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Owing to a fault in the final production process, three of the ten panels in the left column of Fig. 3a have been greyed out. This might have
conveyed the erroneous impression that three of the ten experiments were conducted differently. The correct figures are reprinted here to
emphasize that this is not the case.



Nature © Macmillan Publishers Ltd 1997

letters to nature

NATURE | VOL 388 | 17 JULY 1997 279

competition and refinement of nerve terminals near the target
neuron may thus involve attraction or repulsion of the target-
derived factor on the active and inactive nerve terminals, respectively,
depending on their cAMP levels. M
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Methods

Cell cultures. Cultures of Xenopus spinal neurons were prepared from the
neural tube tissue of 1-day-old Xenopus embryos as described12,13. The tissue
was dissociated in Ca2þ- and Mg2þ-free solution (115 mM NaCl, 2.5 mM KCl,
10 mM HEPES, 0.5 mM EDTA, pH 7.4) for 20 min and plated on the surface of
clean glass coverslips. The culture was preincubated at room temperature (20–
22 8C) for 14 h before use. The culture medium consisted of 49% (v/v)
Leibovitz medium (GIBCO), 1% (v/v) fetal bovine serum (HyClone) and
50% (v/v) Ringer’s solution (115 mM NaCl, 2 mM CaCl2, 2.5 mM KCl, 10 mM
HEPES, pH 7.4). The experiments were carried out in modified Ringer’s
solution (140 mM NaCl, 1 mM MgCl2, 1 mM CaCl2, 5 mM KCl, 10 mM
HEPES, pH 7.4). Low-Ca2þ (1 mM) medium was modified Ringer’s solution
containing 0.9 mM CaCl2, 4 mM EDTA.
Production of microscopic chemical gradients. Microscopic gradients of
chemicals were produced as described12,13. Briefly, repetitive pressure injection
of picolitre volumes of solutions containing the chemical was applied through a
micropipette that had a tip opening of ,1 mm. The pressure was applied with
an electrically gated pressure application system (Picospritzer General Valve). A
standard pressure pulse of 3 p.s.i. in amplitude was applied for 20 ms to the
pipette at a frequency of 2 Hz using a pulse generator (SD9, Grass Instruments).
By measuring the size of droplet in the mineral oil after 50 pulses of repetitive
ejection with the same pressure pulse parameters, the average volume of ejected
solution per pulse was estimated to be ,1.5 pl. Analysis of the gradient12,13

indicates that, under these pulse parameters, the average concentration of the
chemical was ,103-fold lower than that in the pipette, and a concentration
gradient of ,5–10% was created across a growth cone 10 mm wide, 100 mm
away from the tip of the ejecting pipette. The total volume of the saline in the
culture dish during the experiment was 5 ml. The final average bath concentra-
tion of BDNF at the end of the 1-h experiment was ,0.1 ng ml2 1.
Measurements of extension and turning of the growth cone. A phase-
contrast inverted microscope (Nikon Diaphot) was used to observe the neurite
growth. Microscopic images of the neurite were recorded with a CCD camera
(Toshiba IK-541RA) attached to microscope and stored on videotape. To find
the length of neurite extension, the entire trajectory of the neurite at the end of
an hour was measured with a digitizer. To assay growth cone turning, the tip
of the pipette containing the chemical was placed 100 mm away from the
centre of the growth cone and at an angle of 458 with respect to the direction
of initial direction of neurite extension. The direction of the neurite was
determined by the last 10-mm segment of the neurite. The turning angle was
defined by the angle between the original direction of neurite extension and a
straight line connecting the positions of the growth cone at the onset and the
end of the 1-h period. Only growth cones with a net extension .5 mm over
the 1-h period were scored for the turning assay.
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Long-term potentiation (LTP), the long-lasting increase in synap-
tic transmission, has been proposed to be a cellular mechanism
essential for learning and memory, neuronal development,
and circuit reorganization. In the original theoretical1 and
experimental2 work it was assumed that only synapses that had
experienced concurrent pre- and postsynaptic activity are subject
to synaptic modification. It has since been shown, however, that
LTP is also expressed in synapses on neighbouring neurons that
have not undergone the induction procedure3–5. Yet, it is still
believed that this spread of LTP is limited to adjacent postsynaptic
cells, and does not occur for synapses on neighbouring input
fibres2,6,7. However, for technical reasons, tests for ‘input
specificity’ were always done for synapses relatively far apart.
Here we have used a new local superfusion technique, which
allowed us to assess the synaptic specificity of LTP with a spatial
resolution of ,30 mm. Our results indicate that there is no input
specificity at a distance of less than 70 mm. Synapses in close
proximity to a site of potentiation are also potentiated regardless
of their own history of activation, whereas synapses far away show
no potentiation.

Synaptic specificity of LTP was examined for synapses between
the Schaffer collaterals and the CA1 region in organotypic slice
cultures of rat hippocampus3,8. By using a local superfusion
technique9 we localized and individually activated neighbouring
groups of synapses with a spatial resolution of less than 30 mm.
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A pyramidal neuron in the CA1 region of the hippocampus was
recorded intracellularly, and an excitatory postsynaptic potential
(EPSP) was evoked by stimulation of the Schaffer collaterals
(Fig. 1a). Subsequently, transmitter release and hence all EPSPs
(and inhibitory postsynaptic potentials) were blocked in the whole
culture by replacing the normal extracellular medium with a
solution containing a low calcium concentration (0.8 mM) and
10 mM cadmium. Synaptic transmission was then restored locally by
superfusing a small area of ,30 mm diameter (Fig. 1c) with normal
medium containing a slightly elevated calcium concentration
(5 mM; see Methods for explanation), no cadmium and a visible
dye. The superfusion pipettes were moved along the dendritic arbor
of the postsynaptic cell until a group of synapses was found that
mediated a small EPSP when the Schaffer-collaterals were stimulated
(Fig. 1b).

After one group of active synapses (the ‘control’ group) was
located (Fig. 1d), its vicinity (40–150 mm) was searched with the
superfusion spot, perpendicular to the Schaffer collaterals, to find

another group of synapses (the ‘test’ group) through which the
postsynaptic cell could also be activated (Fig. 1e). LTP was then
induced in the test group by pairing postsynaptic depolarization
with the presynaptic stimulus (Fig. 1f). Finally, to test whether the
control group of synapses was affected by induction of LTP in the
neighbouring test group, the superfusion spot was moved back to
the control site (Fig. 1g) and these synapses were tested again. Any
increment in the control EPSP amplitude would indicate a non-
specific spread of LTP from the test group, as there was no synaptic
input activating the control group while the pairing was applied.

To ensure that there was no cross-talk between the two super-
fusion positions, we performed a control using only the N-methyl-
D-aspartate (NMDA) component of the EPSPs. This was done for
two reasons: (1) it allowed us to make use of the irreversible open-
channel blocker MK-801 (ref. 10), and (2) we could thereby test
the component of the EPSP that is presumably responsible for the
induction of LTP. NMDA responses were isolated by exchanging the
superfusion solution to one containing DNQX (10 mM) and no
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Mg2þ (Fig. 1h; 0–9.5 min). Synaptic transmission in the non-
superfused part of the culture was again blocked by Cd2þ and low
Ca2þ concentration. We then eliminated the test responses entirely
by superfusing these synapses with medium containing MK-801
(Fig. 1h; 12–18 min) and went back to the control position, again
with no MK-801 in the superfusion, to check whether the responses
of these synapses had been affected (Fig. 1h; 20–26 min). There was
no change in amplitude, indicating that there was no cross-talk
between the test and control synapses; a change in amplitude would
have indicated that there was an overlap between the two groups.
Even the argument that Ca2þ diffuses differently from MK-801 can
be discounted because any extended diffusion of Ca2+ would have
prevented us from being able to block the activity fully while
superfusing the test position. In none of the control experiments
(n ¼ 10, distances between 40 mm and 70 mm) did we observe a
cross-talk between control and test site. Thus it was possible to
isolate reliably and activate individually groups of synapses that
were 40 mm or more apart, allowing us to take a fresh look at input
specificity.

Our experiments addressing this issue followed the scheme
shown in Fig. 1d–g; the results of our first experiment are shown
in Fig. 2a. After establishing a baseline for the two superfusion
positions which were separated by 50 mm (test and control-50;
white and black squares, respectively), the pairing procedure was
applied and LTP was induced while synaptic activity was restricted
to the test position (note the increasing synaptic responses between
0 and 8 min; white squares). After LTP had been firmly established,
the superfusion spot was moved to the control position, and to our
surprise, enhancement was also observed for these synapses (Fig. 2a,
black squares; 9–12 min and thereafter), despite their lack of activity
during the pairing procedure. This was the first demonstration that
LTP can spread along the postsynaptic dendrite from activated
synapses to nearby synapses that had not undergone the pairing
procedure.

To estimate the inter-synaptic distances over which this spreading
occurs, we performed recordings where, within a single experiment,
the spot was positioned at distances of 50 mm and 100 mm from the

test site. This experiment (Fig. 2b) showed that, although the
control synapses at a distance of 50 mm (control-50, black squares)
were again clearly potentiated, there was no such increase at a
distance of 100 mm (control-100, grey squares). This demonstrates
that the effect has a range of between 50 and 100mm, and at the same
time proves that we were not observing nonspecific changes, such as
changes in general excitability. In this particular experiment (and in
five of the eight experiments in which the intersynaptic distance was
such that LTP was elicited in both control and test synapses) we also
performed the MK-801 control (Fig. 2b; 45–83 min) immediately
after the test for input specificity. This control showed that the
group of synapses at 50 mm could not have experienced any kind of
synaptic activity during the induction of LTP in the test group. All of
the other experiments of this series are shown in Fig. 3a. It is evident
that there is no effect on the control group when the distance
between the groups of synapses is greater than 70 mm, whereas for
every single experiment in which it was smaller or equal to this
number, the effect was always significant (in all cases P , 0:0001;
Students t-test). The ratio of the enhancements for control and test
group are plotted against distance for all experiments in Fig. 3b,
substantiating our conclusion that the range of the spread of LTP is
limited to ,70 mm from the site of induction.

To confirm our data using a different experimental approach we
performed another series of experiments in which two stimulating
electrodes (again termed test and control) were positioned as far
apart as possible to ensure that two independent axon bundles were
stimulated (Fig. 4a). A slightly larger superfusion spot of ,60 mm
diameter was used as we were now searching for an area on the
dendritic tree with synapses between both stimulated axon bundles
and the postsynaptically recorded neuron. After having found such
an area we performed ‘collision tests’11 to verify that the synapses
within this confined area were indeed from different and separable
inputs. After recording a baseline (with alternating stimulation),
postsynaptic depolarization of the recorded neuron was paired only
with stimuli of the test electrode, and we examined whether only the
test synapses, or also the nearby control synapses, showed enhance-
ment. Also with this experimental approach we found a synaptic
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enhancement in the control pathway of similar size to the one in the
test pathway (Fig. 4b,c). Sometimes there was a clear delay of onset
in the potentiation of the control pathway (,5 min in Fig. 4c; other
delays ranged between 0 and 5 min), further supporting that the two
pathways were independent. The quantitative results for all six such
experiments (Fig. 4d) show that, in every experiment, the poten-
tiation in the test pathway was always accompanied by a significant
potentiation of the control pathway.

Previous experiments have reported that LTP is input specific.
However, owing to the relatively high spatial divergence of the
Schaffer collaterals, these experiments had to be performed by
stimulating two fairly distant pathways2,6,12, and so they did not
allow assessment of the specificity of LTP in the range of tens of
micrometres. Our method of ‘pharmacological isolation’ allowed us
to tackle this problem in two ways. In the first series of experiments,
we could differentiate between synapses that were very close
together while being able, by using the MK-801 control, to show
that one site was inactive while LTP was induced in the other. Our
second series of experiments allowed us, very much in line with
earlier studies13, to address input specificity by stimulating two
pathways. Our specific advantage was that the superfusion tech-
nique allowed us to isolate those synapses that are most affected by
the spreading of LTP, disregarding the large number of synapses that
would, with their irrelevant contribution, otherwise obscure the
relatively small effect.

A retrograde messenger has been postulated14–16 to mediate
between the postsynaptic induction of LTP and its at least partly
presynaptic expression17–20. Such a messenger would account for the
presynaptic spreading of enhancement3–5 but, because it was
assumed that LTP was input specific, it had to be postulated that
the retrograde messenger would only be effective on activated
presynaptic terminals14. This view has been questioned by reports
that presynaptic activity is not necessary, and that artificial post-
synaptic elevation of calcium alone is sufficient to induce an LTP-
like enhancement21,22. Our results confirm and extend this finding
by showing that, also for conventional LTP (as induced by the
pairing procedure), presynaptic activity is not a requirement for the
expression of LTP. Whereas our first series of experiments demon-
strates that presynaptic transmitter release is not required for
LTP, the second series shows that not even electrical activity in
the presynaptic fibres is necessary to produce synaptic enhance-
ment.

The concept of extracellular7,15,16 and intracellular23 messengers
communicating between neighbouring synapses has recently
received increasing attention. We are unable to say conclusively
whether the spread of synaptic enhancement reported here is
mediated by an extracellular or an intracellular mechanism. How-
ever, if an intracellular substance were to mediate the spreading
enhancement we would have expected to see occasional failures of
this phenomenon in our first series of experiments. These should
have occurred if two groups of synapses less than 70 mm apart would
have come to lie on different dendritic branches, resulting in a
‘cytoplasmic distance’ considerably greater than 70mm. If an intra-
cellular substance were to mediate the spread one might be
concerned that a different synaptic morphology in slice cultures
could result in less postsynaptic ‘compartmentalization’, possibly
leading to the effect observed here. This seems unlikely, as previous
studies in hippocampal24 and neocortical25 slice cultures have
reported the structure of spines, as well as the ratio of shaft to
spine synapses, to be largely normal. Moreover, we have examined
our cultures electronmicroscopically in that respect (data not
shown), and have not observed any abnormalities.

In summary, our two series of experiments demonstrate that
input specificity of LTP is not sustained below 70 mm. However, our
data are also compatible with previous reports2,6,12 in that they show
that enhancement is not totally nonspecific: for distances greater
than 70 mm, synaptic enhancement remains restricted to the
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synapses activated during the induction procedure. Taken together
with earlier studies3–5, our data suggest that the strict concept of a
Hebbian synapse has to be modified to encompass the notion of
enhancement spreading several tens of micrometres from the
initiation site. If one believes that the Hebbian mechanism is the
basis for information storage in the brain then our results indicate
that for information storage—not necessarily for information
processing—groups of synapses, rather than single synapses, are
the basic computational unit. M
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Methods

Slice cultures. Organotypic slice cultures of rat hippocampus were prepared8

and selected for recording after 2–4 weeks in culture. Monolayered slice
cultures were used because the penetration depth of the superfusion technique,
which is central to these experiments, is not much more than ,30–50 mm, so
using this technique in acute brain slices is impractical.
Data acquisition and analysis. Intracellular recordings were performed with
an AxoClamp-2B amplifier (Axon Instruments) in current-clamp configura-
tion. Sharp electrodes were used to prevent rundown of cells caused by washout
of intracellular factors. Data were low-pass filtered at 3 kHz, digitally sampled at
5 kHz, and stored and analysed with custom-made LabView Software (National
Instruments). In the figures the amplitude of the EPSP (in mV) is plotted over
time. The maximal slopes of EPSPs were also determined in all experiments,
but the results are virtually the same (apart from the expected slightly increased
scatter of the data points), and so they are not shown.
Electrophysiology. Monopolar stimulus electrodes were made from tungsten
wire (TW-8-3, Science Products, Hofheim, Germany), electrolytically shar-
pened and coated with resin (EPR-4, Clark, Pangbourne, Reading) under
microscope control. Recording electrodes were pulled from borosilicate glass
and filled with 2 M potassium-methyl-sulphate, resulting in a final resistance of
80–120 MQ. Modified Hanks balanced salt solution (HBBS) containing
3.2 mM Ca2þ and 0.9 mM Mg2þ was used as the standard extracellular
recording solution. To block synaptic transmission, Ca2þ was reduced to
0.8 mM and cadmium (CdCl2) in a very mild concentration of 10 mM was
added (to block voltage-activated calcium channels). Synaptic function was
restored locally using a superfusion technique.
LTP and pairing procedure. Only cells with a resting membrane potential
below −65 mV were considered. LTP was verified to be standard in the
organotypic cultures by showing that tetanus-induced changes were invariably
blocked by the selective agonist AP5 (50 mM; data not shown), and that neither
postsynaptic depolarization nor presynaptic low-frequency stimuli alone
induced LTP (data not shown). The pairing procedure used to induce LTP
consisted of 200 ms postsynaptic current injections of 1.5 nA paired with single
presynaptic stimuli applied 5 ms after start of depolarization. To monitor the
change of synaptic strength during the pairing procedure, 30 repetitions at
0.1 Hz were interleaved with unpaired presynaptic stimuli. For the second
series of experiments, stimuli were applied every 5 s, first the paired test
stimulus then, consecutively, test and control unpaired (again, 30 repetitions).
Superfusion. The superfusion device is described in detail elsewhere9. It
consisted of two glass pipettes with tip openings of ,15 mm placed opposite
each other with an inter-tip distance of ,20 mm. One pipette served for
solution delivery and could be connected to different reservoirs located at a
slightly elevated position to provide gravitational pressure to the outflowing
solution. Change from one reservoir solution to another was made faster by an
additional suction needle in the dead space of the pipette that served to
evacuate the interior of the pipettes quickly and enabled the speedy replace-
ment by the solution from the next reservoir. It was therefore possible to use
more than one superfusion solution without changing the position of the
pipette or the size of the superfused area. The second glass pipette was
connected to a peristaltic pump that removed the superfusion solution from
the external medium, thereby reducing the affected area to a spot of as little as
30 mm in diameter. Size and position of the spot were made visible using food
colour in the superfusion solution (see Fig. 1c); the colour has no adverse
effects on the electrophysiological properties of the neurons9. The two pipettes
were mounted on a custom-made set of manipulators to adjust them towards
each other before the experiment. These manipulators were themselves
mounted on a computer-programmable manipulator (Luigs and Neumann,

Ratingen, Germany), which was used to move the whole arrangement in three
dimensions during the recordings. The precision in (re-)positioning the spot
was estimated to be ,1 mm.

In the superfusion solution a Ca2þ-concentration of 5 mM was used. It is
important to consider that the concentration in the superfusion solution is
significantly diluted until it has reached the synaptic terminals deep in the
tissue. The actual concentration within the tissue was probably somewhere
between 1 and 4 mM. Because a minimal concentration of 5 mM in the
superfusion solution was necessary to enable synaptic transmission locally (in
more than 30% of cells), the true concentration at the synaptic sites was
probably closer to 1 mM than to 4 mM. The superfusion onto the synapses in
the tissue was rather fast. We found that synaptic potentials could be observed
,30 s after moving the superfusion spot to the correct position. These
potentials vanished ,20 s after the spot was removed (see Fig. 1h; open
triangles show records in which the spot was removed).
MK-801control. The MK-801 control for overlap between the different groups
of synapses was included in five of the eight experiments in which LTP had
spread to the control site. It was also done on five cells that did not exhibit LTP
in the test group but could conveniently be used to test the confinement of the
superfusion spot. To isolate the NMDA component of the EPSP, 10 mM DNQX
was added to the superfusion solution and Mg2þ was removed. To block the
NMDA component irreversibly, 100 mM MK-801 (Research Biochemicals
Incorporated) was added to the solution.
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