°C (Brenner,
2003). All animals used in experiments were hermaphrodites and the
strains used in these experiments contained alleles listed in Table 1.

To visualize GLR-1, we used the integrated array akIs201 containing
Prig-3::SEP::mCherry::GLR-1 (Hoerndli et al., 2015) to express dual-
tagged GLR-1 in the AVA glutamatergic interneurons. Transgenic
strains were created by microinjection of lin-15(n765ts) worms with
plasmids containing lin-15(1) to allow for phenotypic rescue of trans-
genic strains. The GCaMP6f-containing plasmid (Prig-3::GCaMP6f::
unc-54) was a gift from Attila Stetak and was used to create the strain
csfEx62 [Prig-3::GCaMP6f::unc-54].

Confocal microscopy. Imaging was conducted on a spinning disk
confocal microscope (Olympus IX83) equipped with 488 and 561 nm ex-
citation lasers (Andor ILE Laser Combiner). Images were captured using
an Andor iXon Ultra EMCCD camera through either a 10�/0.40 or a
100�/1.40 oil objective (Olympus). Devices were controlled remotely for
image acquisition using MetaMorph 7.10.1 (Molecular Devices).

Transport imaging and analysis. All transport imaging was con-
ducted on strains containing akIs201 in the glr-1 null background
(ky176). 1-day-old adults from these strains were mounted on a 10%
agarose pad with 1.6ml of a mixture containing equal measures of poly-
styrene beads (Polybead, catalog #00876-15, Polysciences) and 30 mM

muscimol (catalog #195336, MP Biomedicals). The worm was positioned
to place the AVA interneurons in close proximity to the coverslip

Table 1. Genetic alleles used, corresponding gene, effect of the mutation, and reported functional changes along with original references characterizing the allele

Gene Allele Mutation Functional change References

glr-1 ky176 Premature stop Truncated, unfunctional receptor Maricq et al., 1995
egl-19 n582 (rf) Missense mutation in S4 domain No calcium spikes Trent et al., 1983; Liu et al., 2018

n2368 (gf) Missense mutation in IS6 Delayed inactivation, prolonged
calcium spikes

Lee et al., 1997;
Laine et al., 2014

unc-43 n498n1186 (lf) Premature stop Protein null Park and Horvitz, 1986; Reiner et al., 1999;
Umemura et al., 2005

n498sd (gf) Missense mutation in
the active site

Partial calcium-independent,
constitutive activation

ctl-2 ok1137 (lf) ;1 kb deletion Protein null Spiró et al., 2012
lin-15 n765ts Frameshift mutation Protein null S. K. Kim and Horvitz, 1990
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through which the AVA neurites would be imaged. Once the neurons
were located using the 100� objective and a 561nm excitation laser, a
proximal section of the neurites was photobleached using a 3 W, 488 nm
Coherent solid-state laser (Genesis MXMTM) set to 0.5 W output and a
1 s pulse time. The photobleaching laser was targeted to a defined por-
tion of AVA using a Mosaic II digital mirror device (Andor Mosaic 3)
controlled through MetaMorph. Immediately following photobleaching,
a 500-frame image stream was collected in a single z plane with the
561 nm excitation laser and a 100ms exposure time. Kymographs were
generated using the Kymograph tool in MetaMorph with a 20 pixel line
width as previously reported (Hoerndli et al., 2013). Transport quantifi-
cation was done blinded to the genotype and condition by manually
counting all transport events from resultant kymographs. Transport
stops and velocities, on the other hand, were analyzed unblinded by
manually tracing ;10 transport events per kymograph using the ImageJ
plugin KymoAnalyzer (Neumann et al., 2017). Individual traces were
selected for inclusion in this analysis if the fluorescence and image focus
allowed for the event to be readily traced throughout the entirety of the
kymograph (50 s). At least 10 kymographs per experimental group were
used for the stop and velocity analyses.

Fluorescence recovery after photobleaching (FRAP). Strains contain-
ing akIs201 were mounted for imaging as described above. First, an
appropriate proximal region of AVA was localized and memorized using
MetaMorph’s stage position memory function. Second, an image stack
was acquired using the 561 nm, then the 488 nm excitation laser (500ms
exposure) around the AVA process (20 images were taken every
0.25mm, starting 2.5mm below to 2.5mm above the process, which
required ;30 s total imaging time). Third, ;80-mm-long sections of
AVA proximal and distal to the imaging region were photobleached
using the same photobleaching settings as previously described. The
imaging region was photobleached; and immediately after, two image
stacks (with 561 nm, then 488nm excitation) were acquired for the
0 min time point. This was repeated at 2, 4, 8, and 16min following
the photobleaching of the imaging region. Finally, image stacks from
all time points were converted to maximum projections using
MetaMorph’s stack arithmetic function. The average fluorescence in the
imaging region at each time point was analyzed using the region mea-
surement tool in ImageJ 1.51s (Java 1.8). The background fluorescence
(i.e., outside of the AVA) from each maximum projection was then sub-
tracted from the average fluorescence of the imaging region. The result-
ing fluorescence from the maximum projections immediately following
photobleaching (0min) was subtracted from the fluorescence values of
all subsequent time points. These values were then divided by the aver-
age fluorescence of the neurite before photobleaching to determine the
percent of signal recovery for each channel within the imaging region.

In vivo calcium imaging. All strains used for calcium imaging experi-
ments contained the extrachromosomal array csfEx62 expressing
GCAMP6f in the AVA interneurons in the lin-15(n765ts) genetic back-
ground. Eight to 10 1-day-old adult animals with the array were selected
and placed on a 10% agar pad with 2ml of standard M9 buffer (common
C. elegans culturing buffer) (Stiernagle, 2006). C. elegans were thus con-
strained but not immobilized similar to when placed in a microfluidics
chamber (Chronis et al., 2007). Animals were imaged using the 10�
objective on the spinning disk confocal. A 60 s image stream consisting
of 240 images with a 250ms exposure time was acquired using the
488 nm excitation laser. During imaging, animals spontaneously attempt
reversals, which is correlated with activation of the AVA, thus increasing
cytoplasmic calcium (Ben Arous et al., 2010) and resulting in changes in
GCaMP6f fluorescence in our strains. We report the total activity or total
cytoplasmic calcium during each 60 s stream (see Fig. 2A,B). This was
calculated using the following approach. For each frame, the maximum
fluorescence (F(t)) was quantified using MetaMorph’s region measure-
ment tool by manually defining the region of the image stream contain-
ing the AVA cell bodies. Attempts at reversals exhibited large calcium
transients, whereas attempts at forward movement or absence of move-
ment was correlated with only small variations considered as basal fluc-
tuations. The baseline (Fmin) was defined as the average GCAMP6f
signal when worms are immobile or during forward movement as this
was previously shown not to activate AVA (Ben Arous et al., 2010).

GCAMP6f signal during this time was observed to be within 30% of the
overall minimum value of GCAMP6f. Maximum fluorescence values for
each frame were imported into a customized Excel document containing
modules created with Excel’s visual basic editor. One module calculates
the average baseline (Fmin) by averaging all values within 30% of lowest
value. This value was used to determine the DF (F(t) � Fmin) for each
frame normalized to the average baseline (DF/Fmin) (Larsch et al., 2013).
Total activity was defined as the sum of all F(t) values greater than Fmin

(green area below the curve of all peaks of the 60 s recording; see Fig.
2B) normalized to the average baseline (average of the values below dot-
ted line of the 60 s recording; see Fig. 2B).

Spontaneous reversal quantification. The spontaneous reversal rate
(reversal/min) was quantified using the semiautomated tracking system
of the WormLab System (MBF Bioscience). Briefly, for each trial, 5-8 1-
day-old adult worms were selected off plates with bacterial food and
transferred on food-free plates twice with a rest of ;2min after each
transfer. Spontaneous locomotion was then recorded for 1min on the
second plate and the video analyzed blinded to genotype. After detection
of all animals and tracks by the semiautomatic tracking system, all tracks
were manually verified and corrected, if necessary, still blind to geno-
type. N2, WT animal locomotion and reversal rates were consistent with
previously reported values: 3.786 0.26 reversal/minute compared with
reported; 46 0.2 (Monteiro et al., 2012).

Hydrogen peroxide and nemadipine treatments.Worms were acutely
treated with H2O2 by placing the worm in 1.6ml of solution containing
the appropriate concentration of H2O2 with either 15 mM muscimol and
polystyrene beads (for transport imaging) or M9 buffer (for calcium
imaging); ;5min following the beginning of the treatment, image
streams were acquired. Physiologic intracellular concentrations of H2O2

range from 10 to 100 nM in vertebrate neurons (Sies, 2017), so 10, 50 and
100 nM was used for our experiments.

A 0.5 mM stock of nemadipine (VWR, catalog #89151-228) was dis-
solved in 0.1% DMSO, and the concentration was adjusted to 10 lM (a
concentration reported to decrease calcium influx in exposed neurons in
vivo by;70%) (Larsch et al., 2013) with M9 buffer and OP50 liquid cul-
ture immediately before a 30 min treatment. During the treatments, 1-
day-old adult control worms were placed into 1.5 ml Eppendorf tubes
containing either control media or the pharmacological agent and placed
on a rocker for oxygenation. The worms were then pipetted onto fresh
nematode growth media/OP50 plates immediately before being moved
to an agar pad for imaging.

Image presentation and data analysis. All images were acquired
under nonsaturating conditions. Quantification of GLR-1 transport,
FRAP, and calcium imaging is described in the appropriate sections
above. Representative images shown were chosen and processed follow-
ing analysis only to the extent necessary to appreciate the corresponding
quantifications. Image processing (RGB colors, cropping, adjustment of
brightness, and contrast) was performed in Photoshop (21.1.1). For
FRAP images, the mCherry signal of SEP::mCherry::GLR-1 is shown in
magenta for colorblind vision. This was achieved in Photoshop by dupli-
cating the 561 nm information to create the red and blue channels of the
RGB image, which was then merged to create the magenta image as pub-
lished previously (Hoerndli et al., 2013). All images in each panel were
identically processed.

Experimental design and statistical analysis. All experiments were
performed using 1-day-old adult hermaphrodite C. elegans animals as
determined by a single row of eggs and by picking as precisely identifia-
ble L4 stage larva 18–30 h before imaging and behavior experiments.
Each dataset contained at least three experimental replicates with 4 or 5
replicates needed for datasets containing more genotypes or conditions
(see Figs. 5–7). The total number of animals analyzed is indicated in the
figure legends. All mutant strains were back-crossed at least 2� with N2
WT animals. All imaging reagents, such as SEP::mCherry::GLR-1 and
GCAMP6f, were crossed into strains carrying genetic mutations in the
exact same way, verifying the presence of the KO glr-1 allele ky176 and
genetic mutations using PCR genotyping on at least 2 generations.
Primer sequences are available on request.

For statistical analysis, all datasets were screened for outliers using a
Thompson Tau test. For datasets including only two experimental
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groups, statistical significance was tested using a two-tailed Student’s t
test. For datasets comparing more than two experimental groups, a one-
way Brown-Forsythe ANOVA with a Dunnett’s correction for multiple
comparisons was used. FRAP differences between groups were deter-
mined using an extra sum-of-squares F test of the nonlinear hyperbolic
regression fit to the data. All statistical analyses were performed using
Prism 8 software. Statistical details, numbers of ROIs and animals ana-
lyzed, and p values are indicated in detail in each section of Results. Data
are presented as mean6 SEM unless otherwise stated.

Code/software
Code for custom Excel modules used for analysis of calcium imaging is
available on request.

Results
C. elegans is a useful model for studying long-distance AMPAR
transport dynamics in vivo. Here we use a dual-tagged AMPAR
subunit, SEP::mCherry::GLR-1 in the glr-1(ky176) genetic back-
ground, expressed in a single pair of glutamatergic neurons
(AVA) to analyze how transport, delivery, and exocytosis of
GLR-1 are modulated by cytoplasmic calcium and ROS. AVA
are long, ventrally running unipolar interneurons with cell
bodies in the head of the animal that express AMPA and NMDA
subtypes of glutamate receptors (Maricq et al., 1995). To reveal
dim GLR-1 transport events, we used a photobleaching approach
combined with continuous imaging of the mCherry signal to vis-
ualize GLR-1 transport in the proximal region of AVA (Fig. 1A).
Both anterograde (Fig. 1A, blue arrowheads) and retrograde (Fig.
1A, fuchsia arrowheads) transport events can be visualized as
single particles advancing in opposite directions at different time
points (Fig. 1A, time point images 1-3). The trajectories of these
transport events can be visualized and analyzed in a kymograph
representing their position on x axis and time on the y axis (Fig.
1A, bottom right). The total amount of GLR-1 transport as well
as velocities and stopping of transport events can be quantified
using these kymographs. In control animals, the number of
transport events as well as the average anterograde velocity
obtained in our hands (Fig. 1C,F) are similar to what we reported
previously and reported for vertebrate AMPAR transport in hip-
pocampal neurons (Ju et al., 2004; Hoerndli et al., 2015; Hangen
et al., 2018).

Activity-dependent calcium signaling regulates AMPAR
transport
Recently, we and others have shown that long-distance
AMPAR transport is regulated dynamically by neuronal activ-
ity. Although studies have shown that CaMKII activation is
required for activity-dependent AMPAR transport, the exact
signaling pathways leading to CaMKII activation are still
unclear (Hayashi et al., 2000; Hoerndli et al., 2015; Hangen et
al., 2018). In C. elegans neurons, the majority of neuronal
depolarization is achieved by VGCCs, specifically by L-type
VGCC (L-VGCC), while voltage-gated sodium channels are
absent (Serrano-Saiz et al., 2013). C. elegans animals express-
ing VGCCs with reduced calcium conductance have altered
synaptic distribution (Rongo and Kaplan, 1999) and dimin-
ished transport of AMPARs (Hoerndli et al., 2015). A neces-
sary next step in understanding the regulation of long-
distance transport of AMPARs to and from synapses is to
determine whether this process is directly regulated by
increased cytoplasmic calcium leading to CaMKII activation.
If this is the case, then we would expect transport characteris-
tics, such as export from the soma as well as transport

velocities and pausing, to correlate with activity-dependent
changes in cellular calcium levels.

To test this hypothesis, we took a genetic approach using
strains with a reduced- or gain-of-function mutation in egl-19,
the sole L-VGCC gene in C. elegans, leading, respectively, to a
decrease or increase in calcium influx (Liu et al., 2018). In the
egl-19 reduced-function (rf) mutant, GLR-1 transport out of the
cell body was significantly decreased (10.26 1.2, mean 6 SEM,
transport events per kymograph, n=16, p= 0.0036; Fig. 1B,C)
compared with controls (17.96 1.7 events, n=19). Conversely,
in the egl-19 gain-of-function (gf) mutant, GLR-1 transport was
upregulated (26.76 1.7 events, n=17, p=0.0037; Fig. 1B,C). To
ensure that these changes in transport are indeed because of
altered calcium influx, we acutely treated animals containing
SEP::mCherry::GLR-1 in the glr-1(ky176) background with the
L-type-specific VGCC blocker, nemadipine (Kwok et al., 2006).
A 30min pretreatment with 10 lM nemadipine caused a decrease
in total transport (12.06 1.5 events, n=14, compared with
23.46 2.5 events in untreated controls, n=12, p= 0.0005; Fig.
1D,E) similar to egl-19(rf) (10.26 1.2; Fig. 1C). Both nemadipine
treatment and egl-19(rf) showed a similar reduction in calcium
in AVA as measured by GCAMP6f (data not shown). These
results indicate that not only is calcium through VGCCs required
(Hoerndli et al., 2015), but it also directly and bidirectionally reg-
ulates AMPAR transport to and from the cell body.

To better understand how AMPAR transport dynamics are
impacted by calcium, we quantified the velocity and stop fre-
quency of individual GLR-1-containing vesicles in the egl-19
mutants. We found that the increased calcium in egl-19(gf)
mutants results in a slightly faster anterograde instantaneous ve-
locity (1.376 0.03mm/s, n= 87 events, p= 0.003) compared with
control animals (1.236 0.02mm/s, n=90; Fig. 1F). The distribu-
tion frequency of the anterograde velocities in each group
revealed that the increase in egl-19(gf) is because of more vesicles
traveling at higher speeds (1.6-2.0mm/s; Fig. 1G). Retrograde
transport velocities, however, were not significantly changed in
the egl-19(gf)mutants (Fig. 1F,H). In addition, we observed a sig-
nificant increase in the percent time spent stopped for vesicles
moving in either direction in egl-19(gf) (29.9 6 2.7%) compared
with controls (20.96 1.8%, p= 0.043, n. 95; Fig. 1I). Decreased
calcium in egl-19(rf) mutants decreases the instantaneous veloc-
ity of anterograde GLR-1 transport (1.086 1.1mm/s, n=50,
p= 0.0037), but surprisingly had the opposite effect on instanta-
neous velocity of retrograde transport (1.46 0.06mm/s, n= 59,
compared with 0.96 0.06mm/s in controls, n= 44, p, 0.0001;
Fig. 1F). The percent time vesicles moving in either direction
spent stopped was also drastically decreased in egl-19(rf)mutants
(paused 10.56 1.5% of the time, p= 0.0011, n=79; Fig. 1I).

Cytoplasmic calcium increases from L-VGCC and other sour-
ces are known to activate CaMKII (Bayer and Schulman, 2019),
which in turn has been shown to be required for normal
AMPAR transport (Hoerndli et al., 2015; Hangen et al., 2018).
We sought to determine whether and to what degree CaMKII
activation regulates AMPAR transport. For these experiments,
we used strains harboring genetic loss- and gain-of-function
mutations of UNC-43, the sole C. elegans ortholog of CaMKII.
The unc-43 loss-of-function (lf) mutation leads to a complete
loss of UNC-43 (Reiner et al., 1999), whereas the gain-of-func-
tion (gf) allele causes partial calcium-independent, constitutive
activation of UNC-43 (Umemura et al., 2005). Animals with
unc-43(lf) showed a drastic decrease in GLR-1 transport
(0.786 0.30, n= 14, p, 0.0001), whereas animals with unc-43
(gf) showed a dramatic increase in GLR-1 transport (36.36 2.04
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Figure 1. Activity-dependent calcium signaling regulates GLR-1 transport. A, Left, Diagram illustrating the location and procedure for in vivo imaging of mCherry::SEP::GLR-1 in AVA. Top
right, Representative images at three time points showing positions of AMPAR-containing vesicles as they progress away from the cell body (blue arrowhead) and toward the cell body (fuchsia
arrowhead). Bottom right, Kymograph displaying the position (x axis) of AMPAR-containing vesicles over time (y axis). Arrowheads indicate position of vesicles in kymograph that correspond to
representative images at time points 1-3. Scale bar, 5mm. All animals are expressing SEP::mCherry::GLR-1 in the glr-1(ky176) background. For all transport experiments, animals with no addi-
tional mutations in this background are referred to as “controls.” B, 25 s of representative kymographs from controls, egl-19 reduced-function (rf), egl-19 gain-of-function (gf), unc-43 loss-of-
function (lf), and unc-43 gain-of-function (gf) mutants. Scale bar, 5mm. C, Total GLR-1 transport (anterograde and retrograde events) quantified from kymographs representative of a 50 s
image stream (n. 14 worms for each group). **p= 0.036, ****p, 0.0001, compared with controls. D, 25 s of representative kymographs of DMSO (control) and 10 mM nemadipine-treated
worms. Scale bar, 5mm. E, Total GLR-1 transport from DMSO controls (n= 12) and nemadipine-treated groups (n= 14). ***p= 0.005, compared with DMSO control. F–I, Stop and velocity
analysis of.60 transport events from controls, egl-19(rf), egl-19(gf), and unc-43(gf) mutants. F, Instantaneous velocity of AMPAR vesicles traveling in either an anterograde (solid) or retro-
grade fashion (diagonal lines; n. 60 transport events). n.s. = not significant, *p= 0.012, **p= 0.003, ****p, 0.0001, compared with controls. G, H, Distribution of instantaneous velocities
(binned every 0.2mm/s) for anterograde (G) and retrograde (H) transport for controls, egl-19(rf), and egl-19(gf) mutants. I, The percent of time GLR-1-containing vesicles spent stopped in
each genotype as quantified from the same transport events in A. *p= 0.043, **p= 0.001, ****p, 0.0001, compared with controls. Error bars indicate SEM.
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events, n=14, p, 0.0001; Fig. 1B,C) compared with controls.
Interestingly, in unc-43(gf) mutants, instantaneous transport ve-
locity was unchanged (Fig. 1F), but the percentage of time all
transport vesicles spent stopped was drastically decreased to
nearly 0% (vesicles stopped 0.06 6 0.49% of the time, n=58,
compared with 20.9 6 1.8% in controls, n= 95, p, 0.0001; Fig.
1I). We were unable to quantify velocities and stop frequency of
GLR-1 transport in unc-43(lf) because of the low numbers of
transport events per kymograph (less than one per kymograph
on average).

Collectively, these data demonstrate that calcium influx and
calcium signaling by CaMKII directly regulate GLR-1 transport,
with differential regulation of the dynamics (velocity and stops)
of anterograde and retrograde transport events. These findings
advance our understanding of AMPAR transport by delineating
a mechanism in which neuronal activity upregulates and down-
regulates the quantity and dynamics of AMPAR transport.

Increased ROS levels within physiological range modulate
activity-dependent changes in cytoplasmic calcium
A growing field of evidence shows that calcium-dependent signal-
ing is modified or coregulated by ROS (Görlach et al., 2015).
Additionally, several studies have shown that neural excitability and
synaptic plasticity are modified by ROS signaling (Yermolaieva et

al., 2000; Kishida and Klann, 2007). More recently, a few studies
have shown that function of VGCCs, including the L-type, is
altered by increases in ROS above physiological concentrations
(Todorovic and Jevtovic-Todorovic, 2014; Dang et al., 2018).
However, we have a poor understanding of if and how physio-
logical ROS signaling impacts activity-dependent fluctuations in
neuronal calcium levels. Given this gap in knowledge and the
growing interest in how calcium and ROS signaling act to regu-
late neuronal excitation, we tested whether slight perturbations
of ROS produce observable changes in cytoplasmic calcium lev-
els and the resultant signaling. First, using cell-specific expres-
sion of the genetically encoded, fluorescent calcium indicator
GCaMP6f (Akerboom et al., 2013), we were able to visualize cal-
cium transients in vivo in the soma of AVA (Fig. 2A,B). Using
this technique, we observe temporal dynamics (i.e., transient fre-
quency and duration) of calcium transients similar to previous
reports (Larsch et al., 2013; Gordus et al., 2015).

To determine whether cytoplasmic calcium is impacted by
H2O2, the most stable and common form of endogenous ROS in
cells (Bienert et al., 2006), we subjected WT worms expressing
GCaMP6f in the AVA to a 5 min pretreatment of 100 nM H2O2

before imaging. With this technique, we determined that acute
treatment with a H2O2 concentration within the physiological
range (10-100 nM) (Sies, 2017) decreased the total GCaMP

Figure 2. Physiologic increase in ROS leads to decreased activity-dependent fluctuations in somatic calcium. A, Brightfield and fluorescent confocal images of the ventral side of a C. elegans-
expressing GCaMP6f in the AVA interneuron. Scale bar, 50mm. B, GCaMP6f DF/Fmin over time. Gray dashed line indicates baseline threshold (30% of minimum fluorescence value).
Fluorescence values above that threshold are summed (area under the curve for all peaks) and normalized to the average baseline value (Fmin) to calculate total activity during the 60 s record-
ing. For all GCaMP experiments, all groups express GCaMP6f in AVA and are referred to as “control” if no additional H2O2 treatment or mutation was added. C, Representative traces of somatic
GCaMP6f fluorescence in AVA interneurons for 60 s normalized to baseline fluorescence (DF/Fmin) from control (n= 56) and 100 nM H2O2-treated (n= 58) animals. Dashed line indicates Fmin.
D, Total activity of GCaMP normalized to untreated controls. **p= 0.006. E, Average fluorescence baseline of controls and H2O2-treated animals normalized to control group (n� 50), n.s. =
not significant. F, Representative traces of somatic GCaMP6f fluorescence in AVA interneurons for 60 s, normalized to baseline fluorescence in control (n= 50) and catalase mutants (ctl-2(lf),
n= 51). Dashed line indicates Fmin. G, Total activity normalized to controls. **p= 0.001. H, Average fluorescence baseline of controls and catalase mutants normalized to controls (n� 50),
n.s. = not significant.
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activity to 80.96 0.07% of that of untreated controls (n. 55 for
each group, p= 0.006; Fig. 2C,D). Furthermore, we saw no effect
of H2O2 treatment on baseline fluorescence (Fig. 2E), indicating
that the modest increase in ROS because of this treatment does
not detectably change the fluorescence properties of GCaMP itself
or basal calcium levels. We conclude that an acute increase in
H2O2 decreases the total amount of cytoplasmic calcium over the
recording time (60 s) without drastically modifying the amplitude
of the changes in cytoplasmic calcium in the cell body of AVA.

We sought additional evidence by using a genetic strategy to
increase intracellular H2O2. To this end, we obtained a strain
harboring a loss-of-function mutation in the gene encoding the
primary C. elegans catalase (ctl-2), which decomposes ;80% of
all intracellular H2O2 to water, including in neuronal tissue
(Petriv and Rachubinski, 2004). In these catalase mutants, total
GCaMP activity is significantly decreased (27.4 6 0.08% lower,
p=0.001; Fig. 2F,G). Again, the baseline of GCaMP fluorescence
in ctl-2(lf) was not different from that in control animals (Fig.
2H). These results support that both acute and chronic increases
in H2O2 within the physiological range attenuate activity-de-
pendent increases in cytoplasmic calcium in C. elegans neurons.
Based on the identified regulatory role of calcium on GLR-1
transport, we then hypothesized that these same modest
increases in ROS may affect GLR-1 transport and delivery to
synapses.

Physiologic ROS signaling regulates AMPAR transport and
delivery to synapses
To test whether ROS levels impact GLR-1 transport, we quanti-
fied GLR-1 transport as previously described following a 5 min
pretreatment with 10, 50, or 100 nM H2O2 in which animals
swam freely before imaging in the same H2O2-containing solu-
tion. We found that worms treated with H2O2 had significantly
fewer AMPAR transport events ranging from 14.656 1.59
events at 10 nM H2O2 to 11.356 1.14 at 100 nM H2O2 (compared
with 23.06 1.09 events in untreated animals, n= 22, p, 0.0001;
Fig. 3A,B). Given that all treatments affected GLR-1 transport to
a similar degree, we used 50 nM of H2O2 in all following experi-
ments. In addition, quantification of GLR-1 transport in ctl-2(lf)
mutants revealed a significant decrease in GLR-1 transport
events (12.36 1.10 events per kymograph, n=28, p=0.0012,
compared with 19.06 1.71 events in controls, n= 20; Fig. 3C,D).
The H2O2 treatment also led to significantly decreased antero-
grade transport velocities (1.316 0.02mm/s, n=107 events,
p, 0.0001) compared with untreated controls (1.526 0.03
mm/s, n=90 events; Fig. 3E,F). The ctl-2(lf) mutation caused a
17% decrease in anterograde transport velocity (1.106 0.02mm/
s, n=107 events, p, 0.0001) compared with controls (1.336
0.02mm/s, n=59; Fig. 3G,H). Neither H2O2 treatment nor ctl-2
(lf) altered retrograde transport velocity (data not shown), so
remaining velocity analyses were focused on that of anterograde
transport. In addition, the percent of time GLR-1-containing
vesicles spent paused was decreased by these modest elevations
in ROS levels (p, 0.0001; Fig. 3I,J). Thus, both acute and
chronic increase of H2O2 led to decreased transport of GLR-1-
containing vesicles to and from the cell body, as would be pre-
dicted by our observations of decreased somatic calcium in
response to modest ROS elevations. Furthermore, these slight
increases in ROS were sufficient enough to alter the normal char-
acteristics of vesicle transport, including transport velocity as
well as the frequency and/or duration of stops along the neuronal
process.

Together, these changes in GLR-1 transport could impact
GLR-1 delivery and exocytosis at synapses. To test this hypothe-
sis, we turned to FRAP using GLR-1 tagged with mCherry and
SEP (a pH-sensitive for of GFP) at the N-terminus (Fig. 4A) as
previously described (Kennedy et al., 2010; Hoerndli et al.,
2013). We monitored recovery of mCherry signal from the
dual-tagged GLR-1 after bleaching to quantify new delivery of
GLR-1 to synaptic sites in the proximal region of the AVA
processes. SEP fluorescence, on the other hand, is quenched
while in acidic endosomes and therefore protected from pho-
tobleaching (Kennedy et al., 2010; Hoerndli et al., 2015),
meaning its signal is revealed once released to the membrane,
providing a measure of exocytosis of GLR-1-containing recep-
tors to synapses (Fig. 4A). Worms were again pretreated for
5min with 50 nM H2O2 and then immediately mounted for
imaging without any change in solution. During treatment,
the rate of GLR-1 delivery was significantly decreased (as
determined by the nonlinear fit of the percentage of fluores-
cence recovery throughout the 16min following photobleach-
ing, n = 10, p = 0.0011) compared with untreated controls
(n = 10; Fig. 4B,C). Similar to the acute H2O2 treatment, ctl-2
(lf) also led to a significant reduction in the rate of synaptic
GLR-1 delivery (n= 10, p, 0.0001; Fig. 4B,C). This decrease
in delivery could in part be because of the decreased time in
which transported vesicles are stopped when ROS is elevated
(Fig. 3I,J), which likely perturbs the ability to be delivered to
synaptic sites. Together, these results show that even a modest,
acute elevation of ROS can lead to decreased GLR-1 delivery
at synapses.

The efficacy of excitatory neurotransmission is determined in
part by the number of AMPARs at the surface of synapses
(Huganir and Nicoll, 2013; Henley and Wilkinson, 2016); and
although ROS elevation decreased GLR-1 delivery to synapses, it
may not affect exocytosis rates or the number of receptors at the
synaptic membrane. To determine whether this is the case, we
quantified the SEP signal following GLR-1 photobleaching in
both acute and genetic conditions of ROS elevation. Interestingly,
the exocytosis rate of GLR-1 seemed to be unaffected by acute
H2O2 treatment, whereas ctl-2(lf) significantly decreased GLR-1
exocytosis rates (n=10 for all groups, p, 0.0001; Fig. 4D,E). This
difference in SEP recovery suggests that acute and chronic ROS
elevation differentially affect GLR-1 exocytosis at synapses.
Chronic ROS elevation could lead to sustained decreases in GLR-
1 delivery, resulting in a time-dependent depletion of the synaptic
reserves required for the GLR-1 exocytosis. If true, then a marked
decrease in SEP::mCherry::GLR-1 signal at steady state in ctl-2(lf)
mutants would be expected. Surprisingly, measurements of SEP::
mCherry::GLR-1 fluorescence along the neuronal process before
FRAP in ctl-2(lf) and controls did not show a significant change
in mCherry or SEP signal (data not shown). We postulate that the
overexpression of GLR-1 necessary to follow single-vesicle dy-
namics might mask changes in steady-state levels of synaptic
AMPARs.

To quantify the effect of physiological elevation of ROS levels
in ctl-2(lf) mutants on global glutamatergic circuit function and
circumvent potential overexpression issues of the SEP::mCherry::
GLR-1 in AVA, we turned to behavioral analysis. The spontane-
ous reversal of C. elegans animals has been shown to reflect the
function and number of synaptic GLR-1 receptors (Y. Zheng et
al., 1999; Burbea et al., 2002; Park et al., 2009; Monteiro et al.,
2012). In addition, AVA activation has been shown to be essen-
tial for spontaneous reversals (Gray et al., 2005; Ben Arous et al.,
2010). Thus, we obtained reversal data for ctl-2(lf) and found
that ctl-2(lf) mutants exhibited fewer spontaneous reversals
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(1.376 0.19 reversals per minute, p, 0.0001, n= 38) compared
with controls (3.786 0.26, n=37, data not shown). This behav-
ioral change supports our calcium imaging data in which the
total spontaneous activity of AVA is decreased in ctl-2(lf).
Together, our results clearly show that modest ROS elevation is
sufficient to modify synaptic GLR-1 transport, delivery, and,
with chronic elevations, exocytosis to synapses ultimately affect-
ing glutamatergic circuit function.

Increased ROS modulate GLR-1 transport at or directly
downstream of L-type VGCC
Our results indicate that modest increases in ROS (within the
physiological range for neurons) (Sies, 2017) decrease the

activity-dependent fluctuations in cytoplasmic calcium in the
AVA interneurons of C. elegans (Fig. 2). This results in decreased
GLR-1 transport into and out of the cell body as well as
decreased anterograde transport velocity and time vesicles spent
stopped along the neurite (Fig. 3). Together, these changes in
transport likely contribute to decreased delivery and, in the case
of prolonged elevations in ROS, exocytosis of GLR-1 at synapses
(Fig. 4). To add clarity, we investigated mechanisms by which
excess ROS decreases cytoplasmic calcium, CaMKII activation,
and therefore GLR-1 transport.

Our data presented above suggest a regulatory signaling path-
way (Fig. 5A), in which depolarization of AVA via glutamate re-
ceptor activation leads to calcium influx through VGCCs to
activate CaMKII. This model led us hypothesize that elevated
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Figure 3. Physiologic increase in ROS levels cause decreased GLR-1 transport and alters transport dynamics. For all transport experiments, each group is expressing SEP::mCherry::GLR-1 in
the glr-1(ky176) background, and groups not subject to H2O2 treatment or additional mutations are referred to as “controls.” A, Representative kymographs from controls, 10, 50, and 100 nM
H2O2-treated worms. Scale bar, 5mm. B, Quantification of total transport events from 50 s recordings from control (n= 22), 10 (n= 20), 50 (n= 21), and 100 nM H2O2-treated (n= 22) worms.
n.s. = not significant, ****p, 0.0001. C, Representative kymographs from controls and ctl-2(lf) mutants. D, Quantification of total transport events in controls (n= 21) and ctl-2(lf) (n= 28).
**p= 0.0012. E, G, Instantaneous velocity analysis of anterograde transport events in (E) control and 50 nM H2O2-treated worms (n. 90 events; ****p, 0.0001 compared with controls) or
(G) controls and ctl-2(lf) mutants (n. 50 events; ****p, 0.0001 compared with controls). F, H, Frequency distribution of the anterograde instantaneous velocities (binned every 0.2mm/s)
in (F) controls and 50 nM H2O2-treated worms or (H) controls and ctl-2(lf) mutants. I, J, Percent of time GLR-1 vesicles spent stopped in each group. ****p, 0.0001, compared with controls.
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ROS could be affecting calcium signaling needed for CaMKII
activation. We used a genetic epistasis strategy to test whether
this is a linear pathway in which ROS function upstream of
CaMKII activation to modulate GLR-1 transport. We made dou-
ble mutants with unc-43(lf) and ctl-2(lf) as well as unc-43(gf) and
ctl-2(lf). If ROS are acting upstream of CaMKII activation, then
one would predict that unc-43(gf/lf); ctl-2(lf) double mutants
would be similar to the single unc-43mutations alone.

To test this, we analyzed mCherry::GLR-1 transport and again
observed that ctl-2(lf) alone decreases GLR-1 transport, but inter-
estingly, the addition of the ctl-2(lf) to unc-43(lf or gf) mutations
does not change the amount of transport compared with unc-43
mutations alone (Fig. 5B,C). Analysis of anterograde transport
velocity and stopping in the unc-43(gf) mutants mirrors these
results in that the velocity and stopping are the same in the unc-
43(gf); ctl-2(lf) as in the unc-43(gf) single mutant (Fig. 5D,E). It is
interesting to note that the addition of the ctl-2(lf) mutation to
unc-43(gf) did not affect transport velocity compared with unc-
43(gf), which indicates that modest ROS elevation likely does not
lead to global perturbations of cellular processes, which would
indirectly affect molecular motor-dependent activity. To deter-
mine whether this is unique to ctl-2(lf), we also treated unc-43(gf)
animals with 50 nM H2O2 before imaging transport. Similar to
ctl-2(lf), acute treatment with H2O2 had no effect on the unc-43
(gf)-mediated increase in GLR-1 transport (Fig. 5F,G). Together,
these data indicate that ROS signaling regulates GLR-1 transport
upstream of CaMKII activation.

To pinpoint potential targets of ROS upstream of CaMKII
activation, we next investigated L-VGCCs, which we have shown
to play an important role in regulating GLR-1 transport events

and delivery (Fig. 1). To determine whether L-VGCCs or down-
stream calcium signaling is a target of ROS modulation, we used
a genetic epistasis approach. We made double mutants with ctl-2
(lf) and either egl-19(rf) or egl-19(gf) and then analyzed GLR-1
transport. These analyses reveal that the amount of GLR-1 trans-
port in egl-19(rf); ctl-2(lf) is not significantly different from egl-19
(rf) (Fig. 6A,B). However, egl-19(gf); ctl-2(lf)mutants have signif-
icantly decreased GLR-1 transport events compared with egl-19
(gf) alone (13.96 1.17 vs 26.76 1.76, respectively; n=16,
p, 0.0001; Fig. 6A,B). Indeed, the double mutant was not signif-
icantly different from ctl-2(lf) alone (11.26 0.91 events, n= 19,
p= 0.42; Fig. 6A,B). Quantification of the anterograde velocity
and stopping of transport events in these strains further support
the idea that ROS affect calcium signaling at or just downstream
of L-VGCCs. In the egl-19(gf) mutant, instantaneous velocity of
anterograde transport is increased compared with controls
(1.376 0.03 vs 1.236 0.02mm/s, n. 40 events, p= 0.0005; Fig.
6C,D). When combined with ctl-2(lf), anterograde transport ve-
locity is decreased to around that of the ctl-2(lf) mutation alone
(1.126 0.03, n= 43, vs 1.046 0.02, n=82, p= 0.66; Fig. 6C,D).
The percent of time GLR-1 vesicles spent stopped along the neu-
ronal process was increased in the egl-19(gf) mutants (stopped
29.9 6 2.72% of time, n= 96) compared with controls (20.8 6
1.86%, n=95, p=0.044; Fig. 6F). When combined with ctl-2(lf),
stopping was drastically decreased compared with egl-19(gf)
alone (11.65 6 1.94%, n= 44, p, 0.0001) and controls (20.88 6
1.86%, n=89, p= 0.015; Fig. 6F). These data suggest that elevated
ROS change transport velocity and stopping throughout the neu-
rite via decreased calcium. If true, then we hypothesized that
transport velocity and stopping should be decreased in the egl-19
(rf)mutant.

Figure 4. Physiologic increase in ROS cause decreased GLR-1 delivery and exocytosis to synapses. A, Illustration of imaging location of FRAP in the AVA interneurons expressing GLR-1 tagged
with SEP, a pH-sensitive GFP, and mCherry. All experimental groups express this dual-tagged GLR-1 in the AVA in the glr-1(ky176) background. Groups that were not subject to H2O2 treatment
or additional mutations are referred to as “control.” B, Representative maximum projections of the mCherry fluorescence in the AVA interneurons before, immediately after (0 min), 8 and
16min after photobleaching of the imaging region. Scale bar, 5mm. C, Percent recovery of mCherry fluorescence after photobleaching over time in control, untreated ctl-2(lf), and 50 nM H2O2-
treated worms (n= 10 for each group). ***p= 0.001, ****p, 0.0001, compared with controls. D, Representative maximum projections of the SEP fluorescence in the AVA interneurons
before, immediately after, 8 and 16min after photobleaching of the imaging region. Scale bar, 5mm. E, Percent recovery of SEP fluorescence compared with before photobleaching from the
same worms as in Figure 4C. ****p, 0.0001, compared with controls.
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Similar to our quantification of GLR-1 transport numbers,
the transport velocity of egl-19(rf) is decreased compared with
controls (1.086 0.04mm/s, n= 86, p= 0.0001) and is unaffected
by the addition of the ctl-2(lf)mutation (Fig. 6C,E). The percent-
age of time vesicles were stopped was also decreased in egl-19(rf)
mutants (14.93 6 2.15%, n=79, p= 0.001; Fig. 6F). However, in
contrast to our velocity results, we observed a slight, but not sig-
nificant, decrease in stopping with the addition of ctl-2(lf) (8.76
1.60%, n=67, p= 0.43; Fig. 6F). These data indicate that the ctl-2
(lf) mutation is acting in the same pathway as egl-19 to regulate
GLR-1 transport. To ensure that these results are because of ele-
vated ROS levels and not developmental effects of ctl-2(lf), we
also treated egl-19(gf) animals with 50 nM H2O2. As previously

observed, H2O2 treatment of control animals reduced the
amount of GLR-1 transport and reduced egl-19(gf) transport to
the same level as H2O2 alone (26.116 1.15 vs 18.96 1.76 events,
n. 18; Fig. 6G,H). To eliminate the possibility of these results
being caused by developmental changes in the egl-19(gf/rf)
mutants, we also analyzed GLR-1 transport in control and ctl-2
(lf) mutants following treatment with the L-VGCC blocker,
nemadipine. As we previously showed, a 10 lM nemadipine
treatment significantly reduced the total amount of GLR-1
transport (14.366 1.53 events, n = 11, compared with con-
trols 24.00 6 2.15 events, n = 10; p = 0.008; Fig. 6I,J).
However, nemadipine treatment did not further reduce
transport in ctl-2(lf) mutants (14.566 1.13 events, n = 9, in

Figure 5. Increased ROS acts on GLR-1 transport upstream of CaMKII activation. A, Previously proposed model of an activity-dependent calcium signaling pathway regulating AMPAR trans-
port (Hoerndli et al., 2015). All experimental groups express SEP::mCherry::GLR-1 in the glr-1(ky176) background. B, 25 s of representative kymographs from each experimental group. Scale
bar, 5mm. C, Quantification of transport events from full-length kymographs (50 s) in control, unc-43(lf), and unc-43(gf) without (–, white bars) and with (1, blue bars) the ctl-2(lf) mutation
(n� 13). n.s. = not significant, **p= 0.0012, ****p, 0.0001, compared with controls lacking the ctl-2(lf) mutation. D, Instantaneous velocity of anterograde transport for the same animals
from B and C (n. 60 events). n.s. = not significant, ****p, 0.0001, compared with controls lacking the ctl-2(lf) mutation. E, Percent of time GLR-1 vesicles spent stopped in these same ge-
notypes (n. 60 events). **p= 0.009, ****p, 0.0001, compared with controls lacking the ctl-2(lf) mutation. F, 25 s of representative kymographs from each experimental group. Scale
bar, 5mm. G, Quantification of transport events in control or unc-43(gf) with (1, blue bars) or without (–, white bars) 50 nM H2O2 treatment (n� 14). n.s. = not significant, *p= 0.025,
***p= 0.0002, ****p, 0.0001, compared with untreated control.
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nemadipine-treated animals compared with 15.926 1.38
events, n = 13, in untreated controls; Fig. 6I,J). Together,
these observations suggest that ROS elevation is affecting L-
VGCC/EGL-19-dependent calcium signaling.

To obtain additional insight into how ROS modulate GLR-1
transport and delivery, we combined FRAP of SEP::mCherry::
GLR-1 and our genetic epistasis strategy (Fig. 7). We quantified

synaptic delivery of GLR-1 using FRAP of mCherry signal (Fig.
7A,B) and synaptic exocytosis using FRAP of SEP signal (Fig. 7C,
D) in single egl-19(rf) or egl-19(gf) mutants and when doubled
with ctl-2(lf). Similar to our GLR-1 transport results, quantifica-
tion of mCherry and SEP FRAP showed that the rate of GLR-1
delivery and exocytosis is decreased in egl-19(rf) mutants and
addition of ctl-2(lf) causes no change in those rates (n= 10;

Figure 6. ROS decrease GLR-1 transport numbers and alter transport dynamics by acting on or downstream of L-VGCCs. All experimental groups express SEP::mCherry::GLR-1 in the glr-1
(ky176) background. A, G, I, 25 s from representative kymographs from each experimental group. Scale bar, 5mm. B, Quantification of transport events from controls, egl-19(rf), or egl-19(gf)
without (–, white bars) or with (1, blue bars) the ctl-2(lf) mutation (n� 15). n.s. = not significant, *p= 0.012, **p= 0.007, ***p= 0.0005, compared with controls lacking the ctl-2(lf)
mutation. ††††p, 0.0001, compared with egl-19(gf) alone. C, Instantaneous velocity of anterograde transport events in each group (n� 44 events). n.s. = not significant, *p, 0.05,
**p= 0.0035, ***p= 0.0005, ****p, 0.0001, compared with controls lacking the ctl-2(lf) mutation. ††††p, 0.0001, compared with egl-19(gf) alone. D, E, Frequency distribution of instanta-
neous velocity (binned every 0.2mm/s) of anterograde transport events for egl-19(gf) single and double mutants (D) as well as egl-19(rf) single and double mutants (E) compared with controls
lacking ctl-2(lf). F, Percent of time each GLR-1 vesicle spent stopped for each group (n� 44 events). n.s. = not significant, *p= 0.044, **p� 0.009, ****p, 0.0001, compared with controls
lacking ctl-2(lf). ††††p, 0.0001, compared with egl-19(gf) alone. H, Quantification of transport events from controls and egl-19(gf) without (–, white bars) or with (1, blue bars) 50 nM H2O2
treatment (n� 18). n.s. = not significant, *p� 0.038, compared with untreated controls. ††p= 0.007, compared with untreated egl-19(gf). J, Quantification of transport events in controls
and ctl-2(lf) with (1, blue bars) and without (–, white bars) 10 mM nemadipine treatment (n. 10). n.s. = not significant, *p, 0.05, compared with untreated controls.
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Fig. 7). Alternatively, the FRAP of mCherry in egl-19(gf); ctl-2(lf)
is reduced compared with egl-19(gf), but not identical to ctl-2(lf)
(Fig. 7B) as is the case with the FRAP of SEP in these genotypes
(Fig. 7D). These results suggest that ROS not only modulate
GLR-1 transport, but also delivery and exocytosis by affecting
the signaling cascade initiated by calcium influx through L-
VGCC/EGL-19.

Our data provide a better understanding of the mechanism
by which activity-dependent calcium signaling regulates
AMPAR transport to ultimately affect synaptic delivery and
exocytosis of AMPARs. We go on to show that L-VGCCs play
a central role in regulating cytoplasmic calcium dynamics and
that this process is modified by ROS. This leads to our sug-
gested model (Fig. 8) in which physiological elevations of ROS
can modulate synaptic GLR-1 transport at the soma and in the
dendritic process by modifying calcium signaling originating
to a large extent from L-VGCCs.

Discussion
Activity-dependent calcium signaling is required for AMPAR
transport in vertebrate and C. elegans glutamatergic neurons
(Hoerndli et al., 2015; Hangen et al., 2018). Here we show that in
C. elegans, calcium influx mediated by L-VGCC/EGL-19 is not
only required, but that the magnitude of calcium influx directly
corresponds to changes in AMPAR transport to and from the
cell body as well as AMPAR transport dynamics within neuronal
processes. Furthermore, we show that physiological increases in
ROS decrease somatic calcium signaling (Fig. 2) causing a subse-
quent decrease in somatic AMPAR export and synaptic delivery
(Fig. 3). This study reveals a physiological interplay between
ROS and calcium signaling that directly affects AMPAR

transport and delivery (Fig. 8). It also prompts fundamental
questions regarding how AMPAR transport is regulated by activ-
ity in a spatially specific manner, such as how do somatic versus
local dendritic calcium signaling pathways regulate AMPAR
transport and what are their effects on synaptic function and
plasticity?

Long-distance AMPAR transport is one of the least character-
ized components of the multistep trafficking of AMPAR from
the cell body to the periphery (Henley and Wilkinson, 2016). It is
clear that transport requires molecular motors, including kine-
sin-1 (C. H. Kim and Lisman, 2001; Setou et al., 2002; Hoerndli
et al., 2013), and is regulated by neuronal activity and CaMKII
(Esteves da Silva et al., 2015; Hoerndli et al., 2015; Hangen et al.,
2018). However, we do not understand the roles of other key
players required for activity-dependent regulation and at which
steps (i.e., cargo loading, transport, delivery, and removal) they
act. Consistent with previous reports (Hoerndli et al., 2015), we
show decreased somatic export of AMPARs in mutants with
reduced L-VGCC function or after treatment with the L-VGCC
blocker, nemadipine (Figs. 1, 6). On the contrary, increased cal-
cium influx in gain-of-function L-VGCC mutants leads to more
AMPAR transport demonstrating that activity-dependent cal-
cium influx through L-VGCCs bidirectionally regulates AMPAR
transport out of the cell body (Fig. 1).

Once motors and cargoes have entered the dendrites, they are
subject to the conditions of those compartments. For instance,
GLR-1 transport in the AVA neurite is bidirectional and hetero-
geneous, displaying increased stopping probabilities at synaptic
localizations of GLR-1 (Hoerndli et al., 2013). Several studies
suggest that stopping of transport vesicles correlate with delivery
of AMPARs to synapses (Hoerndli et al., 2013; Hangen et al.,
2018), but it is unclear how that is regulated and if vesicular stops

Figure 7. ROS decrease GLR-1 synaptic delivery and exocytosis by acting on or downstream of L-VGCCs. All experimental groups express mCherry::SEP:: GLR-1 in the AVA in the glr-1(ky176)
background. Groups without additional mutations are referred to as “control.” A, Representative maximum projections of the mCherry fluorescence in the AVA interneurons before, immediately
after, and 16min after photobleaching of the imaging region from each experimental group. Scale bar, 5mm. B, Recovery of mCherry fluorescence following photobleaching in control, egl-19
(rf), and egl-19(gf) with (dashed curves) and without (solid curves) ctl-2(lf) (n� 8). **p= 0.003, ****p, 0.0001, compared with controls. †††p= 0.0001, compared with egl-19(gf) single mu-
tant. C, Representative maximum projections of the SEP fluorescence in the same groups. Scale bar, 5mm. D, SEP fluorescence recovery in the same experimental groups. ****p, 0.0001,
compared with controls. ††††p, 0.0001, compared with egl-19(gf).
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affect synaptic delivery. Here, we demonstrate that manipula-
tions of calcium influx through L-VGCC modify AMPAR trans-
port dynamics, such as stops and velocity profiles (Fig. 1), and
lead to changes in synaptic delivery (Fig. 7). We show that
decreased calcium influx through L-VGCCs decreases antero-
grade velocity and stopping of AMPAR-containing vesicles
within the neurite. Conversely, increasing calcium influx through
L-VGCC led to increased anterograde velocities and stops (Fig.
1). Decreased velocity and stopping corresponds to less GLR-1
delivery and insertion to synapses, whereas higher velocities and
stops correspond to higher delivery and insertion (Figs. 1, 7),
which is consistent with previous findings (Hoerndli et al., 2013;
Hangen et al., 2018) and demonstrates that regulation of
AMPAR transport dynamics in dendrites is a key factor in con-
trolling AMPAR delivery and synaptic function. Interestingly,
there is a drastic decrease in stop frequency in unc-43(gf)
mutants in which CaMKII is no longer regulated by calcium,
suggesting that stop frequency of GLR-1 transport could be
mediated by calcium-dependent changes in CaMKII activity.
Together, these results provide evidence for a model in which
calcium signaling controlled by L-VGCCs and CaMKII regulate
AMPAR transport into and out of the cell body as well as in the
dendritic process in an activity-dependent manner.

The AVA interneurons have long, relatively flat processes in
the ventral cord that enable high-resolution, time-lapse imag-
ing and cell-specific expression using the AVA-specific pro-
moters rig-3 and flp-18. Although powerful, this analysis is
limited to AVA interneurons, which leaves open the possibility
that other glutamatergic neurons, such as those with specific
compartmentalized calcium signaling (Hendricks et al., 2012),
might have different ROS sensitivity thresholds or regulatory
mechanisms. However, our results using this approach concur
with studies using vertebrate neurons in which long-term
increases in dendritic calcium increased the amount of AMPAR
transport and delivery (Hangen et al., 2018). Nevertheless, our
data are a new, in vivo demonstration of activity-dependent
calcium signaling bidirectionally regulating AMPAR transport
throughout the neuron, determining transport vesicle numbers,

dynamics, and delivery at synapses at short and long
timescales.

Importantly, gain- or loss-of-function CaMKII mutants
have a much stronger effect on GLR-1 somatic export than
L-VGCC mutations alone. This could be because of the
mutations in L-VGCCs not being a complete loss- or gain-
of-function. However, it could also suggest that additional
signaling pathways converge onto CaMKII to regulate GLR-1
somatic export. These signaling pathways could involve
other calcium sources (i.e., NMDAR and ryanodine recep-
tors) or other signaling cascades, such as those involving
protein kinase A/C or mitogen-activated protein kinase
(Boehm et al., 2006; Z. Zheng and Keifer, 2008; Ren et al.,
2013; Eales et al., 2014; Tang and Yasuda, 2017). Although
these signaling pathways change synaptic AMPAR traffick-
ing, their roles in somatic export and/or long-distance trans-
port dynamics are yet unknown.

Compartmentalized calcium signaling
Calcium signaling originating from the plasma membrane, ER,
Golgi, or mitochondria at neuronal cell bodies, dendrites, and
axons differentially regulate a variety of neuronal functions (for
review, see Brini et al., 2014). Calcium influx in the dendritic
shaft and dendritic spines comes from various ion channels,
including AMPAR, NMDAR, and voltage-sensitive calcium
channels localized to the membrane, ER, and mitochondria
(Catterall, 2011; Higley and Sabatini, 2012). Calcium imaging in
cell culture has shown calcium to remain within the spine follow-
ing single spine activation (Sabatini et al., 2001; Nimchinsky et
al., 2002). Interestingly, vertebrate and invertebrate neurons have
compartmentalized calcium transients that are important for
neuronal function and computation (Higley and Sabatini, 2012;
Donato et al., 2019; Ali and Kwan, 2020). However, it is unclear
how compartmentalization of calcium regulates downstream
processes such as trafficking of synaptic proteins.

Compartmentalized calcium signaling is conserved in C. ele-
gans interneurons (Hendricks et al., 2012; Donato et al., 2019).
Our data show that AMPAR transport in the long process of
AVA is affected by altered calcium influx because of mutations
in L-VGCC and ROS levels. Some of these effects are likely to be
local in scope. However, we have no knowledge regarding distri-
bution of VGCCs, including EGL-19, or about compartmentali-
zation of calcium signaling in the AVA. It is unclear how
synaptic inputs and calcium signaling are integrated at dendritic
and cellular levels to tailor AMPAR distribution. Our study pro-
vides a platform to start understanding in vivo calcium and ROS
signaling mechanisms regulating AMPAR distribution, ulti-
mately affecting synaptic strength and behavior of animals.

ROS
Neuronal excitation and synaptic plasticity have high energy
demands and correlate with physiological fluctuations in ROS
levels (Bindokas et al., 1996). Pathophysiological ROS elevation
is observed in aging and neurodegenerative conditions, such as
Parkinson’s, Huntington’s and Alzheimer’s disease (Stefanatos
and Sanz, 2018). Intriguingly, some amount of ROS, in particular
superoxide (O2

-), is required for LTP induction and memory for-
mation (Thiels et al., 2000). This suggests that ROS are required
for LTP formation, supporting a necessary signaling role in exci-
tatory neuronal function, perhaps specifically in AMPAR traf-
ficking. However, there is currently no direct mechanistic link
between ROS signaling and regulation of AMPAR trafficking.
Our results show that physiological ROS elevation decreases

Figure 8. Proposed ROS signaling effect on GLR-1 transport. Model showing that increases
in ROS inhibit the activity-dependent changes in cytoplasmic calcium, which occur mostly
because of calcium influx through L-VGCC (yellow channel, VGCC), but also AMPARs (green
channel) and NMDARs (orange channel). Intracellular release of calcium, such as from the ER
via ryanodine receptors (blue channel, RyR), can also contribute to cytoplasmic elevations in
calcium. As a consequence, decreased cytoplasmic calcium limits calmodulin (CaM) binding
and activation of CaMKII, reducing the number of AMPAR transport and delivery to synapses.
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AMPAR transport, delivery, and exocytosis (Fig. 3) through a
mechanism involving decreased calcium influx (Fig. 2). Consistent
with our results, hypoxic conditions triggering increases in ROS
production lead to decreased GLR-1 trafficking in C. elegans (Park
and Rongo, 2016).

Although there have been quite a few studies of the regulation
of L-VGCC function by physiological ROS in several cell types
(Chaplin and Amberg, 2012; Todorovic and Jevtovic-Todorovic,
2014; Cserne Szappanos et al., 2017), there have been extremely
few in neurons (Massaad and Klann, 2011; Hidalgo and Arias-
Cavieres, 2016; Wilson et al., 2018) and none in vivo. Our study
is the first to show how small increases in ROS affect whole-cell
activity-dependent calcium signaling and direct downstream tar-
gets, such as synaptic AMPAR transport and delivery. We show
that genetically and pharmacologically induced increases in ROS
within the range of physiological signaling levels (;50 nM) (Sies,
2017) lead to decreased calcium signaling in the cell bodies of C.
elegans AVA neurons (Fig. 2). This contrasts with what has been
found in vertebrate arterial smooth muscle and gonadotropes
(Chaplin and Amberg, 2012; Dang et al., 2018), but is consistent
with reports of mitochondrial ROS elevation inhibiting L-VGCCs
in cardiomyocytes (Scragg et al., 2008). Discrepancies in the con-
centration of ROS treatment between these studies and the one
presented here could explain the opposing results. Several cellular
processes have been shown to be impacted differently by ROS lev-
els within versus outside of the physiological range (Wilson and
González-Billault, 2015; Beckhauser et al., 2016). It is possible that
ROS regulation of calcium sources follows suit in that moderate
increases in ROS cause decreased calcium influx, but greater
increases in ROS cause increased calcium influx.

Together, our results identify a novel role for ROS signaling
in the regulation of AMPAR transport and synaptic delivery,
providing a link between the metabolic demands of neuronal ac-
tivity and excitatory neurotransmission. Future studies are
required to test our proposed model and understand its biologi-
cal significance. Importantly, follow-up studies will first be aimed
at determining the source and targets of activity-induced ROS
signaling. The ability to answer these questions will rely on the
development of high-affinity, genetically encoded ROS sensors
enabling in vivo subcellular imaging of these dynamics. It is
interesting to note that dysregulation of calcium signaling and
ROS homeostasis is associated with aging and neurodegenera-
tion (Barja, 2013; K. W. Kim and Jin, 2015; Grimm and Eckert,
2017; Stefanatos and Sanz, 2018). In this context, several C. ele-
gansmodels of Alzheimer’s disease have provided key in vivo evi-
dence to demonstrate the causal role of calcium dysregulation in
neuronal (Griffin et al., 2019) and muscular degeneration
(Sarasija and Norman, 2015; Sarasija et al., 2018). Furthermore,
it has been shown that neurodegenerative models in C. elegans
are translationally relevant for vertebrate studies (Treusch et al.,
2011). Thus, once a fundamental understanding of how ROS
signaling normally regulates excitatory neuronal function has
been obtained in our model, future studies will determine
how ROS and excitatory neurotransmission change in aging and
neurodegeneration.
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