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Abstract

Arc (aka Arg 3.1) is induced by neural activity and learning experience. Arc mMRNA is rapidly
exported into dendrites where it localizes near activated synapses. By imaging green fluorescent
protein (GFP)-tagged mRNA in living neurons in culture, we show that fusion transcripts
containing the Arc 3"UTR (untranslated region) localize with remarkable precision in a
microdomain at the base of dendritic spines. Transcripts with the Arc 3’UTR that encode a
reporter protein rather than Arc show precise localization. Localization persists in the presence of
translation inhibitors, indicating that localization does not require ongoing translation. Similarly,
polyribosome complexes remained stably positioned at spine bases in brain tissue treated with the
translation inhibitor (puromycin) that releases ribosomes from mRNA. Single particle tracking
revealed that Arc mRNA particles positioned at spine bases exhibited highly constrained
submicron movements. These observations imply the existence of a microdomain at the spine base
where Arc mMRNA docks in association with a previously unknown mRNA-binding structural
element.

INDEXING TERMS
Arc mRNA; microdomain; dendritic spines

"CORRESPONDENCE TO: Oswald Steward, 1105 Gillespie Neuroscience Research Facility (GNRF), 837 Health Science Road,
#Jniversity of California at Irvine School of Medicine, Irvine, CA 92697-4292. osteward@uci.edu.
Present address: Joe Dynes, Department of Physiology and Biophysics, University of California at Irvine.

Additional Supporting Information may be found in the online version of this article.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dynes and Steward

Page 2

In neurons, many proteins are thought to contribute to time-dependent consolidation of
changes in synaptic efficacy (Sanes and Lichtman, 1999; Guzowski et al., 2000; Bramham,
2008; Miyashita et al., 2008; Richter and Klann, 2009). Of the proteins implicated in
consolidation, Arc, also known as Arg 3.1, is unique because of the way it is induced by
learning experiences and delivered to synapses (Dynes and Steward, 2008). Arc transcription
is strongly induced in selected neuronal populations as a result of learning experiences
(Guzowski et al., 1999, 2005; Miyashita et al., 2008). Newly transcribed Arc mRNA is
rapidly delivered throughout dendrites (Link et al., 1995; Lyford et al., 1995; Miyashita et
al., 2008), and Arc mRNA and protein rapidly accumulate near activated synapses (Steward
et al., 1998; Steward and Worley, 2001). This pattern of expression and activity-dependent
synaptic targeting suggests that Arc could serve as a transcription- and translation-dependent
link between synaptic activity and subsequent synaptic modifications, including the ones
that underlie memory consolidation.

Recent studies have provided evidence that Arc protein is a critical but transient component
of mechanisms that control synaptic efficacy. One line of evidence suggests that Arc protein
contributes to the stabilization of changes in the subsynaptic actin network induced by long-
term potentiation (LTP) (Messaoudi et al., 2007). Other evidence indicates that Arc protein
contributes to AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid) receptor
endocytosis leading to decreased synaptic strength (Plath et al., 2006; Rial Verde et al.,
2006; Shepherd et al., 2006). In both proposed functions, the distribution of Arc protein in
dendrites would constrain, and in part determine, the specificity of plastic changes at
synapses. An unresolved question, however, is the precision of Arc targeting to synapses,
that is, whether Arc mMRNA and protein target precisely to individual synapses or more
generally to local dendritic domains.

Recently, we used exogenous expression of mMRNA and live cell imaging to assess
characteristics of Arc mRNA transport (Dynes and Steward, 2007). As this system utilizes
high affinity binding of MS2 phage coat protein to short RNA sequence tags, we refer to the
mMRNA expressed from chimeric Arc constructs as “Arc/MS2 mRNA.” Messenger RNAs
containing the 3" untranslated region (UTR) of Arc assemble into particles that are
transported bi-directionally at a variety of rates in dendrites of rat cortical neurons in culture
(Dynes and Steward, 2007). Slow, short distance movements were often seen as rapidly
moving mMRNA comes to a stop, suggesting a final precise targeting of mMRNA at the
subcellular level. Whether this final targeting occurred at synaptic sites was not determined,
however.

In the course of our studies of Arc mRNA transport in dendrites, we noticed that apparently
stationary Arc/MS2 mRNA particles were often precisely localized beneath the base of
dendritic spines. Here we use the Arc/MS2 system and confocal microscopy to assess the
selectivity of this subcellular localization and to determine if the spine base possesses a
translation-independent docking site for mRNA. Our results show that Arc/MS2 mRNA
particles are positioned with a very high degree of precision in a small domain at the spine
base. Because the Arc/MS2 transcript does not encode Arc protein, localization is dependent
on the mMRNA rather than Arc protein. This positioning persists in the presence of inhibitors
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of mRNA translation. Together, our results suggest the existence of a previously unknown
structure at the spine base upon which mRNA is bound and translated.

MATERIALS AND METHODS

Cell culture and chemicals

Cultures of embryonic day (E)18 rat cortical neurons (Sprague—Dawley) were derived from
tissue provided by BrainBits (care of Dr. Gregory J. Brewer, Southern Illinois University,
Springfield) and prepared and cultured in Neurobasal + B27 medium (both Invitrogen,
Carlsbad, CA) according to the technique of Brewer et al. (1993). Cultures were plated at
1.3 x 10%/cm? and grown from 16 to 20 days at 37°C in 5% CO,. Neurons were cultured on
35-mm plates in which the integrated coverslip was first coated with poly-D-lysine by the
manufacturer (Mattek, Ashland, MA) and then coated with 0.5 mg/ml poly-L-lysine (Sigma-
Aldrich, St. Louis, MO). Puromycin (Sigma-Aldrich) was used at 1 mM; Cycloheximide
(Sigma-Aldrich) was used at 500 uM and D-AP5 (D-(-)-2-Amino-5-phospho-nopentanoic
acid; Tocris Biochemicals, St. Louis, MO) was used at 20 uM. Puromycin, cycloheximide,
and D-AP5 treated neurons were incubated at 37°C and imaged at room temperature in the
presence of the drug.

DNA constructs and transfection conditions

Microscopy

Details of the constructs GFP-MS2-NLS, CMV-DsRE-6xBS-rArc3’UTR, and CMV-
DsRE-6xBS-no3’UTR are in Dynes and Steward (2007). In short: in GFP-MS2-NLS, a
cytomegalovirus (CMV) promoter, drives expression of an open reading frame encoding a
fusion of a bipartite nuclear localization sequence, enhanced green fluorescent protein
(eGFP), and the MS2 coat protein. This protein binds to mMRNA made from CMV-
DsRE-6xBS-rArc3’UTR, which contains a CMV promoter driving expression of the red
fluorescent protein DsRE and followed by a 3"UTR containing a 6x multimerized MS2 coat
protein binding sequence and the 3"UTR from the rat Arc gene. CMV-DsRE-6xBS-
no3’UTR is similar but lacks the rat Arc 3"UTR sequence; the transcript is terminated from
a simian virus 40 polyadenylation sequence. The rat Dendrin 3"UTR sequence was
amplified from total hippocampal mMRNA by polymerase chain reaction and cloned into
CMV-DsRE-6xBS-rArc3”UTR Sall/Xhol-Sacll, replacing the Arc 3"UTR and creating
CMV-DsRE-6xBS-rDendrin3”UTR. Neurons were transfected biolistically with a Bio-Rad
(Hercules, CA) Helios Gene Gun 16 to 26 hours before imaging as in Dynes and Steward
(2007). The 1.6 um gold beads were used for transfection; these were coated with 7.5 pg of
GFP-MS2-NLS and 30 pg of either CMV-DsRE-6xBS-rArc3’UTR, CMV-DsRE-6xBS-
no3’UTR, or CMV-DsRE-6xBS-rDendrin3’ UTR.

Images were acquired using a Bio-Rad Radiance 2000 laser scanning confocal microscope
and 60x PlanApo 1.4 N.A. objective as previously reported (Dynes and Steward, 2007).
Neurons were maintained in the low fluorescence version of the ambient CO, medium
Hibernate (BrainBits, Springfield, IL) at room temperature. Time-lapse images were
acquired from rotated regions of interest at a rate of one every 10 seconds with a pixel size
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of 0.1 um. Red and green fluorescence channels were acquired simultaneously. The confocal
aperture was increased for the experiments to increase the depth of field.

Neuronal morphology

Imaged neurons were selected for inclusion in the dataset according to the criteria
established in Dynes and Steward (2007) with the following modifications. Neurons
coexpressing the transcripts were identified by the presence of green fluorescence in the
primary dendrite(s) and accumulation at the initial dendritic branch points, similar to the
pattern of localization of endogenous dendritic mMRNA (Knowles et al., 1996).

Dendritic spines were identified as protrusions from the dendritic shaft at least 0.2 um in
length and were distinguished from small dendritic branches on the basis of confocal optical
sectioning of the imaged dendritic segment at a 0.5-um interval.

Image processing

Image processing was performed with the public-domain program ImageJ (NIH, Bethesda,
MD). Images were subpixel aligned using the StackReg plugin for ImageJ (Sage et al.,
2005). Alignment was restricted to translation along the X- and Y-axis. Fluorescence from
biolistic gold beads was manually removed to avoid errors in automated alignment. Twenty
aligned images were used to generate the averaged images of dendrites. For display
purposes, green channel images were adjusted for brightness and contrast only, while the red
channel images were also gamma-adjusted to enhance the visibility of spine necks.

The positions of spine bases were determined to the nearest pixel from the aligned, averaged
red channel fluorescence images through the use of a topographic lookup table. The
positions of Arc/MS2 mRNA particles were derived from aligned and averaged green
fluorescent images after local background subtraction using a Log of Gaussian filter (radius
of 1 pixel). Identified particles were limited to masked regions of dendrites, which were
produced by thresholding and then eroding (radius of 1 pixel) a Gaussian blur (radius of 1
pixel) of the red fluorescence channel image. Arc/MS2 mRNA particles were defined as
encompassing at least two adjacent pixels whose intensity was at least 4 standard deviations
from the mean of regions of dendritic shaft devoid of particles. Restricting particles to at
least two adjacent pixels minimized the inclusion of spurious puncta due to noise. Arc/MS2
particle position was calculated using the center of mass of the identified particles.

To assess the average position of Arc/MS2 particles, images of multiple spines were aligned
by first subtracting background fluorescence occurring outside the imaged dendrite. Regions
of interest centered on the spine base were then selected, flipped vertically if needed, and
rotated until the region of the dendritic shaft around the spine base was horizontal.
Orientation of the spine with respect to the proximal-distal axis of the dendrite was
preserved. Aligned regions of images surrounding spine bases were averaged to generate
composite images. Ratiometric images were generated by dividing the green fluorescent
images by the red fluorescent images and masking the result using a standard template.
Ratiometric images were normalized by fluorescence intensity measured in the dendritic
shaft using a standard, nearly rectangular template beneath the spine base.
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Images of the accumulation of fluorescence localized near spine bases were derived from
composite, averaged green fluorescence images by subtracting an estimate of the dendritic
shaft associated green fluorescence. For this analysis, dendritic shaft associated green
fluorescence was assumed to be proportional to the red fluorescent protein that fills the
neuronal processes. A spine base region of interest (ROI) was defined as a roughly circular
region 0.35 pm in radius centered on the identified spine base. This ROl was moved if
needed to center it on fluorescent puncta near the spine base. The ratio of green fluorescence
to red fluorescence was calculated for two 0.3 x 0.7 um regions positioned in the dendritic
shaft flanking the ROI. This value was multiplied by the composite, averaged red
fluorescence image to produce the dendritic shaft associated green fluorescence image.
Background subtracted images were normalized to the level of green fluorescence in the 0.3
x 0.7 pm regions flanking the ROI. Green fluorescence accumulation near the spine base
was measured as the mean fluorescence value within the circular spine base ROI.

Automated subpixel particle tracking of restricted regions (typically 3-5 L on a side) was
performed with the SpotTracker plugin for ImageJ (Sage et al., 2005). For each frame the
search area was limited to 9 to 11 pixels square (0.81-1.11 pm? per 5 sec) centered on the
particle’s previous position, which corresponds to the area predicted for free diffusion of a
920 nm long MRNA (0.95 um? per 5 sec) calculated as in Fusco et al. (2003). High intensity
green channel pixels not associated with the labeled dendrite were removed manually to
avoid tracking errors. The precision of particle tracking was calculated based on values in
Sage et al. (2005) in which the root mean square localization error is graphed as a function
of peak signal-to-noise ratio (PSNR). Because particle movement reduces the apparent peak
particle intensity in averaged images, the average of subsets of images containing at least 18
consecutive frames were used to measure peak particle intensity, after subtraction of a scaled
estimate of the background. Noise was calculated by measuring the standard deviation of
fluorescent intensity values in the dendritic shaft adjacent to the spine base in each frame
and averaging. PSNR values were calculated by dividing the peak intensity by the noise,
taking the log base 10 of this value, and multiplying by 20. The red fluorescently labeled
dendritic shaft and spine neck were tracked using small rectangular regions (0.5 pum across
for spine necks, 1 um across for dendritic shaft) and calculating their center of mass. The
resulting positional offsets were applied to the particle trajectories. Typical errors in
dendritic shaft position were determined by measuring the center of mass at three positions
within 10 um and calculating the closest two of the three positions (mean value of 7 nm).

Neurophysiological techniques

All procedures involving living animals were approved by the Institutional Animal Care and
Use Committee of the University of California Irvine. Adult male Sprague—Dawley rats
were anesthetized by intraperitoneal injection of 20% urethane (500 mg/kg body weight).
Supplemental injections of urethane were given approximately every 10 minutes until the
animal was completely unresponsive to tail pinch. The animal was then positioned in a
stereotaxic apparatus, a craniotomy was performed, and stimulating and recording electrodes
were positioned stereotaxically so as to selectively activate medial perforant path projections
while recording in the dentate gyrus. The stimulating electrode (an insulated tungsten
microelectrode) was positioned at 4.0 lateral to the mid-line and 1.0 mm anterior to the
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transverse sinus. The depth of the stimulating electrode was adjusted so as to obtain a
maximal evoked response in the dentate gyrus at minimal stimulus intensity. The recording
electrode was a glass micropipette filled with puromycin in 0.9% saline (10 mg/ml). This
was lowered into the brain at 3.5 posterior to bregma and 1.5-2.0 mm lateral to the mid-line
and then positioned in the cell body layer based on responses evoked by stimulation of the
entorhinal cortex. Stimulus intensity was set so as to evoke an ~3 mV population spike;
single test pulses were then delivered at a rate of 1/10 seconds for 10-15 minutes. Then
three bouts of high-frequency stimulation (10 trains of 8 pulses at 400 Hz) were delivered at
a rate of 1/10 seconds. Between each bout of 10 trains, 10 test responses were collected to
determine the extent of synaptic potentiation. After the third bout, high-frequency trains
were delivered at a rate of 1/10 seconds for 30 minutes. At the end of the period of high-
frequency stimulation, animals received an anesthetic overdose and were perfused for
electron microscopy with 2% paraformaldehyde / 2% glutaraldehyde in cacodylate buffer.

Electron microscopy

The brain was sectioned at 40 um on a vibratome. Sections through the hippocampus that
contained the microelectrode tract were immunostained for c-fos to document the extent of
protein synthesis inhibition due to puromycin. The primary antibody was from Santa Cruz
Biologicals (Santa Cruz, CA; Cat. no. SC52) diluted 1:500 in phosphate-buffered saline
(PBS) with 5% normal goat serum. This antibody was raised in rabbit using a peptide
containing amino acids 3-16 from human c-fos. In western blots the antibody stains a 62-Kd
band corresponding to the expected molecular weight of c-fos (manufacturer’s data sheet).
Additional evidence for specificity is the staining pattern in the hippocampus following
activation, in which the nuclei of activated neurons are selectively stained (see Results).
Prior to incubation in the primary antibody, sections in buffer were placed in boiling water
for 5 minutes for antigen retrieval. Adjacent sections were postfixed with 1% osmium
tetroxide in 0.1 M cacodylate buffer for 1 hour, rinsed in ddH,0 and en bloc-stained with
0.1% uranyl acetate in ddH>0, rinsed in ddH»0 for 2 x 10 minutes, dehydrated in increasing
serial dilutions of ethanol (70%, 85%, 95%, 100% x 2) for 10 minutes each, immersed in
propylene oxide for 2 x 10 minutes, incubated in propylene oxide/Spurr’s resin (1:1 mix) for
1 hour, and in Spurr’s resin overnight. The vibratome sections were flat-embedded between
two sheets of “Aclar” film and polymerized overnight at 60°C.

One micrometer sections were cut using a Leica Ultra-cut UCT ultramicrotome and stained
in toluidine blue (1% toluidine blue and 2% sodium borate in ddH,0) at 60°C for 3 minutes,
mounted on slides, and coverslipped. Ultra-thin sections of 60 nm thickness were cut,
mounted on copper grids, and stained with uranyl acetate and lead citrate. Using the
toluidine blue-stained sections as a guide, dendrites within the area of effective protein
synthesis inhibition were viewed using a JEOL 1400 electron microscope.

Statistical analysis

Statistical tests were performed using GraphPad Prism v. 4.0 (GraphPad Software, San
Diego, CA). Random points for Monte Carlo analysis were generated and the distance to the
nearest spine calculated using a custom macro program written for ImageJ. Spine base-
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Arc/MS2 mRNA particle distances were calculated and scatter-plots generated using
Microsoft Excel (Redmond, WA).

RESULTS

Arc/MS2 mRNA localizes precisely at the base of dendritic spines

We used the same combination of exogenous expression of mMRNA, GFP-labeling, and live
imaging of neurons in culture that we used previously to identify patterns of movement
(Dynes and Steward, 2007). Here, however, we averaged consecutive images to sensitively
identify Arc/MS2 mRNA particles that remained stationary over the recording interval.

A total of seven neurons (seven independent transfections; average of 18 days in vitro
[DIV]) were imaged 16—26 hours (average of 21 hours) after cotransfection with a construct
encoding a GFP fusion protein (GFP-MS2-NLS) that links to a tagged mRNA containing the
Arc 3'UTR, expressed from a second construct (CMV-DsRE-6xBS-rArc3-UTR). The
morphology of transfected neurons was similar to those described in Dynes and Steward
(2007), except that spines were visible in the more mature neurons in the present study (17—
20 DIV here vs. 10-16 DIV in Dynes and Steward, 2007). Red fluorescence was present
throughout the neuron, including distal dendrites and dendritic spines. GFP fluorescence was
high in the cell body (Fig. 1A), and discrete GFP fluorescent particles were present
throughout dendrites. A magenta/green version of Figure 1 is available online as Supporting
Figure 1.

Spine-bearing dendritic segments selected for imaging and analysis ranged from 24-207 um
from the soma (average of 100 um), with a combined length of 479 um. Twenty consecutive
images (one every 10 seconds) of a dendritic segment were acquired from a single focal
plane, aligned and averaged (Fig. 1D). With this averaging approach, Arc/MS2 particles that
are stationary during the sampling interval appear as distinct well-defined spots; particles
that move rapidly during the recording period are not visible.

A total of 235 Arc/MS2 mRNA particles were identified by thresholding of averaged images
(average of one particle per 2.0 um of dendrite) and 216 dendritic spines were identified
(average of one spine per 2.2 um of dendrite). In these images, many stationary Arc/MS2
MRNA particles were localized at or near the base of dendritic spines and many spines had
underlying Arc/MS2 particles (Fig. 1D,G-K). Importantly, only the spines that extend in the
horizontal plane are visible in the images; spines that extend perpendicular to the surface
would be invisible. Thus, some stationary Arc/MS2 particles may be associated with spines
that are not visible in these images. However, not all spine bases had a visible Arc/MS2
mRNA particle nearby (Fig. 1D).

In control experiments, constructs lacking the Arc 3"UTR (see Materials and Methods) were
transfected and neurons were imaged using similar procedures as above; these control
constructs were not localized at spines (Fig. 1B,E). These analyses involved a total of six
neurons and dendrites (four independent transfections; average of 18 DIV) similarly
cotransfected 16-25 hours before imaging (average of 20 hours). The dendritic segments
imaged ranged from 33-269 um from the soma (average of 145 um), with a combined length
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of 444 uym; 200 dendritic spines were identified (an average of one spine per 2.2 ym of
dendrite). GFP fluorescence was found in the cell body (Fig. 1B). Fluorescence in dendrites
was at lower levels than in the case of neurons transfected with Arc/MS2 constructs and was
diffuse. In neurons with high levels of fluorescence, there were higher levels of fluorescence
at dendritic branch points (Fig. 1B) and some indication of higher levels of fluorescence
near the base of some dendritic spines (Fig. 1E). However, discrete fluorescent particles
were much less common than in neurons labeled with Arc/MS2 constructs, consistent with
previous observations (Dynes and Steward, 2007). Only 13 fluorescent accumulations were
classified as particles, at a density 17-fold less than for Arc/MS2 mRNA particles (0.29 vs.
4.9 per 10 um of dendrite).

Arc/MS2 mRNA particles were found at the base of different types of dendritic spines,
including mushroom, thin, and stubby spines (Fig. 1G-I, respectively). Arc/MS2 mRNA
particles were also localized at the base of other dendritic protuberances with more variable
shapes that may or may not be spines (Fig. 1K). Arc/MS2 mRNA particles were found at
several sites at or near spine bases, either directly beneath the site at which the spine neck
and dendritic shaft adjoin (Fig. 1G) or displaced ~200-300 nm from the spine base (for
example, Fig. 1H). Displacement was more evident when two particles were present at the
base of the same spine (Fig. 1H,N). Less frequently, Arc/MS2 mRNA particles were found
in spine heads and necks (Fig. 1J). Many of these particles were found in the lower spine
neck (Fig. 1J; also see Fig. 3F-J). In some cases less discrete Arc/MS2 fluorescence
extended into the upper portion of the spine neck and spine head.

In order to quantify this association, we determined the position of every Arc/MS2 mRNA
particle and spine base in the imaged dendrites. The position of spine bases was determined
visually, while the position of Arc/MS2 mRNA particles was defined by the particle’s center
of mass. Fourteen percent (3/21) to 52% (15/29; average of 32%, 69/216) of spines on a
dendritic segment had an Arc/MS2 mRNA particle at or near the spine base (defined as
within 0.35 pm), while 17% (5/29) to 71% (15/21) had no visible particle within 1 pm
(average 33%; 71/216). In addition, between 23% (5/22) and 44% (15/34) of particles in a
dendritic segment lie within 0.35 um of a spine base (average 30% 71/235). Association
with the spine base was not dependent on fluorescence intensity of the particle, as both
bright and dim particles were found within 0.35 um of a spine base (Fig. 1D, right two small
arrowheads).

Monte Carlo analysis

A close association of Arc/MS2 particles with spine bases is evident in the confocal images
and distance measurements, but we wanted to obtain a more general measure of the degree
of association to assess its significance. In formulating an analysis, one issue to consider is
that spines are not uniformly distributed along dendrites of neurons in culture. Instead, on
some dendrites there are clusters of spines that are closely spaced separated by stretches of
several pm or more in length that were relatively spine free (see, for example, Fig. 1D-F).
About 30% of particles lie within 0.35 um of a spine base, but this excess of small Arc/MS2
mMRNA particle-spine base distances might result, in part, from the clustering of spines.
Indeed, clustering would lead to an apparent excess of small Arc/MS2 mRNA particle-spine

J Comp Neurol. Author manuscript; available in PMC 2017 August 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dynes and Steward

Page 9

base distances even if mMRNA particle and spine base positions were independent. Therefore
we sought an assessment method that would be independent of local variation in spine
density.

Accordingly, we used Monte Carlo analysis to assess the selectivity of the localization. Here
we compared measurements of the distance to the nearest spine base for each Arc/MS2
MRNA particle with the same number of measurements for randomly positioned points
within the same dendritic segment. In this analysis spine clustering will have equal effects
on the distances of mMRNA particles and random points to spine bases. The set of spine base
distances for each dendrite (7= 7) were combined for both Arc/MS2 mRNA particles and
randomly spaced points (235 total distances each). The distribution of Arc/MS2 mRNA
particles was significantly different from a random distribution (= 0.019, Mann-Whitney
U, two-tailed), with a higher proportion of shorter distances to dendritic spine bases than
predicted by chance.

How precise is the localization of Arc/MS2 mRNA at spine bases? Uncertainty in the
position of the spine base, the size of the localization site, and the size of the Arc/MS2
mRNA particle limits the precision with which this can be assessed. If a spine base-particle
distance of 0.35 pm is used as an upper limit for colocalization, then Arc/MS2 mRNA
particles are found to colocalize with spine bases significantly more frequently than random
particles (P< 0.0001; Xz, Fisher’s exact test). Significant localization of Arc/MS2 mRNA
particles at spine bases is found when shorter (0.2 um, £=0.0023; 0.25 and 0.3 um, P<
0.001) or longer (0.4 and 0.45 um, £< 0.001) distance criteria are used as well. The
selectivity of Arc/MS2 localization is illustrated in the histogram in Figure 2A, which has
been normalized to the number of random distances in each distance class. Enrichment of
Arc/MS2 mRNA particles was limited to the immediate vicinity of the spine base, as fewer
Arc/MS2 mRNA particles than random points were found at distances between 0.35 and
1.05 um from the spine base.

Because of the paucity of discrete particles in neurons that were cotransfected with control
constructs that lacked the Arc 3"UTR, Monte Carlo analysis was of questionable reliability.
However, there was a difference between the distributions of fluorescent particles (13 total)
and random points (260 total), and this difference was significant (= 0.029, Mann-
Whitney U, two-tailed), with a higher proportion of shorter distances to dendritic spine bases
than predicted by chance. Only 2 of 13 particles were found within 0.35 um of a spine base.

Averaging across dendritic segments

It is possible that the mRNA that lacks the Arc 3’UTR might accumulate at many or even
most spine bases, but this might not be apparent because the mRNA did not aggregate into
discrete mMRNA particles. To address this question, we combined images of multiple spines
from a given dendrite to look for higher levels of fluorescence in the region of the spine
base. Images that include the area surrounding the base of each dendritic spine on a given
dendrite (between 21 and 54 spines) were aligned by the base and averaged. Three examples
are shown in Figure 3A-C,F-H,K-M. Relative concentration of Arc/MS2 mRNA at the
spine was calculated by dividing the green fluorescence image by the red fluorescence
image (Fig. 3D,I,N) and relative accumulation at the spine base was calculated by
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subtracting out the average fluorescence in the dendritic shaft (Fig. 3E,J,0). By each of these
three measures—simple average, relative concentration, and relative accumulation—
Arc/MS2 fluorescence was enriched at a discrete site at the base of dendritic spines in six
out of seven dendrites. The existence of discrete distributions found in averaged images of
dendritic spines implies that the position of Arc/MS2 mRNA particles relative to the spine
base does not vary substantially between spine bases in a given dendritic segment. In one
dendrite (Fig. 3A-E), the average accumulation of fluorescence for Arc/MS2 mRNA was
consistently displaced to one side of the spine base, whereas in another (Fig. 3F-J),
fluorescence was nearly coincident with the spine base. Higher levels of fluorescence were
also found in the spine neck (Fig. 3F-J) and ~1.5 pm cell proximal to the spine base (Fig.
3K-0).

Green fluorescence from neurons cotransfected with constructs lacking the Arc 3’ UTR was
also concentrated at the spine base, but the degree of enrichment was less than in the case of
transcripts containing the 3'UTR of Arc (Fig. 3U-Y). One possible explanation is that
ribosomes are also concentrated beneath spines, which could capture any transcripts capable
of translation (Steward and Levy, 1982; Ostroff et al., 2002).

Does inclusion of the Arc 3"UTR enhance accumulation of mRNA at the spine base? We
measured relative accumulation in composite, averaged green fluorescence images in which
fluorescence associated with the dendritic shaft was subtracted out (Fig. 3E,J,0,Y). Mean
values of fluorescent puncta located near the averaged spine base were compared for
neurons cotransfected with constructs that contain or lack the Arc 3"UTR. One potential
complication of the analysis is that the dendritic segments imaged were at different distances
from the soma, and on average the segments imaged from neurons transfected with
constructs containing the Arc 3"UTR were closer to the cell body than those transfected with
constructs lacking the Arc 3"UTR. To assess whether this was a significant variable, mean
fluorescence at spine bases was plotted as a function of the distance of the imaged dendritic
segment from the cell body. Figure 4 shows a 2D scatterplot of values derived from neurons
cotransfected with constructs that contain or lack the Arc 3"UTR. In both cases the degree of
fluorescence accumulation was not related to the distance of the dendritic segment from the
cell body. Accordingly, we compared the mean accumulation for all neurons in each
population. Subtraction-adjusted fluorescence at the spine base was significantly higher in
neurons cotransfected with constructs containing the Arc 3"UTR than with those lacking the
Arc 3'UTR (51% and 14% of dendritic shaft associated fluorescence, respectively; P=
0.0029, unpaired £test, one-tailed). Thus, enrichment of mMRNA at the base of dendritic
spines can be conferred by sequences in the Arc 3’UTR.

mRNA containing the 3’"UTR of Dendrin also localizes to the base of dendritic spines

It was of interest to assess whether other known dendritic mMRNAs would show the same
high degree of localization at spine bases. For this, neurons were transfected with constructs
in which the Arc 3"UTR was replaced with the 3"UTR from Dendrin, another mRNA that is
localized in the dendrites of many forebrain neurons (Herb et al., 1997; Kremerskothen et
al., 2006). Analyses involved a total of 10 neurons and dendrites (seven independent
transfections; average of 18 DIV). The dendritic segments imaged ranged from 10-225 pm
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from the soma (average of 141 pm), with a combined length of 719 um. A total of 243
dendritic spines were identified (an average of one spine per 2.9 um of dendrite). Den/MS2
MRNA assembled into particles that were delivered into dendrites by 16—-26 hours
posttransfection (Fig. 1C,F). A total of 78 Den/MS2 mRNA particles were identified by
thresholding of averaged images (an average of one particle per 9.3 um of dendrite). These
were localized in a way that was largely similar to Arc/MS2 mRNA particles (Fig. 1F, also
see Figs. 2B, 3P-T). Observed distances of Den/MS2 from spine bases differed significantly
from distances of random particles (P < 0.0001 Mann-Whitney U, two-tailed). The fraction
of particles within 0.35 pm of the spine base also differed significantly from random
particles, le Fisher’s exact test (£ < 0.0001). However, the density of Den/MS2 mRNA
particles was 4-5-fold lower than Arc/MS2 mRNA particles (1.1 particles per 10 pm for
Den/MS2 vs. 4.9 particles per 10 um for Arc/MS2) and fluorescence from Den/MS2 mRNA
was more frequently found in the upper spine neck and lower spine head (Fig. 1L,M). Thus,
other mRNASs are capable of localizing to the spine base, and the pattern of localization
depends in part on the sequence of the mRNA.

is independent of active translation

Localization of Arc/MS2 mRNA at spine bases might occur because the mMRNA is engaged
with ribosomes located at spine bases, the mRNA is docked independent of translation, or
both. We sought to assess the requirement for active translation by dissociating ribosome-
mRNA complexes within living neurons by applying the chain terminating translational
inhibitor puromycin and the peptidyl transferase translational inhibitor cycloheximide.
Twenty-five minutes after treatment of transfected neurons (7= 5; five independent
transfections) with puromycin (1 mM), Arc/MS2 mRNA particles were found at the base of
dendritic spines (n7=36) in a manner similar to untreated neurons (Fig. 1P). Moreover,
particles at spine bases were found to persist after puromycin application in cases where the
same spine base could be clearly identified before and after treatment (Fig. 1N,O). This was
true for as many as 77% (10/13) of spine bases from a given neuron. The size and relative
position of spine-associated particles were largely unaffected by puromycin treatment.
Arc/MS2 mRNA particles were also found at the base of dendritic spines after 6 hours in 1
mM puromycin (Fig. 1Q; 7= 5 neurons), although fewer particles were typically seen and
dendritic varicosities were formed (Fig. 1Q). Arc/MS2 mRNA particles were also found at
the base of dendritic spines after 6 hours in 500 uM cycloheximide (Fig. 1R; 7= 5 neurons).
Thus, localization of Arc/MS2 mRNA at the base of dendritic spines does not depend on
ongoing translation.

Polysome rosettes remain intact and associated with dentate granule spines after
treatment with puromycin in vivo

As Arc/MS2 mRNA associates with the base of dendritic spines independently of active
translation, we wondered if ribosomes might associate with the base of dendritic spines
independently of active translation as well. To test this, we assessed whether the spatial
organization of ribosomes at spines would persist following blockade of protein synthesis
with puromycin, which dissociates mMRNA from ribosomes by serving as a polypeptide chain
terminating tRNA analog. If ribosomes are anchored, dissociation of ribosomes from mRNA
should not affect polyribosome clusters. Alternatively, if ribosome clusters are held together
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by the mMRNA, ribosomes should disperse from the rosettes with puromycin treatment. For
this experiment we turned to an in vivo model where we could directly assess efficacy of
puromycin in blocking protein synthesis.

High-frequency stimulation (HFS) of perforant path projections to the dentate gyrus induces
expression of a number of immediate early genes (IEGs), which can be measured using
immunocytochemistry. Figure 5A illustrates this by immunostaining for the IEG c-fos 30
minutes after HFS. Local infusion of puromycin via micropipette recording electrodes
blocks protein synthesis in a small region, documented by a blockade of activity-induced c-
fos synthesis around the recording micropipette (Fig. 5A). Electron microscopic
examination of dendrites in the area with confirmed blockade of protein synthesis revealed a
continued presence of polyribosome rosettes at the base of dendritic spines (Fig. 5B-D).
Thus, polyribosome positioning at spine bases does not depend on ongoing translation.

Tracking Arc/MS2 mRNA at the spine base

Images of Arc/MS2 mRNA derived from averaging reveal localization patterns that are a
few hundred nanometers across, discrete, stable, and reproducibly positioned across
dendrites. This is surprising because the projected length of Arc/MS2 mRNA (2,627
nucleotides) is over 900 nm when extended (at 0.35 nm/nucleotide), and it suggests that
Arc/MS2 mRNA docks at a discrete site at the spine base. Therefore, it became of interest to
assess the microscale positioning of the GFP tag using single particle tracking to identify
time periods in which particle position is highly stable, consistent with physical docking of
mRNA. Movement of the GFP tag during tracking could be due to several different causes,
such as structural rearrangement of the mMRNA, movement of the mRNA as a whole,
movement of any structure to which the mRNA might be bound, or any combination of
these. Nevertheless, if the GFP tag exhibits periods of positional stability, this jointly
constrains MRNA structure and position.

To assess the degree to which GFP tag position was stable over time, we tracked the
movements of the most intensely labeled Arc/MS2 particles with subpixel resolution (Sage
et al., 2005; Dynes and Steward, 2007). An example is illustrated in Figure 6. In these cases
the particle could be clearly tracked, as illustrated in the kymographs of particle position
over time in the X and Y dimensions (Fig. 6C,D).

The peak signal to noise ratio for all tracked particles averaged 7.6, resulting in an average
root mean square localization error of 40 nm calculated as in Sage et al. (2005). To
compensate for movement of the preparation, regions from the red fluorescently labeled
dendritic shaft and spine neck were also tracked using their center of mass and the resulting
positional offsets were applied to the measured particle positions. In this way, the position of
the dendrite itself provided the control for any drift in overall position or fluctuations in data
capture.

Plots of the position of GFP puncta over the course of 500-second imaging sessions (1 per 5
seconds; 12 spines from 5 neurons) revealed that particles largely kept to a circumscribed
area roughly 200-300 nm diameter in the region of the spine base (Fig. 7A). GFP puncta
positions were not uniformly distributed, instead exhibiting regions of high and low density
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(Fig. 7B). Tracing the trajectory of the GFP puncta revealed extensive movement within this
highly restricted spatial domain (Fig. 7C); mean displacement was 135 nm per 5 seconds.
GFP puncta trajectories were examined for bouts in which the mean displacement between
successive positions was small. To our surprise these bouts corresponded to two small,
circumscribed, but clearly defined patterns of movement. The first class, termed stellate
trajectories, exhibited a central region ~50 nm in diameter and extended ~50-150 nm from
the center (Fig. 7D,E). These trajectories lasted as long as 105 seconds. Movements of the
GFP puncta within stellate trajectories were typically short and back-and-forth. Twenty-
three stellate trajectories were identified lasting at least 30 seconds. These trajectories
constituted 20% of the 5940 second total imaging time.

The GFP puncta revisited the site of previous stellate trajectories over the course of 500
seconds. The stellate trajectories shown in Figure 7F (treated with D-AP5; see below) are
largely restricted to one centrally located site, but additional, adjacent, and largely
nonoverlapping trajectories were also seen (Fig. 7F). However, it cannot be excluded that the
presence of these additional sites was due to errors in tracking the dendrite over time.
Nevertheless, given that the core of these movement patterns is only 50-100 nm in diameter,
these observations are consistent with the physical docking of Arc/MS2 mRNA at a fixed
site accompanied by small shifts in the structure or orientation of the mRNA.

To assess whether these micromovements were dependent on synaptic activity, neurons were
treated with the NMDA receptor antagonist D-AP5 (20 pM) for 4 hours. Stellate trajectories
were still evident after 4 hours of NMDA receptor blockade (Fig. 7F; n= 4 spines from 2
neurons; also see Fig. 1S).

The second class of trajectories were ones in which movements occurred in rough arcs with
a radius from 40-100 nm (Fig. 7G,H). To avoid confusion with the name of the Arc gene,
we have termed these “crescent trajectories.” Movements in crescent trajectories were on the
whole progressive but typically exhibited short kinks or larger back-and-forth movements,
which were commonly found at the beginning and ending of the trajectories. Crescent
trajectories persisted for 30—-60 seconds, and one crescent trajectory was seen on average
every 400 seconds (15 total at 12 spines from 5 neurons; 5,940 seconds of total imaging
time). Over the course of a 500-second imaging session multiple crescent trajectories were
seen in the same relative position at the spine base, extending in the same direction (Fig. 71).
However, some back-and-forth trajectories that occurred at the site of previous or subsequent
crescent trajectory did not progress (/7= 6); in two of these cases particle positions when
plotted formed an arc (data not shown).

As individual crescent trajectories were progressive and extended over similar periods of
time, we aligned them so they could be examined collectively (Fig. 7J). We estimated the
probable starting position of the crescent trajectory and measured the distance of the GFP
puncta to this point over time. Distance functions were aligned so their minima were at time
0 seconds. Alignment of trajectories revealed that movements were stereotyped. Strikingly,
the pattern of movement preceding the crescent trajectory was also stereotyped, with the
position of GFP puncta being progressively restricted as it moves toward the start of the
crescent trajectory. The rate of movement of the GFP puncta away from the starting point (t
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=510 20 seconds), as well as rate of approach of the GFP puncta toward the start (t = —20 to
0 seconds), were calculated from the slope of lines derived from GFP puncta distance plots
via linear regression (Fig. 7K). The GFP puncta approached the start at a mean rate of 5.4

+ 0.7 nm/sec (95% confidence limits 4.0 and 6.8 nm/second; /2 = 0.45) and moved through
the crescent trajectory at 6.1 + 0.8 nm/sec (95% confidence limits 4.5 and 7.8 nm/sec; /2 =
0.49). These rates strongly constrain possible mechanisms underlying this pattern of
movement.

DISCUSSION

Arc mRNA is unique among known dendritic MRNASs because it accumulates in activated
dendritic domains in response to synaptic activity strong enough to activate NMDA
receptors (Steward et al., 1998; Steward and Worley, 2001). This activity-dependent
localization inspired the hypothesis that Arc may act selectively at activated synapses,
thereby creating a synapse-specific link between synaptic activation and subsequent protein
synthesis-dependent consolidation (Steward et al., 1998; Steward and Worley, 2001).
Unresolved, however, was whether Arc mRNA localized at individual synapses or rather in
more broad dendritic domains. Here we show that mMRNA containing the Arc 3'UTR
localizes with precision at or very near the base of dendritic spines of neurons in culture.
Thus, a mechanism exists to target Arc mRNA not only to particular regions of a dendrite,
but also to a microdomain at the base of individual spine synapses. This highly precise
localization means that mMRNA targeting could in principle restrict gene expression induced
by activity to individual synapses.

Previous studies have reported that mRNA can be found throughout dendrites of neurons in
culture, including near spine bases (Martone et al., 1996; Tiruchinapalli et al., 2003; Kao et
al., 2010). The very precise positioning at spine bases that we document here has not been
previously reported for other dendritic mRNAs, however. One possibility is that Arc mRNA
is targeted in a more precise way to individual spines than the other mMRNAs whose
localization has been examined at the submicrometer level (Martone et al., 1996;
Tiruchinapalli et al., 2003; Kao et al., 2010). There may also be a technical explanation; for
example, Arc/MS2 mRNA may be present at lower levels than the endogenous mRNAs that
have been previously examined, and the lower abundance might make a selective
localization more apparent. We also cannot exclude the possibility that Arc/MS2 mRNA
localizes more precisely than endogenous Arc mRNA. So far, the localization of endogenous
Arc mRNA has not been assessed at high resolution as done here, either in intact neural
tissue or in neurons in culture. There is no obvious reason, however, why Arc/MS2 mRNA
would localize more precisely than endogenous Arc mRNA.

Stable and selective positioning of mMRNAs and ribosomes at subcellular sites has been
widely reported, as has the existence of translation “hot spots” (Cervera et al., 1981; Bassell
etal., 1994; Aakalu et al., 2001; Ju et al., 2004; Dieterich et al., 2010). The patterns of
MRNA localization we observe here are far more precise and stereotyped than would be
expected for simple anchoring. The mRNA localization site at the spine base is small,
discrete, stable, and reproducibly positioned across dendrites. Single particle tracking
indicates that the core of the mMRNA docking subdomain is on the order of 200 nm or less. It

J Comp Neurol. Author manuscript; available in PMC 2017 August 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dynes and Steward

Page 15

has long been known that translational machinery including polyribosomes and associated
membranous cisterns is preferentially localized at spine bases in mature neurons in vivo
(Steward and Levy, 1982) and we show here that the positioning persists even after
inhibition of translation with puromycin. Taken together, these observations provide
compelling evidence for the existence of a previously unknown structure, or structures, at
the spine base that mediates docking of mRNA and ribosomes upon which mRNA is bound
and translated.

We have no evidence as to this structure’s molecular composition, although molecules that
are concentrated at spine bases are candidates. For example, members of the septin protein
family are selectively positioned at the spine base (Tada et al., 2007; Xie et al., 2007). Very
recently, the RNA binding protein Fxrlp, a member of the Fragile-X Mental Retardation
protein family, was shown to share this localization pattern (Cook et al., 2011). Like
Arc/MS2 mRNA, Fxrlp is found only at a subset of spines in neurons in culture, and it is
more frequently found at the base and lower spine neck than in the spine head. The close
correspondence between these two localization patterns invites the speculation that Fxrlp
might bind to Arc mRNA in dendrites at spines.

At some spines, Arc/MS2 mRNA particles were also stably positioned to the side of the
spine base or in the lower spine neck in addition to its more central position at the spine
base. It is unclear whether the structure mediating localization at the base extends or moves
to these locations, or whether there are additional structures surrounding the spine base.

Immobilization of ribosomes during translation might account for an apparently puzzling
submicron mMRNA movement pattern we observe. At the spine base, GFP tags on mRNA
move slowly and progressively in patterns we have termed crescent trajectories. The size,
shape, position, and velocity of crescent trajectories are consistent with the movement of
single mRNAs through anchored polyribosome complexes. This model also accounts for the
striking pattern of progressively restricted and stereotyped movements of the GFP tag
preceding the start of crescent trajectories. In the DNA construct we use, the GFP tag
follows the stop codon of the red fluorescent protein open reading frame. In this case,
movements preceding crescent trajectories would correspond to the approach of the stop
codon to the first ribosome of the polyribosome complex as the mRNA is translocated
during elongation. Movement through the crescent trajectory would correspond to
movement of the stop codon as it passes in turn each ribosome of the polyribosome
complex. Further study is necessary to fully establish the nature of these movements, as to
our knowledge translocation of individual mMRNAs during translation has never been
documented in living cells (Marshall et al., 2008; Aitken et al., 2010). If the movement does
reflect translation of a single mRNA, this implies that individual Arc/MS2 particles contain
only a single Arc/MS2 mRNA molecule.

Highly specific patterns of subcellular localization are indicators of specialized cellular
functions. Docking of Arc mRNA might enable a rapid translational response to changing
patterns of synaptic stimulation (Park et al., 2008; Waung et al., 2008), or allow for rapid
translocation of Arc mMRNA into the spine head, as occurs with Homer 1a/Vesl 1S (Okada et
al., 2009), in response to particular synaptic signals. Docking of Arc mRNA might allow for
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local or cotranslational delivery of Arc protein to specific subsynaptic sites. Arc protein
interacts with the endocytotic machinery that internalizes AMPA receptors (Chowdhury et
al., 2006; Rial Verde et al., 2006) and it is noteworthy that endosomes are positioned at the
base of dendritic spines (Wang et al., 2008). The proximity between the sites of Arc
synthesis and Arc function could allow for the spatially linked and synapse specific
expression of Arc protein as may occur in mGluR1-dependent synaptic depression (Park et
al., 2008; Waung et al., 2008).

The existence of a specialized microdomain for mRNA docking and translation at the
entrance to the spine supports the view that newly synthesized protein in dendrites may act
preferentially or exclusively at a single, immediately adjacent synapse (Wang et al., 2008).
The critical question for understanding Arc’s role in synaptic modification is whether Arc
protein made at the spine base or in the spine proper is targeted exclusively to that synapse
or is available to other nearby synapses. The answer to this question will constrain models of
Arc protein function. For example, if Arc protein is involved in synaptic rescaling (Shepherd
et al., 2006), and is targeted only to the synapse at which it is made, then Arc-dependent
homeostasis only occurs in dendritic regions and at individual synapses where Arc mRNA is
targeted. Further studies will be required to determine the destination of Arc protein that is
made at the synapse.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Arc/MS2 and Den/MS2 mRNA particles are found near the base of dendritic spines and

Arc/MS2 mRNA particles persist with protein synthesis inhibition. E18 rat cortical neurons
that were cotransfected with GFP-MS2-NLS and either CMV-DsRE-6xBS-rArc3’UTR
(A,D), CMV-DsRE-6xBS-no3"UTR (B,E), or CMV-DsRE-6xBS-rDendrin3’UTR (C,F).
Neurons were imaged as a series of optical section that were projected brightest point (A-C)
or as single optical sections which were imaged 20 times, subpixel aligned, and averaged
(D-S). Merged green and red channels are shown. Red channel images were gamma-
adjusted to enhance the visibility of spine necks. Arrows in (A—C) indicate accumulation of
tagged mRNA at proximal branch points. Blue boxed regions in A—C correspond to the
dendritic segments shown in D—F, respectively. Arrowheads indicate Arc/MS2 (D) or
Den/MS2 (F) or fluorescent puncta in neurons cotransfected with GFP-MS2-NLS and CMV-
DsRE-6xBS-no3’UTR (E). Gray arrowheads (D) indicate spine bases that lack Arc/MS2
MRNA particles. (G—K) Spines with associated fluorescent mRNA particles from neurons
cotransfected with GFP-MS2-NLS and CMV-DsRE-6xBS-rArc3"UTR. Arrow in (J)
indicates Arc/MS2 mRNA in the spine head. (L,M) Spines with associated particles from
neurons cotransfected with GFP-MS2-NLS and CMV-DsRE-6xBS-rDendrin3’UTR. Arrows
in (L,M) indicate Den/MS2 mRNA in the lower spine head/upper neck (L) and upper neck
(M). Dendrites were imaged either 25 minutes (P) or 6 hours (Q) after or both 1 minute
before (N) and 25 minutes after (O) 1 mM puromycin treatment. (R) Dendrite from
Arc/MS2 transfected neuron treated for 6 hours with 500 uM cycloheximide. (S) Dendrite
from Arc/MS2 transfected neuron treated for 4 hours with 20 uM D-AP5. A magenta-green
version of this figure has been provided as Supporting Figure 1 for the assistance of
colorblind readers. Scale bars = 40 um in A (applies to B,C); 5 um in D (applies to E,F,P-S);
1 umin G (applies to H-0).
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Figure 2.
Arc/MS2 and Den/MS2 mRNA particles are nonrandomly positioned near the base of

dendritic spines. A: The relative frequency of distances to the nearest spine base for
Arc/MS2 mRNA particles (dark gray bars) and randomly placed points (light gray bars) was
plotted with a 0.35-pum interval. The relative frequency was normalized to the number of
random distances in each distance class. The number of observation in each class is listed at
the top of each bar. Note that fewer Arc/MS2 mRNA particles than random points are found
at distances between 0.35 and 1.05 um from the spine base. B: The relative frequency of
distances to the nearest spine base for Den/MS2 mRNA particles (dark gray bars) and three
times as many randomly placed points (light gray bars).
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Figure 3.
Arc/MS2 mRNA accumulates at a distinct and reproducibly positioned site at the base of

dendritic spines. Regions of images surrounding the bases of dendritic spines were aligned
by the spine base and averaged. Green fluorescence, red fluorescence, green-red composite,
ratiometric (pseudocolored), and dendritic shaft fluorescence subtracted green fluorescence
(pseudocolored) images are shown for three neurons transfected with both GFP-MS2-NLS
and CMV-DsRE-6xBS-rArc3’UTR (A-E,F-J,K-0) and one each with GFP-MS2-NLS and
CMV-DsRE-6xBS-rDendrin3”UTR (P-T) and GFP-MS2-NLS and CMV-DsRE-6xBS-
no3"UTR (U-Y). Red lines in B,G,L,Q,V indicate the X-and Y-axis positions of the aligned
spine bases. Arrows indicate accumulation of green fluorescence at the bases of dendritic
spines; arrowheads indicate accumulation of green fluorescence in spine necks (F,H,J,P,R,T)
and in the dendritic shaft (K,M,N,O). Scale bar =1 um; 1 pixel = 0.1 pm.
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Figure 4.
Inclusion of the Arc 3"UTR leads to enrichment of tagged mRNA at the spine base. Two-

dimensional scatterplot of mean accumulation of fluorescence at the spine base (as a
percentage of dendritic shaft green fluorescence) versus distance from the cell body.
Neurons cotransfected with GFP-MS2-NLS and CMV-DsRE-6xBS-rArc3’UTR are plotted
as circles (regression is indicated by the solid line), and those cotransfected with GFP-MS2-
NLS and CMV-DsRE-6xBS-no3’UTR are plotted as squares (regression is indicated by the
dotted line). [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 5.
Polyribosome complexes remain intact and associated with spine bases after puromycin

treatment. Puromycin (10 mg/ml in saline) was delivered into the dentate gyrus through the
recording micropipette for 1 hour while the perforant path was stimulated via an electrode in
the entorhinal cortex. A: Section of the dentate gyrus immunostained with an anti-c-fos
antibody. The dotted line indicates the region of protein synthesis inhibition, defined by the
absence of c-fos immunostaining. B-D: Electron micrographs of puromycin-treated
dendrites. Spines with associated polyribosome clusters or “rosettes” are indicated by small
arrows.
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Figure 6.
Bright single Arc/MS2 mRNA particles can be consistently tracked from single images of

time-lapse image series. A,B: Average of 100 consecutive images of a dendritic spine
labeled with RFP (A) with associated Arc/MS2 mRNA particle (B). C,D: XT and YT
kymographs of Arc/MS2 mRNA particles, respectively. Scale bar = 1 um in A (applies to B—
D).
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Figure 7.
Arc/MS2 mRNA trajectories at the spine base. A: Subpixel Arc/MS2 mRNA particle

positions (green circles) from 100 consecutive images superimposed upon an averaged
image of the spine base. B: Subpixel Arc/MS2 mRNA particle positions (blue circles) from
the same image set at higher magnification. C: Trajectory of Arc/MS2 mRNA particle from
the same image set. D,E: Stellate trajectories of Arc/MS2 mRNA particles lasting 70 and 55
seconds, respectively. The green and red circles in (D,E,G,H, 1) indicate the beginning and
ending of particle trajectories, respectively. F: Stellate trajectories from a neuron treated
with D-APS5. Three colors of blue show three overlapping trajectories covering 225 of 400
seconds of imaging. Three colors of red-orange show another three overlapping trajectories.
A seventh spatially restricted trajectory is shown in green. G,H: Crescent trajectories lasting
45 (G) and 55 (H) seconds. I: Two overlapping crescent trajectories (dark and light blue)
separated by 115 seconds. J,H: Plots of the distance to the crescent trajectory starting point.
J: All distances plotted; H: mean and SEM, respectively. Some values are missing between
-50 and -5 seconds because they are part of earlier crescent trajectories (/7= 4) or crescent
trajectories that began less than 50 seconds after the start of the time-lapse imaging session
(n=4). Bounding squares are 3 um (A) and 500 nm (B-1). Scale bars =1 um in A; 100 nm
in B-I.
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