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An inducible fluorescent system based on GFP is presented that allows for the uncoupling of
dendritic mRNA transport from subsequent protein synthesis at the single cell level. The iron-
responsive element (IRE) derived from ferritin mRNA in the 5'-UTR of the GFP reporter mRNA
renders translation of its mRNA dependent on iron. The addition of the full-length 3'-UTR of the
Ca?"/calmodulin-dependent protein kinase II alpha (CaMKIla) after the stop codon of the GFP
reading frame targets the reporter mRNA to dendrites of transfected fully polarized hippocampal
neurons. As we show by time-lapse videomicroscopy, iron specifically turns on GFP reporter
protein synthesis in a single transfected hippocampal neuron. We investigate whether GFP
expression is affected—in addition to iron—by synaptic activity. Interestingly, synaptic activity
has a clear stimulatory effect. Most importantly, however, this activity-dependent protein synthe-
sis is critically dependent on the presence of the full-length 3'-UTR of CaMKIl« confirming that
this sequence contains translational activation signals. The IRE-based system represents a new
convenient tool to study local protein synthesis in mammalian cells where mRNA localization to
a specific intracellular compartment occurs.

INTRODUCTION

Activity-dependent synaptic plasticity is an attractive mech-
anism that might explain such complex biological pheno-
mena as formation and long-lasting storage of memory. It is
thought that the strength of synapses is changed in response
to activation of neurotransmitter receptors (Frey and Morris,
1997; Martin et al., 2000). Elegant experiments have shown
that this modulation of synaptic strength is dependent on de
novo protein synthesis (Stanton and Sarvey, 1984; Frey et al.,
1988; Nguyen et al., 1994; Casadio et al., 1999). Interestingly,
two different mechanisms contribute to this effect. First,
translation occurs in the cell body of the postsynaptic neu-
ron (Bailey et al., 1996). The resulting proteins are then
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actively transported to distal regions of the dendrites on
demand. Second, the fact that both localized transcripts and
components of the translational machinery have been de-
tected in proximity of dendritic spines suggests that local
dendritic protein synthesis could play a role in synaptic
plasticity (Steward and Schuman, 2001). Feig and Lipton
were the first to demonstrate that dendritic protein synthe-
sis—visualized by incorporation of tritiated leucine—was
increased by simultaneous stimulation of afferents and acti-
vation of acetylcholine receptors (Feig and Lipton, 1993). In
hippocampal slices, BDNF-induced synaptic plasticity can
be blocked by protein synthesis inhibitors (Kang and Schu-
man, 1996). It has been difficult to directly and unambigu-
ously visualize local protein synthesis in intact CNS neurons
experimentally, given the possibility that proteins translated
in the cell body could be subsequently transported to the
synapse. The first experimental approach to overcome this
limitation has been to physically or optically separate den-
drites from their cell bodies and then study potential local
protein synthesis in those severed dendrites (Crino et al.,
1998; Aakalu et al., 2001). In the first study, Crino et al.
transfected a reporter mRNA into transected dendrites and
showed that this compartment was still competent for trans-
lation. In the second study, Aakalu et al. transfected hip-
pocampal neurons with a reporter construct coding for GFP
flanked by the 5’- and 3'-UTR from CaMKII«. Translation in
dendrites was then analyzed by physical transection from
cell bodies or by photo bleaching followed by fluorescence
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recovery. Interestingly, BDNF stimulated the translation of
GFP in mechanically or optically isolated dendrites, suggest-
ing that this reflects local protein synthesis independent of
their cell bodies.

Here, we report a new fluorescent system based on GFP
whose transcription is under the control of the ferritin pro-
moter and which contains an iron-responsive element (IRE).
Because translation is now under the control of iron, mRNA
transport can therefore be uncoupled from subsequent pro-
tein synthesis. With this new fluorescent system, translation
can be studied in a single living nerve cell, and it is even
feasible to turn on protein synthesis within one compart-
ment without affecting it in another. Furthermore, we show
that GFP expression can be regulated by synaptic activity,
specifically when the reporter transcript has been targeted to
dendrites by the addition of the 3'-UTR of CaMKIla con-
taining a dendritic targeting element.

MATERIALS AND METHODS

Materials and Reagents

BDNF (25 ng/ml), L-glutamate (50 uM), and Lipofectamine 2000
were from Invitrogen/Life Technologies (Karlsruhe, Germany) and
holo-transferrin (300 nM) was from Calbiochem-Novabiochem
GmbH (Bad Soden, Germany). All other chemicals were purchased
from Sigma (Munich, Germany): Actinomycin D (1 uM); APV (50
M), iron chelator desferrioxamine mesylate (100 uM), CNQX (10
uM), ferric ammonium citrate (100 uM), and glycine (0.1 mM).

Constructs

A NLS-containing sequence (MKRPAATKKAGQAKKKKP) was
cloned in frame with the first methionine of the cDNA encoding for
GFP5 (accession no. AJ3069; construct 1, generous gift from Stephan
Geley, ICRF, UK) or for GFP5 containing the full-length 3'-UTR of
Ca?*/calmodulin-dependent protein kinase II alpha (CaMKIle;
Mayford et al., 1996) introduced after the stop codon (construct 2).
The last 337 nucleotides of the rat ferritin promoter region and its
5'-UTR containing the IRE were amplified by PCR using the follow-
ing primers: forward (containing an Asel restriction site) 5'-ccatta-
atctcagagacccaagagccg, reverse (containing an Agel restriction site)
5'-caaccggtgatggcggctgggee. The PCR product was sequenced and
cloned into pd2EGFP-N1 expression vector (BD Biosciences/Clon-
tech, Heidelberg, Germany) that was cut with the same restriction
enzymes to replace the CMV promoter by the ferritin promoter
fragment. The destabilized GFP was then removed from the
pd2EGFP-N1 vector using Agel and Notl restriction enzymes and
the vector was blunt-ended using T4 polymerase. The NLS-GFP
cassettes (plus or minus the 3'-UTR) were then cloned inside the
resulting expression vector and the orientation of the two inserts
was confirmed by sequencing. The structure of the resulting mRNA
was analyzed using the Zucker RNA folding program (Zucker and
Stiegler, 1981).

In Situ Hybridization of Cultured Neurons

The NLS-GFP cDNA was subcloned into Bluescript KS (Stratagene,
Heidelberg, Germany). Antisense and sense RNA probes labeled
with digoxigenin were synthesized according to the manufacturer’s
protocol (Roche Diagnostics, Mannheim, Germany) by run-off tran-
scription from restriction-digested plasmids with the T7 or T3 RNA
polymerase, respectively. Fluorescent in situ hybridization (ISH)
was performed as described by Blichenberg ef al. (1999) with the
following modifications. After fixation with 4% PFA, cells on cover-
slips were washed three times with PBS for 5 min at RT and then
permeabilized for 3 min in PBS containing 0.1% (vol/vol) Triton
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X-100. Coverslips were then washed three times with PBS for 5 min
at RT and subsequently prehybridized for 2 h at 50°C in 50%
(vol/vol) deionized formamide, 5X SSC, 5X Denhardt’s solution,
250 ug/ml Escherichia coli tRNA (Roche Diagnostics), 500 ug/ml
denatured herring salmon sperm DNA. The solution was removed
and the coverslips were then incubated overnight at 50°C with fresh
hybridization solution containing 500 ng/ml in vitro-transcribed
digoxigenin-labeled probes. The cells were subsequently washed at
room temperature twice in 1X SSC and 0.1% (wt/vol) SDS for 10
min and then twice in 0.2X SSC, 0.1% (wt/vol) SDS at 50°C for 15
min each. The probes were detected using the HNPP fluorescent
detection set (Roche Diagnostics) according to the manufacturer’s
description. Coverslips were mounted and processed as described
below. The number of particles detected in dendrites was analyzed
by choosing selected areas in the following way: first, only distal
parts of dendrites with positive signals were selected and the
threshold was set in a manner to detect individual particles. Then,
the “analyze particles” feature of the NIH 1.6.2. imaging program
(free shareware: http://rsb.info.nih.gov/nih-image/Default.html)
was used to count particles (2: 180) from four dendrites each. The
mean and the SD were calculated using the Microsoft Excel soft-
ware.

For the in situ hybridization combined with immunocytochemis-
try, hippocampal neurons, pretreated with iron chelator for 12 h,
were transfected and kept either in iron chelator or incubated in
medium containing 100 uM of ferric ammonium citrate. For visu-
alization of the in situ hybridization signal and immunostaining
with GFP antibodies, the coverslips were incubated 1 h at room
temperature with rhodamine-conjugated monoclonal anti-DIG (1:
100; Roche) together with rabbit polyclonal anti-GFP antibodies
(1:1000; Torrey Pines Biolab Inc., San Diego, CA). The coverslips
were then incubated for 1 h at room temperature with anti-rabbit
Alexa 488-conjugated secondary antibodies (Dianova, Hamburg,
Germany). The coverslips were mounted using the ProLong Anti-
fade kit (Molecular Probes, Leiden, The Netherlands). The same
procedure was followed to perform ISH and immunostaining in
BHK cells.

COS-7, BHK Cell Cultures, and Transient
Transfection

COS-7 and BHK-21 cells were grown in minimal essential medium
(MEM) and GMEM, respectively, supplemented with 10% fetal
bovine serum and penicillin/streptomycin (Wickham et al., 1999).
For immunofluorescence, cells were grown on poly-L-lysine coated
(0.1 mg/ml) glass coverslips; for Western blotting, cells were grown
in six-well plates (Costar, Cambridge, MA). Cells at 50-70% conflu-
ency were transfected with 1 ug of DNA per coverslip or 2 ug DNA
per well using FuGENE-6 (Roche Diagnostics) according to the
manufacturer’s protocol, and expression of GFP was routinely an-
alyzed 12 h upon transfection.

Actinomycin D Treatment

BHK cells were pretreated with iron chelator 6 h before transfection
and incubated in the same medium for 14-16 h after transfection
with 2 ug of DNA of construct 2, using FuGENE 6. Actinomycin D
(Act D; 1 uM) was added 30 min before iron addition and the cells
were incubated for 4 h before fixation. The cells were then counted
as described later.

Hippocampal Cell Culture and Transient
Transfection

Primary hippocampal neurons derived from E17 rat embryos were
cultured as described in Kiebler et al. (1999) with the notable excep-
tion that cells were grown in N-MEM supplemented with B-27

(Invitrogen/Life Technologies, Karlsruhe, Germany) instead of N2
supplements. Adult primary hippocampal neurons (stage 5) were
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transfected using a modified Ca®*-phosphate precipitation protocol
that has been described in detail in Kéhrmann ef al. (1999b). In brief,
the pH of the neuronal N-MEM/B27 medium was adjusted to 7.00
before sterile filtration. AMPA /kainate receptor antagonist CNQX
(10 uM; Sigma) was added to the medium to reduce excitotoxic
death during the transfection procedure. The medium was allowed
to equilibrate in 3-cm culture dishes at 5% CO, for at least 1 h before
transfection. The phosphate-containing buffer for transfection (2X
BBS) was adjusted to a pH of 7.00. Air was bubbled into the final
transfection mixture with an Eppendorf pipette for 1 min. The
neurons on coverslips were then transferred into the preequili-
brated neuronal medium (see above) with the cells facing up and
the transfection mixture was added immediately. The dishes were
subsequently incubated at 37°C and 2.5% CO,. The transfection was
stopped after inspecting the size of the precipitate as described in
Koéhrmann et al. (1999b), typically 25-40 min after addition of the
transfection mixture. The precipitate was washed off using Hanks’
balanced saline (HBSS), and the coverslips were then transferred to
the appropriate medium for the remainder of the experiment.
Transfected hippocampal neurons were routinely analyzed as early
as 5 h upon transfection (see also Wells et al., 2001).

Time-lapse Videomicroscopy of Living Hippocampal
Neurons

Primary hippocampal neurons were cultured in video dishes
(Willco Wells, Amsterdam, The Netherlands) as described above.
Cells were transfected using Lipofectamine 2000 according to the
manufacturer’s protocol with the exception that 1 ug Lipofectamine
2000 was used per 1 ug DNA in 100 ul of medium. After 50 min of
incubation, cells were washed twice with HBSS, and fresh medium
was added; 4.5-6 h upon transfection, cells were transferred into the
live chamber (for details see Kéhrmann et al., 1999a), and 100 uM
ferric ammonium citrate was added. Then, time-lapse videomicros-
copy was performed 20-25 min upon iron addition as described in
detail in K6hrmann et al. (1999a) with the following modifications.
For fluorescence detection, a Roper scientific MicroMax Digital
CCD-400B camera controlled by the Metamorph 4.6-5.0 imaging
software package (Universal Imaging/Visitron Systems, Puchheim,
Germany) was used. This software was then also used for image
processing.

Pharmacological Treatment of Neurons

To ensure that the cells respond to the exogenously added iron into
the medium, the following two controls were routinely performed.
One set of cells (baseline value) was kept under low iron conditions
for the whole duration of the experiment; the other set received
ferric ammonium citrate (100 uM) after transfection (positive con-
trol). If cells were not responding appropriately to iron, the whole
experiment was discarded.

For the initial experiments with COS-7 cells (Figure 1) and neu-
rons (Figure 2), cells were either kept under either low iron condi-
tions (iron chelator: desferrioxamine mesylate, 100 uM) or high iron
conditions (ferric ammonium citrate, 100 uM, or holo-transferrin,
300 nM) for the whole time after transfection. Finally, cells were
either processed for immunofluorescence or extracted for SDS-
PAGE and Western blotting.

For subsequent experiments with neurons (see Figures 6 and 7),
cells were pretreated with chelator for 12 h before transfection to
reduce background GFP expression. Different expression times for
the two constructs (6 h for construct 2 or 9 h for construct 1,
respectively) were chosen to warrant comparable levels of GFP
expression because construct 1 is missing translational activator
elements known to be present within the 3'-UTR of CaMKIla (Wells
et al., 2001; Miller et al., 2002). After transfection, neurons were
transferred to low-iron conditions (N-MEM/B27 medium) or high-
iron conditions (ferric ammonium citrate) for the remainder of the
experiment. Neurons were then either mock-treated or treated with
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APV (50 uM) and CNQX (10 uM) for the whole time upon trans-
fection. The following different chemical synaptic stimulation pro-
tocols were used: a, high KCI 30 mM (Rosa et al., 1985); b, glycine
(0.1 mM) without Mg?* for 3 min (Goldin et al., 2001); ¢, L-glutamate
(50 uM) for 30 s (Malgaroli and Tsien, 1992); d, BDNF (25 ng/ml) for
60 min (Kang and Schuman, 1996); or e, a combination of L-gluta-
mate (50 uM for 30 s) followed by 25 ng/ml BDNF for 1 h. Neurons
were then transferred back into normal medium at 5% CO, for 1 h.
Finally, neurons were fixed, mounted, and analyzed for GFP ex-
pression at the single cell level.

Immunocytochemistry, Fluorescence Microscopy,
and Image Analysis

Immunocytochemistry was essentially carried out as described in
Kiebler et al. (1999). For fluorescence microscopy, the following
setup was used: a Zeiss Axiophot microscope using either a 63X,
40X, or 10X Plan-Apochromat objective, standard FITC, rhodamine,
and GFP-bandpass filters, a 100-W mercury arc lamp, and a Cohu
CCD Camera (Chromaphor, Duisburg, Germany) controlled by the
NIH Image 1.6.2. software package. Figures were assembled using
Adobe Photoshop 5.5 or higher. For Figure 7C image acquisition
and processing were performed using the setup described in the
paragraph “Time-lapse videomicroscopy.” High-power images (see
insets) were obtained by subtracting the background using Meta-
morph 5.0 software.

Quantification of GFP-expressing Cells

The protocol used to transfect hippocampal neurons has been
shown to selectively transfect neurons but not glia cells (Kéhrmann
et al., 1999a, 1999b, and M. Kéhrmann, B.G., unpublished results).
DAPI staining allowed us to identify glia cells by the size and
morphology of the nucleus; these cells were not counted. In each
independent experimental set, a person quantified twenty ran-
domly chosen representative microscopic fields without being
aware of the experimental treatments. In brief, GFP-expressing cells
were counted using either the 40X objective (for COS-7 and BHK
cells) or the 10X objective (for neurons). DAPI staining of the nuclei
was used to count the total number of cells per field. The graphs
represent the ratio of GFP-expressing neurons compared with the
total number of cells. The mean and the SD were calculated using
the Microsoft Excel software.

RT-PCR

BHK grown in six-well plates were preincubated either with iron
chelator or mock-treated and then transfected either with construct
1 or cotransfected with both construct 1 and a plasmid expressing a
hemagglutinin (HA)-tagged Staufen1 protein (Duchaine et al., 2000).
Cells coming from the same set of transfection were processed both
for Western blotting as described before and at the same time for
RT-PCR. In detail, total RNA was extracted using RNeasy Mini
extraction KIT (Qiagen, Hilden, Germany). Total RNA, 1.5 ug, was
retrotranscribed using the RevertAid First Strand cDNA synthesis
Kit (MBI Fermentas, St. Leon-Rot, Germany) according to the man-
ufacturer’s instructions. PCR was then performed using the follow-
ing primers: GFP forward: 5'-atgggtaaaggagaagaactt; GFP reverse:
5'-ggaagcttttgtatagttcatcca; B-actin forward: 5'-ttcgegggegacgat-
gctee; B-actin reverse: 5'-caggtccagacgcaggatgg; HA forward: 5'-
cggcegeatcttttace; HA reverse: 5'-attacgtaatctggaacgtcatatg. To test
the linearity of the PCR reaction, aliquots of the amplified products
were collected at different numbers of cycles (unpublished data).

Western Blotting

The following antibodies were used: rabbit anti-ferritin antibodies
(dilution 1:100, Roche Diagnostics, Mannheim, Germany), rabbit
anti-GFP antibodies (dilution 1:400, BD Biosciences/Clontech,
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Figure 1. Iron-dependent A
regulation of GFP expression |
in COS cells. (A) Schematic
representation of the con-

structs used in this study.
Construct 1: the ferritin pro-

moter containing the IRE ele- po I
ment drives the expression of
the NLS-GFP. To target the re-
sulting reporter mRNA to B
dendrites, the full-length
3’-UTR of the CaMKIIa (May-
ford et al., 1996; Miller et al.,
2002) was added downstream
of the stop codon of the GFP
c¢DNA (construct 2). (B) Rep-
resentative example of a mi-
croscopic  field containing
COS cells that were tran-
siently transfected with con-
struct 2 and analyzed for GFP
expression at the single cell
level. In the presence of iron,
COS  cells express GFP,
whereas in the presence of the
iron chelator, translation is in-
hibited. The lower panels
show the same fields of cells
stained with the nuclear dye
DAPI to quantify the total
number of cells. (C) Quantita- C
tive analysis of COS cells ex-
pressing GFP in the presence
of iron sources. The graph
represents one of four inde-
pendent experiments. (D)
Western blot of COS cells that
were transiently transfected
with construct 2. m, normal
medium; ¢, chelator; f, ferric
ammonium citrate; t, holo-
transferrin. GFP was detected
by a polyclonal anti-GFP anti-
body. Bar, 100 pm.

promoter

% of cells expressing GFP
o

Heidelberg, Germany, or alternatively, 1:2000, Molecular Probes,
Leiden, The Netherlands), mouse monoclonal anti-tubulin-«a anti-
bodies (dilution 1:2000 up to 1:10,000, Sigma) and monoclonal
anti-HA (1:2000, Roche) antibodies. As secondary antibodies, HRP-
coupled donkey anti-rabbit Ig antibodies (1:1000 in blocking buffer)
and HRP-coupled donkey anti-mouse Ig antibodies (1:1000 in block-
ing buffer; both antibodies are from Amersham-Pharmacia,
Freiburg, Germany) were used.

COS-7, BHK and neurons grown in six-well plates were trans-
fected as described above. After the relevant expression time (rou-
tinely 12 h upon transfection), cells were briefly washed with pre-
warmed PBS (for COS cells) or HBSS (for neurons) and lysed in 0.1%
SDS, and proteins were TCA-precipitated. Equal amounts of pro-
teins as determined by a protein quantification assay (Bio-Rad,
Munich, Germany) were separated by 12% SDS-PAGE and blotted
onto nitrocellulose. Nonspecific binding sites were blocked by in-
cubation for 30 min in blocking buffer (TBS/5% low fat milk pow-
der), and then filters were incubated overnight at 4°C with the
relevant primary antibodies. Intermediate washing steps were car-
ried out with TBS, TBS/0.1% Triton X-100, and TBS for 5 min each.
Detection of bound antibodies was performed with HRP-coupled
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NLS-GFP

JUTR-CaMKIla

m c f
(1985 cells)(2166 cells)(2253 cells) 1841 cells)

secondary antibodies (1:1000 in blocking buffer for 60 min) followed
by ECL detection (Amersham-Pharmacia).

RESULTS

To uncouple dendritic transport of a reporter mRNA from
immediate protein synthesis, we adapted the IRE system
from M. Hentze and colleagues (Hentze et al., 1987) to GFP.
Two constructs were assembled (Figure 1A): construct 1
included an NLS-containing GFP under control of the rat
ferritin promoter; in the construct 2, the 3’-UTR of the vector
was replaced by the full-length 3’-UTR of CaMKIla (May-
ford et al., 1996). The rat ferritin promoter element was
derived from the ferritin gene whose mRNA has been
shown to be dendritically localized (Ishimoto et al., 2000).
This sequence contains a 32-nucleotide IRE that allows for
the binding of iron responsive element binding proteins
(IRP1-2; Rouault et al., 1988; Henderson and Kiihn, 1995;
LaVaute et al., 2001). Both IRP1 and IRP2 are expressed in
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A

B IRE-GFP
GFPmc¢ f t =

L s e s o 4 Tubulin

the cortex, hippocampus and striatum (Siddappa et al.,
2002). The NLS was added to the GFP sequence in order to
avoid diffusion of the protein into the periphery of the cell.

To study whether transcription and subsequent transla-
tion of the reporter mRNA is now iron dependent, COS-7
cells were transiently transfected with construct 2 and ana-
lyzed for GFP expression at the single-cell level (Figure 1, B
and C). In the presence of iron, COS cells expressed GFP,
whereas in the presence of iron chelator, translation was
inhibited. Figure 1B compares similar microscopic fields of
transfected COS-7 cells. The bottom panels show the same
fields stained with the nuclear dye DAPI to quantify the total
number of cells. Figure 1C shows the quantitative analysis of
one representative experiment (n = 4). In low iron condi-
tions (c), 0.06 = 0.2% of COS-7 cells expressed GFP, whereas
in normal, iron-containing medium (m), 93 times more cells
(5.63 = 2.09%) expressed GFP. In cells treated with iron
sources such as ferric ammonium citrate (f) or holo-trans-
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Figure 2. Iron-dependent reg-
ulation of GFP expression in
mature, primary hippocampal
neurons. (A) Fluorescent pic-
ture of a representative micro-
scopic field containing mature
hippocampal neurons (10 DIV)
that were transiently trans-
fected with construct 2 and an-
alyzed for GFP expression at
the single cell level. In the pres-
ence of iron, neurons express
GFP, whereas in the presence of
the iron chelator, translation is
inhibited. The bottom panels
show the same fields of cells
stained with the nuclear dye
DAPI to quantify the total num-
ber of cells. (B) Detection of GFP
in mature, transfected hip-
pocampal neurons (10 DIV) by
Western blot. Neurons were
transiently transfected with ei-
ther a construct expressing the
commercially available GFP
(lane 1) or alternatively, con-
struct 2. m, normal medium; c,
chelator; f, ferric ammonium
citrate; t, holo-transferrin. *Un-
transfected  neurons.  Equal
amounts of protein were loaded
as demonstrated by the staining
with anti-tubulin antibody (bot-
tom panel). Bar, 100 pwm.

ferrin (t), this value further increased to 591 * 2.13% or
7.72 + 2.52%, respectively. A Western blot of COS-7 cells
transiently transfected with construct 2 corroborated the
iron dependence of GFP expression at the biochemical level
(Figure 1D).

Conditions were then adapted to mature polarized hip-
pocampal neurons (8—10 DIV), that were transiently trans-
fected with a Ca?*-phosphate protocol (Kohrmann ef al.,
1999a, 1999b) and either incubated in iron containing me-
dium including ferric ammonium citrate or mock-treated. In
these experiments, neurons were analyzed for early GFP
expression at the single cell level (Figure 2A). Because hip-
pocampal neurons are relatively small cells with a represen-
tative cell body diameter of ~10 to 15 um, the nuclei of these
neurons only appear as small green dots in this figure. This
experiment clearly demonstrates that GFP expression in
neurons is now exclusively detected in the presence of iron
in the medium. The bottom panels identify the total number

Molecular Biology of the Cell



Figure 3. Quantitative analysis of iron-dependent
regulation of GFP expression in mature, primary
hippocampal neurons. (A) GFP expression under
the control of a functional IRE. Transfected hip-
pocampal neurons with construct 1 were either kept
in normal medium (M), transferred into chelator (c,
desferrioxamine mesylate), or into two different,
iron-containing media (f, ferric ammonium citrate; t,
holo-transferrin). The graph represents one of three
independent experiments. The small inset shows the
predicted structure of the IRE element used. (B) GFP
expression under the control of a nonfunctional IRE.

The graph represents one of three independent ex- C
periments. Hippocampal neurons were transfected

with a variant of construct 1 containing a single
nucleotide deletion affecting the secondary structure

of the IRE (see small inset). The mutant IRE is unable °
to bind the iron-responsive element binding protein
(IRP), therefore making the system insensitive to
iron levels. Otherwise, treatments were as described
in A. (C) Actinomycin D treatment of BHK cells does
not interfere with the upregulation of GFP in an iron
dependent manner. The graph represents one of
three independent experiments. Experiments using
hippocampal neurons yielded similar results (un- ¢
published data).

-4

% of cells expressing GFP

m
{2507 cals)

% of cells expressing GFP

of nuclei in these fields to ensure equal cell numbers for both
experimental conditions. A Western blot of transiently trans-
fected hippocampal neurons demonstrated this significant
increase in GFP expression when cells were exposed to
increased iron levels (Figure 2B). Given the low expression
time required for achieving early expression in neurons (as
little as 5 h) compared with that for COS-7 cells (12 h, see
Figure 1), addition of chelator after transfection still led to a
residual expression in neurons. To circumvent this problem,
neurons were pretreated for 12 h with chelator before trans-
fection.

We then went on to investigate the most efficient condi-
tions to switch on GFP expression. For this reason, neurons
were transfected with construct 1 and either kept in normal
medium (m), transferred into iron chelator (c, desferrioxa-
mine mesylate), or into two different, iron-containing media
(f, ferric ammonium citrate; t, holo-transferrin). The quanti-
tative analysis of such an experiment is documented in
Figure 3A. In conditions where iron is basically absent (c),
0.35 = 0.30% of neurons expressed GFP, whereas in normal,
low iron-containing medium (m), 11 times more cells (3.77 =
1.69%) expressed GFP. However, this value can vary signi-
ficantly, because it is critically dependent on endogenous
synaptic activity (see below) of one given neuronal culture.
In hippocampal neurons treated with exogenous iron
sources this expression value further increased to 15.78 =
5.71% (ferric ammonium citrate) or to 3.16 = 1.63% (holo-
transferrin), respectively. As an additional control for the
iron-dependent translation of GFP, the functional IRE in
construct 1 was inactivated by deleting an essential nucleo-
tide (AC165, Rouault ef al., 1988; Goossen et al., 1990). As
shown in Figure 3B, the translation of the reporter construct
is now independent of the level of iron in the medium.
Taken together, these experiments in both fibroblasts and
neurons clearly demonstrate that the IRE functions as a
switch. This places the expression of GFP under the control
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of iron allowing us to assess protein synthesis in a single
mammalian cell.

To demonstrate that the increase of translation of the
reporter transcript was due to the already transcribed
mRNA and not due to a rise of transcription rate, we in-
duced translation upon iron stimulation after addition of
actinomycin D (Act D), which inhibits RNA transcription
(Figure 3C). BHK cells were preincubated with iron chelator
for 6 h and then transfected with construct 2 and incubated
for 14 h in iron chelator containing medium at 37°C/5%
CO,. Two dishes were then either incubated in the same
medium in the presence of Act D (see MATERIALS AND
METHODS) or mock-treated; ferric ammonium citrate was
then added 30 min later to both sets. The cells were fixed
3.5 h after the iron pulse. One dish was incubated in the iron
chelator—containing medium during all the experiment as
negative control. As shown in Figure 3C (left panel), the
amount of cells responding to iron was comparable in either
presence or absence of Act D. Similar results were obtained
in neurons (unpublished data). This finding is in agreement
with a published study (Schalinske et al., 1998) and suggests
that the up-regulation of IRE-dependent translation of re-
porter mRNA does not involve new synthesis of mRNA.

We next asked the question whether this system could be
useful to restrict protein synthesis to a specific compartment
of a mammalian cell by targeting the reporter mRNA inside
the cell to its destination. As an example, we replaced the
intrinsic 3’-UTR of the vector with the 3’-UTR of the
CaMKIIa that has been shown to be sufficient and necessary
for direct localization of the reporter mRNA to distal den-
drites (Mayford et al., 1996; Rook et al., 2000; Blichenberg et
al., 2001). To ensure that the chimerical mRNA of construct
2 was indeed localized to distal dendrites even in the ab-
sence of iron, ISH was performed against the GFP reporter
mRNA in polarized hippocampal neurons that had been
transiently transfected with constructs containing or lacking
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Figure 4. Intracellular localiza-
tion of the mRNA encoding for
the reporter gene GFP. Fluores-
cent in situ hybridization (ISH)
using an antisense probe specific
for GFP mRNA. Mature hip-
pocampal neurons were trans-
fected with construct 2 containing
the full-length3’-UTR of the Ca** /
calmodulin-dependent  protein
kinase Ila and ISH was per-
formed 5 h posttransfection (A)
or with construct 1 missing the
dendritic  targeting  element
(DTE) (B). The mRNA resulting
from construct 2 localizes to the
dendritic compartment (arrow-
heads), whereas the GFP mRNA
of neurons transfected with con-
struct 1 is restricted to the cell
body. (C) Quantitative analysis of
particles detected in dendrites of
hippocampal neurons in cell cul-
ture after ISH. Three cells were

+DTE -DTE

the CaMKIIa 3'-UTR and were kept in low iron-containing
medium (Figure 4). Whereas the reporter mRNA containing
the 3'-UTR of CaMKIl« (construct 2) clearly localized to the
dendritic compartment (Figure 4A), the control mRNA mis-
sing a dendritic targeting element (DTE) was restricted to
the cell body (Figure 4B). No signal was detected when the
control ISH using the sense probe was performed (unpub-
lished data). The graph in Figure 4C shows the quantitative
analysis of the average number of fluorescent particles de-
tected in the dendritic compartment of hippocampal neu-
rons (see MATERIALS AND METHODS).

To show that mRNA is transcribed independently of the
iron level, we performed ISH followed by immunocyto-
chemistry using anti-GFP antibodies. Hippocampal neurons
were transfected with construct 2 and incubated in medium
containing either iron chelator or iron (Figure 5A). The same
experiment was done in parallel in BHK cells (Figure 5B). In
both neurons and BHK, mRNA expression can be detected
despite the different levels of iron in the medium. GFP
expression, in contrast, could only be observed upon addi-
tion of iron. To further exclude a possible effect of iron on

1576

analyzed for each experiment.
Bar, 10 pm.

transcription, we transfected BHK cells with construct 1 and
performed RT-PCR and Western blotting in parallel. Figure
5C (left panel) shows that GFP expression is upregulated by
addition of iron, the level of the reporter transcript, how-
ever, remained unaffected. As another control, cells were
cotransfected with Staufen1-HA to rule out any effect of the
iron chelator treatment on transfection rates (Figure 5C,
right panel). Although GFP expression varied due to the
experimental conditions, the expression level of both the
transcript as well as the control protein was unaffected.
Taken together, these experiments clearly demonstrate that
the dendritic transport of a given reporter transcript can be
uncoupled from its translation (and subsequent transport of
the newly synthesized reporter protein into dendrites)
through the presence of the IRE and the 3'-UTR of CaMKIla.
The IRE keeps the mRNA in a translationally inactive state,
so that transport and translation of the reporter are uncou-
pled. Apparently, both the presence of the IRE in the re-
porter transcript and the low iron concentration in the me-
dium do not interfere with the dendritic localization of the
transcript.

Molecular Biology of the Cell



Figure 5. Iron-dependent post-
transcriptional regulation of GFP
expression in mammalian cells.
ISH was combined with immuno-
cytochemistry ~for both hip-
pocampal neurons (A) and BHK
cells (B). In C, RT-PCR on trans-
fected BHK cells was combined
with Western blotting. The level
of RNA detected by ISH or RT-
PCR was not affected by iron. In
contrast, both on the fluorescence
(A+B) as well as on the biochem-
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though Staufen1-HA was equally
expressed under the chosen ex-
perimental conditions, GFP ex-
pression was significantly up-
regulated in the presence of iron.
M, marker (100-base pair ladder,
MBI Fermentas); ¢, chelator; f, fer-
ric ammonium citrate; *untrans-
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added during the RT-PCR step.

We then went on to investigate whether this new fluores-
cent reporter could be used in living hippocampal neurons
in culture to assay for iron-dependent protein synthesis.
Neurons were transfected in low iron-containing medium,
and time-lapse videomicroscopy was performed after addi-
tion of ferric ammonium citrate, or mock-treated, 4.5-6 h
posttransfection (Figure 6). As the control video shows (Fig-
ure 6, A and C), there is little background expression of GFP
when iron was basically absent and there was no increase in
fluorescence intensity over time. In contrast, when iron was
added, neurons started to express GFP within minutes upon
iron addition (Figure 6, B and C). The first expression of GFP
was always detected within the nucleus because of the pres-
ence of the NLS. Taken together, these experiments indicate
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that the new fluorescent reporter can be successfully used to
monitor protein synthesis in individual living hippocampal
neurons.

The significant variations in the GFP expression level in
neurons, kept in iron-containing media (see Figures 2 and 3)
prompted us to further evaluate whether synaptic activity
occurring in fully polarized, mature hippocampal neurons
might affect protein synthesis. Because many different che-
mical stimulation protocols exist for neurons, we sought to
determine which protocol gave the most robust and most
reproducible stimulation of GFP expression in transfected
hippocampal neurons. To ensure low GFP background ex-
pression in the subsequent experiments, neurons were pre-
treated at least 12 h with iron chelator before transfection.
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Figure 6. Iron-dependent expression of GFP in living hippocampal neurons. Neurons were transfected in low iron-containing medium (see
MATERIALS AND METHODS), ferric ammonium citrate was added upon transfection (4.5-6 h) or cells were mock-treated and time-lapse
videomicroscopy was performed 20 min after the addition of iron. (A) Corresponding figure to Video 1: Little GFP expression in the absence
of iron. The first panel shows a phase contrast picture of the observed field, the middle panel shows the first fluorescence picture (AF/F) taken
at time point zero, and the right panel the same neuron at the end of the time-lapse video. Scale bar, 10 um. (B). Corresponding figure to Video
2: Significant GFP expression in the presence of iron. The first panel shows a phase contrast picture of the observed field, the middle panel
shows the first fluorescence picture (AF/F) taken at time point zero, and the right panel the same neuron at the end of the time-lapse video.
Once iron has been added to the medium, a significant increase in fluorescence intensity over time was detected within minutes
demonstrating that neurons started to express GFP. (C) Comparison of changes in fluorescence intensity over time for both conditions. The
two curves within the presented graph represent the changes in fluorescence intensity over time of the two above neurons.

Additionally, we chose a short time of expression (5-9 h; see
Wells et al., 2001) to avoid a potential saturation of the

various chemical stimulation protocols were tested (Figure
7A). Transfected neurons were either depolarized by high

endogenous iron-regulatory system. Then, cells were trans-
ferred back into iron-containing medium and the following
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potassium (30 mM KClI for 5 min), chemically stimulated by
a short pulse of either L-glutamate (50 uM for 30 s) or glycine
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(0.1 mM without Mg?* for 3 min), or they were exposed to
BDNF (25 ng/ml for 60 min). As controls, neurons were not
exposed to iron after transfection or mock-treated in iron-
containing medium. Upon stimulation, neurons were kept
in iron-containing medium for 1 h, fixed, and analyzed for
GFP expression. Interestingly, all stimulation protocols
yielded a boost in GFP expression in transfected neurons to
various extents as shown in the graph (Figure 7A). In detail,
0.24 = 0.4% of cells expressed GFP in the absence of iron;
when iron was present, 3.07 * 1.19% of cells were GFP
positive. Because the efficiency of stimulation was somewhat
variable for the number of cells expressing GFP (values
range from 5.65 * 1.84% to 10.19 * 2.17%, see Figure 3A),
we decided to combine two protocols in the remainder of the
experiments (see below). Taken together, this line of exper-
iments clearly demonstrated that protein synthesis in trans-
fected hippocampal neurons is not only dependent on the
presence of iron, but also on synaptic activity of a given
neuronal culture. This could easily explain why we often
detected a significant variation in GFP expression in neurons
in the presence of iron, because these transfected cells are
part of a dense, electrically active neuronal network (Goslin
et al., 1998).

To test whether the observed increase in GFP expression
in transfected hippocampal neurons was due to this endo-
genous synaptic activity, one set of cells was kept quiescent
in iron-containing medium in the presence of the NMDA
antagonist APV and the AMPA /kainate antagonist CNQX
(Figure 7B). This treatment resulted in a significant decrease
in the number of cells expressing GFP compared with elec-
trically active cells (0.30 * 0.54% compared with 8.25 =
3.05%). This further supports the idea that protein synthesis
in neurons, in addition to iron in the medium, is critically
dependent on synaptic activity. When another set of trans-
fected hippocampal neurons was chemically stimulated by a
short pulse of L-glutamate followed by a 1-h exposure to
BDNEF, GFP expression was boosted to a maximal extent
(11.74 = 2.71%), yielding a 39-fold stimulation of translation
compared with electrically silent neurons.

To evaluate the function of the CaMKIl«a 3'-UTR in syn-
aptic-activity—dependent translation, polarized hippocam-
pal neurons were transiently transfected in parallel (Figure
7B) with either a reporter construct that codes for a mRNA
containing the full-length 3’-UTR of CaMKIl« (construct 2,
black bars) or for the same mRNA with a canonical nonlo-
calized 3'-UTR (construct 1, yellow bars). The addition of the
CaMKIla 3'-UTR serves as a dendritic targeting element
(DTE) that localizes the reporter mRNA to distal dendrites
as shown in Figure 4A. In the presence of this DTE (Figure
7B, black bars), translation was clearly regulated by chemical
synaptic activation. In contrast, neurons that had been trans-
fected with construct 1 (which does not contain the DTE),
now express GFP independently of their synaptic activity
(Figure 7B, yellow bars).

Figure 7C shows representative examples of GFP fluores-
cence detected in hippocampal neurons transfected with
construct 2 upon incubation in different media. Although in
low iron containing medium a background level of GFP
could be detected in the nucleus (“Medium”), chemical stim-
ulation boosted the expression of the reporter construct and
signals in the dendritic compartment could be also detected
(Figure 7C, right panel and high magnification inset).
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DISCUSSION

The identification of IREs in a variety of mRNAs (reviewed
in Hentze and Kiihn, 1996) led to the establishment of both
cell-free (Paraskeva et al., 1999) and cell-dependent transla-
tional assays (De Gregorio et al., 1999). This in turn led to a
molecular understanding of the vertebrate iron metabolism
and of the translational regulation in general. This system
has been previously used in mammalian cells that were
transiently transfected by an IRE-containing construct and
the expression of the reporter conveniently measured by
assaying for enzymatic activities, e.g., CAT, p-Gal, or luci-
ferase (De Gregorio et al., 1999). To study translation in a
living single cell, we chose the rat ferritin promoter that
contains such an IRE element to drive the expression of GFP.
With this new reporter construct it is possible to regulate
GFP expression, because protein synthesis is now dependent
on the presence of iron. When an iron source, e.g., ferric
ammonium citrate or holo-transferrin, is added locally by
microperfusion to cells, translation can be studied in indi-
vidual cells.

Interestingly, there are alternative mechanisms inside a
polarized cell to regulate translation. An elegant example is
the localization of a given transcript to a specific compart-
ment of a cell, thereby restricting new protein synthesis to
where it is needed (for a review see St. Johnston, 1995). In the
last 10 years, many different targeting elements derived
from such localized transcripts have been identified (Kuhl
and Skehel, 1998). We therefore decided to combine both
mechanisms of translational regulation to target a reporter
mRNA to a specific compartment of a mammalian cell and
to be able to regulate the subsequent local protein synthesis
through changes in the intracellular iron level. Because we
were specifically interested in studying local protein synthe-
sis in living neurons, we took advantage of the dendritic
targeting element within the 3'-UTR of the CaMKIla mRNA
(Mayford et al., 1996; Mori et al., 2000; Blichenberg et al.,
2001). This element localizes the mRNA of the IRE-GFP
construct to dendrites of polarized neurons. Translation,
however, is exclusively switched on in the presence of iron
allowing us to uncouple mRNA transport from subsequent
translation in a polarized, living neuron. This is of great
importance because local protein synthesis may now be
visualized in an intact, living neuron discriminating locally
synthesized proteins from proteins made in the cell body
and then subsequently transported into dendrites (reviewed
in Martin et al., 2000; Smith et al., 2001). More importantly,
the underlying biochemical pathways of local protein syn-
thesis may now be studied in detail.

When we actually transfected living hippocampal neu-
rons with this IRE-GFP construct containing the DTE of
CaMKlIlg, the translation of GFP was not only dependent on
the presence of iron, but also on synaptic activity. This
finding indicated that the presence of iron is necessary but
not sufficient to induce GFP expression in neurons when the
reporter mRNA has been targeted to dendrites before. In this
case, endogenous electrical activity in mature hippocampal
neurons or induced synaptic activity led to a significant
boost of GFP expression. However, if the DTE is missing,
translation of the GFP message is independent of synaptic
activity. Our results can be interpreted in two ways. First,
the DTE targets the mRNA to distal dendrites and therefore
to synapses. Synaptic activity could then induce local pro-
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Figure 7. (A) Activation of GFP
expression upon chemical synaptic
stimulation of mature neurons.
Mature hippocampal neurons were
pretreated with chelator before
transfection to ensure low GFP
background expression. After tran-
sient transfection with construct 2,
neurons were transferred to iron-
containing medium and treated as
depicted in the scheme on top of A.
Transfected neurons were either
mock-treated in normal medium or
chemically stimulated in high po-
tassium (30 mM for 5 min), glycine
(0.1 mM) without Mg?* for 3 min,
BDNF (25 ng/ml) for 60 min, or
L-glutamate (50 uM) for 30 s. As
control, neurons were not exposed
to iron after transfection (column
1). After stimulation, coverslips
containing  transfected neurons
were transferred back to iron-con-
taining medium. After 1 h, trans-
fected neurons were then fixed,
mounted, and analyzed for GFP ex-
pression at the single cell level. Al-
though iron induces the expression
of GFP, chemical stimulation of
neurons using the mentioned
drugs boosts GFP expression to
various extents as shown in the
graph. (B) Synaptic, activity-depen-
dent translation of GFP requires
the presence of a DTE. Neurons
were transiently transfected either
with either construct 1 (yellow col-
umns) or construct 2 (black col-
umns) and then returned into ei-
ther iron-containing medium or
iron-containing medium in the
presence of APV (50 uM) and
CNQX (10 uM) to reduce endoge-
nous synaptic activity. Control
neurons did not receive any iron
source (labeled: “medium”). To
synaptically stimulate transfected
neurons, cells were then treated in
the following manner. On 6 h (for
construct 2) or 9 h (construct 1) af-
ter transfection, neurons were
pulsed with L-glutamate (50 puM)
for 30 s and then transferred back
to iron-containing medium for 1 h
in the presence of BDNF (25 ng/ml,
60 min). Finally, neurons were

fixed, mounted and analyzed for GFP expression at the single-cell level. (C) Representative pictures of GFP expression of hippocampal
neurons transfected with construct 2. In low iron-containing medium, low expression of GFP can be observed (left panel). Autofluorescence
can be recorded in the proximal dendrites (arrowhead). Strong GFP signal in the distal dendritic compartment can be detected upon chemical
stimulation signal (right panel, magnification). Background was subtracted to better illustrate the difference in signal intensities for “low iron”

and “stimulated” conditions (boxes). Scale bar = 10 um.

tein synthesis. This is in accordance with previous studies dendritic mRNA transport (Mayford et al., 1996; Rook et al.,
showing that local protein synthesis might be regulated by 2000; Blichenberg et al., 2001; Miller et al., 2002; this study,
synaptic activity (Feig and Lipton, 1993; Kang and Schuman, Figure 4) it contains so far unknown translational activation
1996; Martin et al., 1997; Casadio et al., 1999; Aakalu et al., elements (Miller ef al., 2002) that may render the translation
2001). Second, the CaMKIl«a 3'-UTR has two independent of that particular transcript dependent on synaptic activity.
functions in neurons. In addition to its established role in In mice lacking this CaMKIla 3'-UTR, the dendritic target-
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ing of CaMKIla mRNA is disrupted. Consequently,
CaMKIla protein is greatly reduced in both hippocampal
homogenates as well as in purified PSD fractions, indicating
that the lack of mRNA targeting causes this significant re-
duction of protein in dendrites (Miller et al., 2002). Most
importantly, however, these mice show a reduction in late
phase long-term potentiation and impairments in several
forms of associative learning, suggesting that local protein
synthesis contributes to synaptic plasticity. Another exam-
ple of such a translational regulation is the well-established
role of the cytoplasmic polyadenylation binding protein
(CPEB) that is necessary for cytoplasmic polyadenylation-
induced translation, thereby regulating local translation of
CaMKIIa mRNA at activated synapses (Wu et al., 1998; Wells
et al., 2001).

Taken together, we think that with this novel fluorescent
assay, a number of important questions can be addressed in
living mammalian cells. One important application will cer-
tainly be high-resolution, time-lapse videomicroscopy of
living cells to study the molecular effects of local protein
synthesis in real time. In particular we expect that this assay
will then allow us to unravel the molecular mechanisms of
how local protein synthesis may be regulated by synaptic
activity in an activated dendritic spine thereby extending
existing studies (Fischer et al., 1998; Engert and Bonhoeffer,
1999) to the molecular level.
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