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Strong inputs to neurons trigger complex biochemical events leading to synaptic
plasticity. These biochemical events occur at many spatial scales, ranging from
submicron dendritic spines to signals that propagate hundreds of microns from
dendrites to the nucleus. ERKII is an important signaling molecule that is
involved in many aspects of plasticity, including local excitability, communication
with the nucleus, and control of local protein synthesis. We observed that ERKII
activation spreads long distances in apical dendrites of stimulated hippocampal
CA1 pyramidal neurons. We combined experiments and models to show that this
>100 �m spread was too large to be explained by biochemical reaction-diffusion
effects. We show that two modes of calcium entry along the dendrite contribute
to the extensive activation of ERKII. We predict the occurrence of feedback
between biophysical events resulting in calcium entry, and biochemical events
resulting in ERKII activation. This feedback causes a switch-like propagation of
ERKII activation, coupled with enhanced electrical excitability, along the apical
dendrite. We propose that this propagating switch forms zones on dendrites in
which plasticity is facilitated. [DOI: 10.2976/1.2721383]
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Space is a key attribute of synaptic plastic-
ity, both in terms of the intracellular events and
in the context of the network in which the neu-
ron is embedded. On the intracellular scale,
fine details of the spatial organization of inputs
have a strong influence on synaptic plasticity.
These effects include heterosynaptic associa-
tivity where input at one synapse may affect
plasticity at another (Engert and Bonhoeffer,
1997; Sajikumar et al., 2005), and synaptic
tagging, where a weakly stimulated synapse
can be modified if a nearby synapse has earlier
received strong input (Frey and Morris, 1997).
At the dendritic scale, local alterations in den-
dritic excitability has been shown to play a ma-
jor role in plasticity (Frick et al., 2004; Hausser
et al., 2000). At the neuronal circuit level, the
layout and placement of synapses determines
the capacity for different forms of network

function. These include single-cell computa-
tional operations arising out of regulation of
dendritic action potentials (Hausser and Mel,
2003; Rudolph and Destexhe, 2003; Urakubo
et al., 2004), and also network properties such
as attractors in associative memory circuits
(Frick and Johnston, 2005; Schultz and Rolls,
1999). In this study we characterize and predict
the basis of this spatial unit of plasticity at the
intersection of synaptic plasticity and dendritic
excitability.

The extracellular regulated kinase type II
(ERKII) is one of the key players in the intrac-
ellular networks mediating synaptic plasticity
(Adams and Sweatt, 2002; Thiels and Klann,
2001). It responds to multiple inputs, espe-
cially Ca2+ (Bading and Greenberg, 1991;
Dudek and Fields, 2001) and the brain-derived
neurotrophic factor (BDNF) (Ying et al.,
2002). It mediates plasticity effects ranging
from modification of structural and scaffold
proteins at the synapse (Wu et al., 2001) to
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transcription regulation (Roberson et al., 1999) and direct
phosphorylation of ion channels critical for setting neuronal
excitability (Yuan et al., 2002; Zhu et al., 2002). One of the
important ERKII targets in neurons is the A-type potassium
channel KV4.2 (Yuan et al., 2002). Phosphorylation of this
channel leads to its inactivation and hence lowers K+ efflux
from the cell. The net result of this phosphorylation is there-
fore an increase in neuronal excitability (Morozov et al.,
2003).

The intracellular network involving ERKII is richly con-
nected, and it is therefore difficult to assess all the upstream
and downstream events that occur when it is activated. This
becomes still more difficult in the neuronal context, where
the long and narrow processes and highly dynamic inputs
can lead to large activity differences between different re-
gions of the cell and dendritic tree. Computer simulations
based on biochemical reconstructions of signaling interac-
tions offer one way to understand and predict the behavior of
such systems (Bhalla et al., 2002).

In this study we started with the simple observation that
ERKII was activated along a surprisingly large section of
dendrite following a stimulus that triggered synaptic change.
We asked if this spread could be explained through reaction-
diffusion biochemistry. Our experiments ruled out models
that only involved biochemical spreading. We then asked
whether the spread was due to diffuse synaptic input, or due
to dendritic action potentials causing Ca2+ influx. We found
that both effects contributed to the spread of ERKII activa-
tion. Finally, we broadened our analysis further and tested if
feedback between electrical and biochemical signaling
events could amplify the spread. We predict that there is a
�100 �m extent of elevated ERKII activity in the dendrite
due to this feedback, which may form a zone in which syn-
aptic plasticity is facilitated.

RESULTS
ERKII is activated along long segments of apical
dendrite
ERKII is a sensitive readout of neuronal plasticity (Ajay and
Bhalla, 2004; Dudek and Fields, 2001). We used immunohis-
tochemistry to measure the spatial extent of dendritic activa-
tion of ERKII following long-term potentiation (LTP)-
inducing stimuli. We found that long segments ��100 �m�
of the primary apical dendrite show p-ERKII staining (Fig.
1). How does this staining correlate with LTP amplitude? In
earlier studies, we have shown that field recordings and
Western blot studies show a strong correlation between
ERKII activation and biophysical readouts of plasticity
(Ajay and Bhalla, 2004). Dudek and Fields have shown that
an increasing fraction of the CA1 shows ERKII staining as
stimulus current is increased (Dudek and Fields, 2001).
These are both averaged readouts over a large portion of the
CA1. In the current experiments we utilized massed (three
tetanic bursts at 100 Hz, separated by 20 s each) and spaced

(three tetanic bursts at 100 Hz, separated by 5 min each)
stimuli, respectively, so as to probe how ERKII activation
spread depends on stimulus characteristics. We had earlier
found that spaced stimuli elicit approximately twice the LTP
amplitude as massed stimuli and also approximately twice
the ERKII activity as measured by Western blots (Ajay and
Bhalla, 2004). Here we found that p-ERKII staining was dis-
crete, and appeared to stain a subset of dendrites in an all-or-
none manner (Fig. 1). Consistent with our earlier findings,
spaced stimuli (higher LTP amplitude) give an approxi-
mately two-fold greater number of dendrites staining for
p-ERKII than massed stimuli [Figs. 1(C) and 1(D) S2]. We
confirmed that the p-ERKII staining we observed was largely
in the dendrites as it colocalized with antibody staining for
dendrtic marker MAP-2 (Fig. 1(E)).

We also examined p-CaMKII as a synaptic plasticity
marker. We costained slices with p-ERKII and p-CaMKII af-
ter spaced tetanic stimuli. We observed some colocalization
between the two activated molecules, but also dendrites that
did not co-stain (Fig. 1(F)). This was consistent with our ob-
servations in an earlier study where we found that there was
little correlation between the time scales of activation of the
two kinases for this stimulus pattern (Ajay and Bhalla,
2004). ERKII is also activated by damage due to slicing and
electrode pressure (Supplementary Fig. S1) so we took care
to subsection our slices using only the innermost 200 �m of
the 400 �m slices, and to use a restricted region of CA1 for
our analysis that was between the two electrodes. To show
that ERKII activation in the inner layers of the slice was
stimulus driven and not artifactual, we perfomed immuno-
histochemistry to compare the extent of ERKII activation in
the superficial as opposed to the inner 200 �m layers of the
slice. We performed a statistical analysis of ERKII activation
as measured by numbers of stained dendrites. We compared
the statistics for superficial layers with inner 200 �m statis-
tics for test pulses, massed stimuli, and spaced stimuli. We
show that all cases differ from each other, and differ strongly
�p�1.75�10−6� from the statistics for superficial layers
(Supplementary Fig. S2). Under all experimental conditions,
the superficial layer staining was much larger than the inner
layers.

These initial experiments showed that ERKII activation
in hippocampal CA1 neuron dendrites had two interesting
properties. First, it appeared as all-or-none labeling in a dis-
tinctly labeled subset of dendrites. Increased LTP amplitude
correlated with increased numbers of activated dendrites and
not with staining intensity. Second, ERKII activation ex-
tended over long, �100 �m stretches of apical dendrite.
This extended activation occurred for massed as well as
spaced stimuli even though they resulted in very different
levels of LTP and different numbers of stained dendrites. We
followed up these observations with experiments and com-
putational models to understand these two properties.
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Thresholding in ERKII activation
We developed computational models of biochemical signal-
ing to understand the apparent all-or-none staining of
p-ERKII in the apical dendrites. We considered the proper-

ties of a small segment (compartment) of the apical dendrite
that was assumed to be spatially homogenous [Fig. 2(A)].
The compartment was 10 �m long and 4 �m in diameter.
We considered two models for signaling in the compartment.

Figure 1. Extensive dendritic ERKII activation following LTP stimuli. Fluorescence images of A, and B: p-ERKII staining monitored
10 min after the last stimulus, for massed and spaced stimuli, respectively. In both cases long segments of dendrite are activated, but many
more segments are activated for the spaced stimuli in B. Scale bar is 125 �m. C: Statistics on the number of p-ERKII labeled dendrites. There
are significantly more labeled dendrites for the spaced stimuli �p�0.05�. All experiments were conducted in pairs so as to minimize differ-
ences in sample preparation �lines between data points�, with one massed and one spaced stimulus set performed on slices from the same
hippocampus. D: Distribution of lengths of stained dendrites. The scatter plots overlap completely. Confocal images of E: p-ERKII staining
colocalizes with dendritic marker MAP-2. p-ERKII �red�, MAP2 �green� in the merge. Arrows point to dendrites that show colocalization. F:
p-CaMKII �green� and p-ERKII �red� show very limited overlap in the merge. Arrows point to examples of dendrites that show colocalization;
arrowheads point to dendrites that have only p-ERK II staining.
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The first [Fig. 2(B)] incorporated a positive feedback loop:
ERKII activated phosopholipase A2 (PLA2), PLA2 activated
protein kinase C (PKC), and PKC activated ERKII. This was
a simplified version of earlier models of ERKII and neuronal
signaling (Bhalla and Iyengar, 1999; Bhalla et al., 2002). The
biochemical properties of the earlier model were extensively
tested in a fibroblast cell line (Bhalla and Iyengar, 1999;
Bhalla et al., 2002), so we believe that the neuronal variant of
the model is at least semiquantitatively correct in its bio-
chemical properties. This model was bistable, that is, it had
memory switch-like characteristics including sharp turn on
as a function of the Ca2+ stimulus [Fig. 2(D)]. Thus, it ex-
plained thresholding in p-ERKII staining in the dendrite. We
refer to this model as the bistable model.

The second model was a feedforward circuit involving
the activation of ERKII directly through CaM and PKC, and
also involving Ca2+-triggered synthesis of PKM [Fig. 2(C)],

(Ajay and Bhalla, 2004; Hernandez et al., 2003). The synthe-
sized PKM also activated ERKII, leading to feedforward ac-
tivation on a longer time course than brief Ca2+ stimuli. We
refer to this model as the PKM model. This model was based
on our earlier work involving the semiquantitative biochemi-
cal characterization of both ERKII and CaMKII activity in
the hippocampal slice under similar experimental conditions
as the current study (Ajay and Bhalla, 2004). Therefore, this
model also draws upon direct biochemical information. This
model also had a steep turn on as a function of the Ca2+

stimulus, in this case arising from the steep activation curves
of CaM [Fig. 2(E)]. Thus, this model was also a partial ex-
planation for all-or-none p-ERKII staining.

In addition to this form of thresholding, it is also known
that antibody staining can introduce strongly nonlinear ef-
fects, which can also result in all-or-none staining (Belanger
et al., 1996). Thus these data, along with our initial models,
may explain some of the all-or-none staining but do not ad-
dress the spatial extent of ERKII activation.

Measuring ERKII activity spread
Preliminary calculations suggested that the time course of
ERKII activation spread was an important test to narrow
down the possible models that might be able to explain the
phenomenon. We therefore performed additional experi-
ments to measure ERKII spread at different time points after
the application of the same stimuli as in the experiments
above. These experiments were designed to narrow down
model possibilities. We obtained staining profiles for three
time points: 1, 10, and 45 min after the end of the stimulus.
In all these and subsequent tests, the stimulus was three
bursts of 100 Hz tetanus for 1 s each, separated by 5 min,
which is spaced stimuli. Overall, we see extensive staining
��100 �m� at all three time points (Fig. 3). There was no
significant difference between the staining lengths.

Five spatial models for ERKII activity spread
Here we addressed our first hypothesis: that ERKII activation
spread was too broad to occur through reaction-diffusion
biochemistry. We took our observations of extensive ERKII
staining (Fig. 3) as a starting point. We incorporated space
and diffusion into our models of dendritic ERKII signaling.
We did this by replicating each of the single compartment
models considered above, 25 times along the length of the
dendrite, so as to model a 250 �m n stretch [Fig. 2(A)]. In
one case we modeled 40 compartments to monitor longer-
range spreading. We included terms for the diffusive ex-
change of molecules between the compartments so as to ob-
tain a reaction-diffusion model.

We considered five specific reaction-diffusion models for
the spread of ERKII activation to test if they could account
for our results from Fig. 3: (1) single-point Ca2+ influx,
simple diffusion, (2) single-point Ca2+ influx, diffusion + ac-
tive transport, (3) single-point Ca2+ influx, diffusion + bista-

Figure 2. Biochemical reaction-diffusion model. A: Spatial struc-
ture of the model in relationship to the pyramidal neuron apical den-
drite. The set of 25 diffusing compartments �shaded� are approxi-
mately in the middle of the apical dendrite. Each compartment is
10 �m in length and 4 �m in diameter. B: Bistable feedback model
schematic. In this, ERKII is activated by CaM as well as PKC. ERKII
phosphorylates PLA2 to raise its activity, and the resultant synthesis
of AA activates PKC. PKC acts on the upstream molecules in the
ERKII pathway �via Ras and Raf� to complete the feedback loop. C:
Singly stable feedforward model schematic. Ca2+ influx triggers
PKM synthesis as well as more rapid ERKII activation. PKM eleva-
tion increases ERKII activity. Due to slow turnover of PKM �model
parameters� this elevation lasts for �1 h. D: Sharp threshold for
ERKII activity as a function of the Ca2+ input for the bistable feed-
back model. E. Steep threshold for ERKII activity as a function of the
Ca2+ input for the feedforward PKM model. Both models show a
threshold in the 1–10 �M Ca2+ range.
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bility, (4) multipoint Ca2+ influx + diffusion, and (5) uniform
Ca2+ influx due to dendritic action potentials. All except
model (3) utilized the feedforward, PKM synthesis model
from Fig. 2(C). Model (3) used the bistable biochemical
feedback circuit from Fig. 2(B). In all cases the input stimu-
lus was a series of three square pulses of Ca2+ applied to one
or more compartments. Except for model (2) the pulse dura-
tion was 1 s. We had two primary criteria for successful
models: The p-ERKII levels should exceed 10 nM, to ac-
count for staining, and the extent of the staining should be at
least 100 �m at all time points, as seen in the experiments.
The outcomes of these simulations were as follows.

Reaction-diffusion model (1): single-point Ca2+ influx,
simple diffusion. This model failed on two counts: narrow
spatial spread and low amplitude at 45 min. (Figs. 4(A) and
4(B)). Even for moderate diffusion �1 �m2/s�, the spatial
spread was too small. More rapid diffusion of 10 �m2/s (not
shown) gave still lower amplitudes of p-ERKII. Even for
slow diffusion [0.1 �m2/s, Fig. 4(B)] the level of p-ERKII at
45 min was very low ��1 nM�, which is well under 1% of
the peak ERKII activity.

Reaction-diffusion model (2): local Ca2+ influx, diffusion
+ active transport. In this model the transport occurs from the
stimulus site toward the cell body, i.e., from left to right in the
figure. As a result, activity upstream of the stimulus (to the

far left of the figure) is small, activity at the stimulus point is
moderate, and there is a tail of transported p-ERKII toward
the right. This model failed because it gives rise to extremely
low ERKII activity. We modeled 1 �m/s transport rates
(Kennedy and Ehlers, 2006) for all molecules. We used a
longer section of dendrite in this model (40 compartments of
10 �m each) in order to monitor signal propagation down
the length of the dendrite. We found that the original stimulus
conditions produced very small responses, so we consider-
ably increased our stimulus strength. We show results [Figs.
4(C) and 4(D)] for a local stimulus delivered on five com-
partments, at twice the amplitude, and for 5 s rather than 1 s
duration. Despite this 50-fold increase in total stimulus am-
plitude as compared to model (1), the p-ERKII level was
small ��4 nM� even at the 1 min time point, and for later
times the response was vanishingly small. The low amplitude
was because the transport processes caused a washout of ac-
tivated molecules, so the successive stimuli did not have an
opportunity to give a buildup of responses. Other variants on
model (2), with transport restricted to p-ERKII, also had re-
sponses below 10 nM and were therefore rejected (data not
shown).

Reaction-diffusion model (3): single-point Ca2+ influx,
diffusion + bistability. This model failed because it did not
reach 100 �m spread even at the 45 min time point. Bio-

Figure 3. ERKII spread is rapid and sustained.
A: p-ERKII staining in dendrites sampled at 1, 10,
and 45 min after the end of stimulus. In all cases
long segments of dendrite are activated in a subset
of cells. B: Distribution of stained lengths at differ-
ent times.
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chemical activity propagation is an attractive mechanism and
several studies have looked at its role in signal spread
(Kholodenko, 2003; Reeves et al., 2006; Reynolds et al.,
2003). We conducted wide parameter searches to see if there
were conditions under which the speed of propagation in-

creased (Supplementary Fig. S9). The fastest propagation
time of �0.03 �m/s occurred when the model was held
very close to activation threshold, but even this was too slow
to account for our data. Furthermore, this model was very
fragile, because even a small change in model conditions

Figure 4. Five reaction-diffusion models for ERKII activation spread. In each of the left-hand panels a schematic of the 25-compartment
model is provided, where the arrow and dark shading indicate stimulus point�s�. A: Point stimulus with diffusion at 1 �m2/s. Spread is too
narrow at 1 and 10 min, and too shallow at 45 min. B: Point stimulus with diffusion at 0.1 �m2/s. Spread is too narrow in all cases, and too
shallow at 45 min. C and D: Point stimulus with diffusion at 0.1 �m2/s plus ERKII transport at 1 �m/s. This model uses 40 compartments as
the spatial effects are more spread out. This model does show spreading but the response amplitude is too small. The stimulus is twice as
large, 5� the width and 5� the duration of that in B. There is significant spread toward the positive x axis at 1 and 10 min, but the amplitude
is very small even with this 50-fold larger stimulus. At 10 and 45 min the response has declined still further. D: The same simulation with
time-space color plot. The 40 compartments of the model are on the x axis, and time is on the y axis. Stimuli are delivered at five
compartments at the time and location indicated by the three heavy white bars. Sampling times are indicated by dashed lines. Transepts
through these lines give the plots in C. E and F: Stimulus of 20 �M Ca2+ into four compartments of the 25-compartment bistable model with
diffusion at 0.1 �m2/s. Activity propagates through the entire dendrite, but far too slowly to account for p-ERKII staining. E: Time course of
activation of successive compartments. F: Time-space color plot of the same data. A single stimulus is given on four compartments at the time
and location indicated by the white bar. G: Multiple-point stimulus delivered on alternate compartments when diffusion is 1 �m2/s. This is
consistent with the experimental data. Response is larger at the edge of the simulation due to boundary effects. H: Same stimulus, D
=0.1 �m2/s. Response is spotty for 1 and 10 min responses, but is otherwise consistent with the experimental results. I: Multiple-point
stimulus delivered on all compartments. Response is consistent with experiment. As expected, the responses in all compartments are the
same.
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could cause spontaneous activation of the feedback, or could
eliminate propagation altogether. This degree of fragility ar-
gues against such a model.

Reaction-diffusion model (4): multipoint Ca2+ influx +
diffusion. This model may work. We considered several dif-
ferent cases for input spacing and diffusion constant. Data
shown are for input on every alternate compartment and dif-
fusion constants of 1 and 0.1 �m2/s, respectively (Figs. 4(G)
and 4(H)). Except for the edge effects for the last compart-
ments, the ERKII activation was reasonably large and ex-
tended over the entire simulated dendrite. For slower diffu-
sion rates the activation was somewhat spotty, and the
predicted staining may be patchy depending on the resolu-
tion of the antibody method.

Reaction-diffusion model (5): uniform Ca2+ influx due to
dendritic action potentials. This model may work. We mod-
eled this by assuming that the action potentials caused an
equal influx of calcium (for 1 s�3 stimuli) into all compart-
ments. Not surprisingly, the outcome was that there was uni-
form and large activation of ERKII on all dendrites [Fig.
4(I)].

In summary, reaction-diffusion models (1)–(3) failed to
match our experimental observations. We were left with two
models in which stimuli arrived at many points along the
dendrite, either through broad synaptic connectivity, or
through dendritic action potentials. We inferred that
reaction-diffusion or transport effects alone could not ex-
plain our observations of rapid, extended ERKII activation.
Synaptic input and electrical properties of the neuron must
therefore also be included to understand our experiments.
Our next step was to devise experiments and models to take
these further properties into consideration.

Electrical model of CA1 pyramidal neuron
We developed an electrical model of the hippocampal CA1
neuron to act as an interface between our experimental de-
sign with electrical stimuli, and our biochemical model with
the p-ERKII readout. The electrical model was designed to
account for cellular biophysical effects starting from details
of synaptic input and resulting in spatial and temporal pro-
files of calcium influx into dendrites. We implemented a
compartmental electrical model of the hippocampal CA1 py-
ramidal neuron that also included Ca2+ dynamics. This was a
relatively simple unbranched model of the pyramidal neuron
and was based on a model by Traub (Traub et al., 1991) as
implemented in GENESIS (Bower and Beeman, 1998). We
added 96 compartments bearing dendritic spines having
alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic
acid (AMPA) and N-methyl-D-aspartate (NMDA) receptors.
We paid particular attention to Ca2+ dynamics within the
spine and in the dendritic compartment, including fluxes for
diffusion, pumps, and voltage and ligand-gated channels
[Fig. 5(C)]. We implemented decremental Na-channel levels
more distal to the soma, to obtain falloff of dendritic action

potentials more distant from the cell body [Fig. 5(D)], (Ber-
nard and Johnston, 2003; Frick et al., 2004). Other channels
may also have spatial variability in their distribution, but
given the simplified dendritic structure of our model we did
not incorporate this additional detail. Model details are pre-
sented in the Supplemental material S8. This model exhib-
ited local calcium influx when stimuli were delivered in the
apical dendrite [Figs. 5(F) and 5(G)]. To couple the calcium
output to the biochemical model, we took the predicted cal-
cium levels for 25 dendritic compartments in the middle of

Figure 5. Electrical compartmental model. A: Basic model geom-
etry. Basal compartments �to the left� are 110 �m. B: Compartment
and spine geometry in apical dendrite. C: Calcium dynamics and
fluxes in the model. D and E: Cellular response to somatic depolar-
ization. D shows membrane potential at soma and three different
points on the apical dendrite. Tick marks are at 40 mV, and each
trace starts at −70 mV. E shows the Ca2+ levels at the same points.
Tick marks are 5 �M, each trace starts at 0 �M. F and G: Cellular
response to the 100 Hz tetanic stimulus in the middle 24 compart-
ments of apical dendrite �shaded compartments in model sche-
matic�. F: Membrane potential, tick marks at 40 mV. Note the much
larger responses in the more distal regions of the dendrite, com-
pared to panel D. G: Ca2+ concentration, tick marks at 5 �M. Note
the much larger Ca2+ responses in the distal dendrites, as compared
to panel E.
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the apical dendrite and used these as the input to the reaction-
diffusion model (1) as analyzed above. Overall, this gave us a
loosely coupled model incorporating both cellular biophys-
ics and reaction-diffusion signaling chemistry (Supplemen-
tary data S8; methods). We used this loosely coupled model
for the next two cycles of matching experiment to model.

Effects of local synaptic input: Experiment and
model
We first tested the possibility suggested by reaction-diffusion
model (4), that ERKII activation depends on local synaptic
input. We carried out experiments where synaptic input was
present only on a portion of the apical dendrites, and moni-
tored how ERKII activation spread beyond the input zone. In
these experiments, we cut part of the slice so as to sever a
portion of the Schaffer collateral bundle. Assuming that a
majority of the projections continue in parallel, this should
eliminate synaptic input proximal to the cell body layer (the
Stratum Pyramidale, SP). We found that this manipulation
eliminated ERKII activation proximal to the SP [Figs. 6(A)
and 6(B)]. We measured the distance that the cut extended
past the SP, and assumed that we had severed all inputs more
proximal to the soma than this length. We measured the
range of propagation of staining in ERKII-active dendrites as
the extent of staining past the cut position. The range of fall-
off of ERKII activation was around 35 �m but with consid-
erable scatter [Figs. 6(C) and 6(E)]. The manipulation in this
experiment only removes input, without affecting local den-
dritic mechanisms of diffusion, bistable wave propagation,
or transport as mechanisms for spatial spread. Thus, the re-
stricted spread of ERKII activation is direct confirmation of
the simulation results that rule out reaction-diffusion models
(1), (2), and (3). We consider reaction-diffusion model (5) in
a later section.

We now set up the model to simulate the same cut-slice
manipulation, by providing synaptic input only to the distal
portion of the modeled apical dendrite [Fig. 6(D)]. As de-
scribed above, we fed the output of the biophysical model
(the calcium concentration in the dendritic compartments)
into the corresponding biochemical model. We measured the
falloff of ERKII in the model as the length scale for a fall
from 80% to 20% activation, and compared this with experi-
ment [Figs. 6(D) and 6(E)]. We performed parameter explo-
ration to find conditions where the model best matched the
experimentally observed length scale of ERKII activity fall-
off. We varied three major parameters: the amplitude of the
Ca2+ input, the number of spines per compartment (which
represents both synaptic strength and spacing in the model),
and the diffusion constant (Supplementary Figs. 9G–9J). We
obtained our best match (smallest length scales) when the
Ca2+ peak input was 5–10 �m (a scale factor of 10–20), the
number of spines was 2 or 5, and the diffusion was
0.1 �m2/s. As this length of �60 �m is still larger than the

experimental length scale of 35 �m, we additionally assume
that there is some nonlinearity in antibody staining (Belanger
et al., 1996).

This cut-slice experiment and model therefore show that
ERKII activation requires local synaptic input, even if
voltage-gated calcium channels (VGCCs) are not blocked. A
weak but diffuse synaptic projection is required to sustain the
extended ERKII activation, and there is about 35 �m of
spreading of ERKII activation past the stimulus site.

Effects of dendritic Ca2+ influx: Experiment and model
We then considered the alternate possibility from reaction-
diffusion model (5), which suggests that dendritic action po-
tentials lead to extensive Ca2+ influx and uniform ERKII ac-
tivation along large stretches of dendrite. We performed
experiments to manipulate calcium influx and monitor their
effects on ERKII activation spread. We blocked dendritic
calcium influx through VGCCs—L, R, and T by applying
Nifedipine and NiCl in the bath (Hoogland and Saggau,
2004). These reagents should substantially block back-
propagating action potentials, and strongly reduce calcium
influx, and we used levels of NiCl2 that should not affect
NMDA receptor (NMDAR) conductances (Methods). We
found that the extent of dendritic activation of ERKII was
considerably shortened, coming down to �50 �m as against
�100 �m in the control case (Fig. 7). Notably, the staining
was strong even though it was shorter in length. LTP levels
were measured 45 min after the last tetanic stimulus. These
levels appeared to be slightly reduced as compared to con-
trol, but this decrease was not significant. The experiment
showed that VGCCs play a major role in the spread of
p-ERKII in dendrites. As a control, we also blocked synaptic
calcium entry through NMDA receptors using AP-5 and
found that staining [Supplementary Fig. S1(C)] as well as
LTP were eliminated, as expected (data not shown). These
results are consistent with earlier studies that have also re-
ported that VGCC block does not eliminate dendritic ERKII
activation, but NMDAR block does (Dudek and Fields,
2001).

We now modeled these effects using the same loosely
coupled model as in the cut-slice experiment, which com-
bined both the electrical and biochemical models. We mod-
eled the VGCC block experiment by setting the conductance
of VGCCs in the biophysical model to zero. We then applied
inputs to a single point in the biophysical model (i.e., to a
10 �m compartment), and used the model to predict calcium
levels at different times and positions along the dendrite [Fig.
7(C)]. These calcium values were fed into the biochemical
model, and ERKII activation simulated [Fig. 7(D)]. As be-
fore, we explored different combinations of Ca2+ input, the
number of activated spines, and the diffusion constants
[Supplementary Figs. S9(C)–9(F)]. The best fit to experi-
mental data was obtained with the Ca2+ scaling factor of 10 (
5 �M peak), the number of activated spines=50, and D
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=0.1 �m2/s. The extent of ERKII activation was 50 �m in
this case, which matched the experimental value. If inputs
were given to multiple adjacent compartments in the model,
the spatial extent of ERKII activation increased (data not

shown). We therefore infer that a strong, single-point stimu-
lus is most consistent with the experimental data.

The VGCC blocking experiment and model showed that
dendritic calcium influx through VGCCs was a key determi-

Figure 6. ERKII activation spread requires local synaptic input. A–C: p-ERKII labeled fluorescence images of the CA1 region. Boxed
regions in A, B, and C indicate the area of analysis. Intense staining outside this area is likely to be due to injury because of the cutting or
electrode pressure. A: Slice with cut in Schaffer collateral bundle, indicated by arrows to right of image. The dendritic staining for p-ERKII is
present in most of the stratum radiatum �SR�, but is truncated at the level of the cut. Scale bar 250 �m. B: Higher magnification image of a
different cut slice. The arrowhead indicates the region of p-ERKII staining falloff. Scale bar 100 �m. C: Control slice showing p-ERKII staining
right up to the stratum pyramidale �SP�. Scale bar 100 �m. D: Electrical activity at different points along the simulated neuron, stimulated only
in the shaded region. Each vertical division is 40 mV. E: Calcium levels at different points along the same simulated neuron. Each vertical
division is 5 �M. F: Simulations of p-ERKII activation using the Ca2+ input from panel E. These simulations used an input density of 5 synaptic
inputs per compartment. G: Scatter plot of the length of p-ERKII staining falloff in experiments. H: Comparison of experimental and simulated
length scales of falloff. The simulated falloff length is measured as the range from 20% to 80% of the maximum.
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nant of ERKII activation and spread. We obtain a picture of
tight ��10 �m� and strong synaptic input in small patches of
the Schaffer collateral—CA1 neuron connections.

ERKII activation spread requires both diffuse input and
VGCC-mediated calcium influx
At the end of this iteration through experiments and models,
we had a situation where both extensive synaptic connectiv-
ity [reaction-diffusion model (4)] and dendritic Ca2+ influx
[reaction-diffusion model (5)] appeared to be partially cor-
rect. Our interpretation is that both models are correct, but
illuminate different aspects of hippocampal connectivity.

As a test of this interpretation, we modeled inputs that
incorporated both the predicted broad/weak connections
from the cut-slice experiment, and the punctate/strong con-
nectivity patterns from the VGCC block experiments. We

performed several trial runs to estimate a ratio of synaptic
inputs that was consistent with both sets of experiments. We
found that the data were consistent when the synaptic effi-
cacy of the broad/weak inputs was 15 times smaller than the
strong/punctate inputs (Fig. 8). Because both sets of inputs
were applied simultaneously, we had to reduce the strength
of each input compared to the original simulations so as to
obtain similar calcium peaks. We repeated the stimulus pat-
terns for the cut-slice and VGCC experiments with these
modified input strengths. The outcomes were very close to
those from the above experiments and calculations in Figs. 6
and 7 [Figs. 8(A) and 8(B)]. Our estimates are restricted to
the primary apical dendrite of the CA1 pyramidal neurons,
but in this region they are consistent with anatomical and
electrical studies of synaptic connectivity (Brivanlou et al.,
2004; Ishizuka et al., 1990). Finally, when we simulated the

Figure 7. ERKII activation spread requires
voltage-gated calcium channels „VGCCs…. Con-
focal images of A: control slice—spaced stimuli. B:
Slice treated with Nifedipine/NiCl during spaced
stimuli delivery �see Methods�. Dendritic staining in
the treated slice is shorter than in the control. A and
B: Scale bar 50 �m. C: Calcium peaks reached by
the model in control and the VGCC-blocked mod-
els. The large Ca2+ value at position � 0 in the
control case is due to somatic calcium. D: p-ERKII
distribution in the model in the VGCC blocked
case, for D=1 and 0.1 �m2/s, respectively. Input
density is 50 synaptic inputs per compartment for
D=0.1 �m2/s and 100 per compartment for D
=1 �m2/s. E: The scatter plot of lengths of acti-
vated dendrite in control and treated slices. F:
Comparisons of activated dendrite length. Den-
dritic length for the simulations is calculated as full
width at half height. Note that the D=0.1 �m2/s
case fits the data better.
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original experiment (with the intact slice and VGCCs),
ERKII activity spread over the entire 250 �m extent of the
simulated dendrite [Fig. 8(H)]. We suggest that details such
as inhomogeneities in synaptic connections and dendritic ta-
pering may contribute to the termination of ERKII spread,
but these were not investigated in the current study.

In summary, we were able to understand all our experi-
ments so far in terms of a model that included aspects of syn-
aptic connectivity, cellular biophysics, and biochemical sig-
naling. In this interpretation, Schaffer collateral stimulation
led to the activation of many fibers that had weak connec-

tions on many neurons, and strong connections at a few
points. From the viewpoint of the neuron, this translated to
broad/weak input along the dendrite, along with a few strong
inputs in �10 �m patches. If a neuron was sufficiently de-
polarized by this combination of inputs, Ca2+ influx occurred
at stimulated synapses through NMDA receptors, and along
the dendrite through VGCCs. Under our stimulus conditions,
ERKII activation up to 50 �m required local Ca2+ input
through NMDARs [Figs. 8(A) and 8(B)], and extensive
spread ��100 �m� required both local input and VGCCs
[Fig. 8(H)].

Figure 8. Combined punctate and diffuse syn-
aptic input. A: Simulation of cut slice accounting
for both contributions. Half the simulated region re-
ceives diffuse input �gray�. One compartment re-
ceives strong punctate input. The remaining com-
partments receive no input �white�. The length
constant of the falloff of ERKII activation is 50 �m,
comparable to experiment. B: Simulation of the
VGCC block accounting for both punctate and dif-
fuse input. The entire simulation receives diffuse
input �gray� with the exception of the middle com-
partment, which receives strong input. The peak
width �full width at half height� is 60 �m, compa-
rable to experiment. C–F: Parameter exploration
spanning different ratios of punctate to diffuse input
and three levels of diffuse �basal� input. C: Length
constant ��� for cut-slice experiment. The selected
model parameters are circled. D: The width for the
VGCC block experiment. The selected model pa-
rameters are circled. E: Cut-slice experiment pa-
rameter exploration, showing the ratio of lowest re-
sponse to peak response. Simulations over 20%
�dashed line� were excluded. F: The parameter ex-
ploration for the VGCC block experiment showing
the ratio of lowest response to peak response. Val-
ues over 50% �dashed line� were excluded. In both
E and F, high basal/peak ratios are poor models
because these would give extensive staining over
the whole dendrite. G. Peak calcium inputs along
the simulated dendrite in the normal, cut slice and
VGCC block case. Note that VGCCs amplify the
Ca2+ levels during the initial part of the stimulus
�e.g., Fig. 6�E��, so the peak Ca2+ levels are higher
than for the VGCC block case. H: The simulation of
the ERKII spread with the final selected set of pa-
rameters, where both diffuse and punctate input
are present and VGCC channels are active and
D=0.1 �m2/s. Extensive spread of p-ERKII activity
occurs.
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Extending model to in vivo conditions
At this point, our results had shown that extensive ERKII ac-
tivation could not be explained by reaction-diffusion events
alone, but also involved two distinct mechanisms for distrib-
uted Ca2+ influx. As the next step, we asked what the models
might predict about the dynamics of spreading ERKII acti-
vation in vivo. In order to do this we made two important
changes to the model structure. First, we provided random
background synaptic activity to the electrical model to repre-
sent ongoing neuronal circuit activity in the conscious ani-
mal. Second, we integrated the electrical and biochemical
models into a single functional entity by coupling the ERKII
activity back into the electrical model [Fig. 9(A)]. Our model
now included biophysical input to the biochemical model by
way of local Ca2+ fluxes, and biochemical input to the bio-
physical model by way of local ERKII phosphorylation and
inactivation of the A-type potassium (KA) channel (Frick et
al., 2004). All this was overlaid on the earlier loosely coupled
model representations of signaling, molecular diffusion, and
electrical properties of the neuron. We refer to this model as
the integrated model. In principle we could have applied the
integrated model to the earlier slice experiments, but we do
not expect any difference in the model outcomes. This is be-
cause there is little background activity in the slice. In the
absence of background synaptic activity, the coupling from
ERKII back to the KA channel is invisible as there is no syn-
aptic input to uncover the increased excitability of the den-
drite.

Propagating ERKII activity switch
We first tested if the integrated model was formally bistable,
that is, if it could switch between stable states of high or low
activity. We checked ERKII activity as a function of the
mean background synaptic input rate. We found that the sys-
tem exhibited hysteresis in ERKII activity, which is a charac-
teristic of bistability [Fig. 9(B)]. We also estimated thresh-
olds for switching between high and low activity. Together
with the turn-off and turn-on curves, these transition points
completed the characteristic S-shaped curve of bistable sys-
tems [Fig. 9(B), open circles]. The state of low activity per-
sisted up to a background synaptic frequency of 0.54 Hz.
The state of high activity persisted down to a frequency of
0.174 Hz. In this range the system was bistable. The absolute
values of these firing rates were somewhat loosely con-
strained in our model as we had a much-reduced model of the
hippocampal neuron and approximate estimates of synaptic
weights. However, the threefold range of firing over which
bistability persists is a stronger prediction. For comparison,
hippocampal CA3 neuron firing rates have been reported in
the 0.1–0.5 Hz range in anesthetized animals (Deshmukh
and Bhalla, 2003) but are around twice as high in awake re-
cordings (e.g., Csicsvari et al., 2000; Henze et al., 2002).

We then examined the temporal and spatial dynamics of
state switching in this system. We asked how the integrated

model responded to localized input synaptic activity riding
on top of steady random background activity. We first stimu-
lated the apical half of the neuron with a single burst of syn-
aptic input lasting 20 s. Synaptic input ranged from 10 to
50 Hz in different test runs. With a strong stimulus (large
synaptic current or high stimulus frequency) the neuron
switched into an activated state. Once activated, the simu-
lated dendrite remained in a state of heightened activity by
several measures. These included frequency and amplitude
of dendritic action potentials, average and peak Ca2+ levels
in the dendrite, and activity of ERKII and PKC/PKM [Figs.
9(C) and 9(D)]. Thus, by several measures, the response of
the integrated model was switch-like, and consistent with bi-
stability. In other words, it could act like a short-term
memory.

We then analyzed spatial effects. We found that we could
either get propagation of activation through the entire cell, or
a local and transient activation of a subset of the dendrite
[Figs. 9(E) and 9(G), movies S4 and S6]. This propagation
involved the mutually reinforcing activation of ERKII, lead-
ing to enhanced dendritic excitability and calcium influx
[Figs. 9(A), 9(C), and 9(D)]. As expected, the outcome of a
given stimulus depended both on the input strength and on
the background activity. If background activity was strong
and the input was strong, we were able to activate the entire
250 �m stretch of simulated dendrite with input at a single
10 �m compartment (data not shown). Small inputs did not
trigger activity propagation under most conditions of back-
ground activity. Therefore, the system was quite resistant to
small fluctuations in input activity.

We then tested if the active state of the dendrite could be
turned off. This could be achieved by lowering background
activity to below 0.1 Hz, for tens of minutes (data not
shown). It could also be achieved much more rapidly by in-
hibitory biochemical input to the dendrite. As an example of
such an input we considered inactivation/turnover of PKM.
Depending both on the strength of this input, and on the
background basal activity, an already active segment of den-
drite could be turned back down to the state of basal activity,
or the dendrite could recover back into the highly active state
[Figs. 9(F) and 9(H), movies S5 and S7]. Similar to the
propagation of activation along the length of the dendrite, a
sufficiently strong local inhibitory input could elicit a
spreading wave of inactivation that eventually would shut
down the dendrite [Fig. 9(F)].

In summary, we used this final, predictive phase of our
study to extrapolate our findings from the slice preparation to
a more in vivo context with background activity. We predict
that in the in vivo context, ERKII activation is part of a
bistable, spatially extended feedback system involving
A-type K+ channel phosphorylation and an increase in den-
dritic excitability. Activity can trigger this switch to give both
a short-term memory and also a spatially extended zone of
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Figure 9. Propagating bistable activation in the coupled model. A: Schematic of coupling. The calcium influx into each dendritic com-
partment of the electrical model was coupled to the biochemical model, and acted as a stimulus. Reciprocally, the ERKII activity in the
biochemical model was coupled to the KA channel in the electrical model, and reduced its conductance. This led to depolarization. B:
Coupling leads to bistability over a wide range of basal synaptic input to the cell. In the range 0.18–0.5 Hz activity, the system can remain
either in a state of low activity �turn-on curve� or high activity �turn-off curve�, depending on activity history. The green curve is the threshold
for switching. C: The time course of switching on the activity for compartment 16. The stimulus is given at t=0. p-ERKII builds up within half
an hour. The PKC curve includes PKM activity, which builds up slowly due to synthesis. D: Ca2+ dynamics in compartment 16. The stimulus
is a single large pulse at t=0. As p-ERKII builds up, the mean level of Ca2+ rises, due to KA inactivation that leads to dendritic action
potentials. E–H: Color-coded plots of activity, with time on the vertical axis and position on the x axis. The schematic cell model shows the
region of input �shaded� and the region of biochemical simulation �bracket�. E: Switching on activity, from the same simulation as the curves
in C and D. A burst of synaptic activity was applied for 20 s to the compartments on the right half of the electrical model. The resulting calcium
and ERKII activity patterns are displayed, with position on the x axis and time increasing vertically. Within 30 min the entire 250 �m extent of
the model was active. F: Switching off activity. An inhibitor of PKM was applied for 60 s to the compartments on the right half of the
biochemical model. The inhibition first affects the right half of the model, then there is a partial rebound, and finally, the inhibition propagates
through the entire simulated dendrite. G: The stability of the off state. A subthreshold stimulus of synaptic input was applied for 20 s to the right
half of the electrical model. There is a transient local activation but it does not propagate and eventually dies away. H: Stability of the on state.
PKM was partially inhibited for 1800 s in the right half of the biochemical model. After removal of the stimulus the activity of the entire dendrite
recovers.
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heightened electrical and biochemical activity that may in-
fluence synaptic plasticity.

DISCUSSION
In this study we showed that ERKII is activated along
�100 �m stretches on hippocampal CA1 neurons when
LTP-inducing stimuli are applied. We confirmed our hypoth-
esis that reaction-diffusion chemistry alone could not ex-
plain this. We then tested the idea that extended Ca2+ input
might account for the ERKII activity spread, and showed that
both diffuse synaptic input and VGCC opening contribute to
the spread. Finally, we predicted that feedback between bio-
chemical and electrical events might lead to a self-sustaining
switch-like propagation of ERKII activity in an in vivo net-
work with sufficient background activity. This may have di-
rect effects on L-LTP through the regulation of local synthe-
sis of synaptic proteins, as well as influence future synaptic
plasticity by altering dendritic excitability.

ERKII as a spatial signal in neurons
What role might extensive ERKII activation play in neuronal
function? We suggest it is a coupling intermediate between
electrical activity and neuronal signaling, especially relating
to spatial interactions in synaptic plasticity (Frick and
Johnston, 2005; Hausser and Mel, 2003). Our �100 �m
range of ERKII activity spread is comparable to other studies
that report synaptic interactions within a 70 �m range (En-
gert and Bonhoeffer, 1997). There are numerous lines of evi-
dence for the spread of biochemical signals from synapses to
dendrites on the time scale of minutes (Hama et al., 2004;
Schuman and Madison, 1991; Williams et al., 1989). Slower
homeostatic plasticity processes have recently been pro-
posed that may also partition the dendrite into functional
zones (Rabinowitch and Segev, 2006).

Three key spatial signaling processes in dendrites are
synaptic tagging (Govindarajan et al., 2006), heterosynaptic
associativity (Sajikumar et al., 2005), and activation of local
protein synthesis (Blitzer et al., 2005). These events share
the common features of dendritic spatial scale, and a time
scale of the order of minutes. Synaptic calcium influx is a
likely candidate for triggering these events (Blitzer et al.,
2005), but specific downstream molecular targets that meet
these time and space scale criteria have been difficult to iden-
tify. In the current study, the extent of ERKII activation cor-
relates well with the length scales of such effects [�100 �m
(Engert and Bonhoeffer, 1997)], as well as the time course
from a few minutes to tens of minutes. We are able to fill in
many of the likely steps leading from synaptic input to
ERKII activity spread over dendritic lengths. Downstream of
ERKII, protein synthesis is likely to provide an input into the
regulation of protein synthesis through the S6 kinase (Blitzer
et al., 2005; Kelleher et al., 2004; Klann and Dever, 2004).
We speculate that this may contribute to all three observa-
tions: tagging, heterosynaptic associativity, and of course the

local protein synthesis. Furthermore, ERKII activation is
known to increase local dendritic excitability, likely through
phosphorylation of an A-type K+ channel (Frick et al., 2004;
Bernard et al., 2004; Watanabe et al., 2002). Our results sug-
gest a possible mechanism by which input activity may result
in such changes in dendritic excitability, and also highlight
how synaptic scale activity and dendrite wide changes can be
reconciled.

Model „in…completeness
Our study illustrates one of the core issues with modeling,
that of deciding what to include. The most interesting sys-
tems properties in our study emerged when we integrated
two distinct kinds of models, electrical and biochemical,
along with spatial information. We do not suggest that im-
portant systems properties emerge only with greater model
complexity. Rather, we have made a tradeoff in this study
between complexity of components and the ability to model
across multiple scales of cellular events. We considerably
simplified our initial biochemical and biophysical models.
These simplifications undoubtedly compromise the accuracy
of our predictions. For example, the simulated level of
ERKII activation 1 min after the stimulus in the models is
not as high as the experiments suggest [Figs. 4(G)–4(I)].
Nevertheless, these approximations made our multiscale cal-
culations tractable and lessened the number of free param-
eters. We suggest that there may be many biologically rel-
evant properties that emerge not simply from complexity, but
also from integrating cellular processes across multiple lev-
els.

Switch-like changes in synaptic plasticity and dendritic
excitability
One of the longstanding issues in synaptic plasticity is
whether synaptic changes are analog or digital (Petersen et
al., 1998). An analog synapse would require a way to stably
retain a given number of receptors, and possibly to control
their state of phosphorylation and assembly as well. A digital
synapse is easier to understand mechanistically, as it only
needs two states of activity. There are several proposals for
bistable switches at the synapse, involving CaMKII (Lisman
and Zhabotinsky, 2001; Miller et al., 2005), ERKII (Bhalla
and Iyengar, 1999; Kuroda et al., 2001), AMPA receptor cy-
cling (Hayer and Bhalla, 2005), and PKA/CREB (Song et
al., 2006), respectively.

Our study takes the analog/digital question to the den-
drite, and shows that both may coexist. We find that there is
an all-or-none activation of ERKII in individual dendrites,
but an effective analog readout appears because the number
of such activated dendrites scales according to the stimulus
pattern (Fig. 1). There are a few indications of such
dendritic-level switching effects in the literature. A com-
bined experimental and modeling study has suggested that
potassium channel modulation may account for an observed
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dichotomy in dendritic excitability in recordings from CA1
pyramidal neuron dendrites (Golding et al., 2001). This
might be indirect support for our model, which also suggests
that a fraction of dendrites may be more excitable. Interest-
ingly, there may also be alternate mechanisms for activity-
dependent enhancement of CA1 excitability involving
voltage-gated sodium channels, which could also contribute
to switch-like activation of dendrites (Xu et al., 2005).

Network implications of ERKII activity spread
Although our study is conducted at the dendritic level, there
are two network-level implications that emerge from it. First,
we can infer some features of network connectivity from
comparing ERKII activation spread when inputs are spatially
restricted, and when only synaptic sources of Ca2+ are avail-
able to trigger ERKII activation (Figs. 6 and 7). Our readings
are consistent with a distribution of synaptic input that in-
cludes both diffuse and punctate synaptic connections onto a
dendrite, from fiber bundles stimulated by an electrode. The
punctate inputs appear to be restricted to 10 �m patches, and
from the simulations we estimate that they are about 15 times
stronger than the diffuse inputs. These punctuate, strong in-
puts could be clusters of synapses. Other modeling studies
that have specifically explored synapse clustering and spatial
distribution of synapses also indicate that the connectivity
profile may have functional consequences on neuronal excit-
ability (Azouz, 2005). From anatomical studies the hippoc-
ampal network has been characterized as sparsely connected,
and on theoretical grounds such an organization may im-
prove memory capacity (Schultz and Rolls, 1999). Our indi-
rect estimates of functional connectivity enrich the picture of
sparse strong connections with a background of diffuse con-
nections that may be available for subsequent strengthening.

Second, our study connects network-level activity pat-
terns to the specification of zones of dendritic excitability
marked by ERKII activation. Such zonation is of interest in
network studies of hippocampal function (Schultz and Rolls,
1999). We predict that the ERKII activity spread is accompa-
nied by greater Ca2+ influx. This results in a feedback be-
tween biochemical and biophysical excitation in the den-
drite. We speculate that it may act as a short-term switch that
is active in �100 �m zones of the dendrite. This switch is
analogous to the idea of reverberating activity in neuronal
circuits. Reverberating network activity is one of the oldest
proposed mechanisms for short-term memory (Ermentrout
and Kleinfeld, 2001; Hebb, 1949; Lorente de No, 1938;
Sanchez-Vives and McCormick, 2000). In such models,
electrical activity or calcium wave fronts propagate around a
loop of neurons in a self-sustaining manner to store informa-
tion (Loewenstein and Sompolinsky, 2003; Sidiropoulou et
al., 2006). Our integrated model is a dendrite-level memory
that relies on background network activity, and amplifies this
using reverberations between electrical and biochemical sig-
nals within the dendrite.

A further layer of network control over the cell arises be-
cause the background network input to each cell sets a
threshold for activation and inactivation of this reverbera-
tion. Overall, our static images of the ERKII activation
spread may be snapshots of dynamic zones of heightened ex-
citability on the dendrite. The spatiotemporal details of net-
work activity may interact with the propagation properties of
activity in the dendrite to set up these dynamic domains
primed to consolidate plasticity. Thus, the network can
“paint” short-term zones onto the dendrite, in which long-
term plasticity is facilitated.

EXPERIMENTAL PROCEDURES AND METHODS

Electrophysiology
450 �m transverse hippocampal slices were prepared from 4
to 6 week old male Wistar rats using a vibratory microtome
(Vibratome 1000 classic series, Vibratome, USA) in ice-cold
artificial cerebro-spinal fluid (aCSF) containing (in mM)—
124 NaCl, 5 KCl, 2.5 CaCl2, 1.25 MgSO4, 1.25 NaH2PO4, 26
NaHCO3, and 10 glucose, saturated with 95% O2/5% CO2.
Slices were equilibrated in aCSF at room temperature for
90 min. I /O curves were made and baseline recordings at
40% maximum stimulus intensity that saturated the output
fEPSP were made for 20 min. LTP was induced by using a
3�1 s high frequency stimulus �100 Hz�pattern with Inter
Tetanic Interval (ITI) of 20 s (massed tetanic stimuli) or
300 s (spaced tetanic stimuli). Recordings were made for
10 min after the last tetanic stimuli in the case when slices
were harvested for antibody staining or 45 min for analysis
of the LTP profile. In the case of experiments performed for
analyzing the time course of the spread of activated ERKII,
slices were harvested at 1, 10, or 45 min after spaced tetanic
stimuli. In the case of drug administration, the perfusion was
switched to aCSF containing NiCl2 �100 �M� and Nifid-
ipine �10 �M� during the period of tetanic stimuli delivery.
Although high levels of NiCl2 are known to also affect the
NMDA channel (Mayer and Westbrook, 1987) this effect oc-
curs at a 200-fold higher concentration of Ni2+ �20 mM� than
the levels we use �100 �M�. Other experimental studies have
used the same concentration range as we do (25–100 �Mof
NiCl2) for specifically blocking voltage gated Ca2+ channels
(R and T types) (Christie et al., 1995; Hoogland and Saggau,
2004; Ito et al., 1995; Magee and Johnston, 1995).

Immunohistochemistry
Ten Minutes after the last tetanic stimulus, slices were fixed
at 4 °C in 4% paraformaldehyde/0.1% glutaraldehyde in
PBS, pH 7.4. Slices were fixed for a period of 12–16 h.
Slices were then washed for 2–3 h at room temperature in
PBS. This was followed by resectioning the 400 �m slices to
40 �m slices using a vibratory microtome. Sections were
rinsed in PBS-0.3% Triton X-100 (PBS-TX) �10 min�,
0.75% H2O2 in PBS-TX �15 min� and PBS-TX �10 min
�3�. Sections were blocked with 10% normal goat serum in
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PBS-TX (PBS-TX-NGS) for 1 h and incubated 12–16 h at
4 °C with primary antibodies–phospho-ERKI/II (Cell Sig-
naling Technology, Inc., Beverly, MA) and/or microtubule
associated protein 2 (MAP-2) (Sigma, Sigma-Aldrich, Inc.),
total ERK I/II (Cell Signaling Technology, Inc., Beverly,
MA) and phospho-CaMK II (Upstate, USA) in PBS-TX at
1:100, except p-CaMKII,which was used at 1:40. Sections
were washed with PBS-TX (3�20 min each) and incubated
for 2 h at room temperature with Alexa Fluor 488 goat anti-
rabbit IgG (Molecular Probes, The Netherlands) and/or Al-
exa Fluor 563 antimouse IgG at a concentration of 1:400.
Sections were washed (3�20 min each) and mounted on
slides in 2.5% DABCO in 50% glycerol. The phospho-ERK
I/II antibody recognizes both 42 KDa and 44 KDa ERK pro-
teins, but previous studies have shown that ERKI or 44 KDa
ERK does not have a role in hippocampal LTP (Selcher et al.,
2001). Therefore, the results observed here were interpreted
as changes in phospho-ERK II. P-ERKII staining of slices
was also performed for other control conditions such as—
test stimulus delivery, post AP-5 perfusion during spaced
stimuli delivery and nonspecific antibody control (Supple-
mentary Fig. S1).

Imaging and analysis
Slides prepared as mentioned above were examined at 10�,
20�, and 40� magnifications on the Olympus BX61 with
fluorescence attachment. Images were captured at autoexpo-
sure times on the cooled CCD camera (Optronics). Confocal
imaging was done on Zeiss LSM 510 Meta upright confocal
systems with 10�, 20�, and 40� (oil) objectives. Images
were acquired and analyzed on the Zeiss LSM Image
browser. For all analysis, only the CA1 region between the
recording and stimulating electrodes was considered. Fur-
ther, after resectioning, the top 100 and bottom 100 �m of
the slice were discarded and only the 200 �m were used for
analysis (see the text of Fig. 1 and Supplementary Fig. S2).
Statistical significance was calculated by Student’s paired
t-test, p�0.05.

Model construction
We developed our model in three stages. In the first stage we
developed biochemical reaction-diffusion models, and used
square calcium pulses as inputs, and p-ERKII levels as read-
outs. These models were based on a wide sample of bio-
chemical measurements from the literature and also on our
own experimental measurements in previous studies. In the

Table I. Models employed in this study (for supplementary material see EPAPS reference).

Model name Type of model
Number of

compartments Description Derivation

Bistable model Biochemical 1 Feedback activation of
ERKII

Ajay and Bhalla (2004)

PKM model Biochemical 1 Feedforward activation
of ERKII, PKM synthesis.

Ajay and Bhalla (2004)

Reaction-diffusion
model (1)

Biochemical 25 Reaction-diffusion model PKM model

Reaction-diffusion
model (2)

Biochemical 40 Reaction-diffusion +
transport model

PKM model

Reaction-diffusion
model (3)

Biochemical 25 Reaction-diffusion model Bistable model

Reaction-diffusion
model (4)

Biochemical 25 Reaction-diffusion model PKM model,
identical to model (1)
except for stimulus

Reaction-diffusion
model (5)

Biochemical 25 Reaction-diffusion model PKM model,
identical to model (1)
except for stimulus

Electrical model Biophysical 299 Biophysical
compartmental model
including Ca2+ dynamics

Traub (1991)

Loosely coupled
model

Biophysical +
biochemical

299/25 Electrical model gives
Ca2+ dynamics, which
feed into the biochemical
model

Electrical model +
model (1)

Integrated model Biophysical+
biochemical

299/25 Electrical and
biochemical models feed
back into each other

Loosely coupled
model
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second stage we also implemented a compartmental electri-
cal model of the cell incorporating cable theory, channel bio-
physics, and calcium diffusion. The calcium levels generated
by the electrical model were fed into the selected biochemi-
cal model from the first stage. In the third stage we elabo-
rated the second-stage model by including biochemical feed-
back onto the electrical model in the form of ERKII
inactivation of the KA channel. We summarize all these
models in Table I. We describe the stagewise construction of
all the models in the supplementary material (S3). The com-
plete signaling models are available in the DOQCS database
(http://doqcs.ncbs.res.in accession numbers 79 to 84) and all
parameters are defined in supplementary material S8. Some
of the parameter searches for the models are shown in
supplementary material S9.
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