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Induction and maintenance of late-phase long-term
potentiation in isolated dendrites of rat hippocampal

CA1 pyramidal neurones

Catherine A. Vickers, Kirsten S. Dickson and David ] A. Wyllie

Division of Neuroscience, University of Edinburgh, 1 George Square, Edinburgh, EH8 9]Z, UK

Expression of N-methyl-D-aspartate (NMDA) receptor-dependent long-term potentiation
(LTP) in the CA1 region of the hippocampus can be divided into an early (1-2h), protein
synthesis-independent phase and a late (>>4h), protein synthesis-dependent phase. In this
study we have addressed whether the de novo protein synthesis required for the expression
of late-LTP can be sustained solely from the translation of mRNAs located in the dendrites of
CA1 pyramidal neurones. Our results show that late-LTP, lasting at least 5 h, can be maintained
in hippocampal slices where the dendrites located in stratum radiatum have been isolated from
their cell bodies by a microsurgical cut. The magnitude of the potentiation of the slope of field
EPSPs in these ‘isolated’ slices was similar to that recorded in ‘intact’ slices. Incubation of the
slices with the mRNA translation inhibitor cycloheximide or the mammalian target of rapamycin
(mTOR) inhibitor rapamycin blocked late-LTP in both ‘intact’ and ‘isolated’ slice preparations.
In contrast, incubation of slices with the transcription inhibitor, actinomycin D, resulted in a
reduction of sustained potentiation, at 4 h, in ‘intact’ slices while in ‘isolated’ slices the magnitude
of potentiation was similar to that seen in untreated slices. These results indicate that late-LTP
can be induced and maintained in ‘isolated’ dendritic preparations via translation of pre-existing

mRNAs.
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N-methyl-p-aspartate  (NMDA) receptor-dependent
long-term potentiation (LTP) in the CAl region of the
mammalian hippocampus is the most widely studied and
best characterized electrophysiological model of learning
and memory. This form of LTP is typically induced
by high frequency stimulation (HFS) of the Schaeffer
collateral/commissural input to synapses located in
stratum radiatum of the CA1 region of the hippocampus.
Two forms of LTP have been described following HFS
of these inputs — an early-phase LTP that lasts for up
to 2h and is not blocked by the inhibition of de novo
protein synthesis but requires modification of pre-existing
proteins and a longer phase, late-LTP, which is critically
dependent on new protein synthesis at the time of LTP
induction (for reviews see Kelleher et al. 2004b; Lynch,
2004).

One of the characteristics of NMDA receptor-dependent
plasticity is the potential to induce synapse-specific
changes. While it is generally accepted that protein
synthesis is needed for long-lasting forms of synaptic
plasticity (late-LTP), a global upregulation of protein
synthesis via new transcription and transport is difficult
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to reconcile with this idea. The ‘tagging hypothesis’ has
been proposed as one way of solving this specificity
problem (see Frey & Morris, 1997). Alternatively,
activity-dependent local protein synthesis in dendrites
could allow synapse specificity to be retained (Steward &
Fass, 1983; Steward & Schuman, 2001) This latter idea has
gained supportdueto observations that numerous mRNAs
have been identified in neuronal dendrites, in addition to
translational machinery (Crino & Eberwine, 1996; Tian
et al. 1999; for reviews see Jiang & Schuman, 2002;
Steward & Schuman, 2003). Furthermore, LTP-inducing
stimuli result in the translocation of ribosomes to
active sites (Ostroff et al. 2002). In addition, both
brain-derived neurotrophic factor (BDNF)-induced LTP
and dihydroxyphenylglycine (DHPG)-sensitive long-term
depression (LTD) have been shown to exist in the absence
of an intact cell soma—dendrite connection (Kang &
Schuman, 1996; Huber ef al. 2000), arguing that at least
some forms of plasticity rely on local translation of the
pre-existing pool of mRNAs.

A requirement for local protein synthesis in NMDA
receptor-dependent LTP has remained less clear. Early
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work concerning the role of local protein synthesis and
LTP suggested that late-LTP could not be established
in slices where dendrites and cell bodies had been
physically separated (Frey et al. 1989). However,
accumulating cellular and molecular evidence suggests
that activity-dependent dendritic translation occurs, and
is probably involved in synaptic plasticity mechanisms. For
example, alpha calcium/calmodulin-dependent kinase IT
(0« CAMKIT) mRNA has been shown to associate with
polysomes  following chemical stimulation in
synaptosomes (Bagni et al. 2000), and polyadenylation
and translation of «CAMKII mRNA has been
observed following visual experience in vivo (Wu
et al. 1998). Alongside this, recent studies have shown
the activity-dependent translation and trafficking of
overexpressed AMPA receptor subunits in cultured
dendrites that have been isolated from their cell bodies
(Ju et al. 2004). Nonetheless, a clear physiological
demonstration that local protein synthesis is involved
in the maintenance of late-LTP remains to be shown. In
this study we show that the induction and maintenance
of protein synthesis-dependent late-LTP, lasting >5h,
can occur in isolated dendrites of hippocampal CAl
pyramidal neurones. We provide evidence to suggest
that this late-LTP is dependent on translation and not
transcription.

Methods
Preparation of slices

Male Wistar rats (6—8 weeks old) were decapitated under
halothane anaesthesia (in accordance with current UK
Home Office procedures), their brains removed rapidly
and placed in ice-cold (2—4°C) recording solution (mm:
NaCl ].20, KCl 25, MgSO4 ].3, CaC12 25, NaH2PO4
1, NaHCO; 26 and glucose 11), gassed with 95%
0O, and 5% CO,. The hippocampus was isolated and
transverse slices (400 um thick) were prepared using a
tissue slicer (Stoelting, IL, USA). Slices were incubated in
recording solution for 1 h before being transferred to an
interface humidified chamber (FST, Canada) where
they were perfused, at a flow rate of 3mlmin~! with
continuously gassed recording solution. All experiments
were carried out at 33°C.

In order to separate the dendrites of CA1 pyramidal
neurones from their cell bodies, a small cut was made
immediately below the cell body layer. Such slices were
allowed to recover for a further hour before any attempts
were made to record field potentials. We refer to slices in
which this cut was made as ‘isolated’ slices to distinguish
them from ‘intact’ slices in which no cut was made.
Isolation of the dendrites from cell bodies was confirmed
by visual inspection and subsequent cresyl violet staining,
as well as by the inability to induce population spikes in the
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field potential recordings when high stimulus intensities
were applied.

Electrophysiological recording of field potentials

Field excitatory postsynaptic potentials (fEPSPs) were
recorded via an electrode placed in the stratum radiatum.
Recording electrodes were made from thick-walled
borosilicate glass and had resistances of ~2 MQ. Two
tungsten bipolar electrodes were placed either side of
the recording electrode in order to evoke fEPSPs in
two independent pathways. The S1 pathway was used to
apply the tetanus stimulation to evoke LTP, while the S2
pathway acted as a control. Constant current stimuli were
used to evoke fEPSPs whose slopes were approximately
one-third of the magnitude of those evoked by a maximal
stimulus. In ‘intact’ slices these ranged between 50 and
100 1A, while in ‘isolated’ slices higher intensities were
required and were typically between 100 and 150 pA.
S1 and S2 pathways were stimulated, alternately, at a
frequency of 0.033 Hz. Larger stimulus artefacts were
evident in recordings of fEPSPs in ‘isolated’ slices when
compared to recordings from ‘intact’ preparations. This
prevented the clear visualization of fibre volleys in such
recordings. However in control experiments, application
of tetrodotoxin (500 nm) abolished all synaptic activity
while leaving the large stimulus artefact unchanged. Two
pulses, 50 ms apart, were applied in order to measure
paired-pulse facilitation (PPF) ratios before and after the
induction of LTP. fEPSPs were amplified via an EXT-102F
amplifier (NPI, Tamm, Germany). The LTP Program
(Anderson & Collingridge, 2001) was used to display
fEPSPs and allow the monitoring of online measurements
of the slopes of fEPSPs. Subsequent off-line analysis was
carried out to provide an accurate measure of these slopes.
Prior to evoking LTP in either ‘intact’ or ‘isolated’ slices,
stable baselines were recorded for at least 1 h. LTP was
induced by the application of three high-frequency trains
of stimuli 5min apart, each comprising of a single 1s
100 Hz tetanus. The assignment of S1 and S2 pathways,
relative to the position of the recording electrode, was
changed regularly to ensure that there was no bias in
attempting to induce LTP in only one particular recording
configuration. Several criteria had to be satisfied in order
for an experiment to be included. Baseline recordings of
fEPSPs from both S1 and S2 pathways had to be stable
for at least 50 min prior to the application of the tetanic
pulses, and any slice which showed a >10% change in the
slope of the fEPSP in either pathway was discarded from
further analysis. In addition, following the application of
the tetanic pulses to the S1 pathway, the slope of fEPSPs in
the control (S2) pathway was not allowed to drift, by more
than 15% in any 60 min recording period. Finally, LTP was
deemed to have been established if the slopes of fEPSPs in
the S1 pathway were at least 150% of baseline values (at
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60 min post-tetanus). Approximately 70% of all recordings
satisfied our criteria for acceptance, and the main reason
for rejection of an experiment was drift in the control (S2)
pathway following the application of the tetanus.

In our recordings of late-LTP in non-drug-treated
slices we monitored fEPSPs for at least 5h following the
application of the tetanus. The inhibitors, actinomycin D,
rapamycin and cycloheximide (Sigma) were dissolved
in dimethylsulfoxide (DMSO), the final volume of
which did not exceed 1%. This concentration of
DMSO did not affect the duration or magnitude
of late-LTP. The ionotropic glutamate receptor antagonists
D-2-amino-5-phosphonopentanoic acid (p-AP5) and
6-cyano-7-nitroquinoxaline-2,3-dione  (CNQX) were
purchased from Tocris Biosciences (Avonmouth, UK).

Cresyl violet staining and 35S-methionine labelling
of hippocampal slices

After recording, hippocampal slices were submerged
overnight in fixative (2.5% glutaraldehyde, 2%
paraformaldehyde in 0.1M sodium phosphate buffer
(PB), pH 7.4). 50 um transverse sections were then cut on
a freezing microtome (Vibratome, Lancer) and selected
sections were mounted onto glass slides and incubated
in a 0.1% solution of cresyl violet (Sigma). Sections were
then dehydrated through a graded series of ethanol before
being immersed in xylene and coverslipped with DPX. To
assess the efficacy of the inhibitors, slices were labelled
with ¥S-methionine at 15 uCiml™" in the absence or
presence of rapamycin or cycloheximide. Inhibitors
were applied while the slices were held in a modified
holding chamber and bathed in the standard, oxygenated
recording solution. After 2 h, slices were homogenized in a
deoxycholate buffer (1% sodium deoxycholate, 50 mm Tris
pH9, 50 mm NaF, 20 um ZnCl,, 1 mm Na,VO,, 0.5 mm
phenylmethylsulphonylfluoride, 2 ug ml~! aprotinin and
2 ugml~! leupeptin). Homogenates were incubated,
on ice, for 1 h and then centrifuged at 20 000 r.p.m. for
1 h. Protein concentration was determined using BCA
assay (Pierce, Rockford, USA), and 50 ug of the resulting
sample subjected to reducing SDS-PAGE. The gel was
dried and exposed on a Fuji imaging plate (Fuji, Japan).
The plate was then scanned using a Typhoon variable
mode imager (Amersham Pharmacia). The scan of the
autoradiograph was analysed using Scion Image (Scion
Corporation).

Statistical analysis

Resultsare presented as mean + standard error of the mean
(s.e.M.) and statistical comparison between data sets was
assessed by ANOVA.
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Results

Properties of fEPSPs recorded in ‘isolated’
hippocampal slice preparations

Figure 1A shows an example of a typical ‘isolated’” dendritic
slice preparation clearly showing that the stratum
pyramidale and stratum oriens are physically isolated
from the dendrites of the CA1 pyramidal neurones located
in stratum radiatum. The upper panel is a view from
the electrophysiological recording setup with the two
stimulating electrodes placed to either side of the glass
recording electrode. The lower panel shows an example of
a cresyl violet-stained hippocampal slice with the cell body
layer completely ablated. The asterisk indicates where
the recording electrode was placed in this preparation.
fEPSPs mediated by «-amino-3-hydroxy-5-methyl
isoxazole propionic acid (AMPA) receptors could be
evoked in such ‘isolated’ preparations as assessed by
blockade with CNQX (30 um) (Fig.1B). To verify
complete separation of cell bodies from their dendrites,
we assessed whether the ‘isolated’ slices generated
cell-body-mediated population spikes at higher stimulus
intensities. Input-output relationships for fEPSPs
illustrate that population spikes were only obtained from
‘intact’ slices at the high stimulus intensities and not from
‘isolated slices (Fig. 1C, compare the lower two traces in
the left-hand panel to those on the right). The latency
from the stimulus artefact and the fEPSP is similar for
both slice preparations. Figure 1D compares the stimulus
intensities required to evoke fEPSPs in each type of
preparation. In agreement with previous studies (Kang &
Schuman, 1996), where fEPSPs have been recorded from
‘isolated’ dendritic preparations, we observed that higher
stimulus intensities were required to evoke fEPSPs and the
fEPSPs were of lower amplitude when compared to those
recorded in ‘intact’ slices. It is likely that the increased
stimulus intensities required to induce a field response
are in part due to incomplete sealing of cut dendrites
resulting in a need for larger synaptic depolarizations to
produce the field potentials.

Late-LTP can be elicited in ‘isolated’ hippocampal CA1
dendrites

We first determined whether it was possible to induce
long-lasting LTP in ‘isolated’ hippocampal slices. Pooled
data from ‘intact’ (Fig.2A) and ‘isolated’ (Fig.2B) slice
preparations (n=10 for each) demonstrates that it is
possible to induce and maintain late-ITP, for at least
5h, in slices in which the dendrites have been isolated
from their cell bodies. The magnitude of the potentiation
5h following the application of the tetanus stimulation
(S1 pathway, see Methods) was similar in both ‘intact’
and ‘isolated’ slices (206 +26% and 173 +10% of
baseline ‘control’ values, respectively). As can be seen,
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the non-tetanized (S2) pathways did not show any
significant overall change throughout the duration of these
experiments. The mean slope values at 5 h were 97 + 11%
and 92 £ 8% of pretetanus values in ‘intact’ and ‘isolated’
slices, respectively. Representative fEPSPs recorded from
each of the two pathways during the pretetanus baseline,
1h and 5h after the tetanus are also illustrated above
each of the plots. Although the illustrations of late-LTP
in Fig. 2A and B are shown to 5h post-tetanus we did
record late-LTP in several ‘intact’ slices for at least 8 h, and
in one case 17 h, while in ‘isolated’ slices several recordings
of late-LTP were made until 7h post-tetanus without
the indication of a decline in the slope of potentiated
fEPSPs.

Tetanus-induced LTP in the CAl region of the
hippocampus is NMDA receptor dependent (Collingridge
et al. 1983). We confirmed that the LTP-inducing protocol
we used in ‘isolated’ slices was also dependent on
NMDA receptor activation. Figure2C shows pooled
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data from ‘isolated’slices (n=3) where the tetanus was
applied in the presence of p-AP5 (50 pm). Only a small
amount of post-tetanic potentiation is present in these
recordings, confirming that the separation of dendrites
from cell bodies does not change this fundamental
property of LTP. In addition, a common feature of
NMDA receptor-dependent LTP in the CAl region is
the observation that PPF ratios do not change following
LTP expression (see for example Manabe et al. 1993).
We measured PPF ratios in a subset of slices (n=4)
and for ‘intact’ slices PPF ratios for pretetanus and
1h and 4h post-tetanus were 2.0 £0.3, 1.9+ 0.3 and
1.9 £0.3, respectively. The corresponding values for
‘isolated’ slices were 1.54+0.3, 1.4+0.1 and 1.3 +0.1.
Although PPF ratios were significantly greater in ‘intact’
slices compared to ‘isolated’ slice preparations (P < 0.05),
in neither case were the values of PPF recorded 1h and
4h after tetanic stimulation significantly different from
PPF values recorded during the baseline period with
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Figure 1. Properties of fEPSPs recorded from ‘isolated’ dendritic hippocampal slice preparations

A, upper panel, view of an ‘isolated’ hippocampal slice preparation. The separation of the cell body layer from the
dendritic layer is clearly visible. The glass recording electrode is placed in the stratum radiatum immediately below
the area which has been cut away from the stratum pyramidale and stratum oriens. Two stimulating electrodes are
placed to either side of the recording electrode in order to activate independent inputs. The lower panel shows a
representative cresyl violet-stained slice. The cell bodies of neurones located in the dentate gyrus and CA3 regions
are visible. Although the somata of some CA1 neurones are still present in the slice, there is no evidence of any CA1
pyramidal cell bodies in the region, as indicated by the asterisk, where the recording electrode was placed. Scale bar
500 um. B, plot of the amplitudes of fEPSPs recorded in ‘isolated’ slice preparations shows that they are blocked by
the AMPA receptor antagonist, CNQX (30 uM). Representative fEPSPs recorded at the times indicated are shown
above the plot. C, examples of fEPSPs recorded in ‘intact’ (left-hand panel) and ‘“isolated’ slices (right-hand panel) in
response to increasing stimulus intensities (ranges 20-100 pA for ‘intact’; 100-250 uA for ‘isolated’). Evidence of
population spikes is seen only in recordings from the ‘intact’ slice. D, plot of fEPSP slope against stimulus intensity

for data shown in C.
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each group (P = 0.9, ‘intact’; P = 0.6, ‘isolated’; ANOVA;
Fig.2D).

Thus this initial characterization of late-LTP
demonstrates that isolating the dendrites of CAl
pyramidal neurones does not prevent the ability
to induce a long-lasting potentiation of synaptic
transmission. Furthermore, the late-LTP observed shares
several of the fundamental properties of late-LTP seen
in conventional recordings, and indicates that ‘isolated’
slice preparations are a viable system to investigate
mechanisms underlying long-lasting changes in synaptic
efficacy.
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Late-LTP in ‘isolated’ slices is blocked by inhibitors
of translation

Late-LTP is, by definition, LTP that is dependent upon new
protein synthesis. In order to establish when this form
of LTP was occurring in our preparations, we examined
the profile of LTP stability in ‘intact’ slices exposed to
the general translation inhibitor, cycloheximide. Addition
of cycloheximide (300 um, Fig.3A) did not effect the
initial potentiation of fEPSPs (n=38), and indeed the
magnitude of the potentiation was similar to that observed
in untreated ‘control’ slices. However following the initial
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Figure 2. Late-LTP can be induced and maintained in ‘isolated’ hippocampal slice preparations

A and B, pooled data (n = 10 for both) showing the time-course of LTP induced in ‘intact’ (4) and isolated
(B) hippocampal slices. In both types of slice preparation, LTP can be maintained for at least 5 h following tetanic
stimulation of the Schaeffer collateral/commissural pathway (S1). Non-tetanized (S2) pathways show no significant
increase in fEPSP slopes during these recordings. Examples of fEPSPs recorded as a result of the stimulation of S1
and S2 pathways in both ‘intact’ and ‘isolated’ slice preparations are shown above each graph. C, LTP in ‘isolated’
slices is blocked when tetanic stimulation is carried out in the presence of the NMDA receptor antagonist, b-AP5
(h = 3). A small amount of post-tetanic potentiation is visible in the S1 pathway. D, plot of paired-pulse facilitation
ratios recorded prior to and 1 h and 4 h after the application of the tetanus for LTP recorded in ‘intact’ (filled bars)
and ‘isolated’ (shaded bars) slice preparations (n = 4 for both). Although PPF ratios are higher in ‘intact’ slices,
when compared to ‘isolated’ slices there is no significant difference in these ratios within each preparation at the

time points indicated.
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potentiation of fEPSPs, a decay to near-baseline levels was
observed and there was no evidence of sustained, late-LTP
occurringin any of the slices examined. Thus, 4 h following
the application of the tetanus there was no significant
potentiation of fEPSPs when compared to the pretetanus
baseline values. This result establishes that, in our system,
‘late-LTP’ can be defined as LTP lasting more than 4 h.
As the ‘isolated’ slices lacked cell bodies, as determined
both visually and electrophysiologically (see Fig. 1),
‘isolated’ slice late-LTP was presumably being maintained
via the local translation of pre-existing dendritic mRNAs.
To confirm this, we also exposed ‘isolated’ slices to
cycloheximide (n = 7, Fig. 3B). Similar to the ‘intact’ slices,
we found that late-LTP was not sustained, and decayed to
near baseline within 4 h, with a similar decay profile to that
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seenin the ‘intact’ slices. Taken together our results support
the idea that late-LTP can be maintained purely due to the
local translation of pre-existing dendritic mRNAs.

We assessed next the ability of rapamycin to block
late-LTP in these preparations. Rapamycin is a selective
inhibitor of the mammalian target of rapamycin (mTOR),
a protein involved in regulating both the translation
initiation step and generation of translation elongation
factors; and the mTOR pathway has previously been shown
to play a role in hippocampal late-LTP (Tang et al. 2002;
Cammalleri et al. 2003). Results with rapamycin were
more pronounced than those seen with cycloheximide
application. Addition of rapamycin (1 um) to either ‘intact
(Fig.3C, n=>5) or ‘isolated’ (Figs3D, n=9) slices did
not affect the initial potentiation of fEPSPs, but LTP
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Figure 3. Late-LTP in both ‘intact’ and ‘isolated’ hippocampal slices is blocked by inhibitors of mRNA

translation

A and C, pooled data obtained from ‘intact’ slices where LTP was induced in the presence of the mRNA translation
inhibitors cycloheximide (A, n = 8) or rapamycin (C, n = 5). In each case these inhibitors did not affect the initial
size of the potentiation obtained but prevented the establishment of stable late-LTP. Thus, 4 h after the application
of the tetanic stimulation the slope values for the fEPSPs have returned to control (pretetanus) levels. B and
D, pooled data obtained from ‘isolated’ hippocampal slices treated with cycloheximide (B, n = 7) or rapamycin
(D, n=9). As is the case for ‘intact’ slices, late-LTP was blocked under these recording conditions. Representative
fEPSPs recorded from stimulation of the S1 pathway and taken from the time points are shown above each of
the plots. For comparison, in each of the plots shown, the magnitudes and time-courses of late-LTP obtained in
control slices (and shown in Fig, 2) are indicated by the light grey symbols.
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again decayed back to baseline within 4 h following the
application of the tetanus. These results further strengthen
the conclusion that ‘isolated’ slice late-LTP utilizes similar
mechanisms to that seen with ‘intact’ slice late-LTP, and
that late-LTP involves the regulation of local protein
synthesis through upregulation of translational signalling
pathways. Control non-tetanized (S2) pathways were
not affected by these inhibitors, indicating that regular
synaptic transmission, over the time period examined
here, is not dependent on protein synthesis.

Late-LTP in ‘isolated’ slices is not blocked by inhibitors
of mRNA transcription

While our results thus far argue that ‘isolated’ slice
late-LTP is identical to ‘intact’ slice LTP, previous results
have suggested that late-LTP actually requires new gene
transcription, not just new translation of pre-existing
mRNAs (Frey et al. 1996). Transcription-dependent
protein synthesis occurs, by definition, in the cell
soma where the nucleus resides. Two possibilities could
explain these conflicting results. First, it is possible that
the requirement for transcription actually reflects a
non-cell-autonomous action (i.e. gene expression from
other support cells). Alternatively, late-LTP might in fact

Late phase LTP and dendritic protein synthesis
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normally occur via both transcription and translation,
and in the absence of nuclear availability, translation alone
might be able to still sustain this process. To address these
two possibilities, we tested the effect of incubating slices in
the transcription inhibitor, actinomycin D (25 um) prior
to and during tetanic stimulation, to determine whether
we could observe a differential effect of this drug in ‘intact’
and ‘isolated’ slice preparations. Figure 4 shows pooled
data from ‘intact’ (Fig. 4A, n=_8) and ‘isolated’ (Fig. 4B,
n = 6) slices where the profiles of ‘control’ late-LTP in each
sort of slice are shown in grey to aid comparison. In both
data sets the magnitude of LTP observed in the first hour
following the tetanus is not significantly different from
that seen in ‘control’ recordings (‘intact’ =219 =+ 14%;
‘isolated’ =214 +£21%).  Following  this  initial
potentiation, LTP in ‘intact’ slices is decremental,
such that at 4h post-tetanus the level of potentiation
(156 +22%) while still elevated compared to the
pretetanus baseline is reduced when compared to
untreated ‘control’ slices. This failure to establish stable
late-LTP, in ‘intact’ slices, by inhibiting transcription with
actinomycin D is consistent with previously published
data (Frey et al. 1996). In contrast, actinomycin D had
no effect on the magnitude or profile of late-LTP in
‘isolated’ slices. As shown in Fig.4B the potentiation
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magnitudes and time-courses of late-LTP obtained L
in control slices (and shown in Fig 2) are indicated
by the light grey symbols.
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mirrors that seen in untreated slices with the mean slope
of the fEPSP, at 4 h, being 171 & 14% of the pretetanus
value. These results both confirm that our ‘isolated” slices
are indeed free from somatic input, and also suggest that
local protein synthesis is sufficient to maintain late-LTP.
However, it seems likely that ‘normal’ late-LTP utilizes a
combination of transcription and local translation.
One possibility is that transcription-dependent
processes are normally involved in more general
neural maintenance, while local translation serves
as a mechanism by which synapse specificity can be
achieved.

Reduction in 3>S-methionine incorporation
in hippocampal slices treated with mRNA
translation inhibitors

To assess independently the effects of the mRNA
translation inhibitors, we compared the incorporation of
*>S-methionine into newly synthesized proteins in control
slices with those treated with rapamycin or cycloheximide.
Figure 5 shows an autoradiograph of a SDS-PAGE
gel that highlights the reduction in *°S-methionine
incorporation seen in the presence of either rapamycin or
cycloheximide. In this example, the band indicated
by the arrow was analysed using densitometry. The
mTOR inhibitor, rapamycin, reduced *>S-methionine
incorporation by 67%, while the general mRNA
translation  inhibitor ~ reduced  **S-methionine
incorporation by 94%. These levels of inhibition
with rapamycin and cycloheximide are similar to those

Q
o
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=
o
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Figure 5. mRNA translation inhibitors reduce the incorporation
of 3°S-methionine in hippocampal slices

Autoradiograph of a SDS-PAGE gel showing the levels of
35S-methionine incorporation into untreated hippocampal slices
(lane 1) and slices treated with rapamycin (1 M, lane 2) or
cycloheximide (300 um, Lane 3). Clear reductions in these levels are
seen in lanes 2 and 3.
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reported previously by other groups who have used
specific and general mRNA translation inhibitors (see
Cracco et al. 2005 and references therein).

Discussion
Late-LTP and the locus of protein synthesis

The two main findings of this study are that (1) late-LTP
can be induced and maintained in hippocampal slices
in which there is physical isolation of dendrites from
their cell bodies; and (2) that this late-LTP requires
translation and not transcription. The interpretation
that late-LTP can be established in ‘isolated’ slice
preparations, where there is no influence of somatic
protein synthesis, is dependent critically on the fact that we
had successfully isolated, in the area from which recordings
were made, dendrites of pyramidal neurones from their
cell bodies. Cresyl violet staining of ‘isolated” slice
preparations showing the complete removal of the CAl
region from the recording area and the fact that we did
not observe population spikes at high stimulus intensities
argues against the idea that there is a subpopulation
of ‘displaced’ pyramidal neurones whose cell bodies are
located in the stratum radiatum. Thus, based on visual
inspection, biochemical staining and electrophysiological
characterization, our data demonstrate, for the first time,
that ‘isolated’ slice preparations are capable of sustaining
protein synthesis-dependent LTP that lasts for at least
5h.

Our findings complement and extend recent results
reported by three groups which have implicated a role for
dendritic translation of mRNAs in LTP (Bradshaw et al.
2003; Cracco et al. 2005; Tsokas et al. 2005). In the first
of these, local perfusion of emetine (an mRNA translation
inhibitor) was shown to reduce late-LTP. However, this
study was carried out using conventional ‘intact’ slices,
and the possibility remains that the action of the
translation inhibitor was not confined to the dendritic
layer. In the study by Cracco et al. (2005), an intermediate
(1 h) duration LTP, in an isolated dendritic preparation,
was shown to be sensitive to rapamycin. The third study
by Tsokas et al. (2005) showed that LTP-inducing stimuli in
‘isolated’ dendritic hippocampal slice preparations could
enhance the expression of elongation factor 1A (eEF1A),
an effect that could be blocked by rapamycin. Our present
study extends these findings by demonstrating that it is
possible to maintain late-ITP in ‘isolated” dendritic slice
preparations for several hours, and that this potentiation is
blocked by inhibitors of mRNA translation. Our findings
are, however, in contrast to those of Frey et al. (1989) who
reported that LTP lasting up to 3 h could be observed in
isolated dendrites but that this decayed rapidly to
pretetanus levels. The effects of mRNA translation
inhibitors were not examined on this shorter-lasting LTP.
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Thereforeitis unclear whether the difference between these
two studies is simply one of duration of the potentiation or
whether our LTP-inducing protocol results in alternative
expression mechanisms.

As mentioned in the Introduction, local protein
synthesis has been proposed as an alternative mechanism
to the ‘synaptic tagging hypothesis’ (Frey & Morris,
1997) to explain the requirement of de novo protein
synthesis while retaining synapse specificity. The results
reported here do not address the issue of synaptic
tagging and furthermore, as has been pointed out,
these two mechanisms are not necessarily mutually
exclusive (for a review see Wang & Tiedge, 2004).
While it has been demonstrated that ‘synaptic tags’
can be set under conditions where protein synthesis
is blocked (Frey & Morris, 1997), the nature of
these elements and indeed the ‘plasticity factors’ with
which they interact remain to be identified. While the
latter may indeed be proteins it is possible that they
could be mRNAs (Fonseca et al. 2004; Kelleher et al.
2004b).

The differential effect of the transcription inhibitor,
actinomycin D, on the inhibition of late-LTP in ‘intact’
and ‘isolated’ slice preparations indicates that the role of
transcription, when it occurs in LTP, is cell-autonomous.
If transcription-dependent LTP was due to the block of
synthesis of proteins in glia, interneurones or surrounding
(intact) pyramidal neurones, then it might have been
expected that late-LTP in ‘isolated’ slices would have been
reduced in the presence of actinomycin D. There is a
reduction in the magnitude of late-LTP seen in ‘intact’
slices treated with actinomycin compared to control
recordings. However, the level of potentiation observed
was still significantly greater than pretetanus (baseline)
values. These data provide evidence for an adequate
pool of pre-existing mRNAs in dendrites, unaffected by
actinomycin treatment, which can maintain late-LTP for
at least 4 h.

Very few studies have examined directly the properties of
LTP in isolated hippocampal dendrites. The data reported
here provide evidence that protein synthesis from
pre-existing mRNAs is sufficient for the maintenance of
late-LTP. Our experiments cannot exclude the possibility
that the protein synthesis required for late-LTP is derived
from presynaptic terminals, glial cells or interneurones.
However, for the following reasons we consider these
possibilities to be unlikely. We observed no change in
PPF ratios following LTP induction (see Manabe et al.
1993). More detailed studies addressing the possibility
that increased presynaptic glutamate release contributes
to LTP have failed to demonstrate changes in glutamate
transporter currents as a result of LTP induction,
specifically at CA3—CALl synapses (Diamond et al. 1998;
Luscher et al. 1998). Moreover, several recent studies have
provided evidence for hippocampal dendritic translation
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of mRNAs, suggesting that the postsynaptic neurone is
the locus for this de novo protein synthesis. Synaptosome
preparations have been shown to contain mRNAs that
are translated upon stimulation (Bagni et al. 2000), while
cultured neuronal preparations, free from glia and
interneurones, have been shown to undergo
activity-dependent local dendritic translation of
recombinant receptors (Ju et al. 2004). Furthermore, a
recent report has implicated a role for mTOR-dependent
synthesis of the eEF1A in the dendrites of CA1 pyramidal
neurones following induction of LTP (Tsokas et al. 2005).
In addition, evidence from in-vivo studies has shown that
the expression of eEF1A in hippocampal pyramidal cell
dendrites is increased following alterations in synaptic
strength (Huang et al. 2005). Thus our data, together
with these other recent reports, are consistent with a
postsynaptic (dendritic) locus for the required protein
synthesis in late-LTP.

Local translation and synaptic plasticity

The aim of this study was not to identify specific regulatory
mRNA translation pathways or particular mRNAs that
may be translated and whose products are components
of late-LTP expression mechanisms. Nonetheless our
results are consistent with data obtained recently from
studies where more biochemical and molecular genetic
approaches have been adopted (Kelleher et al. 2004a;
Tsokas et al. 2005).

Using drug-based inhibitor studies, both our work,
and that of others has suggested that NMDA-dependent
LTP results in ‘non-specific’ regulation of translation by
generallyincreasing the activity of the translation initiation
machinery. The application of rapamycin prevents the
phosphorylation of the translational regulator 4E-BP1 by
mTOR. In its unphosphorylated state, 4E-BP1 remains
bound to the translation initiation factor, euykaryotic
initiation factor 4E (eIF4E), and the initiation of
translation is inhibited. Our results, and those of others,
support a role for this mTOR-signalling pathway in
regulating the local synthesis of proteins during late-LTP
(Tang et al. 2002; Cammalleri et al. 2003). In this
respect the effect of rapamycin overlaps with reports
that the extracellular regulated kinase (ERK) signalling
pathway is also involved in the transcription-independent,
translation-dependent phase of late-LTP (Kelleher et al.
2004a), as ERK signalling also results in increased activity
of eIF4E (Banko et al. 2004).

In addition to these more general mechanisms leading
to upregulation of translation at synapses, mRNA-specific
mechanisms also appear to be activated whereby specific
subsets of mRNAs are translated. Numerous studies of
mRNAs during development have shown that elements
within individual mRNAs can control when and where
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they are translated (for a review see Wilkie et al
2003). Similar mechanisms have been shown to occur in
neurones. For example mRNA for «CaMKII is
translated in an NMDA receptor-dependent manner
following visual experience (Wu et al. 1998), and can
be delivered to synaptic sites following high-frequency
burst stimulation in vivo (Havik et al. 2003). In addition,
activity-dependent overexpression of recombinant AMPA
receptor subunits can occur in isolated dendrites in culture
(Ju et al. 2004). Furthermore, it is clear that many mRNAs
coding for proteins implicated in the expression and
maintenance of LTP in mammals or long-term facilitation
in Aplysiaarelocalized to dendrites/processes (Moccia et al.
2003; for a review see Steward & Schuman, 2003). It is
to be anticipated that specific regulatory elements within
these mRNAs may be the targets of processes initiated
by activity-dependent alterations in synaptic strength.
In addition to being potential mediators of alterations
in synaptic strength in dendrites, regulation of mRNA
translation and local protein synthesis have also been
suggested to play a role in axons where they have been
shown to contribute to growth cone guidance (Campbell
& Holt, 2001), axonal regeneration (Verma ef al. 2005),
axonal repair following injury (Willis et al. 2005) and
synaptic growth (Menon et al. 2004).

Finally, recent studies have shown that
pharmacologically induced changes in synaptic strength,
as measured electrophysiologically, can result from
translation ~ of  dendritically localized mRNAs.
BDNF-induced potentiation fEPSPs in hippocampal
slices can occur in preparations where dendrites and
cell bodies are physically isolated (Kang & Schuman,
1996; though see Frerking et al. 1998), and metabotropic
glutamate receptor-mediated LTD can also be established
in ‘isolated’ dendritic slice preparations (Huber et al.
2000). In this latter example, it is interesting to note
that the reduction in synaptic efficacy induced by the
metabotropic receptor agonist DHPG involves eIF4E,
since it can be prevented when slices are incubated with
the mRNA cap analogue, m’GpppG.

Conclusion

This study has demonstrated that it is possible to induce
NMDA receptor-dependent, protein synthesis-dependent
LTP in isolated dendrites of CAl pyramidal neurones.
Our results support the emerging consensus that the
translation of pre-existing mRNAs is an important and
physiologically relevant mechanism for synapse-specific
alterations and neuronal adaptation. Whether the pool
of mRNAs available for translation limits the extent
and duration of the LTP that can be maintained,
and how ultimately translation of these mRNAs is
integrated with somatic protein synthesis remains to be
determined.
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