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The physical manifestation of learning and memory formation in the brain can be expressed
by strengthening or weakening of synaptic connections through morphological changes.
Local actin remodeling underlies some forms of plasticity and may be facilitated by local b-
actin synthesis, but dynamic information is lacking. In this work, we use single-molecule in
situ hybridization to demonstrate that dendritic b-actin messenger RNA (mRNA) and
ribosomes are in a masked, neuron-specific form. Chemically induced long-term
potentiation prompts transient mMRNA unmasking, which depends on factors active during
synaptic activity. Ribosomes and single b-actin mMRNA motility increase after stimulation,
indicative of release from complexes. Hence, the single-molecule assays we developed
allow for the quantification of activity-induced unmasking and availability for active
translation. Further, our work demonstrates that b-actin mRNA and ribosomes are in a
masked state that is alleviated by stimulation.

More than a century ago, Ramon y Cajal postulated that memories could be stored by
modifying the shape and, consequently, the strength of synaptic connections between
neurons (1). In our current understanding of learning and memory formation, synaptic
plasticity expressed as activity-induced changes in synapse morphology and, subsequently,
in signaling strength constitutes one of the physical manifestations of memory formation (2).
In postsynaptic forms of plasticity, activity-induced morphological remodeling and

"Corresponding author: robert.singer@einstein.yu.edu.
Supplementary Materials

Materials and Methods

Figs. S1to S9

References

FISH Probe Sequences

Movies S1 and S2

A.R.B.,B.W, and R.H.S. designed the experiments; A.R.B. performed the experiments; A.R.B. and B.W. performed optical
engineering and data analysis; and A.R.B. and R.H.S. wrote the manuscript. Data in this paper are in partial fulfillment of the Ph.D.
degree to A.R.B.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Buxbaum et al.

Page 2

enhanced synaptic transmission can be specific to a single dendritic spine (3) and can
require both protein synthesis (4) and increased polymerization of the cytoskeletal protein -
actin (5). Local protein synthesis provides a mechanism of achieving spatial specificity of
synaptic modification that can persist over time (6). f-actin mRNA localization in neuronal
dendrites is essential for proper dendritic spine structure and abundance (7, 8), suggesting
that regulation of B-actin protein concentration through local translation plays a role in
synaptic plasticity.

Because p-actin mRNA is abundant in neurons (9), mMRNAS must be maintained in a
repressed state in the vicinity of synapses with translation factors readily available as needed
for local translation. Physical sequestration of localized mMRNAs in large neuronal RNA
granule structures may serve to repress the mMRNAs. RNA granules have been described as
large, dense, neuronal-specific structures composed of ribosomes; mMRNAS, including B-actin
mRNA; and translation factors (10, 11). Putatively, local activity induces granule
disassembly, spatially restricting translation to stimulated synapses (10, 12). To date, there
exists little evidence that granules regulate mMRNA functionality. With the use of single-
molecule imaging of endogenous p-actin mMRNA and ribosomes, we provide evidence that
the availability of B-actin mMRNA to translation factors is transiently regulated by synaptic
activity.

Single mMRNA fluorescent in situ hybridization (FISH) analysis provided an absolute
quantitation of dendritic mRNAs in cultured hippocampal neurons (13) (fig. S1). Probe
hybridization efficiency to single molecules was calibrated with the brightness of a single
probe (14). By this method, we found that dendritic MRNAs bind only half of the expected
probes (Fig. 1, A and D, and fig. S2). However, exposure to chemical long-term potentiation
(cLTP) induction, known to result in enlarged spines (15), increased probe binding to the
expected number (11) and doubled detection of f-actin mMRNAs along dendrites within 10 to
15 min (Fig. 1, B, D, and E; fig. S2, A and C; and fig. S3). Inefficient mRNA detection
suggested inaccessibility of probes to dendritic mRNA, whereas stimulation induces
unmasking. In contrast to neurons, p-actin mRNAs in glial cells in the same field hybridized
the expected number of probes, irrespective of stimulation (fig. S2B). Probes to the B-actin
3’ untranslated region (3’UTR), as well as the open reading frame, demonstrated mMRNA
unmasking (fig. S2, C and D). Increased mRNA was not due to transport from the soma or
transcription (fig. S2, E to G).

If MRNA was masked by a proteinaceous complex, a limited prehybridization proteolytic
digestion step would be expected to enhance mRNA detection. A protease digestion protocol
was devised (16) that increased detectable f-actin mMRNAs in dendrites equivalent to levels
after stimulation (Fig. 1E). Poly(A) mRNA detection in dendrites also increased upon
digestion (fig. S2H), suggesting that additional MRNAs may be masked in neurons.

To be physiologically regulated, mMRNA unmasking would require signaling cascades that
occur during synaptic activity. Inhibition of N-methyl-d-aspartate (NMDA) receptor activity
with 2-amino-5-phosphonopentanoic acid (APV), inhibition of MEK1/2 (mitogen-activated
protein kinase kinase 1 and 2) with UO-126, or depletion of calcium from the extracellular
medium prevented increased mMRNA detection during cLTP (Fig. 1, F and G), relating
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MRNA unmasking to local metabolic changes that occur during synaptic plasticity.
Detectable dendritic f-actin mMRNA peaked at 10 min after cLTP and returned to baseline
within 30 min (Fig. 1G), indicating that the default condition is masking. Furthermore,
limited mRNA availability for translation after cLTP could provide for a burst of protein
synthesis.

Because repressive RNA granule complexes in neurons are composed of densely packed
ribosomes (11), ribosomes may also be unmasked during cLTP. Similar to mRNA, cLTP
increased endogenous ribosomal RNA (rRNA) detection along dendrites, as did sample
digestion (Fig. 2A and fig. S4, A to E). Ribosomal particle intensities in protease-treated
neuronal dendrites were nonhomogeneous and contained denser regions when compared
with glia (fig. S4, F to H). Consistent with dispersal of ribosomes during unmasking, cLTP
decreased the abundance of bright dendritic rRNA structures (fig. S4, E and I, and fig. S5F).
To determine whether f-actin mRNA and ribosomes may be associated in the same particle
as previously reported (11, 17), we performed dual-color hybridization in protease digested
neurons (Fig. 2B). More than 30% of B-actin mRNAs colocalized with neuron-specific
bright ribosomal structures.

Three-color imaging differentiated ribosome association with masked and unmasked
mRNAs (fig. S5A). B-actin mMRNAs hybridized with a second-color probe after protease
digestion revealed previously masked mRNAs (about half of the total). Masked MRNAs
were associated with brighter ribosomal puncta, supporting the hypothesis that regions rich
in ribosomes are part of the same masked complex (Fig. 2C and fig. S5, B to D).

Unbound and unmasked molecules should be washed away during permeablization of live
neurons. Puromycin eliminated actively translating polysomes, followed by detergent
extraction and fixation (fig. S6A). Large, bright ribosomal puncta were retained in dendrites,
some containing single B-actin mMRNAs; in contrast, glial cytoplasmic ribosomal signal was
extracted (fig. S6, B to D and H). After cLTP in detergent-treated neurons, ribosome and 3-
actin mRNA FISH signal (Fig. 2D and fig. S6E) and the size of the optically reconstructed
ribosomal puncta (fig. S6, F and G) decreased by about half, consistent with increased
dispersal of ribosomes and mRNAs as a result of synaptic stimulation.

Increased ribosomal dispersal due to unmasking resulted in increased diffusion of ribosomes
and mRNAs. To investigate dendritic rRNA dynamics, we employed spot photoactivation of
a ribosomal protein (L10A) fusion. Immobile, bright structures surrounded single mMRNAs
(Fig. 2E). Photoactivated ribosome fusions exhibited diminished motility in dendrites
relative to glial cells (Fig. 2G). After cLTP, quantification of ribosome dispersal from
photoactivated sites revealed that the immobile ribosome fraction decreased (fig. S7B).
Dendritic f-actin mRNAs were immobile, with a small portion undergoing active transport
(18). Upon stimulation, immobile mRNAs exhibited corralled diffusion in their local
environment (fig. S7, C and D), consistent with degranulation of a complex that prevents
mRNA from diffusing until synaptic stimulation.

In addition to increased mMRNA and ribosome dynamics, cLTP increased protein synthesis of
a reporter for B-actin mRNA, consistent with unmasking that correlates with increased local
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[-actin translation (fig. S8). The protein FMRP has been shown to be a component of RNA
granules and stalls ribosomes on mMRNAs (19). Fmrl knockout brains exhibit a reduction in
the postpolysomal fractions (20), suggesting a role for Fmr1 in granule integrity.
Accordingly, Fmrl knockdown in culture decreased the abundance of masked f-actin
mRNA s (fig. S9, A to C). We observed a similar effect in neurons isolated from knockout
animals lacking the f-actin mRNA binding protein ZBP1 (fig. S9D).

In the model supported by this work, f-actin mRNA is present all along dendrites and is kept
in a dormant state by packaging into inert structures ready to be locally activated. During
synaptic stimulation, downstream effectors of signaling pathways locally prompt complex
disassembly, putatively allowing active translation of mMRNAs at activated synapses. This
could be accomplished by regulation of self-aggregating protein motifs through
posttranslational modifications (21) facilitating cycles of localized RNA granule formation
and degranulation, thus making use of the same mRNAs repeatedly over time.
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Fig. 1. Synaptic stimulation leadsto increased detection of endogenous single B-actin mRNAsin
dendrites

Single-molecule FISH of endogenous B-actin mRNAs in (A) unstimulated, (B) cLTP-
stimulated, and (C) protease-digested cultured hippocampal neurons. Scale bar, 10 pm. (D)
Histogram of integrated intensities of single p-actin mMRNASs in dendrites. After cLTP, single
mRNAs bind the expected number of probes, although half without stimulation (unstim.)
[****P < 0.0001 (cLTP n=2728 mRNAs, 25 cells; unstim. n = 665 mRNAs, 19 cells;
single FISH probes n = 2131)]. (E) Single B-actin mRNAs per micrometer in dendrites. Fold
increase of MRNA density along unstimulated to stimulated dendrites (top). From top to
bottom in key: n= 26, 97, or 57 dendrites. (F) Single f-actin mRNAs per micrometer in
dendrites with removal of extracellular calcium (from top to bottom: n = 23, 12, 19, or 7
dendrites). (G) Mean single mMRNAs per micrometer in the first 50 um of dendrites. cLTP-
induced unmasking of mMRNA decays with a time constant (t) of 7.3 min (fit: coefficient of
determination R2 = 0.996). Digestion 40 min after cLTP shows no decrease in mMRNA,
consistent with mRNA repackaging (P = 0.5). Increased mRNA detection is blocked by
NMDA receptor inhibition (APV) or MEK1/2 inhibition (UO126) (**P < 0.01, ***P =
0.001, ****P < 0.0001; Student’s t test). In order from left to right: n = 26, 21, 21, 35, 47,
44, 32, 31, or 23 dendrites. NS, not significant; dig., digested. Error bars in (E) to (G) denote
SEM.
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Fig. 2. Ribosomal complexes obscure B-actin mMRNA
(A) Mean endogenous rRNA FISH fluorescence along dendrites (from top to bottom in key:

n =49, 30, 52, 92, or 97 dendrites). Signal normalized (norm.) to the first point of
unstimulated data. Error bars denote SEM. |, intensity; dig., digested. (B) Single B-actin
mRNAs and bright rRNA puncta often coincide (indicated by arrows). Scale bars, 5 pm
(upper); 2 um (lower). Numbers indicate magnified regions in bottom row. Magnified
images were resampled with cubic convolution interpolation. (C) Mean dendritic ribosome
signal surrounding mRNAs and total ribosomal signal (n = 38 dendrites, **P < 0.01;
Student’s t test). a.u., arbitrary units. (D) Mean dendritic rRNA FISH fluorescence in
prefixative triton digested samples. Error bars indicate SEM. (E) Spot photoactivation of
L10A-PA-TagRFPt at the site of B-actin mMRNA in neurons revealed ribosome structures.
Scale bar (inset), 1 um. (F) In glia, L10A diffused away from the activated spot. Scale bar,
10 um. (G) Loss of fluorescent L10A from photoactivated spot (n = 6 glia, 12 neurons).
Error bars denote SD.
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