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Abstract

In models of long-term potentiation the NMDA conductance is usually computed deter-
ministically. However, the actual number of open NMDA receptor channels at a synapse is
small, so a deterministic representation may not be valid. Here NMDA synaptic conductances
computed stochastically with MCell were used in a dentate granule cell model that computed
calcium in#ux and subsequent CaMKinase II activation in a dendritic spine following LTP
induction conditions. Spine head calcium concentration and levels of CaMKinase II activation
were highly variable with di!erent stochastic simulations of NMDA channel openings. This
variability in CaMKinase II activity levels due to stochastic NMDA channel openings may
play an important role in LTP induction in individual spines. ( 2000 Elsevier Science B.V. All
rights reserved.

Keywords: CaMKII; LTP; NMDA; Dendritic spine; Hippocampus

1. Introduction

Long-term potentiation (LTP) can be induced in dentate granule cells of the
hippocampus with strong, short high-frequency tetanic stimulation. Induction of LTP
in the dentate depends on calcium in#ux through NMDA receptor channels. Recent
evidence suggests that calcium in#ux through NMDA receptor channels may induce
LTP by activating calcium/calmodulin-dependent protein kinase II (CaMKinase II).
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Calcium entering the spine binds to calmodulin, and the calcium}calmodulin complex
binds to individual subunits of CaMKinase II and activates them. Models have been
developed to gain an understanding of how this process might work [5,2].

Because calcium in#ux through NMDA receptor channels plays a key role in this
process, it is important that the synaptic NMDA conductance be modeled appro-
priately. Early models represented the NMDA conductance with a double exponen-
tial function. More recently, deterministic models of glutamate release, di!usion in the
synaptic cleft, and binding to NMDA and non-NMDA receptors have been de-
veloped [3], and the NMDA conductance calculated with these models has been used
in neuron level models. However, these deterministic synapse level models suggest
that only a small number of NMDA receptor channels are open at a given moment.
Deterministic representations of the NMDA conductance may not be valid with such
small numbers of open channels.

Here we compare model results obtained with deterministic and stochastic repres-
entations of the NMDA conductance. Speci"cally, we explore how the stochastic
variability of NMDA receptor channel openings a!ects calcium in#ux, spine head
calcium concentration and levels of CaMKinase II activation in a dendritic spine
following LTP induction stimulation conditions.

2. Methods

Models on three levels were used in this study * neuron level, synapse level, and
molecular level. The neuron level model was a fully reconstructed dentate granule cell
with voltage-dependent conductances on the soma, axon, and dendrites as described
previously [4]. Voltage in the cell was computed following an 8 pulse 400 Hz tetanus
applied to 300 medial perforant path synapses. Non-NMDA and NMDA conductan-
ces were modeled at activated synapses on dendritic spines.

On the synapse level the non-NMDA and NMDA conductances were computed
either deterministically or stochastically with models of glutamate release, di!usion,
uptake and binding to receptors. Deterministic conductances were computed as in [3].
Stochastic conductances were computed with MCell [6]. Ten di!erent stochastic
NMDA conductance representations were computed using di!erent random seeds.
Synaptic conductances used in the neuron level model were deterministic except for the
NMDA conductance on one representative spine. The NMDA conductance on this
spine was either deterministic or one of the ten stochastic representations. The voltage
computed in the neuron level model was used to reduce the NMDA conductance (when
the conductance was deterministic) or reduce the number of open NMDA receptor
channels (when the conductance was stochastic) taking into account voltage-dependent
magnesium block. Computations were done to determine the calcium component of
the current through NMDA receptor channels at the representative dendritic spine.

The molecular level model computed calcium concentration and CaMKinase II
activation within the dendritic spine as described in [2]. Calcium ions entering the
spine either bind to calmodulin, di!use to neighboring compartments, or are pumped
out of the cell. Calmodulin with 0}4 calcium ions bound can bind to a CaMKinase II
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Fig. 1. Two examples of stochastic NMDA channel openings without magnesium block in response to an
8 pulse 400 Hz tetanus. Individual stochastic simulations show considerable variation whereas the average
of ten such simulations is similar to the smooth curve computed with the deterministic model.

subunit. A CaMKinase II subunit is active and is considered `bounda when cal-
modulin with 4 calcium ions (CaMCa4) is bound to it. CaMKinase II subunits can
undergo transitions from the `bounda state to `trappeda to `autonomousa and
`cappeda states as described by Michelson and Schulman [5]. Total CaMKinase II
activation was computed as a function of the number of subunits in the bound,
trapped, autonomous, and capped states taking into account the di!erent relative
activities of these states.

3. Results

The number of open NMDA receptor channels when there was no magnesium
block showed considerable variation among the 10 stochastic NMDA conductance
simulations. The peak number of open channels varied from 4}9 compared to a peak
of less than 4 in the deterministic NMDA conductance simulation (Fig. 1). Whereas
the number of open channels varied in integer jumps representing individual channel
openings in the stochastic simulations, the number of open channels varied smoothly
in the deterministic simulation giving the unrealistic situation of having fractional
channel openings. When the 10 stochastic runs were averaged, the result was very
similar to the smooth curve computed with the deterministic model. One other
notable di!erence was that late channel openings were occasionally seen in the
stochastic simulations after a long period of zero channel openings.

The di!erences between the use of stochastic and deterministic representations of
the NMDA conductance were more apparent when the e!ect of magnesium block was
considered. In the stochastic simulations the number of open, unblocked channels
showed the fast #icker observed by Ascher and Nowak [1] and others (Fig. 2). The
number of open channels jumped rapidly and often in integer jumps between 0 and
4 indicating that the calcium current through these channels occurred in short bursts.
In contrast, the number of open, unblocked channels in the deterministic simulation
varied smoothly and was always (the unrealistic value of) less than half of a channel.
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Fig. 2. Stochastic NMDA conductance shows even greater variability with magnesium block included in
response to an 8 pulse 400 Hz tetanus. A. Stochastic simulations show the fast #icker between magnesium
blocked and unblocked states observed in experiments (inset "gure adapted from [1]). The dashed line is
the NMDA conductance computed deterministically. B. Sometimes NMDA channel openings (unblocked)
were observed long after the termination of the tetanus.

Peak spine head calcium concentration varied from 17 to 45 lM among simula-
tions with the stochastic NMDA conductance compared to 24 lM when the NMDA
conductance was represented deterministically. The calcium concentration had nu-
merous large jumps as channels #ickered open and closed (Fig. 3). Late openings of
NMDA receptor channels, noted above, produced late signi"cant calcium transients
in the stochastic simulations. When the calcium concentrations computed with the 10
stochastic NMDA conductance samples were averaged, the result matched the deter-
ministic value very closely except during 20 msec of the decay phase, but this
di!erence could be attributed to having only 10 samples in the computation.

The stochastic variability in spine head calcium concentration caused highly variable
levels of `bounda and activated CaMKinase II subunits (Fig. 4). CaMKinase II activation
had a short highly activated stage lasting up to 1 s when subunits were primarily in the
`bounda state. In this stage total CaMKinase II activation varied from 53 to 90% of the
maximum activation among runs with the stochastic NMDA conductance, but peaked at
68% when the NMDA conductance representation was deterministic. A second stage of
CaMKinase II activation lasted 1}40 s and was determined largely by the decay of
subunits from the `trappeda state. With a single tetanus the peak number of subunits
in the trapped state ranged from 30 to 125 in simulations with the stochastic NMDA
conductance compared to 50 in the simulation with the deterministic NMDA conduc-
tance (results not shown). A third stage of CaMKinase II activation was best seen after
the tetanus was repeated 10 times at 4 s intervals. This stage lasted up to 2 h beyond
the last tetanus and during this stage CaMKinase II activation ranged from 12 to 30%
of maximum when the NMDA conductance was stochastic compared to 20% when
the NMDA conductance was deterministic.

4. Discussion

With the number of NMDA channel openings at a synapse being very small,
stochastic variations become important for calcium in#ux into spines during LTP
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Fig. 3. Spine head calcium concentration varies considerably with di!erent stochastic NMDA conductan-
ces, but was similar to the deterministic result on average. The right-top "gure is the same as the left-top but
on a slower time scale. Bottom "gures are the NMDA conductance corresponding to the `maximuma and
`minimuma calcium transients in the top "gures (the bottom-right "gure has a slower time scale). The
`maximuma example has the highest CaM Kinase II activation, but not the highest peak calcium
concentration.

Fig. 4. Di!erences in spine head calcium concentration translate into di!erent numbers of bound and
activated CaMKinase II subunits. A. Bound subunits for stochastic and deterministic NMDA conductan-
ces. B. The range of CaMKinase II activation among the stochastic simulations when the 8 pulse 400 Hz
tetanus was repeated 10 times at 4 s intervals.

inducing stimulation conditions. The highly variable spine head calcium concentra-
tion and subsequent variability in the number of CaMKinase II subunits in the
`bounda and `trappeda states found in these simulations could mean that LTP may
be induced more reliably in some spines than in others even if the spines are otherwise
identical.
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In the simulations above, the same stochastic NMDA conductance was used at
each tetanus repetition; if di!erent stochastic NMDA conductance representations
had been used for each of the 10 tetani, then some of the variability in CaMKinase II
activation, at least in the third stage of activation, might have been reduced. In this
case, the need to repeat strong, short, high-frequency tetani at regular intervals to
induce LTP might also play the role of reducing the variability in the extent of LTP
induced at activated synapses.
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