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Visual Abstract

Significance Statement

Neurologic and neurodevelopmental disorders are prevalent worldwide. Despite significant advances in our
understanding of synapse formation and function, developing effective therapeutics remains challenging, in
part because of the lack of simple and robust high-throughput screening assays of neuronal activity. Here,
we describe a simple biochemical assay that allows for repeated measurements of neuronal activity in a cell
type-specific manner. Thus, filling the need for assays amenable to longitudinal studies, such as those re-
lated to neural development. Other advantages include its simple and quantitative nature, cell-type specific-
ity, and being multiplexed with other invasive techniques.
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The ability to measure changes in neuronal activity in a quantifiable and precise manner is of fundamental im-
portance to understand neuron development and function. Repeated monitoring of neuronal activity of the
same population of neurons over several days is challenging and, typically, low-throughput. Here, we describe
a new biochemical reporter assay that allows for repeated measurements of neuronal activity in a cell type-
specific manner. We coupled activity-dependent elements from the Arc/Arg3.1 gene with a secreted reporter,
Gaussia luciferase (Gluc), to quantify neuronal activity without sacrificing the neurons. The reporter predomi-
nantly senses calcium and NMDA receptor (NMDAR)-dependent activity. By repeatedly measuring the accu-
mulation of the reporter in cell media, we can profile the developmental dynamics of neuronal activity in
cultured neurons from male and female mice. The assay also allows for longitudinal analysis of pharmacologi-
cal treatments, thus distinguishing acute from delayed responses. Moreover, conditional expression of the re-
porter allows for monitoring cell type-specific changes. This simple, quantitative, cost-effective, automatable,
and cell type-specific activity reporter is a valuable tool to study the development of neuronal activity in normal
and disease-model conditions, and to identify small molecules or protein factors that selectively modulate the
activity of a specific population of neurons.
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Introduction
Neuronal activity plays fundamental roles in the forma-

tion and function of neuronal circuits, from synapse devel-
opment to regulation of synaptic strength to learning and
memory (Katz and Shatz, 1996; Flavell and Greenberg, 2008;
Sahores and Salinas, 2011; Andreae and Burrone, 2014;
Araya et al., 2014; Pan and Monje, 2020). Misregulation of
these processes can cause neurodevelopmental, neurologic
and psychiatric disorders including intellectual disability, epi-
lepsy and schizophrenia (Zoghbi, 2003; van Spronsen and
Hoogenraad, 2010; Melom and Littleton, 2011; Zoghbi and
Bear, 2012; Lepeta et al., 2016). Despite advances in our
knowledge of synapse biology in both normal and disease
conditions, developing effective therapeutics remains chal-
lenging in part because of the lack of simple and robust high-
throughput screening assays of neuronal activity.
In recent years, there has been increased use of new

technologies yielding rich and sizeable dataset results,
such as RNAseq studies, proteomics and genomics

(Geschwind and Konopka, 2009; Wang et al., 2009;
Manzoni et al., 2018). Although these studies are typically
not designed to identify new drug therapies, they may lead
to the unbiased identification of novel drug targets, if
coupled with a secondary functional screening platform. In
addition to these omics approaches, there has been a con-
current increase in the development of genetically encoded
neuronal activity reporters (Tian et al., 2012; Abdelfattah et
al., 2019). These tools have been incredibly valuable for the
dissection of neural circuits in vivo, but are associated with a
number of caveats that make them inadequate for the iden-
tification of new therapeutic drugs. For example, these are
often based on imaging of a fluorescent sensor, which over
time can lead to photobleaching, phototoxicity or buffering
issues (Bootman et al., 2018; McMahon and Jackson,
2018). This can be problematic because pharmacological
and chemico-genetic manipulations can have long-term
effects different from their initial response (Ghezzi and
Atkinson, 2011; Soumier and Sibille, 2014; Dennys et al.,
2015). Thus, monitoring both the acute and long-term ef-
fects of pharmacological manipulations on the same
population of neurons is critical to developing therapeu-
tics with the intended long-term effects while also mini-
mizing undesired effects, such as drug tolerance.
Here, we developed a novel non-invasive live-cell assay

that enables the monitoring of neuronal activity, which
induces immediate early gene driver activity and reporter
expression. Activity can be assayed multiple times over pro-
longed periods of time, ranging from minutes to weeks, be-
cause we combined an activity-dependent driver, based on
Arc/Arg3.1 regulatory elements, with a secreted reporter,
Gaussia luciferase (Gluc). We show that longitudinal moni-
toring of the accumulated reporter in culture media reveals
the developmental dynamics of neuronal activity in different
conditions. Further, direct comparison of changes in neuro-
nal activity within the same population of neurons on phar-
macological manipulation can easily account for the natural
variability that exists from culture to culture. Because the re-
porter is amenable to repeated measurements, temporal
analyses can be performed, which allow us to distinguish
acute and delayed neuronal responses to different types of
perturbations. Furthermore, expression of the reporter in a
Cre-dependent manner allows for selective monitoring of
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neuronal activity in a subpopulation of neurons within heter-
ogeneous cultures. This simple, quantitative, and selective
activity reporter is a useful tool to study the development of
neuronal activity in normal and disease conditions and to
identify factors that selectively modulate neuronal activity.

Materials and Methods
Animals
All animal care and experiments were conducted in ac-

cordance with NIH guidelines and the University of Utah
Institutional Animal Care and Use Committee (protocol
no. 21-02004). C57Bl6/J mouse lines were maintained
under normal housing conditions with food and water
available ad libitum and 12/12 h light/dark cycle in a dedi-
cated facility at the University of Utah. All primary neuron
and astrocyte cultures were generated using neonatal
wild-type mice of either sex.

Experimental design and statistical analysis
All pair-wise comparisons were analyzed by a two-

tailed Student’s t test. We used a one-way ANOVA fol-
lowed by Tukey’s multiple comparisons with multiplicity
adjusted p-values wherever more than two conditions
were tested (GraphPad Prism). Nested statistics were
performed whenever possible. For uniformity, all data are
plotted as the mean of the total n with 95% confidence in-
terval error bars. In some cases, estimation plots of the
difference between means are also included. For all
experiments, the n numbers shown refer to the number
of samples per condition, while N numbers refer to the
number of experiments. No statistical methods were
used to predetermine sample sizes, but our sample
sizes were similar to those generally employed in the
field. Occasionally, control samples are presented in
multiple figures, and this is noted in the figure legends;
p, 0.05 was considered significant; for all tests, *p,
0.05, **p,0.01, ***p, 0.001, ****p,0.0001.

Cell culture
Neuronal cultures were prepared from newborn [post-

natal day (P)0] wild-type mice using a commonly used
protocol. Briefly, hippocampi or forebrain were dissected
in HEPES-buffered saline solution (HBSS), enzymatically
(using 165 units of papain, Worthington LS003126) and
mechanically digested until a single cell suspension is ob-
tained. Cells were then plated in poly-L-lysine (Sigma
P2636, 0.2mg/ml in 0.1 M Tris) coated 12-well plates or
coverslips. To generate neuron-enriched cultures, cells
were treated with AraC (2.5 mM, Sigma C6645) after 1 d in
vitro (DIV) to prevent the proliferation of mitotic cells.
Otherwise, AraC treatment was performed on DIV4.
Approximately half of the media was replaced with fresh
neuronal media (Neurobasal A catalog #10888 containing
1% Hyclone horse serum from Fisher Scientific catalog
#SH30074.03, 1% Glutamax catalog #35050, 2% B-27
catalog #17504, and 1% penicillin/streptomycin catalog
#15140, all from Invitrogen except for horse serum) every
3 d to prevent evaporation and accumulation of metabolic
byproducts. In experiments where we test the effect of

astrocyte-conditioned media (ACM), neuronal media with-
out serum was used for ½ media change at DIV4 and
ACM treatment started on DIV7. ACMwas prepared by in-
cubating neuronal media without serum in freshly pre-
pared confluent astrocyte cultures for 24 h. Neuronal
cultures were collected at DIV14–DIV16 for immunostain-
ing and all pharmacology experiments performed at
DIV13–DIV15.
Astrocyte cultures were prepared from wild-type mice

aged P2 using the traditional method. Briefly, the forebrain
was dissected, enzymatically and mechanically digested,
until a single cell suspension is obtained, as performed for
neuron cultures. Cells were plated in poly-D-lysine (50mg/ml,
Millipore catalog #A-003-E)-coated flasks and grown in astro-
cyte growth media containing DMEM (Invitrogen 11960044),
10% fetal bovine serum (FBS; Invitrogen 16140071),
1% penicillin/streptomycin (Invitrogen 10378016), 1%
GlutaMAX (Invitrogen 35050061), 1% sodium pyruvate
(Invitrogen 11360070), 0.5 mg/ml insulin (Sigma I6634),
5 mg/ml NAC (Sigma A8199), and 10 mM hydrocortisone
(Sigma H0888). The next day, a full media change was
performed after vigorous shaking and every 2–3 d
thereafter, as needed for neuron cultures. If other cell
types persisted, these were removed by shaking.
HEK293T cells were cultured in DMEM containing 10%

FBS, 1% sodium pyruvate, and 1% penicillin/streptomy-
cin. Cells were plated at a density of 0.15 million cells per
well onto a PEI (25mg/ml) coated 12-well plate and trans-
fected the next day using the FuGENE 6 transfection rea-
gent and according to the manufacturer’s directions
(Promega E2691). The same amount of plasmid was
transfected per condition. After 24 h, media were changed
to serum-free DMEM, and ;24 h later, both media and ly-
sates were harvested. Media samples were stored short-
term at 4°C until used for luciferase assays, typically up to
one week. HEK293T and Lenti-X 293T lines were not au-
thenticated. All cells were maintained in a humidified incu-
bator at 37°C and 5% CO2.

Human stem cell-derived neurons
Stem cell-derived neurons were generated from em-

bryonic stem cells (ESCs) and induced pluripotent stem
cells (iPSCs) using a previously described approach
(Shcheglovitov et al., 2013; Chiola et al., 2021). Stem
cell lines used in this study include previously validated
control lines: H9 (ESC line), and Coriell (iPSCs were de-
rived from Coriell GM07492 fibroblasts and provided by
Carl Ernst as a kind gift; Bell et al., 2018). Briefly, stem
cells between passages 20–30 were cultured on
Matrigel (1%, BD) in Essential 8 medium (Thermo Fisher
Scientific). For neural induction, stem cells were cul-
tured to 100% confluency and media changed to neural
differentiation medium [1:1 mixture of N-2 medium
(DMEM/F-12, 1% N2 Supplement catalog #17502048,
1% MEM-NEAA, 2mg/ml heparin, and 1% pen/strep)
and B-27 medium [Neurobasal-A (Invitrogen 10888),
2% B27 supplement with vitamin A (Invitrogen 17504),
1% GlutaMAX and 1% pen/strep] supplemented with
SMAD inhibitors (4 mM dorsomorphin and 10 mM

SB431542), and media were refreshed daily for 7–10 d.
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Neural progenitor cells were then passaged 1:3 using
Dispase, and cell clumps were replated on Matrigel-coated
plates in neuronal media (1:1 mixture of N-2 medium and
B-27 medium), supplemented with EGF (10ng/ml) and
FGF (10ng/ml) for 4d. Culture media were then switched
to neuronal media for 21–28d, with 50% of the media re-
placed every 3d. At this point, cells were enzymatically dis-
sociated using papain (Worthington Biochemical) and
cultured at low-density in 24-well plates coated with poly-
ornithine/laminin in neuronal media supplemented with
BDNF (10ng/ml). We transduced secreted neuronal activity
reporter (SNAR) and control constructs by lentivirus either
before re-plating or 1–3d later.

Lentivirus packaging
Lenti-X 293T cells were cultured in DMEM containing

10% FBS, 1% sodium pyruvate and 1% Penicillin/
Streptomycin, as described for HEK293T cells. Cells were
plated at a density of 2.5–3 million cells per 10-cm dish and
transfected the next day using FuGENE 6. Packaging plas-
mids pMD2.G and psPAX2 were obtained from Addgene
(plasmids #12259 and #12260, respectively) and used at
the ratio 10:6:10 mg (transfer:pMD2.G:psPAX2); 24 h after
transfection, media were completely replaced and plates
returned to the incubator for an additional 48 h. Media
were collected and filtered through a 0.45mm PES filter.
Lentiviral supernatant was then centrifuged using a bench-
top Beckman Optima XP ultracentrifuge at 120,000 � g for
2 h at 4°C. The lentiviral pellet was then resuspended in
PBS and aliquots stored at �80°C until needed. Lentivirus
was also commercially packaged (Vigene Biosciences).
Transduction was performed by mixing an adequate
amount of lentivirus (variable) into neuronal media and in-
cubating this with neurons for 3 h, after which a full media
change was performed. Cultures were centrifuged at 1000
� g for 30min to increase transduction efficiency.

Immunocytochemistry and imaging
Cells were rinsed with PBS and immediately fixed using

4% paraformaldehyde with 4% sucrose in PBS for 15min.
After rinsing with PBS, a 15-min permeabilization using 0.2%
Triton X-100 in PBS, and a 1-h blocking solution (4% BSA
and 4% normal goat serum in PBS), cells were incubated
overnight at 4°C in primary antibody diluted in blocking solu-
tion (mouse anti-CaMKII from Millipore 05-532, rabbit anti-
Gluc from Nanolight 401P, mouse anti-GAD67 from Millipore
MAB5406, mouse anti-GFAP from Cell Signaling Tech. 3670,
chicken anti-MAP2 from Abcam ab5392). After washing with
PBS, the cells were incubated with a fluorescent secondary
antibody and Hoeschst (Hoechest 33342 from Invitrogen,
donkey anti-rabbit Alexa Fluor 488 from Invitrogen A21206,
all others from Jackson ImmunoResearch). Coverslips were
mounted onto glass slides using Prolong gold mounting solu-
tion (Invitrogen P36930). Imaging was performed using either
a Nikon E800 epi-fluorescence microscope or Nikon A1 for
confocal imaging.

Plasmid cloning
The SNAR construct was synthesized by first introduc-

ing a core SARE (cSARE) sequence upstream of the

Arc minimal promoter using a long primer. The forward
and reverse primers used were: 59-TACCAAGCTTGGATCCCCTG

CACCTGCGTGGGGAAGCTCCttgctgcgtcatggctcagctattctcagcctc
tctccttttatggtgccggaagcaggcaggctgc agatctcgcgcagca-
gagcac-39 and 59-catggtggctggatccctggtcgtcggtgctgcg
gct-39. The cSARE sequence was that of the mouse but
it largely overlaps with that of the macaque and human
(Kawashima et al., 2009). This PCR product was then in-
troduced into an AAV vector backbone with the human-
ized Gluc coding sequence (Tannous et al., 2005) using
inFusion cloning. Each cSARE sequence was then syn-
thesized by PCR using this initial construct as a template
(the forward and reverse primers used were: 59-agccccgg
gacgcgtagcctgcctgcgtggggaag-39 and 59-cagactgcagcctg
cctgctt-39). Three additional cSARE sequences were then
added, one at a time preceding the first cSARE. The entire
4� cSARE-ArcMin-Gluc was then cloned as a single in-
sert into an FCK vector (Addgene #51694) using restric-
tion enzymes PacI and EcoRI for use as a transfer
plasmid and packaging into lentivirus particles. Secreted
Nanoluciferase (sNluc) was obtained by adding the Ig-k
signal peptide to its N terminus using a long primer. The
primers used were: 59-agctcg ccatgggccaccatggagaca-
gacacactcctgctatgggtactgctgctctgggttccaggttccactggt-
gac actagt tatccatatgatgttccagattatgct ggtggatca gtcttca
cactcgaagatttcg-39 and 59-cgagctgagctcttacgccagaatgc
gttcgca-39, forward and reverse, respectively. sNluc (from
Addgene plasmid #66579) was then inserted into an FCK
vector with the hPGK promoter. The hPGK promoter had
been cloned into FCK vector from another Addgene plas-
mid (Addgene #74444). Each construct was then cloned
into a double-floxed inverted open reading frame (DIO)
vector backbone (Addgene #87168) to obtain a Cre-de-
pendent expression construct. Floxed constructs were
then inserted back into the same FCK vector for lentivi-
rus packaging. The constructs were verified by sanger
sequencing.

Pharmacology
Neurons were allowed to develop for 13d before any

pharmacological agents were applied to the cultures.
Tetrodotoxin (TTX), APV, and CNQX were purchased from
abcam (catalog #ab120055, #ab120055, and #ab120044,
respectively), nifedipine from Tocris (catalog #1075), BAPTA-
AM from Invitrogen (catalog #B1207), U0126 from Cell
Signaling (catalog #9903), and BDNF from PeproTech (cata-
log #450-02). All others were from Sigma-Aldrich. For all ex-
periments the initial time point coincides with the start of
treatment. Typically, SNAR accumulation was measured by
calculating the difference from the 16- to 40-h time points for
a 24-h interval, and normalizing to the initial time point (0 h).
All pharmacology was performed in this manner, except for
inhibitor washout experiments. Only experiments where a full
media change (washout), was performed the SNAR signal
was normalized to the sNluc control.

Optogenetics
Neurons were transduced with lenti:SNAR and

AAV1:hSyn-ChR2(H134R; Addgene #26973) on DIV1
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and cultured in phenol red-free media thereafter.
Stimulation was performed on DIV14 using a 20-Hz
pulse lasting 1 s and repeated every 10 s for 6min deliv-
ered by an LED (0.5 mW/mm2), similar to other studies
(Lignani et al., 2013). Immediately after stimulation neu-
rons were treated with 1 mM TTX and returned to the in-
cubator for 4 h. Two samples that behaved as outliers
during baseline, before stimulation, were excluded from
this analysis.

Luciferase assays
To determine luciferase activity, we measured lumi-

nescence from media samples on addition of substrate.
Samples, typically 10–20ml of conditioned media, were
loaded onto a 96-well opaque white plate (VWR catalog
#82050-736). Substrates, coelenterazine native (CTZ;
NanoLight technology catalog #303) and furimazine (FMZ;
Promega catalog #N1110) were added using a microinjec-
tor connected to the plate reader (BioTek Synergy HT). To
prevent signal overlap or interactions between substrates,
we run CTZ and FMZ reactions in separate wells. CTZ was
dissolved in acidic ethanol (0.06 N HCl) to a stock concen-
tration of 23.6 mM and diluted in 0.1 M Tris-HCl pH7.5 be-
fore use to a working concentration of 60 mM. FMZ and
NanoGlo buffer were purchased from Promega and diluted
4:1 in PBS just before use. A total of 100ml of substrate
was injected per reaction and luminescence signal re-
corded. Luminescence in CTZ was calculated using the
sum of the first 10 s of luminescence immediately after in-
jection of substrate, and luminescence in FMZ using an av-
erage of 10 readings after a 3- to 5-min incubation with
substrate. Since the luminescence of sNluc in CTZ is line-
arly proportional to the amount of sNluc in the sample, we
can calculate the contribution of sNluc to the CTZ signal by
multiplying the FMZ signal of the sample by the constant
ratio, c, where c is the ratio between the luminescence of a
sNluc only sample in CTZ and FMZ reactions (c = CTZsNluc/
FMZsNluc). By simply subtracting the contribution of sNluc
from the total CTZ signal, we can calculate the Gluc signal in
the CTZ reaction (GlucSample = CTZSample – c � FMZSample).
Luciferase readings take approximately 1 h per 96-well plate
and calculations on exported data are simple, as outlined
above. Overall, once samples are collected running and ana-
lyzing the data of a luciferase assay is relatively fast and re-
sults can be obtained the same day.

Results
SNAR is a dual luciferase live-cell assay
Expression of the immediate early gene Arc/Arg3.1 is

rapidly induced in response to various stimulation para-
digms both in vitro and in vivo (Lyford et al., 1995; Gouty-
Colomer et al., 2016). Enhancer elements of the immedi-
ate early gene Arc/Arg3.1, namely the synaptic activity re-
sponsive element (SARE), have recently been exploited as
an activity-dependent driver (Kawashima et al., 2013; Das
et al., 2018; Wu et al., 2018). To decrease the size of the
reporter we used the conserved core domain of SARE
(cSARE; Fig. 1A; Extended Data Fig. 1-1) and generated
an activity-dependent driver, which consists of four

tandem repeats of cSARE followed by the Arc minimal
promoter (Kawashima et al., 2009). We then combined
this activity-dependent driver with Gluc (Fig. 1A). We
named this construct SNAR. The term neuronal activity is
thus used broadly here, since induction of Arc/Arg3.1 re-
mains topic of research and is not only associated with
specific patterns of neuronal firing but also with synaptic
plasticity (Miyashita et al., 2009; Korb and Finkbeiner,
2011; Tyssowski et al., 2018). To generate a control re-
porter that could be used simultaneously, Nanoluciferase
(Nluc) was coupled with the human PGK promoter to
make a constitutively secreted control. Both SNAR and
control constructs were designed to be compact (1.3 and
1.2 kbp, respectively) so that they can be efficiently deliv-
ered into neurons using a variety of approaches, including
AAV and lentivirus (lenti).
We chose to use Gluc and Nluc in the SNAR assay for

their small size, and superior brightness (Shao and Bock,
2008), as these characteristics would impart increased
sensitivity to the assay. Indeed we found that Gluc can be
detected in a sub-microliter volume of medium (Fig. 1B,C)
Importantly, Gluc is endogenously secreted affording us
the ability to perform longitudinal studies since cell lysis is
not required (Suzuki et al., 2007). Similarly, Nluc can easily
be engineered to become secreted using a signal peptide
(Hall et al., 2012; England et al., 2016). Previous studies
reported that Gluc and Nluc have distinct kinetics and
substrate specificity and can be combined as a dual lucif-
erase system (Heise et al., 2013; Wires et al., 2017).
To determine whether we could apply this system to the

SNAR assay, we started by validating that Gluc and sNluc
could be independently measured from culture media.
We transfected HEK293T cells with Gluc or sNluc under a
constitutive promoter (CAG) and collected media samples
over time (up to 6 h). We found that both Gluc and sNluc
were secreted and linearly accumulated in the culture me-
dium over time (not shown). The kinetic properties of each
luciferase were not affected by the other in a mixed sam-
ple (Fig. 1D,E). FMZ is a specific substrate of sNluc and
does not react with Gluc. CTZ, a robust substrate for
Gluc, also reacts with sNluc, albeit at very low level (Fig.
1D). Since the contribution of sNluc in CTZ signal is line-
arly proportional to the FMZ signal in a mixed sample, we
were able to reliably calculate the Gluc/Nluc ratio from
mixed samples and found it to match the input Gluc/Nluc
ratio (see Materials and Methods for formula; Fig. 1F,
slope= 0.9944, R2 = 0.9988). These results show that
Gluc and sNluc can be used reliably in a secreted dual lu-
ciferase assay, making them ideal for use in the SNAR
reporter.

SNAR reflects neuronal activity
To determine whether SNAR could reliably measure

neuronal activity, we tested whether manipulating neuro-
nal activity would lead to changes in reporter accumula-
tion in the culture medium. Mouse primary cortical
neurons were infected with lenti:SNAR and lenti:Control
on DIV1, allowed to mature, and treated with pharmaco-
logical reagents on DIV13. SNAR activity was then moni-
tored over the following 2d from DIV13 to DIV15 (Fig. 1A).
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To inhibit neuronal activity, we treated neurons with a
cocktail of inhibitors [TAC: TTX, APV, and CNQX, inhibi-
tors of voltage-gated sodium channels, NMDA recep-
tors (NMDARs), and AMPA receptors, respectively]. We
started to detect a reduction in reporter accumulation
;16 h after the inhibitors were added and the rate of re-
porter accumulation in the medium dramatically declined
during the following 24 h (Fig. 2A). In control conditions,
however, basal reporter accumulation continues to line-
arly increase in the medium. This delayed response is
likely because of the ongoing release of presynthesized
protein in the secretory pathway and continued protein
synthesis from preexisting transcripts. Conversely, stimu-
lation of network activity by picrotoxin (PTX; a GABAA re-
ceptor inhibitor), robustly enhanced SNAR activity (Fig.
2A,B). In addition, acute stimulation of neurons by wash-
out of inhibitors rapidly induced SNAR activity within
30min (Fig. 2C,D). Notably, temporal analyses also show
the rate of SNAR accumulation returns to its basal rate
after 2 h, consistent with the previously reported transient
dynamics of Arc/Arg3.1 expression (Cole et al., 1989;
Bramham et al., 2008; Steward et al., 2017; Das et al.,
2018). Further, the magnitude of SNAR increases after
30min of inhibitor washout (Fig. 2D, ;4-fold) is similar to
that of Arc mRNA as observed in similar experiments per-
formed by other groups (Das et al., 2018). Next, we tested

whether direct neuronal stimulation induces SNAR activ-
ity. Primary neurons were infected with Lenti:SNAR and
AAV1:hSyn-ChR2(H134R) on DIV1 and maintained until
DIV14. Neurons were stimulated by blue light and then
treated with TTX for 4 h to block other basal and recurring
activity. Optogenetic stimulation of neurons induces the
SNAR activity compared with no light controls (Fig. 2E).
Overall, these results suggest that SNAR can be used to
monitor changes in neuronal activity in live neurons and
reveal the temporal dynamics of neuronal responses with-
in the same neuronal population.

Pharmacological and pathway analysis of SNAR
Inhibition of network activity by an inhibitor cocktail

suppressed SNAR activity (Fig. 2A,B). To investigate the
specific signaling pathways regulating SNAR, we treated
neurons with individual inhibitors. Consistent with previ-
ous studies on the endogenous Arc/Arg3.1 gene and
SARE reporter (Rao et al., 2006; Kawashima et al., 2009,
2013), inhibition of NMDAR-mediated transmission by
APV or blocking neuronal firing by TTX dramatically sup-
pressed SNAR activity (Fig. 3A). Treatment with both
TTX and APV showed similar inhibition of SNAR activity
as APV alone. Interestingly, blocking AMPAR-mediated
transmission with CNQX induced a robust increase in

Figure 1. Dual secreted luciferase assay. Gluc and sNluc are sensitive reporters and can be independently measured from mixed samples.
A, Diagram of activity-dependent (SNAR), and control (hPGK) constructs, and a typical experimental paradigm. For most pharmacology ex-
periments drugs were applied on DIV13 and the accumulation of reporter in the media were monitored over the following 48 h. The se-
quence of the conserved regulatory element of SNAR is shown in Extended Data Figure 1-1. B, C, SNAR was transduced into primary
neurons and allowed to accumulate in culture media for 10d. B, SNAR activity from several dilutions of a medium sample. C, An example
trace of Gluc kinetics of 0.05ml of the medium sample used in B. D–F, HEK293T cells were transfected with either a CAG_Gluc or
CAG_sNluc plasmid and conditioned media collected. D, E, Kinetics of Gluc (D) and sNluc (E) are not affected in mixed samples from
HEK293T conditioned media. Representative kinetic plots are shown for luciferase reactions in CTZ (D) and FMZ (E). F, Mixtures of both lu-
ciferases were prepared in various ratios (input ratio) and the activity of each luciferase was measured. These results were then used to cal-
culate the Gluc/sNluc ratio (observed ratio). The observed ratio accurately reflects the input ratio (slope=0.9944, R2 = 0.9988).
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SNAR accumulation between 16 and 40 h after treatment
(Fig. 3A). Although a previous study reported that CNQX
paradoxically increases the expression of endogenous
Arc/Arg3.1mRNA (Rao et al., 2006), the underlying signal-
ing mechanism remains unclear. Long-term inhibition of
synaptic activity can elicit homeostatic responses that en-
hance the efficacy of synaptic transmission and/or neuro-
nal excitability (Turrigiano et al., 1998; Watt et al., 2000).
Indeed, the SNAR increase triggered by prolonged CNQX
treatment is completely blocked by APV or TTX co-treat-
ment (Fig. 3A). Overall, this assay is useful not only to de-
tect the rapid effects of acute neuronal stimulation (Fig.
2C,D) but also to reveal delayed responses such as be-
cause of chronic inactivity (Fig. 3A).
Previous studies show that inhibition of ERK1/2 and L-

type calcium channels reduces the expression of Arc/
Arg3.1 (Murphy et al., 1991; Waltereit et al., 2001;
Kawashima et al., 2009). Consistent with previous obser-
vations, U0126 (ERK1/2 inhibitor) and nifedipine (L-type
calcium channel blocker) significantly suppressed SNAR
accumulation (Fig. 3B). Combining U0126, nifedipine, and
APV did not further reduce SNAR activity compared with
APV alone, indicating that NMDAR-mediated signaling
plays a predominant role in SNAR activity (Fig. 3B).

Calcium is a powerful second messenger and many cal-
cium reporters, such GCaMPs, are widely used to monitor
neuronal activity (Tian et al., 2012). Therefore, we next
asked whether SNAR was activated in a calcium-depend-
ent manner. We inhibited activity for 30 h using the inhibi-
tor cocktail TAC and tested whether treatment with the
cell permeable calcium chelator BAPTA-AM blocked the
induction of SNAR observed by inhibitor washout (Fig.
1D). We observed that BAPTA-AM robustly blocked
SNAR expression (Fig. 3C,D). On the other hand, treat-
ment with the calcium ionophore A23187 rapidly induced
SNAR expression beyond control levels. Overall, these re-
sults indicate that SNAR senses neuronal activity in a cal-
cium-dependent manner conducted predominantly by
NMDAR-mediated transmission and, to a lesser extent,
by voltage-gated calcium channels. It is also sensitive to
other signaling cascades such as the MAPK pathway.

Longitudinal monitoring of neuronal activity
Next, we tested whether we could use the reporter to

monitor neuronal activity over longer periods of time. This
would be a substantial advantage over existing techni-
ques since it would allow us to study the dynamics of

Figure 2. SNAR is an activity-dependent assay. A, Primary mouse neuron cultures were treated with an inhibitor cocktail (TAC: 2 mM

TTX, 50 mM APV, and 10 mM CNQX), PTX (picrotoxin: 50 mM), or a vehicle control (CTRL) for 40 h total. No media change was per-
formed. Media samples were collected at different timepoints starting at the time of treatment. Cumulative SNAR is normalized to
the initial time point (0 h) relative to control. B, Quantification from A. SNAR accumulation was measured by calculating the differ-
ence from 0- to 16- and 16- to 40-h time points and normalized to the initial time point (0 h) relative to control (nested one-way
ANOVA, N=3, n=23 Ctrl, n=18 TAC, and n=11 PTX, ns: not significant; **p , 0.001; ****p , 0.0001). C, Washout of inhibitors
(TAC) induces a rapid increase in SNAR. Neurons were pretreated with TAC for 48 h, followed by a full media change to remove ac-
cumulated SNAR and replaced with fresh media containing inhibitors (continued TAC) or no inhibitors (washout). Cumulative SNAR
is normalized to sNluc control and relative to continued TAC. D, Quantification from C. Rate of increase is calculated as the change
in SNAR in each time interval per unit of time normalized to sNluc control relative to continued TAC (nested t test *p=0.0485, N=3,
n=12). Gluc, sNluc. E, Optogenetic stimulation leads to increased SNAR accumulation. Channelrhodopsin-expressing neurons
were either stimulated with a 20-Hz blue light pulse or no light and treated with TTX (1 mM). SNAR accumulation reflects the change
from a 4-h incubation immediately following stimulation and normalized to the initial time point (N=1, n=3, t test **p=0.0012). For
all panels, error bars reflect 95% confidence intervals (CI).
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biological and pharmacological agents over time. In addi-
tion, we would be able to monitor the developmental dy-
namics of neuronal activity with temporal specificity.
Given the sensitivity of Gluc, we observed that the assay
could be performed with a very small volume of media
(Fig. 1C). This allows for multiple time points to be col-
lected without significant changes to the culture condi-
tions. For this reason, reporter activity can be normalized
to a time just before treatment, which allows the detection
of changes that may be very small or otherwise difficult to
capture.
We first determined the stability of secreted Gluc and

sNluc in neuron cultures. We infected primary mouse neu-
ron cultures with lenti:SNAR and lenti:control and trans-
ferred conditioned media from the infected neurons to a
non-infected culture on DIV7. Repeated measuring of
each reporter in the culture medium of non-infected
neurons over several days shows that both Gluc and
sNluc are stable over several days in culture medium,
indicating that the secreted reporters are not degraded
in the medium nor taken up by neurons (Fig. 4A). Thus,

the stability of the secreted reporters in the culture me-
dium of live neurons allows for long-term monitoring of
the reporters.
Astrocytes are important regulators of excitatory synap-

ses and neuronal activity (Chung et al., 2015). It has been
demonstrated that astrocytes secrete multiple diffusible
factors that promote excitatory synapse formation and
function (Araque et al., 2014; Bernardinelli et al., 2014;
Allen and Eroglu, 2017; Brancaccio et al., 2017; Blanco-
Suarez et al., 2018). Hence, we tested whether SNAR
could detect the effects of astrocyte-derived factors in
synapse development and neuronal activity. We treated
neurons with either ACM or unconditioned media (no
ACM) and monitored reporter activity daily. In both condi-
tions, we observed a gradual increase in SNAR accumula-
tion, consistent with neuronal maturation and increased
synapse number (Chanda et al., 2017). Treatment of neu-
rons with ACM enhanced SNAR activity consistently from
DIV12 and the difference increased over the following
days (Fig. 4B). These results suggest SNAR can be used
to monitor the development profile of neuronal activity in

Figure 3. Pharmacological characterization of SNAR induction. A, Treatment of wild-type (WT) neurons with various inhibitors
shows that SNAR largely reflects NMDAR activity. SNAR accumulation is from a 24-h interval, normalized to the initial time point (0
h), and relative to control. (N, n): (10, 38) CTRL, (3, 18) TAC, (5, 17) 1 mM TTX, (4, 14) 50 mM APV, (6, 21) 10 mM CNQX, (4, 15) APV
and CNQX, nested ANOVA, 95% confidence interval (CI) = �0.814 to �0.501, �0.756 to �0.437, �0.809 to �0.467, 0.426 to 0.723,
�0.759 to �0.425, �0.791 to �0.417, and �0.853 to �0.478, respectively. Control and TAC conditions from Figure 2 are replotted
here. B, ERK signaling and L-type Ca21 channel activation contribute to SNAR (UNA: 10 mM U0126, 10 mM nifedipine, and 50 mM

APV). Same experimental timepoints as in A. (N, n): (9, 44) DMSO, (4, 16) U0126, (4, 15) nifedipine, (3, 11) UNA, nested ANOVA,
***Tukey p=0.0003, ****Tukey p, 0.0001, 95% CI = �0.5606 to �0.1740, �0.6632 to �0.2744, and �0.8736 to �0.4408, respec-
tively. C, D, BAPTA-AM (25 mM) robustly blocks SNAR induction after inhibitor washout, while A23187 (1 mM) further increases it.
Neurons were treated with TAC inhibitors for 30 h preceding washout to allow for detection of bidirectional effects. C, Experimental
diagram (top). BAPTA-AM was loaded for 20–30min immediately before washout. Cumulative SNAR is normalized to the initial time
point (0min) and a previous time point before pretreatment. D, Quantification from C. Rate of increase is calculated as the change
in SNAR per time interval normalized to the initial time point (0 h) relative to control (N=3, n=12, nested ANOVA, 0–30 min *Tukey
p=0.028, 30–60min **Tukey p=0.0053, 60–120min *Tukey p=0.04). All panels show 95% CI error bars.
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vitro and test the activity of non-neuronal factors on syn-
apse development and function.
To determine whether SNAR could detect the effects of

a single protein factor on neuronal activity, we treated
neurons with BDNF, which enhances synapse formation/
maturation and transmission via multiple mechanisms
(Bamji et al., 2006; Zhou et al., 2006). BDNF treatment at
DIV13 significantly and robustly increased reporter activ-
ity compared with a vehicle control (Fig. 4C). We also en-
visioned using this reporter to identify novel modulators of
synaptic activity. Hence, we tested the effect of known
anticonvulsant drugs on reporter activity. We found that
treatment with 80 mM phenytoin (PHT), commercialized as
Dilantin, and thought to act as a sodium channel blocker
(Keppel Hesselink and Kopsky, 2017) significantly re-
duced reporter accumulation (Fig. 4D). Overall, the SNAR
assay is able to distinguish both acute and delayed ef-
fects of pharmacological manipulations and provide
mechanistic insights from kinetic analyses.

Cell type-specific expression
Primary neuron cultures are comprised of heterogene-

ous neuronal populations. To determine the type of cells
expressing SNAR, we performed immunostaining for Gluc
together with cell type-specific markers. Consistent with
the expression of endogenous Arc (Lyford et al., 1995;
Vazdarjanova et al., 2006), the majority (81.33%) of cells
expressing SNAR (Gluc-positive) were CaMKII-express-
ing excitatory neurons (Fig. 5A). We also observed that a
small population (9.37%) of SNAR-expressing cells were
GAD67-positive inhibitory neurons (Fig. 5B). These results
demonstrate that SNAR is predominantly expressed in
excitatory neurons. Further, to determine whether SNAR

expression was specific to neurons and not glia, we pre-
pared a neuron and glia mixed culture. Instead of inhibi-
ting glial proliferation with AraC, we allowed glia to
proliferate. As expected, we found that SNAR is not ex-
pressed in GFAP-positive astrocytes but it localized to
neurons marked by MAP2 (Fig. 5E).
Having the reporter be expressed in a cell type-specific

manner would be particularly advantageous since a num-
ber of neurologic disorders are caused by cell type-spe-
cific defects (Willsey et al., 2013; Zhang and Shen, 2017;
Skene et al., 2018). Given the sensitivity of SNAR, which
can be detected in a sub-microliter volume of medium
(Fig. 1C), we envisioned SNAR would be a useful tool to
reveal the subtype-specific response within heterogenous
cultures. Therefore, we inserted two lox sites (loxN and
lox2272) flanking the luciferase sequence such that it
would only be expressed in the presence of Cre recombi-
nase. To demonstrate that we could combine the Cre sys-
tem with the SNAR reporter, we transduced neurons with
the floxed version of the reporter as well as CaMKII:Cre.
We found there was very little to no detection of the re-
porter in the absence of Cre recombinase. However, with
Cre expression SNAR was robustly expressed (Fig. 6B).
Treatment with the NMDAR blocker, APV, reduced re-
porter accumulation similar to that of the non-specific
reporter (Figs. 3A, 6C). Therefore, by using a cell type-
specific promoter to drive expression of Cre, the SNAR
reporter can be expressed specifically in a subpopulation
of neurons without affecting its activity.
Human stem cell-derived neurons have become widely

used as an approach to model neurologic and neurodeve-
lopmental disorders in vitro. Therefore, we tested whether
SNAR would be compatible with human stem cell-derived

Figure 4. Longitudinal measurement of neuronal activity. A, Gluc and sNluc are stable in neuronal media. Neurons were infected at
DIV1 and luciferase allowed to accumulate in the media for 7 d, at which point it was transferred to an uninfected neuron culture at
the same stage. The activity of each luciferase was monitored for an additional 7 d (N=1, n=5). B, ACM induces increased SNAR
expression. This increase is most evident after DIV13. Wild-type (WT) hippocampal neurons were cultured for a total of 16DIV. Half
the culture medium was replenished with either neuronal media conditioned in astrocytes (ACM) or unconditioned neuronal media
(no ACM) on DIV7, DIV10, and DIV13 (N=3, n=12, nested t test, *p=0.03, **p=0.0064). Luciferase accumulation is normalized to
end-point value of the control condition. C, BDNF treatment (50 ng/ml) at DIV13 robustly increases SNAR expression. SNAR accu-
mulation is from a 24-h interval, normalized to the initial time point (0 h), and relative to control (N=3, n=12 CTRL, 13 BDNF, nested
t test *p=0.0124, 95% confidence interval (CI) = 0.599–2.75, Cohen’s d=3.380). D, PHT treatment (phenytoin: 80 mM) at DIV13 ro-
bustly inhibits SNAR expression. SNAR accumulation is from a 24-h interval, normalized to the initial time point (0 h), and relative to
DMSO vehicle (N=2, n=8, nested t test **p=0.0033, 95% CI = �0.883 to �0.215, Cohen’s d=1.764). All panels show 95% CI
error bars.
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neuronal cultures. Indeed, SNAR was expressed by
human neurons, as shown by co-localization with MAP2
(Fig. 7A). To determine whether the mechanisms of SNAR
induction were maintained, we treated human neuron cul-
tures with the NMDAR blocker APV. Similar to the results
obtained from mouse cultures (Fig. 3A, 6C), APV treat-
ment significantly reduced SNAR accumulation (Fig. 7B).
Next, we monitored SNAR accumulation over time after
neuronal differentiation and across different human stem
cell lines (H9, and Coriell). As expected and similarly to
neuron cultures from mouse, SNAR accumulation in-
creased over time (Fig. 7C). The rise kinetics did vary
slightly between cell lines, highlighting the importance of
using isogenic lines as controls. Overall, these results in-
dicate that SNAR can be used for neuronal activity profil-
ing in human stem cell-derived neurons.

Discussion
Here, we present a novel live-cell assay to quantify

changes in neuronal activity over a wide range of time
scales. The assay is simple, automatable, and easily
performed in a standard molecular biology laboratory.
The sensitivity and robustness of SNAR allow for a

quantitative assay to be run with a very small volume of
culture medium. Therefore, the neuronal activity of the
same population of neurons can be measured multiple
times and over long periods of time with minimal pertur-
bation to culture conditions. Moreover, neuronal activity
itself is susceptible to modulation by other mechanisms
such as intrinsic excitability, synaptic plasticity and ho-
meostatic scaling. Thus, monitoring both the acute and
long-term effects of pharmacological manipulations on
the same population of neurons is critical to developing
therapeutics with the intended long-term effects while
also minimizing undesired effects.
Expression of immediate early genes is widely used to

label activated neurons and monitor neuronal activity
(DeNardo and Luo, 2017). Transcriptional regulation of
Arc/Arg3.1 is mediated not only by neuronal firing but also
by overall cellular responses including calcium dynamics
and MAPK signaling (Korb and Finkbeiner, 2011; Fig. 3B).
Thus, SNAR expression may not directly match neuronal
firing rate and/or cytoplasmic calcium level per se
Moreover, SNAR involves a reporter protein, Gluc, to be
newly synthesized, thus the time course of a transcrip-
tional response is slower than neuronal firing or synaptic

Figure 5. Cell-type specificity of SNAR expression. Immunolabelling of neuron cultures for Gluc, the SNAR reporter, and cell type-
specific markers. Neurons were naive to any pharmacological treatment until fixation. A, Representative images of Gluc and the ex-
citatory neuron marker CaMKII. Arrows indicate Gluc and CaMKII co-expressing cells. B, Representative images of Gluc and the in-
hibitory neuron marker GAD67. The majority of inhibitory neurons do not express SNAR (arrows); however, a small subpopulation
does express Gluc (arrowheads). C, Characterization of SNAR-expressing cells by quantification of Gluc colocalization with CaMKII
or GAD67. SNAR is predominantly expressed in CaMKII-positive neurons (81.33%, arrows). Gluc also co-localizes with a small per-
centage (9.37%) of GAD671 cells. D, Quantification from A, B. Most inhibitory neurons do not express SNAR, only 14.5% of
GAD67-positve cells co-express Gluc. While 59.8% of CaMKII-positive neurons express clearly detectable levels of Gluc. This
could be an underestimate as neurons were not stimulated. 95% confidence interval (CI) error bars. E, Representative images of
Gluc and the astrocyte marker GFAP. SNAR does not co-localize with GFAP, but it does co-localize with MAP2 indicating SNAR ex-
pression is specific to neurons and not astrocytes. All scale bars: 100mm.
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stimulation. Given its design, SNAR does not have the
temporal sensitivity to directly monitor action potential
events. The regulatory signaling of SNAR activity is con-
sistent with that of endogenous Arc/Arg3.1. However, dif-
ferent immediate early genes display distinct temporal
expression profiles and can be regulated by potentially
different stimuli (Sheng et al., 1993; Neumann-Haefelin et
al., 1994; Tyssowski et al., 2018). Thus, it should be noted
that SNAR activity reflects the neuronal activity that spe-
cifically regulates transcription of Arc/Arg3.1. A dual se-
creted reporter assay using two immediate early gene
drivers may be a useful approach to reveal potentially dis-
tinct neuronal signaling cascades.

Comparison with current methods
Despite the availability of various methods to monitor

changes in neuronal activity, the lack of effective thera-
peutics suggests these are not efficient high-throughput
screens. These methods are also inadequate for longitu-
dinal studies, which would be an extremely valuable
feature to those studying development a neurodevelop-
mental disorders and long-term drug effects. For exam-
ple, current methods to study synapse formation largely
rely on immunostaining of fixed neurons and electrophysi-
ological analyses of individual neurons (Basarsky et al.,
1994; Christopherson et al., 2005; Ippolito and Eroglu,
2010; Müller et al., 2018; Sudhof, 2018). These methods

Figure 7. SNAR is compatible with human stem cell-derived neurons. A, SNAR expression in human stem-cell derived neurons.
Gluc-expressing cells co-localize with MAP2-positive neurons (96.6%). B, SNAR expression remains largely mediated by NMDAR
activity in human iPSC derived neurons. SNAR accumulation from a 24-h interval, normalized to the initial time point (0 h), and rela-
tive to control [Coriell iPSC line, N=1, n=8, t test **p=0.0066, 95% confidence interval (CI) = �1.048 to �0.205, Cohen’s
d=1.592]. C, Time course expression of SNAR across different stem cell lines (H9, and Coriell). Luciferase accumulation is normal-
ized to the initial time point, DIV6 (n=5 and 8, respectively). All panels show 95% CI error bars.

Figure 6. Expression of SNAR in a neuronal subpopulation. A, Diagram of the Cre-dependent constructs used. We used a double-
floxed inverted open reading frame cassette (DIO). B, Neurons transduced with the floxed constructs depicted in A express little to
no luciferase, while neurons transduced with both CaMKII-Cre and DIO-SNAR show robust Cre recombination and high expression
of luciferase. C, SNAR expression remains largely mediated by NMDARs after Cre recombination. SNAR accumulation from a 24-h
interval, normalized to the initial time point (0 h), and relative to control [N=1, n=4, t test ***p, 0.0001, 95% confidence interval (CI)
= �0.860 to �0.504, Cohen’s d= 6.632]. All panels show 95% CI error bars.
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provide detailed spatial resolution, molecular composi-
tion, and mechanistic insights on synaptic transmission of
individual neurons. However, they are not ideal to longitu-
dinally monitor activity within a population of neurons be-
cause they are endpoint assays. Furthermore, the
heterogeneity of cultured neurons creates considerable
statistical variability (Wagenaar et al., 2006; Belle et al.,
2018). Thus, an assay comparing different neuronal popu-
lations for different conditions makes it more difficult to
identify hits from medium/high-throughput screens.
Alternatively, non-invasive methods have been devel-

oped to monitor changes in neuronal activity of the same
neuronal population, which include imaging approaches
and multielectrode arrays (MEAs). Imaging approaches in-
clude genetically encoded sensors, such as calcium indi-
cators (Nakai et al., 2001), neurotransmitter sensors
(Marvin et al., 2013; Patriarchi et al., 2018), and voltage in-
dicators (Kralj et al., 2011). Although these reporters are
ideal for live-cell imaging of network activity (Broussard et
al., 2014; Emiliani et al., 2015), fluorescence-based
methods are associated with a number of caveats,
such as photobleaching, phototoxicity and buffering
action (McMahon and Jackson, 2018). MEAs have
been used to non-invasively monitor network activity
and are useful to identify drugs that affect overall pop-
ulation activity, but cost and non-selectivity limit its
application to large-scale screens of neuronal subpo-
pulations (Odawara et al., 2016).
Compared with conventional methods, the SNAR assay

provides several advantages for monitoring neuronal ac-
tivity over time:

Kinetics
Because the SNAR assay is designed for multiple time

point measurements, it is suitable to detect changes over
a variety of time scales. The SNAR assay can detect
changes in activity in as little as 30min of stimulus onset
(Fig. 2D) or after multiple days (Fig. 4B). Moreover, kinetic
analyses may reveal drug stability, tolerance, or other un-
desired complications developed over time. This is a
major technical advancement since other tools, such as
calcium indicators, are not well suited for long-term longi-
tudinal studies.

Reduced variability
By repeatedly monitoring reporter accumulation within

the same population of neurons, the effect of drug treat-
ments on reporter activity can be normalized to its accu-
mulation rate before the treatment, which significantly
lowers variability compared with a conventional assay
that compares different neuronal populations for different
conditions. This basal accumulation rate also serves as
an internal control for variability of culture conditions, in-
cluding infection rate, neuronal survival, health, and matu-
ration status.

Sensitivity and simplicity
The assay is extremely simple and cost-effective.

Luminescence is easily quantified by collecting a small
volume of media and mixing it with the respective lucifer-
ase substrate, a procedure that can be performed in a

conventional laboratory setting and fully automated. Gluc
exhibits flash luminescence kinetics on reacting with a
substrate-a rapid decrease of the peak signal (Fig. 1D).
Thus, a programmable injector is required to consistently
measure the initial strong signal. For the plate reader that
is not equipped with an injector, a modified Gluc that
shows more stable luminescence such as sbGluc and
slGluc would be favored for consistent measurements
across multiple samples (Welsh et al., 2009).

Cell-type specificity
Unlike MEAs, which are not suitable to cell type-specific

analyses, our floxed reporter allows for monitoring of neu-
ronal activity from specific subpopulations of neurons,
while maintaining the activity of neighboring and other
types of neurons intact. This is, however, contingent on
the expression of Arc/Arg3.1. For example, SNAR is not
expressed in the majority of inhibitory neurons (Fig. 5B).

Noninvasive
The use of SNAR is not exclusive. Because we can

assay SNAR activity from live-neurons and therefore do
not need to sacrifice them, the reporter can be combined
with most other experimental techniques, including im-
munostaining or electrophysiology.

Considerations or limitations
SNAR activation
Although the SNAR assay provides good temporal re-

solution, by which stage-specific effects of genetic or
pharmacological manipulations can be revealed, it pro-
vides limited mechanistic insight. To distinguish whether
a specific manipulation alters an early developmental pro-
cess or directly modulates synaptic transmission per se,
additional experiments should be performed. In addition,
synapse development and function can be affected by
non-synaptic effects, such as impaired metabolism and
viability of neighboring neurons, therefore, the effects of a
hit on the control reporter and cell viability need to be vali-
dated. Our results suggest SNAR reflects predominantly
NMDAR activity (Fig. 3A). However, to a smaller extent it
can also detect the effects of other signaling pathways
including the ERK/MAPK pathway. This is not surpris-
ing, given Arc/Arg3.1 plays important roles in multiple
pathways, including plasticity mechanisms (Korb and
Finkbeiner, 2011). Importantly, we found SNAR signal
is highly dependent on cytosolic calcium levels. This is
consistent with previous studies on Arc/Arg3.1 and
SARE (Kawashima et al., 2009; Zheng et al., 2009).

Temporal dynamics
Because of the on-going release of presynthesized pro-

tein and newly synthesized protein from pretranscribed
mRNA, there is a lag-time before the reduction in SNAR
activity can be detected. We typically measure the
changes in SNAR activity after the lag-time (from 16 to
40 h after stimulus onset). However, acute inhibitory ef-
fects can be observed by quantifying the SNAR accumu-
lation rate after neuronal stimulation such as inhibitor
washout (Fig. 3D). Activation kinetics of SNAR should
also be considered when experiments aim at the
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identification of neuronal activators. Depending on the
stimulus, increased neuronal activity can be induced with-
in minutes (Fig. 2D) or gradually over days (Fig. 4B). Thus,
both short-term (,1 h) and long-term (days) measure-
ments of SNAR activity are recommended to identify
spike-like and chronic neuronal activators, respectively.
Changes in activity patterns in the order of seconds/mi-
nutes might not be detected by SNAR. For example, lim-
ited bursts of activity and low tonic activity might not be
temporally resolved by SNAR. It should also be noted that
SNAR does not have the capability to detect activity in the
order of single action potentials, in part because of the
distinct time scale of these events.

Excitation and inhibition (E/I) balance
E/I balance is tightly controlled and often impaired in

disease (Yizhar et al., 2011; Nelson Sacha and Valakh,
2015; Selten et al., 2018). However, SNAR does not dis-
tinguish whether overall changes in network activity are
caused by a direct effect on excitatory neurons or the op-
posite effect on inhibitory neurons. Moreover, if a drug in-
hibits both excitatory and inhibitory inputs to the same
degree, E/I balance will be maintained and thus may not
be detected by the assay and cause false-negative re-
sults. These issues can be addressed using the condition-
al expression of SNAR and/or pharmacology.

Spatial resolution
Although SNAR does not provide specific information

pertaining to where the reporter is being expressed be-
cause the reporter, Gluc, is secreted, the assay can easily
be combined with other methods that do provide good
spatial resolution, such as immunostaining.

Normalization
Since neuronal cultures are typically heterogeneous

and sensitive to culture conditions, normalization of the
SNAR signal is critical to compare different samples. We
observed that normalizing SNAR changes to the pretreat-
ment level of the same neurons produces the most con-
sistent results. However, the control reporter needs to be
used when pretreatment levels cannot be measured (e.g.,
washout of the medium as in Fig. 2C,D) or neurons are
cultured under different conditions from the beginning (as
when comparing different genotypes).

Disease models and other applications
In recent years, human-iPSC derived neurons and brain

organoids have become a valuable tool to study develop-
ment, disease, and human-specific processes as well as
to test novel therapeutics (Watanabe et al., 2017; Khan et
al., 2020). Although an in vitro model, the 3D structure of
brain organoids makes it difficult to combine with other
approaches, such as MEA or electrophysiology in an un-
disturbed manner. The SNAR assay would be an excellent
tool to monitor cell type-specific changes in brain organo-
ids both for developmental profiling or in combination
with pharmacology. Further, SNAR is compatible with
human-iPSC derived neurons and thus should be easily
applicable to studies in patient derived cell lines, which

may harbor genetic defects otherwise difficult to recapitu-
late in animal models.
In addition, disease models often require intermingling

of mutant and wild-type cells. This can now be achieved
using CRISPR-Cas9 methods, but often leads to difficul-
ties in the detection of a phenotype because of low sig-
nal-to-noise ratios (Aldinger et al., 2011; Sandoval et al.,
2020). Given the sensitivity of the SNAR assay, these
could now potentially be detected.
Overall, this simple live-cell assay will be useful to quan-

tify and characterize neuronal responses on genetic,
pharmacological or other manipulations. The SNAR assay
will be also applicable to large scale pharmacological
screens and developmental profiling of patient iPSC-de-
rived neurons.
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