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SUMMARY

The immediate early gene Arc (also Arg3.1) produces
rapid changes in synaptic properties that are linked
to de novo translation. Here we develop a novel
translation reporter that exploits the rapidmaturation
and ‘‘flash’’ kinetics of Gaussia luciferase (Gluc) to
visualize Arc translation. Following glutamate stim-
ulation, discrete Arc-Gluc bioluminescent flashes
representing sites of de novo translation are de-
tected within 15 s at distributed sites in dendrites,
but not spines. Flashes are episodic, lasting �20 s,
and may be unitary or repeated at �minute intervals
at the same sites. Analysis of flash amplitudes
suggests they represent the quantal product of one
or more polyribosomes, while inter-flash intervals
appear random, suggesting they arise from a sto-
chastic process. Surprisingly, glutamate-induced
translation is dependent on Arc open reading frame.
Combined observations support a model in which
stalled ribosomes are reactivated to rapidly generate
Arc protein.

INTRODUCTION

Activity-regulated cytoskeletal associated protein (Arc; Lyford

et al., 1995; Arg3.1; Link et al., 1995) is an immediate early

gene (IEG) that is required for learning and memory (Plath

et al., 2006; Shepherd and Bear, 2011) and is involved in multiple

forms of synaptic plasticity (Chowdhury et al., 2006; Jakkamsetti

et al., 2013; Park et al., 2008; Plath et al., 2006; Shepherd et al.,

2006; Tzingounis and Nicoll, 2006; Waung et al., 2008). In

response to patterned neuronal activity, Arc mRNA is rapidly

transcribed and traffics into dendrites, where it accumulates at

regions of synaptic activity (Farris et al., 2014; Steward et al.,

1998). Several lines of evidence indicate that Arc mRNA is trans-
lated following transport into dendrites. Arc mRNA associates

with RNA granules and translation regulatory proteins, including

fragile X mental retardation protein (FMRP) (Zalfa et al., 2003);

activation of group 1 metabotropic glutamate receptor (mGluR)

results in upregulation of Arc protein in dendrites within 5 min,

which is blocked by translation inhibitors (Park et al., 2008;

Waung et al., 2008); and de novo translation of Arc-Venus fusion

mRNA is reported in dendrites (Tatavarty et al., 2012). Arc binds

the TARP family of AMPA receptor chaperones (Zhang et al.,

2015) and is required for the removal of synaptic AMPA recep-

tors in the initial phase of mGluR-dependent long-term depres-

sion (mGluR-LTD) (Jakkamsetti et al., 2013; Park et al., 2008;

Waung et al., 2008). Since mGluR-LTD is a synapse-specific

form of plasticity (Waung and Huber, 2009) and dependent on

de novo translation (Huber et al., 2000), effects of Arc protein

must be rapid and highly localized. Moreover, studies of fragile

X syndrome (FXS) indicate that Arc translation must be dynami-

cally regulated by synaptic activity since loss of fragile X protein

results in constitutive Arc expression that underlies synaptic

deficits (Jakkamsetti et al., 2013; Park et al., 2008; Waung

et al., 2008). Accordingly, Arc provides a physiologically relevant

gene to study mechanisms of de novo protein translation in den-

drites important for rapid synaptic plasticity.

Several strategies have been developed to visualize de novo

protein synthesis (Aakalu et al., 2001; Butko et al., 2012; Dieter-

ich et al., 2010; Gao et al., 2008; Ifrim et al., 2015; Ju et al., 2004;

Kim et al., 2013; Leung et al., 2006; Lin et al., 2008; Lin and Tsien,

2010; Martin et al., 2005; Raab-Graham et al., 2006; Rodriguez

et al., 2006; Schmidt et al., 2009; Smith et al., 2005; Tatavarty

et al., 2012; Wang et al., 2009; Yu et al., 2006). A recent method-

ological advance (SunTag) engineers protein epitopes that bind

and concentrate constitutively expressed GFP affinity ligands

to visualize nascent polypeptides and overcomes limitations of

time resolution consequent to requirement for GFP fluorescence

maturation (Tanenbaum et al., 2014;Wang et al., 2016; Yan et al.,

2016). As epitopes emerge from the ribosome, GFP binds

to create a cumulative integrated signal of protein synthesis

that can provide quantitative measures of translation initiation,

elongation, and termination in cells. In combination with RNA
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epitopes and a second GFP, it is possible to simultaneously

monitor mRNA trafficking and translation (Wang et al., 2016;

Yan et al., 2016).

Here we develop an alternative approach that exploitsGaussia

luciferase (Gluc) to create an instantaneous, binary signal of pro-

tein synthesis. Gluc is the smallest reported luciferase (19.9 kDa)

and generates >1,000-fold stronger signal compared to Renilla

luciferase or Firefly luciferase (Tannous et al., 2005). Gluc does

not require cofactors such as ATP or Mg2+ and generates light

immediately upon access to the substrate, coelenteraizine

(CTZ) (Tannous et al., 2005). Importantly, Gluc light emission

rapidly decays (flash kinetics) even in the continued presence

of the substrate. We created a fusion construct of Arc and

Gluc (Arc-Gluc) that is expressed in neurons andmimics the den-

dritic distribution of native Arc. We confirmed enzyme properties

and established that following addition of CTZ, �90% of Arc-

Gluc bioluminescence decays with an exponential time constant

of <9 s. Studies indicate that individual molecules of Arc-Gluc

generate a brief, consistent-intensity flash of light upon transla-

tion and are thereafter invisible. Thus, the de novo protein is

resolved as immediate, brief flashes that can be unambiguously

distinguished from the pre-existing protein. Studies using this

reporter support a model in which glutamate-induced de novo

translation of Arc-Gluc is mediated by reversal of stalled

polyribosomes. Simultaneous quantitative analyses of multiple

translation sites across entire dendritic arbors indicate that

the protein is generated in discrete quantal bursts while the

amount and timing of protein generation is indicative of stochas-

tic processes.

RESULTS

Generating an Arc Fusion Construct with Gluc
Gluc encodes a signal peptide and is secreted (Tannous et al.,

2005). We reasoned that we might mask the signal sequence

and prevent its secretion by inserting Gluc within the open

reading frame (ORF) of Arc. We generated a fusion construct

that includes the 50 and 30 UTR of murine Arc, Arc ORF, and

Gluc ORF. Gluc was embedded 50 aa after the Arc translation

start site (Figure 1A). After verifying the sequence, we confirmed

the expression of Arc-Gluc protein in HEK293T cells by western

blot (Figure 1B). To assess expression and possible toxicity in

neurons, we co-transfected Arc-Gluc with EGFP into DIV (days

in vitro) 13 cortical neurons and performed immunocytochem-

istry 24 hr later. Gluc and Arc antibody staining co-localized in

permeabilized EGFP+ neurons (Figure 1C), indicating that the

Arc-Gluc fusion protein was expressed and accumulated in den-

drites and spines, similar to native and wild-type (WT) Arc trans-

gene (Shepherd et al., 2006). No morphological changes were

evident by EGFP filling of transfected neurons. Arc-Gluc was

not detected on the surface of neurons (Figure 1D), indicating

that Arc-Gluc fusion protein is retained within the cytoplasm.

To assess possible secretion of Arc-Gluc, we measured lucif-

erase activity in the medium normalized to lysate (secretion in-

dex) and compared with Gluc and Renilla luciferase in DIV 13

cortical neurons (Figure 1E). Gluc was robustly secreted into

the medium, whereas Arc-Gluc and Renilla luciferase remained

inside the cell.
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Characterization of Arc-Gluc Expression and
Bioluminescence
We examined luciferase activity of Gluc and Arc-Gluc expressed

in HEK293T cells by spectrophotometry. Gluc generated biolu-

minescence upon addition of substrate to either cell lysate

or culture medium. No bioluminescence was detected from

HEK293T cells expressing Arc-UTR alone (Figure S1A, available

online). The relative bioluminescence of Gluc, Arc-Gluc, and

Renilla luciferase was assayed in lysates of transfected cortical

neurons. Luciferase activity of Arc-Gluc in cell lysates was

�one-third of native Gluc, but 31 times greater than Renilla lucif-

erase (Figure S1B). Gluc was previously reported to exhibit flash

kinetics (Tannous et al., 2005). We confirmed that Gluc collected

from transfected HEK293T cell medium creates a flash of biolu-

minescence when added to substrate (CTZ), followed by a

smooth decay curve (Figure S1C). In order to avoid substrate

depletion, we tested different concentrations of CTZ to find a

saturating concentration (35.4 mM; data not shown) and used it

for all experiments with neurons. The kinetic of luciferase activity

was not changed by further addition of substrate (Figure S1D).

Cumulative bioluminescence was linearly dependent on the

amount of enzyme protein. We confirmed that Arc-Gluc biolumi-

nescence was not altered by Ca2+ ion concentrations that span

the physiological range (Figures S1E and S1F). We also deter-

mined that H2O2 or superoxide does not alter bioluminescence

of Arc-Gluc (Figures S1G and S1H).

The flash kinetics of Gluc are potentially useful to distinguish

newly synthesized protein from pre-existing protein. To better

understand the parameters of flash bioluminescence, Arc-Gluc

was expressed in HEK293T cells and luminescence was

measured following addition of CTZ. Bioluminescence peaked

within 1 s and the decay curve was fit with two exponential

time constants of 8.75 s (�90% total) and 490 s (Figure S1I).

Our measured decay rate is faster than previously reported (Tan-

nous et al., 2005). We simulated de novo translation of Arc-Gluc

in a neuron containing pre-existing Arc-Gluc protein that had

previously reacted with substrate and was no longer biolumines-

cent by adding fresh enzyme to the substrate containing reacted

enzyme. Measured bioluminescence was not different than

when fresh enzyme was added to the substrate without reacted

enzyme (Figures S1J and S1K). This indicates that biolumines-

cence signals are not altered by reacted, pre-existing Gluc

enzyme or its products. Moreover, dilution of a reacted enzyme

mixture did not change bioluminescence per enzyme molecule,

indicating that inhibition is not mediated in a concentration-

dependent way by a diffusible product (Figures S1L and S1M).

These data indicate that individual Gluc molecules act inde-

pendently and support an interpretation that the amplitudes of

bioluminescent signals can represent sums of independent

Gluc molecules.

Monitoring the Local Translation of Arc-Gluc in Neurons
Arc-Gluc was co-transfected with EGFP into DIV 13–15 rat

cortical neurons. After 30–36 hr, transfected neurons were iden-

tified by EGFP fluorescence (Figure 2A).We then switched the fil-

ter to anopenchannel to collect all emitted light from thechamber

using a cooled electron multiplier CCD camera (see Supple-

mental Experimental Procedures for details of microscopy). We
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Figure 1. Characterization of Arc-Gluc Fusion

Protein

(A) Diagram of Arc-UTR and Arc-Gluc. Black bars,

Arc UTR; blue box, Arc ORF; red box,Gaussia (Gluc)

luciferase ORF.

(B) Arc-UTR and Arc-Gluc were transfected to

HEK293T cells and lysates were blotted with Arc

antibody.

(C and D) Immunocytochemistry of Arc-Gluc with

EGFP. Bottom row shows the magnified pictures

from the white square in the upper row. Scale bar,

10 mm.

(C) Total staining after permeabilization.

(D) Surface staining without permeabilization.

(E) Relative secretion index of Gluc. Luciferase

activity was measured from media and cell lysates

by spectrometry. Substrate, 40 mM coelenterazine

(CTZ). Gluc, Gaussia luciferase; Renilla, Renilla

luciferase (mean ± SEM, N = 4, 6, and 4, respec-

tively).
monitored the background signal for 1 min before applying the

substrate and confirmed EGFP itself did not emit any detectable

signal without excitation. Upon addition of the substrate, biolumi-

nescent signal appeared in both cell bodies and dendrites (Movie

S1). The initial signal from pre-existing Arc-Gluc expression in

dendrites declined below the detection limit within 3 min, while

the time of decay of Arc-Gluc to baseline in soma was greater

than 3 min. We continued to monitor the luciferase signal in den-

drites for an additional 10 min, during which it remained below

detection. We focused on Arc-Gluc in dendrites and empirically

determined that 10 mM glutamate was sufficient to induce Arc-

Gluc bioluminescence (see Experimental Procedures). We noted

that glutamate-induced bioluminescence required healthy neu-
rons, as assessed by growth and dendritic

complexity (see Supplemental Experi-

mental Procedures). EGFP fluorescence

was recorded to image fine dendritic pro-

cesses (soma is overexposed) as a tem-

plate to localize Arc-Gluc bioluminescence

(Figure 2A). We routinely monitored lucif-

erase signal for 14min after glutamate addi-

tion since this encompassed the major

response. Glutamate in these conditions is

reported to be nontoxic (Choi et al., 1987;

Dugan et al., 1995). Bioluminescent punc-

tate flashes lasting �20 s appeared in den-

drites as early as 15 s after glutamate addi-

tion (Movie S1). To assess the location of

puncta, we overlaid EGFP fluorescence

images (Figure 2A). Puncta localized

throughout dendritic processes were iden-

tified based on morphology. We manually

selected all the puncta after addition of

CTZ and monitored the bioluminescence

intensity of eachpunctum.Aplot of biolumi-

nescence intensity versus time highlights

the synchronous and intense signal upon
initial addition of CTZ, as well as the time-dependent reduction

to baseline that precedes the non-synchronous response to

glutamate (Figure 2B). To assess the dependence of biolumines-

cence on de novo translation of Arc-Gluc, we treated cultures

with the translation inhibitor, emetine, beginning 5 min before

the recording and continuing to the end. Emetine did not prevent

the initial bioluminescence response to CTZ (Figure 2C), consis-

tent with this signal deriving from previously translated Arc-Gluc

(Movie S2). By contrast, emetine completely blocked the gluta-

mate-induced bioluminescent puncta (Figure 2C; Movie S2).

Thesedata support the conclusion that glutamate-induced biolu-

minescent puncta are derived from the local de novo translation

of Arc-Gluc.
Neuron 91, 561–573, August 3, 2016 563
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Figure 2. De Novo Arc Translation Is De-

tected by Gluc

Substrate (CTZ) was added at 1 min and glutamate

was added at 11 min.

(A) Gluc signals after glutamate addition were

stacked and overlaid to EGFP signal. Bottom row

shows the magnified pictures from the white

square in the upper row. The intensity of EGFP

signal in the magnified pictures is increased to

show the dendritic morphology. Scale bar, 10 mm.

(B and C) Discrete spikes were manually selected

and individual signal intensities were plotted in

different colors. The right is the magnified graph

from the box in the left graph. (B) Control. (C)

Emetine.
We adapted an automated image segmentation and analysis

algorithm previously used to monitor calcium dynamics (Muka-

mel et al., 2009) to analyze puncta of luciferase bioluminescent

signal in dendrites. Parameters for the automated algorithm

were established that aligned well with manual inspection

(comparing Figures 2A and 2Bwith Figures S2A and S2C). These

parameters were fixed before the following experiments, and the

cell body was manually masked to focus on events in dendritic

processes. The image analysis algorithm was instructed to

detect signals greater than six times the SD of background

determined after the decay of bioluminescence signal from

pre-existing Arc-Gluc. We did not include the initial 3 min signal

from the pre-existing protein since it increased the calculated

background used to determine threshold and is unrelated to

de novo protein synthesis (Figures 2B and 2C). Once the algo-

rithm acquired a punctum, we could track its history of intensity

changes during the recording, including the first 3 min (Fig-

ure S2C), and measure the number of puncta and intensity of
564 Neuron 91, 561–573, August 3, 2016
bioluminescence. Sites of glutamate-

induced bioluminescence overlapped

with a small subset of foci generated

upon first addition of CTZ (co-localization

rate = 0.160±3.538,mean±SEM, 5 cells),

suggesting that a major portion of pre-ex-

isting Arc-Gluc had trafficked away from

sites of initial translation (Figure S2B). A

comparison of the number of biolumines-

cent puncta acquired during an interval of

4 min before versus 4 min after glutamate

stimulation indicated that glutamate

increased the number of puncta (Figures

3A, S2C, and S2D). We confirmed using

automated image analysis that emetine

and anisomycin blocked glutamate-

induced Arc-Gluc bioluminescence (Fig-

ures 3B and 3C).

Signaling Pathways for Arc-Gluc
Dendritic Translation
Group 1 mGluR and NMDA receptors

(NMDARs) are implicated in de novo

translation in neurons (Huber et al., 2000;
Park et al., 2008; Scheetz et al., 2000). To assess receptor depen-

dence of glutamate-induced Arc-Gluc translation, we treated

cells with group I mGluR antagonists (Bay36-7620, 25 mM;

SIB1893, 50 mM) beginning 10 min before recording. Group I

mGluR antagonists blocked glutamate-induced bioluminescent

puncta in neurons expressing Arc-Gluc (Figure 3D). Group 1

mGluR antagonists did not block the response upon initial addi-

tion ofCTZ, providing a control that antagonists donot alter biolu-

minescence from pre-existing Arc-Gluc protein. We also tested

antagonists of NMDA (APV, 100 mM; Figures 3D and S2E) and

AMPA (NBQX, 100 mM; data not shown) receptors and found

they also blocked glutamate-induced puncta, but not biolumi-

nescence from pre-existing Arc-Gluc protein. Co-dependence

on glutamate receptors is consistent with a cooperative model

in which NMDAR activation increases intracellular Ca2+ and

thereby enhances group 1 mGluR responses (Kim et al., 2008).

Extracellular signal-regulated kinase (Erk) and mammalian

target of rapamycin complex 1 (mTORC1) have been implicated
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C Figure 3. The Effect of Pharmacological

Agents and Arc cis Elements on Glutamate-

Induced De Novo Translation of Arc

The number of dendritic Gluc puncta before (58–97

frames) and after (128–167 frames) glutamate.

Indicated drugs or vehicles were added to cultures

5–30 min before addition of CTZ (16–41 min before

addition of glutamate) and continuing to the end.

(A–C) Each gray line represents an individual cell

and red line represents the average of all cells

(mean ± SEM).

(A) Control. p = 0.015 (N = 17).

(B) Emetine. p = 0.176 (N = 9).

(C) Anisomycin. p = 0.131 (N = 8).

(D and E) Population responses to drugs adminis-

tered in (D) water vehicle (p = 0.006; N = 17, 7, and 9,

respectively, Kruskal-Wallis test) and (E) DMSO

vehicle (p = 0.034; N = 9, 9, and 9, respectively,

Kruskal-Wallis test).
in mGluR-dependent protein translation and synaptic plasticity

(Bloomer et al., 2008; Panja et al., 2009). The relevant target

of Erk for de novo protein synthesis is not known, while the

mTORC1 pathway creates an active 4E complex important for

translation initiation (Thoreen et al., 2012). To test the signaling

pathway for Arc-Gluc translation, we treated cultures with

U0126 (20 mM; Erk pathway inhibitor) or rapamycin (0.5 mM;

mTORC1 pathway inhibitor) beginning 30 min before recording.

U0126 blocked glutamate-induced Arc-Gluc translation, but

rapamycin did not (Figure 3E). We confirmed that DMSO used

to deliver drugs did not alter glutamate-induced Arc-Gluc biolu-

minescence (Figure 3E). These findings indicate a selective role

for Erk signaling in glutamate-induced translation of Arc-Gluc.

Rapamycin is reported to block mGluR-LTD, and we infer this

may involve proteins other than Arc.

Arc ORF Is Necessary and Sufficient for
Glutamate-Induced Dendritic Translation of Arc-Gluc
We examined cis elements of Arc-Gluc mRNA that confer gluta-

mate-induced protein expression by creating a set of constructs

that deleted or swapped 50 and 30 UTRs and regions of the Arc

ORF (Figure 4A). Because we sought to identify determinants

of translation in dendrites independent of targeting of the

mRNAs, we first assessed if mRNAs were present in dendrites

30–36 hr after transfection by performing in fluorescence in situ

hybridization (FISH) with a probe for Gluc. All mRNAs appeared

in somas and dendrites and showed a similar uniform distribution

(Figures 4B–4F and S3A). Notably, transgene mRNAs did not

require UTR sequences to be present in dendrites. While the

role of Arc UTR in dendritic trafficking has not been determined

in native conditions, UTRs are implicated in the trafficking

of other mRNAs (Gao et al., 2008; Kobayashi et al., 2005;

Pinkstaff et al., 2001), and we infer that the uniform dendritic

distribution of these transgenes may be consequent to overex-
pression. Nevertheless, their presence in

dendrites afforded the opportunity to test

if they are rapidly translated in response

to glutamate.
The construct in which the 50 and 30 UTRs of g-actin were

swapped for 50 and 30 UTRs of Arc (Arc-Gluc-ORF-gAcUTR; Fig-

ure 4A) showed glutamate-induced bioluminescent puncta in

dendrites (Figure 4H). Moreover, glutamate-induced dendritic

translation of Arc-Gluc-ORF was not different from that of Arc-

Gluc (Figure 4G; Movie S3). This indicates that Arc ORF alone

is sufficient to confer glutamate-induced translation. Translation

of Gluc (without Arc ORF; Figure 4A) was not induced by gluta-

mate (Figure S3B), although it is effectively translated in neurons

since its luciferase activity in cell lysates was three times higher

than Arc-Gluc (Figure S1B). A construct in which the first 50

amino acids of the Arc ORF preceding the Gluc ORF were re-

placed with repeated myc sequences (3myc-Gluc-Arc 51-396;

Figure 4A) also showed glutamate-induced translation (Figure 4I;

Movie S4), while a construct that deleted the C-terminal half of

Arc ORF (3myc-Gluc-Arc 51-200; Figure 4A) did not (Figure 4J;

Movie S5). Findings indicate that the sequence within the C-ter-

minal half of Arc ORF confers glutamate-dependent translation

in dendrites.

The absence of a requirement for 50 and 30 UTRs for gluta-

mate-induced Arc translation and insensitivity to rapamycin (Fig-

ure 3E) suggested that translation initiation is not rate limiting. In

further support, treatment of primary neuronal cultures with the

translation initiation inhibitor pateamine A (Low et al., 2005)

reduced S35 incorporation into protein, but did block glutamate

receptor-induced increase of Arc protein (Figures S3C–S3E).

Distribution of Arc-Gluc Translation Sites within
Dendrites
Sites of de novo Arc translation have been reported using

GFP-based reporters (Tatavarty et al., 2012), but limitations of

temporal resolution that may not distinguish sites of translation

from trafficking prompted us to re-examine the issue. We

used GFP-PSD95 to label spines and visualize dendrites and
Neuron 91, 561–573, August 3, 2016 565
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Figure 4. Arc cis Elements on Glutamate-

Induced De Novo Translation of Arc

(A) Diagram of Gluc fusion constructs. Red box,

Gluc ORF; blue box, Arc ORF; yellow box, repeated

myc sequences; pink bar, g-actin UTR.

(B–F) mRNA localization of Arc-Gluc fusion con-

structs. FISH (fluorescence in situ hybridization)

detectingGlucmRNAwas performed after Arc-Gluc

fusion proteins and GFP were transiently overex-

pressed in DIV13–15 cortical neurons. (B) Arc-Gluc.

(C) Arc-Gluc-ORF. (D) 3myc-Gluc-Arc 51-200. (E)

Arc-Gluc-ORF-gAcUTR. (F) 3myc-Gluc-Arc 51-396.

Scale bar, 10 mm.

(G–J) The number of dendritic Gluc puncta before

(58–97 frames) and after (128–167 frames) gluta-

mate. Each gray line represents an individual cell

and the red line represents the average of all cells

(mean ± SEM).

(G) Arc-Gluc-ORF. p = 0.007 (N = 9).

(H) Arc-Gluc-ORF with g-actin UTR. 50 and 30 UTRs
of g-actin were fused to Arc ORF with Gluc. p =

0.004 (N = 6).

(I) 3myc-Gluc-Arc 51-396. First 50 aa of Arc were

switched to repeated myc sequences. p = 0.031

(N = 11).

(J) 3myc-Gluc-Arc 51-200. The fusion construct

without Arc amino acids 201–396 did not show

translational events (N = 8).
performed a wide-field analysis of the spatial frequency

throughout entire neurons. We first measured the distance be-

tween bioluminescent Arc-Gluc puncta in dendrite segments af-

ter glutamate treatment. Five neurons with the most frequent

events were used for analysis, resulting in an average of 8.9 ±

0.9 mm between puncta (mean ± SEM, n = 78, N = 29 dendrites,

5 cells; Figure 5B). Based on previously reported spine density

in vivo (Moser et al., 1994; Seib andWellman, 2003) and in disso-

ciated cortical culture (Hayashi and Shirao, 1999), spines

outnumber sites of de novo translation by a factor of 7–17. A

similar number (14.9) was obtained using GFP-PSD95 to assess

spine numbers in our cultures.

We next asked if glutamate-induced Arc-Gluc foci could be

detected in spines. GFP-PSD95 fluorescence images distin-

guished spines from dendrites, and the average spine diameter

was0.38mm(seeSupplemental Experimental Procedures),which

is similar to the reported mean distance between the spine head

and spine neck (Arellano et al., 2007). CCD camera images had

a similar spatial resolution (0.254 mm/pixel) and were confirmed
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by manual inspection to be in register

with fluorescence images. Therefore, it

was possible to calculate the distance

from the center of individual Arc-Gluc foci

to the most proximal spine head marked

by GFP-PSD95. In total, 80% of Arc-Gluc

punctae were within 5 mm of a spine. How-

ever, only 3.4% ± 1.8% (mean ± SEM,

n = 188, N = 6 cells) were closer than

0.4 mm (Figure 5C). Analysis of whether

the center of Arc-Gluc foci overlapped
with any pixel of spines determined byGFP-PSD95 signal yielded

a similar result, 3.4% ± 1.4% (mean ± SEM, n = 188, N = 6 cells).

Examination of instances of spine-associated Arc-Gluc indicated

that themajority of these located to the base of spines (Figure 5D)

or in a dendritic shaft where the spine neck andGFP-PSD95were

superimposed along the Z axis of imaging (Figures S4A–S4C).

There was no difference in the distribution of distances to

spines comparing Arc-Gluc foci with a single event versus multi-

ple events (‘‘hotspots’’; see below; Figure S4D). As an alternative

method, we determined the statistical significance of co-localiza-

tion of Arc-Glucwithin spines by calculating the spine-to-dendrite

area for each cell (Figure 5A) and found that the observed

proportion of Arc-Gluc puncta that overlapped with spines was

significantly lower than expected from a random distribution of

Arc-Gluc (p = 0.005, N = 6 cells, paired t test, null distribution

7.9% ± 0.8%). These observations indicate that Arc-Gluc de

novo translation is not detected at a significant level in spines.

FMRP plays an important role as a negative regulator of ribo-

somal translocation (Darnell et al., 2011; Muddashetty et al.,
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Figure 5. Localization of Glutamate-

Induced De Novo Translation of Arc

(A) An example of dendrite (left) and spine (GFP-

PSD95+, right) segmentation.

(B) The distribution of distances between Arc-Gluc

translation sites in dendrites. The average distance

between de novo translation sites is 8.9 ± 0.9 mm

(mean ± SEM, n = 78, N = 29 dendrites, 5 cells).

(C) The distribution of distance between spines

(GFP-PSD95+) and Arc-Gluc (n = 188, N = 6 cells).

(D) Two examples of localization of GFP-PSD95

and glutamate-induced Arc-Gluc. Scale bar, 2 mm.
2007; Zalfa et al., 2007). Group 1 mGluR activation induces a

rapid increase in FMRP binding to mRNAs (Narayanan et al.,

2007), and fmr1�/� mice show deregulated Arc expression that

contributes to disease phenotypes (Huber et al., 2000; Park

et al., 2008). To assess the spatial distribution of FMRP relative

to Arc-Gluc translation sites, we co-transfected Arc-Gluc and

GFP-FMRP and overlaid the puncta of glutamate-induced Arc-

Gluc with GFP-FMRP imaged before recording (Figure 6B).

Again, we used FMRP segmentation to calculate co-localization

of Arc-Gluc and FMRP (Figure 6A, right) and determined a co-

localization rate of 16% ± 2% (mean ± SEM, n = 230, N = 6 cells).

This is significantly higher than null distribution calculated

using manually defined dendrites (Figure 6A, left) in each cell

(Figure 6C), indicating that a portion of glutamate-induced Arc-

Gluc foci co-localize with GFP-FMRP. However, it is notable

that many of the glutamate-induced Arc-Gluc foci do not co-

localize with GFP-FMRP. This might occur if GFP-FMRP effec-

tively represses translation or if GFP-FMRP association with
Arc-Gluc foci is dynamic since GFP-

FMRP foci were recorded �15–20 min

prior to addition of glutamate to induce

Arc-Gluc puncta.

Arc-Gluc Expression Reveals
Quantal and Stochastic Properties
of Glutamate-Induced Translation
in Dendrites
Arc-Gluc bioluminescent signal is

episodic, with variations in amplitude

and timing between foci within the same

neuron. Biochemical studies of Arc-Gluc

bioluminescence (Figure S1) support the

premise that differences in luminescence

intensity are due primarily to differences

in the amount of Arc-Gluc created. If ribo-

some processivity attains a maximum

rate of �20 bases/second (Wohlgemuth

et al., 2011) and codon recognition sites

of adjacent ribosomes are separated by

�72 nucleotides (Brandt et al., 2009),

then each Arc-Gluc mRNA polyribosome

complex could generate 1 molecule of

Arc-Gluc protein during a 6 s frame and

3–4 molecules during a flash lasting 3
frames (18 s). This contrasts with a plot of the amplitude of biolu-

minescent events (amplitude histogram) within an individual

neuron, which reveals amplitudes spanning a range of �10-

fold (Figures 7A and S5A–S5D). The broad range of intensities

is difficult to reconcile with product generated by a single

mRNA polyribosome and suggests that flashes may represent

the products of multiple polyribosomes. Moreover, cumulative

histograms from several neurons exhibited periodic peaks of in-

tensity, which is consistent with the interpretation that flashes

represent the translational generation of discrete numbers of

Arc-Gluc molecules. Biochemical studies exclude cooperative

effects between Arc-Gluc molecules that might give rise to var-

iations in intensity (Figures S1J–S1M) and exclude the possibility

that signals generated by glutamate receptors might directly

induce or inhibit bioluminescence from pre-existing Arc-Gluc

molecules since Gluc activity is not sensitive to Ca2+ in the phys-

iological range (Figures S1E and S1F) and is not altered by H2O2

or superoxide (Figures S1G and S1H). Moreover, recordings
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Figure 6. Co-localization of GFP-FMRP with Sites of Glutamate-

Induced De Novo Translation of Arc

(A) An example of dendrite (left) and FMRP (right) segmentation.

(B) Two examples of localization of GFP-FMRP and glutamate-induced Arc-

Gluc. Scale bar, 2 mm.

(C) Co-localization rate of Arc-Gluc and FMRP. Six independent experiments

were compared to null (bar) Arc-Gluc puncta.
from sites with repeated flashes (‘‘hotspots,’’ below) often show

large variations in amplitude that exclude the possibility that

amplitude differences are due to local opacity of cultured neu-

rons. Accordingly, we suggest that the microenvironment within

individual sites serves to coordinate product generation from

multiple polyribosome Arc-Gluc mRNAs.
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Two additional features of the timing of Arc-Gluc biolumines-

cence are notable. The majority of the glutamate-induced Arc-

Gluc bioluminescent signal occurred within 5 min of adding

glutamate (Figures 2B, S2C, and S2D). However, the Arc-Gluc

bioluminescent signal is not synchronous within a neuron, but

rather spans a range from 1min to 14min (end of recording) (Fig-

ures S2C and S2D; Movie S1). We also noted that the Arc-Gluc

bioluminescence signal was often repeated at the same site (Fig-

ures 7B and 7C; Movie S6). We defined a dendritic translation

‘‘hotspot’’ as an area where repeated peaks separated by

more than two frames (>12 s) overlapped. About 25% of total

signals were observed from hotspots (Table S1). Sites of

repeated Arc-Gluc generation were dispersed throughout

branches of dendrites (Figure 7C) and were not different in

spatial distribution or bioluminescence intensity (Figure S5E)

from sites with single Arc-Gluc generation. We reasoned that

hotspots offer an opportunity to assess the dynamics and ampli-

tude of ‘‘on’’ states of Arc-Gluc translation. We examined event

pairs and plotted the time interval between a first and second

event (Figure 7B). This analysis reveals that most second events

occur within 1 min of the first and that their cumulative histogram

is modeled by a single exponential function with t1/2 �30 s. We

asked if the inter-flash interval or the amplitude of the second

flash is related to the amplitude or timing of the first event. We

plotted the time of the smaller amplitude event relative to the

larger event set to time 0 (Figure 7D). Amplitudes were calculated

from either the prior trough or estimated basal (Figure S5F), with

similar results (Figure S5G). In 60%, the first peak was greater

than following ones (Figure 7D). For most events, the amplitude

did not correlate with the time interval between repeated signals

(Figures 7D and S5G). This was evident whether the measured

peak occurred before or after the maximum signal. Signals less

than 20% of the maximum amplitude were clustered <50 s

following the maximum signals, which could occur if stalled ribo-

some mRNAs were depleted from the initial event. A second

analysis examined the inter-flash interval relative to the time of

the first flash after addition of glutamate. Again, there was no

correlation (Figure 7E). These observations indicate that the

amplitude and timing of individual flash events are not predicted

by the prior state and appear essentially random. These proper-

ties are consistent with the notion that complex cell biological

processes obey predictions of stochastic rather than determin-

istic systems when viewed at the level of individual molecules

(Bressloff, 2014; Paulsson, 2004; Yu et al., 2006).

DISCUSSION

We exploit the rapid kinetic properties of Gluc together with the

high spatial resolution of EM-CCD imaging to reveal fundamental

properties of de novo Arc synthesis in neurons. De novo transla-

tion sites are abundant within dendrites and are distributed at

�10 mm intervals. Spines outnumber translation sites by �10-

fold. De novo translation sites are occasionally observed at the

base of spines labeled with GFP-PSD95, as anticipated from

electron microscopy (EM) studies (Steward and Levy, 1982),

but do not co-localize in spines at a frequency above a statistical

threshold for random distribution. A model in which Arc transla-

tion is controlled at the level of dendritic segments rather than
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Figure 7. Dynamics of Dendritic De Novo

Arc-Gluc Translation Events

(A) The distribution of peak amplitude of spikes from

one example cell.

(B) Histogram of time interval between the spikes

at hotspots. Blue line, nonlinear fit (K = 0.043, t½ =

16.29 s, n = 82, N = 10 cells).

(C) An example showing the distribution of puncta

with a single flash (one spike) and repeated flashes

(translation hotspots; more than two spikes).

Different colored circles represent the number of

flashes at the same center of the signal (white,

single; green, two; magenta, three flashes). Three

arrows are marked for Movie S6. Scale bar, 10 mm.

(D) Relationship between consecutive peaks to that

of maximum peak. Normalized intensity of consec-

utive peaks at translation hotspots with two flashes

is plotted as a function of the time interval from

maximum peak. The time frame is aligned such

that the maximal peak time is set to zero. In 60%

of cases, first peak is the maximal peak and the

following peak is color coded in blue. When the first

peak is followed by the maximum peak, it is plotted

in gray on the left of the y axis. The two red circles

represent the average of the smaller peak that

occurred within 100 s of maximal peak (time interval

after maximum peak = 33.2 ± 1.9 s, normalized

amplitude = 0.58 ± 0.03, mean ± SEM, n = 99, N = 12

cells; time interval before maximum peak = 36.8 ±

3.4 s, normalized amplitude = 0.56 ± 0.04, mean ±

SEM, n = 53, N = 12 cells). See also Figures S5F

and S5G.

(E) Inter-flash interval relative to the time of the

first flash after addition of glutamate (R2 = 0.2253,

n = 158, N = 17 cells).
individual spines is consistent with Arc’s observed synapse-

specific action (Béı̈que et al., 2011) and a model that proposes

Arc targets from sites of translation in dendrites to synapses

based on binding to bCaMKII in its kinase-inactive state (inverse

tagging) (Okuno et al., 2012). This model is also consistent

with evidence that dendritic segments, rather than individual

synapses, function as units of synaptic integration (Branco and

Häusser, 2011; Palmer, 2014; Spruston, 2008). The co-depen-

dence of Arc-Gluc de novo translation on group 1 mGluRs

and NMDARs suggests that compartmentalized signaling from

multiple synaptic inputs within the dendritic segment may coor-

dinately control Arc translation.

Previous studies highlight the complexity of mechanisms that

regulate Arc translation in neurons. Glutamate receptor-depen-

dent upregulation of Arc protein that underlies mGluR-LTD in

the hippocampus is dependent on eukaryotic elongation factor

2 kinase (eEF2K) (Park et al., 2008). Activated eEF2K phosphor-

ylates its only known substrate elongation factor 2 (eEF2). eEF2

functions as part of the 80S complex to enhance ribosome trans-

location (Spahn et al., 2004), and its phosphorylation inhibits

translation of most mRNAs. However, Arc protein is upregulated

in response to dynamic phosphorylation of eEF2. Arc is also up-

regulated upon addition of low-dose cycloheximide, which acts
to prevent ribosome elongation like phosphorylated eEF2 (Park

et al., 2008). These observations suggest that rapid, glutamate

receptor-induced Arc translation occurs in association with

mechanisms that transiently inhibit ribosome translocation

generally but that advantage certain mRNAs (including Arc).

Arc translation is also regulated by FMRP, an RNA binding pro-

tein that can stall ribosomes of specific mRNAs (Darnell et al.,

2011). Group 1 mGluRs activate S6K1, which phosphorylates

FMRP and reduces its RNA binding and inhibition of translation

(Levenga et al., 2010; Narayanan et al., 2007, 2008; Niere

et al., 2012). Genetic deletion of fmr1 results in a loss of dynamic

Arc expression that is replaced by steady-state expression and

enhanced Arc-dependent, de novo protein synthesis-indepen-

dent mGluR-LTD (Park et al., 2008).

Observations here support a model in which glutamate-

induced translation of Arc-Gluc involves activation of stalled

polyribosome Arc-Gluc mRNA complexes. This model rational-

izes a contribution of Arc within the first 5 min after induction of

mGluR-LTD (Park et al., 2008), as well as the priming effect of

Arc expression on subsequent plasticity (Jakkamsetti et al.,

2013). Flash bioluminescent puncta corresponding to de novo

translated Arc-Gluc beginning within 15 s of glutamate stimula-

tion is consistent with biochemical measures of ribosome
Neuron 91, 561–573, August 3, 2016 569



processivity only if Arc-Gluc translation were initiated in a non-

rate-limiting step prior to the stimulus such that upon glutamate

stimulation, translation of �100 aa would be sufficient to

generate Gluc. Thismodel is supported by biochemical observa-

tions that mGluR induces translation from peptide-ribosome

complexes and is insensitive to an inhibitor of translation initia-

tion (Graber et al., 2013). Glutamate receptor-dependent upre-

gulation of native Arc in cultured cortical neurons is insensitive

to the initiation inhibitor pateamine A (Low et al., 2005) (Figures

S3C–S3E). Our observation that glutamate-induced translation

of Arc-Gluc mRNA does not require the 50 and 30 UTRs and is

insensitive to mTORC1 inhibition provides further support for

the notion that translation initiation is not rate limiting. A recent

study provides precedent for regulation of ribosome stalling

and re-initiation by coding sequence and a trans-acting factor

(Gutierrez et al., 2013). We note that since Gluc is N-terminal to

the presumed regulatory region of the Arc ORF, our model re-

quires that Gluc not be active in the peptide-ribosome complex.

Nascent peptides associate with chaperones and isomerases

(Kramer et al., 2009) that may coordinate Gluc enzyme activity

with release of mature protein from the ribosome complex. Alter-

natively, the presumed cis element in the Arc ORF might stall

ribosomes at positions 50 to Gluc. Interestingly, the region of

the Arc ORF that is required for glutamate-induced translation

extending from amino acid 200 to the C terminus evolved from

a retrotransposon gene of the Ty3/Gypsy family and encodes a

protein that is structurally related to retroviral capsid protein

(Zhang et al., 2015). Retroviruses evade host translational con-

trol mechanisms, and it is possible that translational control

mechanisms of Arc are a remnant of its retrotransposon origin.

The dependence of Arc upregulation on FMRP and eEF2K

(Park et al., 2008), together with their known role as regulators

of ribosome elongation, suggests these signaling pathways

may contribute to stalling or activation of stalled ribosomes

that control Arc translation.

Wide-field imaging affords a comparison of many translation

events in the same neuron. The cumulative histogram of time

to generation of Arc-Gluc after glutamate stimulation establishes

a half-life for the overall process, yet the timing of individual

events appears random. Amplitudes are also widely variable

even for repeated events at the same site. The observed

episodic production of protein in neurons is similar to that re-

ported in E. coli (Yu et al., 2006), but many features are notably

distinct, including the stimulus dependence and the range of am-

plitudes. An explanation for the broad range of amplitudes at

individual sites is that multiple polyribosome Arc-Gluc mRNA

complexes can synchronize product generation. This is consis-

tent with the notion that ribosomes stall at a specific sequence

(Gutierrez et al., 2013), that events prior to activation of stalled ri-

bosomes are not rate limiting, and that stochastic conditions

within the microenvironment of individual sites of translation

determine the timing and efficacy of ribosome re-activation.

These stochastic properties may have implications for the timing

and amount of Arc protein within dendritic segments and ulti-

mately at individual synapses. Other aspects of synaptic trans-

mission and plasticity display stochastic properties that have

been rationalized in models of learning (Seung, 2003; Shouval

and Kalantzis, 2005). For Arc, the potential for repetitive induc-
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tion (Guzowski et al., 1999, 2006; Nakayama et al., 2015; Ram-

ı́rez-Amaya et al., 2005), together with its molecular function to

differentially act at inactive synapses (Kawata et al., 2014; Okuno

et al., 2012), could resolve stochastic challenges to de novo pro-

tein synthesis-dependent memory consolidation.

Gluc is uniquely useful for its low background, high temporal

resolution for new protein and compatibility with wide-field anal-

ysis. Our experiments overexpressed Arc-Gluc mRNA to study

translation independently of mRNA trafficking and to achieve

robust signals. Arc 30 UTR confers non-sense-mediated decay

(Giorgi et al., 2007) and will certainly contribute to natural regula-

tion of Arc expression. Addition of Arc 30 UTR to a translation re-

porter construct increases the distance of translation sites from

the soma (Wang et al., 2016). Another limitation of the present

approach is that it is not possible to determine the biolumines-

cent signal of single Gluc molecules. By combing Gluc with

SunTag methods, it should be possible to assess Gluc signal

from defined numbers of mRNAmolecules and thereby estimate

absolute numbers of new protein molecules. Gluc, in combina-

tion with the protein epitope-GFP signal, could reveal trafficking

of newly synthesized proteins and test targeting mechanisms of

de novo Arc or other proteins.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection

All animal procedures were approved by Johns Hopkins University Animal

Care and Use Committee. Sprague-Dawley rat (Charles River, RRID:

RGD_734476) cortical cultures from embryonic day 18 (E18) were prepared

as reported previously (Rumbaugh et al., 2003). HEK293T cells were main-

tained in DMEM with 10% fetal bovine serum. Transfection was performed

with Lipofectamine 2000 (Invitrogen) for neurons or FuGENE6 (Roche) for

HEK293T cells according to manufacturer’s instruction. For more information,

see Supplemental Experimental Procedures.

Immunocytochemistry

Immunocytochemistry was performed as described (Shepherd et al., 2006)

with some alterations. For surface labeling, antibodies were incubated without

permeabilization. For more information, see Supplemental Experimental

Procedures.

Time-Lapse Microscopy

Time-lapse imageswere capturedwith 5 s exposure and 1 s interval timewith a

cooled EM-CCD camera controlled by Slidebook software (Intelligent Imaging

Innovations Inc.). Open channel was used to collect all emitted lights from the

chamber for luciferase imaging. Acquisition of images was paused for CTZ and

glutamate treatments and reinitiated 15 s after the treatment. For more infor-

mation, see Supplemental Experimental Procedures.

FISH

The probes were generated by PCR using full ORF of pCMV-Gluc (NanoLight

technology) and subcloned into pCR 2.1-TOPO vector (Invitrogen), and

sequence was verified. Riboprobes were synthesized using in vitro transcrip-

tion and digoxinin-labled UTP. Primary neurons on the coverslips were fixed by

4% paraformaldehyde followed by permeabilization and acetylation. After 2 hr

of prehybridization, cells were incubated with probes for 18 hr. Cells were then

washed and mounted for imaging.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism version 6, GraphPad

Software. All data were analyzed by two-tailed, paired Student’s t test unless

otherwise stated. We used Kruskal-Wallis test for the multiple comparison of

data (Figures 3A and 3B) since we cannot assume Gaussian distributions of



translation events and each population did not show the same variation. For

more information, see Supplemental Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

five figures, one table, and six movies and can be found with this article online

at http://dx.doi.org/10.1016/j.neuron.2016.06.017.
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