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Single-particle tracking uncovers dynamics of
glutamate-induced retrograde transport of
NF-xB p65 in living neurons
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Abstract. Retrograde transport of NF-kB from the synapse to the nucleus in neurons is mediated by the dynein/
dynactin motor complex and can be triggered by synaptic activation. The caliber of axons is highly variable
ranging down to 100 nm, aggravating the investigation of transport processes in neurites of living neurons
using conventional light microscopy. We quantified for the first time the transport of the NF-xB subunit p65
using high-density single-particle tracking in combination with photoactivatable fluorescent proteins in living
mouse hippocampal neurons. We detected an increase of the mean diffusion coefficient (Dpeqn) in Neurites
from 0.12 4 0.05 to 0.61 + 0.03 ym?/s after stimulation with glutamate. We further observed that the relative
amount of retrogradely transported p65 molecules is increased after stimulation. Glutamate treatment resulted
in an increase of the mean retrograde velocity from 10.9 + 1.9 to 15 £ 4.9 um/s, whereas a velocity increase
from 9 + 1.3 to 14 + 3 um/s was observed for anterogradely transported p65. This study demonstrates for the
first time that glutamate stimulation leads to an increased mobility of single NF-xB p65 molecules in neurites of
living hippocampal neurons. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or
reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.NPh.3.4.041804]

Keywords: retrograde transport; single-particle tracking with photoactivated-localization microscopy; single molecule; NF-kappaB;
neurons.
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1 Introduction and kinesins.'®!? Due to their polarized nature and the relatively

The inducible transcription factor NF-kB is involved in crucial
brain functions including learning and memory formation.'”’
The most abundant NF-xB heterodimer detected within the cen-
tral nervous system is composed of p65 and p50.>%° We and
others have shown that NF-xB is localized in the synapse,
can be activated by glutamate at synaptic sites, and is trans-
ported back to the nucleus after its activation.>!%-1

Axons and dendrites represent specialized neuronal cytoplas-
mic extensions, where movement by random diffusion alone
would not permit efficient and directed delivery of proteins
over long distances.'®!” However, signals generated at synapses
must be transported back to the nucleus to regulate gene expres-
sion (reviewed in Ref. 17).

Anterograde (away from nucleus) and retrograde (toward the
nucleus) transports are crucial for the physiological function of
neurons and are mediated by motor proteins including dynein
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.uk; Mike Heilemann, E-mail: heilemann @ chemie.uni-frankfurt.de; Christian
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long distance between the nucleus and the periphery, neurons are
highly dependent on intact active transport machinery (reviewed
in Ref. 20). Consequently, defects in axonal transport are involved
in the development of several neurodegenerative diseases, includ-
ing Alzheimer’s, Parkinson’s, and Huntington’s disease.”! We
and others have previously demonstrated that neuronal NF-xB
is actively transported toward the nucleus by the minus end-
directed motor protein dynein (Refs. 11, 22, 23; Fig. 1). In con-
trast, diffusion seems to be sufficient for its retrograde transport in
non-neuronal cells.”* However, the exact biophysical parameters
such as diffusion coefficients and the velocity of retrogradely
transported NF-kB were unknown.

Single-particle tracking (SPT) of fluorophore-labelled recep-
tors in the plasma membrane of a live cell provides valuable
information on dynamics and interactions.”> In combination
with photoswitchable fluorophores,?® SPT allows the observa-
tion of a large number of molecules by stochastically activating
only a small subset of fluorophores at a given time and tracking
them until photobleaching. This cycle of photoactivation,
tracking, and photobleaching is repeated many (often a
few thousand) times. Profiting from the pool of labelled biomo-
lecules in a sample, a large number of single-molecule trajecto-
ries are recorded. SPT with photoactivated-localization
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Fig. 1 Synaptic activity promotes dynein-dependent retrograde transport of NF-kB to the nucleus.
Schematic presentation of retrograde transport of NF-xB in neurons. After stimulation of the neuron
with an activator such as glutamate, upstream kinases induce phosphorylation of the inhibitory protein
IkB stimulating its proteasomal degradation. This allows the binding of p65/p50 heterodimers to the
dynein/dynactin motor proteins. After the assembly of the complex and its retrograde movement
along the microtubule network, NF-xB translocates into the nucleus without disruption of the complex
and induces transcription of specific target genes.

microscopy (SPT-PALM?’) allows longer observation times,
provides better statistics,®?° and allows high-density mapping
of molecular movements.*

We investigated the glutamate-induced transport of NF-kB
p65 in living hippocampal neurons with single-molecule reso-
lution and determined the respective diffusion coefficients.

In order to study the dynamics of retrogradely transported
NF-xB in neurons at the single-molecule level, we applied
SPT-PALM?"3! and used the fluorescent protein tandem-Eos-

Finally, we demonstrated that synaptic activity leads to an
increased mobility of retrogradely and anterogradely transported
neuronal NF-kB p65.

FP (tdEos) as a reporter.””*® tdEos is photoconverted from a
green-fluorescent to an orange-fluorescent species by irradiation
with 405 nm light.*? Following this procedure, a small stochastic
subset of the tdEos is transferred into the active (orange-fluores-
cent) state and tracked as single molecules. In the present
study, we used this technique to visualize p65-tdEos (NF-xB
subunit fused to tdEos) with a localization precision of 26 nm
[Fig. 2(a)].

2 Results and Discussion

Hippocampal neurons transfected with p65-tdEos were identi-
fied by widefield imaging detecting the green fluorescence sig-
nal from unconverted p65-tdEos. After identification of the
soma (containing the nucleus), neurites of transfected cells
were irradiated with low intensities of ultraviolet (UV) light
and single p65-tdEos molecules were tracked by their orange
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Fig.2 SPT-PALM imaging of NF-kB p65 in hippocampal neurons. (a) The NF-kB p65 subunit was fused
to the photoactivatable fluorescent protein tdEos that can be photoconverted by irradiation with UV light.
Transfected neurons were identified in widefield fluorescence mode by detecting the green fluorescence
signal of the tdEos in p65-tdEos. A small stochastic subset of the p65-tdEos was photoconverted from a
green-fluorescent to an orange-fluorescent species and tracked as single molecules. Localization pre-
cision for tdEos was determined to 26 nm using a nearest neighbor approach, as described in Ref. 42.
(b) Map of single particle trajectories (middle and lower panel) revealed highly increased mobility of p65-
tdEos in neurites after glutamate stimulation compared to controls. Representative data set from a single
cell for both conditions is shown. (c) Exemplary MSD plots from single-molecule trajectories of untreated
and glutamate-treated p65-tdEos. The first four MSD values were considered for extracting the diffusion
coefficient.

Neurophotonics 041804-2 Oct-Dec 2016 « Vol. 3(4)

Downloaded From: http://neurophotonics.spiedigitallibrary.org/ on 10/19/2016 Terms of Use: http://spiedigitallibrary.or g/ss/ter msofuse.aspx



Widera et al.: Single-particle tracking uncovers dynamics of glutamate-induced retrograde. . .

fluorescence. Several thousands of trajectories per cell were
recorded and used to generate a trajectory map [Fig. 2(b)].

Next, we compared the mobility of NF-kB p65 in unstimu-
lated and glutamate-treated neurons. We observed that glutamate
treatment led to an increased mobility of p65-tdEos particles com-
pared to the baseline control [Fig. 2(b)]. This increase in mobility
is in general accordance with the reports on rapid retrograde trans-
port of NF-«B in neurons after glutamate treatment.''>

We then calculated the mean diffusion coefficient (Deq,) of
p65-tdEos molecules from the SPT-PALM data (Fig. 3). In the
absence of stimulation (baseline), p65-tdEos molecules showed
a Dy Of 0.12 4+ 0.05 um? /s [Fig. 3(a)]. Stimulation with glu-
tamate resulted in a higher occurrence of fast molecules (D ean
of 0.6140.03 yum?/s) compared to unstimulated controls
[Figs. 3(a) and 3(b)] and narrowed the distribution of single-mol-
ecule diffusion coefficients [Figs. 3(a) and 3(b)]. Notably, the
D ean measured for p65-tdEos without stimulation is in a similar
range to the diffusion coefficient reported for the cytoplasmic
HIV Gag-Eos fusion (0.11 4 0.08 um?/s).?” After stimulation
with glutamate, D .., of p65-tdEos is similar to the mobile frac-
tion of membrane residing a-amino-3-hydroxy-5-methyl-4-isoxa-
zolepropionic acid receptors with a diffusion coefficient of
>0.5 ym?/s.*> We further followed how the mobility of
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p65-tdEos developed with time and found that the glutamate-de-
pendent increase in D,,.,, persists for at least 400 s [Fig. 3(d)].

Next, we determined the extent to which glutamate affects
the immobile fraction as well as retrogradely and anterogradely
transported p65-tdEos particles. In glutamate-stimulated neu-
rons, we recorded a lower occurrence of immobile molecules
in neurites that was accompanied by a significant increase in
retrogradely transported p65-tdEos [Fig. 4(a)]. Further, although
not significant, a slight increase of anterogradely transported
molecules was measured. Finally, we determined the velocities
of single transported p65-tdEos particles. Although glutamate
treatment resulted in heterogeneous velocity distribution for
both retrograde and anterograde transport, a significantly
increased mean velocity was assessed in both directions
[Fig. 4(b)]. Specifically, glutamate treatment resulted in an
increase of the mean retrograde velocity from 10.9 £ 1.9 to
15+49 um/s, whereas a mean velocity increase from
9+ 1.3 to 14 £ 3 um/s was observed for the anterograde trans-
port. Notably, the mean velocities calculated for p65-tdEos are
in the same range reported for the transport of NGF in neurites
of rat sympathetic neurons (~3 to 6 ym/s) as measured in com-
partmented cultures after applying radioactive '2I-NGE* In
neuronal cells, the transport of mitochondria is accomplished
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Fig. 3 (a)-(b) Effect of glutamate on the distribution of diffusion coefficients of NF-xB in hippocampal
neurons. Note that glutamate treatment narrows the distribution of single-molecule diffusion coefficients
compared to the control. (c) Average diffusion coefficient Dyea, of p65-tdEos under baseline conditions
and after treatment with glutamate monitored over time (a representative data set from a single cell each
is shown). Glutamate treatment leads to significantly increased D,yq4,. Without stimulation p65 molecules
showed Dyyeqn Of 0.12 +0.05 ym?/s. Stimulation with glutamate resulted in a strongly increased occur-
rence of fast particles and Dyean Of P65 t0 0.61 + 0.03 um?/s. (d) Dpean Of p65-tdE0S under control con-
ditions and after treatment with glutamate monitored over time (a representative data set from a single

cell each is shown). Error bars: SEM.
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Fig. 4 (a) Effect of glutamate on velocity of retrogradely and anterogradely transported p65-tdEos par-
ticles. Single-molecule data were used to calculate the occurrence of immobile and retro- and anterog-
radely transported p65. Treatment of hippocampal neurons with glutamate resulted in significantly
decreased amount of immobile particles and strongly increased retrograde transport. (b) Glutamate treat-
ment increases the mean velocity of retrogradely and anterogradely transported p65-tdEos.

by microtubule-based motors (kinesins and dynein) with veloc-
ities ranging from ~5 to 30 um/s.*® Moreover, flagellar dyneins
achieve a velocity of up to 19 um/s (reviewed in Refs. 36, 37),
which is again in general accordance with the mean velocity
of 15 um/s for p65-tdEos after glutamate treatment (this
study).

In summary, we report that glutamate stimulation promotes
an increase in mobility of the NF-kB subunit p65 in living
hippocampal neurons. Exposure of neurons to glutamate
leads to an increased mean diffusion coefficient of p65-tdEos
and an increase in the velocity of both retrogradely and anterog-
radely transported NF-kB p65 in neurites.

3 Methods

3.1 Astrocyte Cultures

Mouse astrocytes were prepared from the cortex of postnatal day
1 (P1) BL6 mice, after treatment with 1x Trypsin/EDTA (PAA,
Pasching, Austria). The astrocytes were washed with prewarmed
DMEM (37°C, PAA) and transferred to DMEM containing 2 mM
L-glutamine, 100 U/ml penicillin and streptomycin and 10%
fetal bovine serum (PAA). Cells were cultured in a humidified
incubator at 95% air and 5% CO,. One day prior to hippocampi
preparation, astrocyte growth was blocked with 10 pg/ml
mitomycin (Sigma-Aldrich, Deisenhofen, Germany) for 1.5 h fol-
lowed by washing with DMEM (PAA) and cultivation in DMEM
supplemented with 2 mM L-glutamine, 100 U/ml penicillin and
streptomycin, and 10% fetal bovine serum (PAA). Prior to prepa-
ration of the hippocampi, the astrocytes were transferred to pre-
warmed Neurobasal medium (Invitrogen, Darmstadt, Germany)
containing B27 supplement (Invitrogen), 2 mM L-glutamine
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(PAA), 100 U/ml penicillin (PAA), and 100 U/ml streptomycin
(PAA).

3.2 Hippocampal Neuron Cultures

Primary cultures of mouse hippocampal neurons were prepared
from the hippocampi of E18-E19 BL6 mouse embryos, after
treatment with 1x Trypsin/ETDA [15 min, 37°C; (0.05%/
0.002% in PBS), PAA]. The hippocampi were washed with pre-
warmed DMEM (37°C) containing 10% FCS, to stop trypsin
activity and transferred to prewarmed DMEM (PAA) supple-
mented with 2 mM L-glutamine, 100 U/ml penicillin (PAA),
100 U/ml streptomycin (PAA), and 10% foetal bovine serum
(PAA). The cells were dissociated under these conditions
using a fire-polished Pasteur pipette followed by seeding on
poly-p-Lysine (Sigma-Aldrich) coated coverslips at a density
of 50,000 cells/18 mm. The cultures were maintained in a
humidified incubator at 5% CO, for 60 min to allow adherence.
Subsequently, neurons on coverslips were placed on top astro-
cyte cultures and further cultivated at 5% CO,.

3.3 Anesthesia of Neuronal Activity for Baseline of
Nuclear NFxB and Glutamate Treatment

Twenty four hours prior to experimentation, hippocampal neuron
cultures were treated with 40 yM 6-cyano-7-nitroquinoxaline-2,3-
dione (Sigma-Aldrich), 100 uM 2-amino-5-phosphonopentanoic
acid (Sigma-Aldrich), and 10 yM nimodipine (Sigma-Aldrich)
to establish a stable and low baseline of nuclear NF-xB as
described before.?>”  Afterward, neurons were washed and
exposed to 300 yuM glutamate or PBS (Sigma-Aldrich) for
5 min in the absence of the inhibitors at 37°C. Subsequently,
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the stimulus was washed out and cultures were incubated with
complete medium at 37°C for 90 min.

3.4 Single-Particle Tracking with Photoactivated-
Localization Microscopy Imaging, Single
Molecule Segmentation and Tracking

The tdEos fusion to p65 was achieved by subcloning of p65
into pcDNA3-Flagl-td-EosFP (MoBiTec). Hippocampal neu-
rons were transiently transfected with p65-tdEos overnight
using Effectene (Qiagen) according to the manufacturer’s guide-
lines. Cells were imaged at 37°C in an open chamber (Ludin
Chamber, Life Imaging Services) mounted on an inverted
motorized microscope (Nikon Ti-E, Nikon, Japan) equipped
with a 100x 1.45NA PL-APO (Nikon) objective and a perfect
focus system. To identify transfected cells, the fluorescence
from the nonphotoconverted tdEos was recorded using excita-
tion light at 488 nm and a GFP filter cube (ET470/40,
T495LPXR, and ET525/50, Chroma). Cells expressing the
tdEos constructs were selected for SPT-PALM imaging.
Irradiation at 405 nm using a diode laser (Omicron) at low inten-
sities leads to photoconversion of tdEos which was read-out
with a 561-nm laser (Cobolt, Sweden). The respective irradia-
tion intensities were adjusted to keep the number of the stochas-
tically activated molecules at low single molecule density, and
leave single molecules fluorescent during multiple frames
before bleaching. The fluorescence was collected by the combi-
nation of a dichroic and emission filters (D101-R561 and F39-
617, respectively, Chroma) and a sensitive EMCCD camera
(Evolve, Photometric). The acquisition was steered by
Metamorph software (Molecular Devices) in streaming mode
at 50 frames/s (20 ms exposure time). Recording times for sin-
gle cells varied from 5 to 30 min. Single molecule fluorescent
spots were localized in each image frame and tracked over time
using a combination of wavelet segmentation and simulated
annealing algorithms.®®*! The localization accuracy of the
SPT-PALM microscope under our experimental conditions
was quantified using fixed samples expressing tdEos.
Localization precision was determined to 26 nm using a nearest
neighbor approach, according to Ref. 42. The software package
used to visualize and derive quantitative data on protein locali-
zation and dynamics was custom written for Metamorph
(Visitron Systems GmbH, Puchheim, Germany).

An average of >500 trajectories per cell with a minimum
trajectory length of eight frames was obtained and analyzed.
For these trajectories, the mean square displacement (MSD)
was calculated according to the equation MSD = Ax? + Ay?.
The diffusion coefficient was extracted by approximating the
first four points of a plot of D .., versus time using the relation-
ship of MSD = 4Dt. The mean diffusion coefficient (D e.,) Was
calculated as an average from all single-molecule diffusions.
Kymographs were used to define immobile, retrogradely, and
anterogradely moving particles (according to the position of
the soma and the neurites). For exemplary MSD-analysis see
Fig. 2(c).

3.5 Statistical Analysis

Statistical significance was determined by ANOVA using the
Bonferroni post-test, or if appropriate using two-tailed Student’s
t-tests using GraphPad’s Prim Software. p values <0.05 were con-
sidered significant.
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