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Abstract. Activation of calcium/calmodulin-dependent protein kinase Il (CaMKII) by calmodulin following
calcium entry into the cell is important for long-term potentiation (LTP). Here a model of calmodulin binding and
trapping by CaMKII in a dendritic spine was used to estimate levels and durations of CaMKII activation following
LTP-inducing tetani. The calcium signal was calcium influx through NMDA receptor channels computed in a
highly detailed dentate granule cell model. Calcium could bind to calmodulin and calmodulin to CaMKII. CaMKII
subunits were either free, bound with calmodulin, trapped, autonomous, or capped. Strong low-frequency tetanic
input produced little calmodulin trapping or CaMKII activation. Strong high-frequency tetanic input caused large
numbers of CaMKII subunits to become trapped, and CaMKIl was strongly activated. Calmodulin trapping and
CaMKII activation were highly dependent on tetanus frequency (particularly between 10 and 100 Hz) and were
highly sensitive to relatively small changes in the calcium signal. Repetition of a short high-frequency tetanus
was necessary to achieve high levels of CaMKII activation. Three stages of CaMKII activation were found in the
model: a short, highly activated stage; an intermediate, moderately active stage; and a long-lasting third stage,
whose duration depended on dephosphorylation rates but whose decay rate was faster at low CaMKII activation
levels than at high levels. It is not clear which of these three stages is most important for LTP.

Keywords: LTP, CaM kinase II, calmodulin, calcium, dendritic spine, dentate, computational model, hippocam-
pus, phosphorylation, autophosphorylation

1. Introduction It has been proposed that the strength of the calcium

signal may determine whether LTP or long-term de-
Long-term potentiation (LTP) is a modification of pression(LTD)isinduced atasynapse (Lisman, 1989).
synaptic strength that has been extensively studied in Modeling studies (Holmes and Levy, 1990; Zador etal.,
the hippocampus. Inthe dentate and CAlregionsitsin- 1990) and experimental studies (Malenka, 1991; Hanse
duction depends on calcium influx through N-methyl- and Gustafsson, 1992) have lent support to the idea that
D-aspartate (NMDA) receptor channels (for reviews, athreshold level of calcium is needed to induce LTP. It
see Malenka and Nicoll, 1993; Bliss and Collingridge, has been more difficult to determine threshold levels for
1993). How much calcium enters depends strongly on LTD, and the temporal pattern or frequency of calcium
the strength and frequency of the stimulus because of transients may be more important for LTD than the ab-
the voltage-dependence of the NMDA receptor channel solute calcium level (Cummings et al., 1996; Hansel
(Mayer et al., 1984). etal., 1996).
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Recent evidence suggests that a strong calcium sig-and they also reconcile the low calcium signal frequen-
nal may induce LTP by activating calcium/calmodulin- cies needed to strongly activate CaMKII with the much
dependent protein kinase Il (CaMKII) (for reviews, see higher stimulation frequencies needed to induce LTP.
Soderling, 1993; Fukunaga et al., 1996; Lisman, 1994;
Lisman et al., 1997). Calcium entering the spine head
can bind to calmodulin, and the calcium-calmodulin 2.
complex (CaMCg can bind to individual subunits of
CaMKIl and activate them. If enough subunits are 2.1. Cell Used in the Simulations
activated, autophosphorylation may occur (Miller and
Kennedy, 1986), which traps calmodulin on a subunit A fully reconstructed dentate granule cell was modeled
and makes the subunit active long after the calcium with voltage-dependent conductances on the soma,
signal is over (Meyer et al., 1992). In the hippocam- axon, and proximal dendrites as described previously
pus it has been shown that a high-frequency stimu- (Holmes and Levy, 1997). Strong excitation was mod-
lus, but not a low-frequency stimulus, can induce LTP eled as activation of 300 excitatory synapses on den-

Methods

with long-lasting increases in calcium-independent ac-
tivity of CaMKIl (Fukunaga et al., 1993). Mayford

dritic spines in the middle third of the dendritic tree
to represent strong medial perforant path (mpp) in-

et al. (1995) have proposed that calcium-independent put. Weak excitation was modeled as activation of one

CaMKiII activity levels may shift the threshold for the
induction of LTP or LTD induced by tetanic stimula-

tion. Recently, experimental evidence has been pre-

synapse in the distal third of the dendritic tree repre-
senting weak lateral perforant path (Ipp) input. These
synapses were activated eight times at 10 to 400 Hz.

sented suggesting that the frequency and duration of Strong perforant path activation was assumed to acti-

calcium signals can be decoded into CaMKII activity
levels (DeKoninck and Schulman, 1998). However,
the frequency of calcium signals that would strongly
activate CaMKIl was much lower than the stimulation
frequencies that are typically needed to induce LTP.

Models have been developed to gain an understand-

ing of how calcium signals lead to calmodulin trapping
and calcium-independent CaMKII activity (Dosemeci
and Albers, 1996; Michelson and Schulman, 1994;
Matsushita et al., 1995; Coomber, 1998). However,
in these models the calcium signal was an arbitrary
wave form, and the dynamics of calcium binding to
calmodulin was not taken into account. In this article
the calcium signal is obtained by computing calcium
influx through NMDA receptor channels on dendritic
spines following tetanic input to hundreds of synapses
in a model of a fully reconstructed dentate granule cell.
A model of calcium dynamics in a dendritic spine is
used to determine levels of calmodulin loaded with four
calciumions (CaMC4, and a stochastic model similar
to that of Michelson and Schulman (1994) is used to es-
timate the extent of calmodulin trapping and calcium-
independent CaMKII activity that may occur with dif-
ferent stimuli. These simulations relate stimulation
frequency requirements to voltage and calcium signal
requirements for different CaMKI|I activation levels in
a dendritic spine. They reveal three distinct stages of
CaMKII activation with high activation levels corre-
lated with conditions that lead to LTP experimentally,

vate a shunting inhibition in the distal two-thirds of the
dendritic tree and at the soma. This powerful inhibi-
tion was modeled by reducirig, in these regions from
40,000Qcn? to 2,200Qcn? (middle third and soma)
or 1600Qcn? (distal third) as suggested by Holmes
and Levy (1997).

Non-NMDA and NMDA synaptic conductances
were modeled on activated dendritic spines. The synap-
tic conductance time courses were determined from a
model of glutamate release, diffusion, and binding to
receptors (Holmes, 1995). The binding reactions in-
cluded desensitization states and multiple closed states
as shown in Holmes and Levy (1997). Peak conduc-
tance was not a model parameter in this study. For
reference, the peak non-NMDA synaptic conductance
following release of one vesicle of glutamate was ap-
proximately 140 pS, a value consistent with a number
of experimental studies (e.g., Staley and Mody, 1991).
Peak NMDA synaptic conductance in zero magnesium
was slightly less than the single channel conductance
or 50 pS. This value is lower than estimated by Bekkers
and Stevens (1989) but is slightly higher than the aver-
age value estimated by Silver et al. (1993).

In modeling the 8 pulse tetanus, it was assumed
that the probability of vesicle release was 1.0 for each
pulse. However, several studies suggest that the prob-
ability of release is less than one (Hessler et al., 1993;
Rosenmund et al., 1993; Walmsley et al., 1988). Fur-
thermore, there may be facilitation of vesicle release
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Figure L  Calcium binding to calmodulin and subsequent reactions. Rate constants are gidnis or s1. The reactions on the left

were modeled deterministically, and the CaMKII subunit reactions (right) were modeled stochastically. The rate constants for the reactions in
the dashed boxes are difficult to measure; these reactions were removed in some simulations. An asterisk next to a rate constant means that this
rate constant was variable as described in the text.

among the first few pulses and depression later on aschannels while taking into account calcium diffusion,
the readily releasable vesicle pool is depleted. These pumping and binding to buffers. The model had four
issues were not taken into account in the present study.spine-head compartments, four spine-neck compart-
Previous simulations found that calcium influx dif- ments, and 12 dendritic compartments. The dendritic
fered by only 10% for a 400 Hz, eight-pulse tetanus spine is assumed to be a long-thin spine with cylindri-
whether vesicle content was 2,000 or 10,000 (Holmes, cal dimensiong x | of 0.55 x 0.55 for the head and
1995). This small difference occurred because, al- 0.1 x 0.73 for the neck (Desmond and Levy, 1985).
though release of one 2,000 molecule vesicle did not The major change to the model here is that reactions
saturate receptors, multiple releases occurring with a for calcium binding to calmodulin, calmodulin binding
high-frequency tetanus caused near-saturation of re-to CaMKIl and calcineurin, and subsequent CaMKiII
ceptors. If a few of the pulses in the high-frequency transition steps were included as shown in Fig. 1. Ini-
tetanus do not cause vesicle release, there may stilltial calcium concentration was 70 nM. Calmodulin was
be enough glutamate released to cause near-saturatiomssumed to be the only calcium buffer in this system.
of receptors. Because of this, it was thought that not Calmodulin concentration is thought to lie between 10
taking into account the stochastic nature of vesicle re- and 10QuM (Kakiuchietal., 1982; Sharmaetal., 1988)
lease would have a minimum impact on the qualitative and the value used here was BM. Recent studies

features of the results presented here. in muscle suggest that all but a small percentage of
calmodulin is bound in the basal state (Luby-Phelps
2.2. Dendritic Spine Model etal.,, 1995). Itis not known if this is true in dendritic

spines. Calmodulin with zero to four calcium ions
The dendritic spine model was similar to that used could diffuse in the spine and dendrite with a diffusion
previously (Holmes, 1990; Holmes and Levy, 1990, coefficient assumed to be one-tenth that of calcium.
1997), which calculated spine-head calcium concentra-  In most simulations CaMKII and calcineurin were
tion following calcium influx through NMDA receptor  assumed to be restricted to the outer 50 nm of the spine
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head since CaMKIll is a major component of the post-
synaptic density (Kennedy et al., 1983; Kelly et al.,
1984). There were 100 CaMKII molecules (each with
10 subunits that could bind CaMgaand 286 cal-

rylation at position 8) only if its neighbor was also

in the bound or trapped state (or with lower probability,
in the autonomous or capped states, and with still lower
probability, the free state). Trapping has been shown
cineurin molecules. In most simulations all CaMCa to be an intersubunit reaction (Hanson et al., 1994;
states could bind to CaMKII or calcineurin, but in a Mukherji and Soderling, 1994), but it is not clear if
few simulations the reactions within the dashed boxes there is directionality in the trapping. Inthe simulations
in Fig. 1 were eliminated and only the fully loaded the neighboring subunit involved in the trapping action
calmodulin (CaMCg could bind to CaMKIl or cal-  could only be either the right-hand or left-hand neigh-
cineurin. Calmodulin with less than four calciumions bor. Having only the neighbor to the right involved
bound can bind to substrates, but the data suggest thain trapping, as in Michelson and Schulman (1994), re-
the affinity is likely to be substantially less than bind- duced quantitatively the amount of trapping but had
ing of calmodulin with four bound calcium ions (e.g., little qualitative effect on the results.

Gregori et al., 1985). Furthermore, enzymes do not A trapped subunit becomes autonomous if CalyICa

seem to be activated by calmodulin that is not fully
loaded with calcium (Crouch and Klee, 1980; Stull,
1988).

All steps involving calcium binding or calmodulin
binding to CaMKII or calcineurin were computed de-
terministically from the differential equations asso-
ciated with the binding reactions shown on the left
in Fig. 1. Equations were solved with a fourth-order
Runge-Kutta method with a 1.2s time step. The
steps involving CaMKII transitions from the bound

is released but the subunit remains phosphorylated at
T286, A subunit cannot become autonomous from the
free state without first being trapped since phospho-
rylation at %8 is thought to require bound CaMga
(Hanson and Schulman 1992; Brickey et al. 1994).
Without CaMCa bound, phosphorylation can occur

in autonomous subunits in the calmodulin binding site
at T95306taking the subunitinto the capped state. This
capping reaction has been shown to be an intersubunit
reaction (Mukherji and Soderling 1994), but as with

to trapped, autonomous, or capped states shown onthe trapping reaction, it is not known if this reaction
the right in Fig. 1 were computed stochastically with s directional. In the simulations capping could oc-
a method based on that of Michelson and Schulman cur only if the neighboring subunit to the right or left
(1994) with a 0.1 mstime step (extended to 0.1 secondswere bound, trapped, autonomous, or capped. Having
when calcium concentration had returned to rest). The only the neighbor to the right side involved in capping
justification for the separation of the reaction steps into reduced quantitatively the amount of capping but had
deterministic and stochastic parts is that the transitions |ittle qualitative effect on the results. The model as-
in these two parts of the model occur on vastly dif- sumes thatfree subunits cannot directly become capped
ferent time scales. Because of the variability inherent pecause capped subunits are phosphorylated?®t T
with stochastic simulations, each simulation was run and 1286 phosphorylation requires CaMghinding as
four to 10 times, and the average results were calcu- noted above.
lated. The model does not include basal®f autophos-
When [CaMKII-CaMCa] in the outer 50 nm of  phorylation in free subunits. This autophosphorylation
the spine head was greater than the concentration ofoccurs ata very slow rate, haka value for ATP eight-
one molecule in that volume, the number of CaMKII-  fold higher than CaMCadependent autophosphoryla-
CaMCa, subunits (bound) was computed. (When con- tion at 28, and causes the subunit to be inactivated
verting concentrations to numbers of molecules, the (Colbran, 1993). If included in the model, the effect
remaining fraction of a molecule was ignored.) If the would be to remove a small number of subunits from
number of bound subunits increasedddyom the num- consideration.
ber at the previous time step, themandomly selected At each time step in the simulations, random num-
free subunits were designated bound. If the number of bers were chosen for each bound, trapped, autonomous,
bound subunits decreased pyrom that at the previ-  and capped subunit to determine which subunits would
oustime step, theprandomly selected bound subunits  make transitions to which neighboring states. In some
were designated free. simulations the initial numbers of autonomous and
In the CaMKII subunit reactions a bound subunit capped subunits were nonzero to take into account a
could become trapped (CaMghound and phospho- 4% to 20% basal activation of CaMKII subunits.
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2.3. Rationale for the Rate Constants Used: calmodulin saturated with calcium (with a fluorescent
Deterministic Model probe attached) is 0.15uM~'ms!. Dansylated
calmodulin has a threefold higher affinity for CaMKII
2.3.1. Calcium Binding to Calmodulin. The rate than does unlabeled calmodulin. This difference could
constants for calcium binding to calmodulin (middle be exhibited in the binding rate, the unbinding rate,
vertical reactions in Fig. 1) were chosen to satisfy the or both rates. A threefold lower binding rate would
macroscopic binding constants for each step/(&Q give a binding rate of 0.0aM~*ms™t. The assump-
0.6 uM, 100 uM, and 5uM) reported by Linse etal.  tion made here was that both rates would be affected,
(1991) and dissociation-rate data summarized by Klee so the binding rate was chosen to be OM ~*ms! or
(1988). 100M~1s71, The unbinding rate was computed from
the binding rate and the dissociation constant for
2.3.2. Calcium Binding to Calcineurin-CaMCa CaMCa binding to CaMKIl assuming a value of 45 nM
These rate constants (right vertical reactions in Fig. 1) for the dissociation constant (Meyer et al., 1992). The
were chosen to satisfy the macroscopic binding con- result was 4.5 for the unbinding constant. For the
stants for each step reported by Stemmer and Klee other reactions (left horizontal reactions in Fig. 1),
(1994) while assuming that the association rate con- the macroscopic rate constants were chosen to sat-
stant was 10uM~*s71 (Kretsinger, 1991; and at the  isfy thermodynamic equilibrium with the major change
upper end of the range given by Linse and Forsen, again occurring with the binding of CaMgao the
1995). protein. The computed macroscopic rate constants al-
lowed almost no binding of calmodulin to CaMKII or
2.3.3. Calcium Binding to CaMKII-CaMCga. These  calcineurin without at least two calcium ions bound

rate constants (left vertical reactions in Fig. 1) are not to calmodulin for the calcium concentration levels
knownwell. ltwas assumed thatthe rate constants were gchieved in the model.

similar to calcium binding to calmodulin with the major

difference occurring with the binding and unbinding of 2.3 6. Autonomous to Trapped. This transition oc-
the third calcium ion as has been suggested for other cyrsif CaMCa rebinds to an autonomous subunit. This
calmodulin binding proteins (e.g., Burger et al., 1983, phinding rate was assumed to be one-third of the rate of
1984; Cox et al., 1988). CaMCa binding to CaMKII as suggested by Meyer

- , ) i etal. (1992), Table 1.
2.3.4. CaM-Ca Binding to Calcineurin. The dis-

sociation constant for CaMG#inding to calcineurin

has been reported to be 6 nM (Meyer et al., 1992). 2.4. Rationale for the Rate Constants Used:

(Other reports give this dissociation constant at lower Stochastic Model

values, but model results were changed little by having

this value at 0.1 nM because the 6 nM value was still The rate constants in Fig. 1 were converted into prob-

much smaller than the value for binding to CaMKIl as abilities for the stochastic model by assuming that

noted below.) With the binding rate constant assumed the probability of a transition in time intervalt is

to be 100uM~1s1, the unbinding rate was 0.6’ 1 — e kAt for rate constank. Since most rate con-

For the other reactions (right horizontal reactions in stants were small, this quantity was usually equal to

Fig. 1), the macroscopic rate constants were chosen tokAt. Because many rate constants are not known very

satisfy thermodynamic equilibrium (that is, the prod- precisely, rate constants were varied 10-fold in some

uct of the macroscopic rate constants from CaMCa Simulations.

to CaN-CaMCato CaN-CaMCgequaled the product

from CaMCa to CaMCa to CaN-CaMCg) given the 2.4.1. Bound to Trapped. The bound-to-trapped rate

known macroscopic rate constants for calcium binding constant depends on how fast autophosphorylation can

to CaMCg and CaMCabinding to calcineurin. Bind-  occur. Autophosphorylation is an intersubunit reaction

ing rates were assumed to be slow until three calcium between neighboring subunits (Hanson et al., 1994)

ions had bound to calmodulin. that occurs within 5 seconds in optimal conditions
(Miller et al., 1988). Data from Hanson et al. (1994,

2.3.5. CaM-Ca Binding to CaMKIl. Meyer et al. figs. 5, 7) suggest 0.5 or 0.75%swould be an appro-

(1992) report that the binding rate of dansylated priate value although they used5sn their computer
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model. Dosemeci and Albers (1996) used a value of be threefold larger, 0.01°8, as dephosphorylation at
0.05 st in their computer model. Here a rate constant T305306 yas thought to proceed more quickly than at
of 0.5 s* was assumed if CaMGavas bound and the  T286, Data from Patton et al. (1990) suggest that un-
neighboring subunit was in the bound or trapped state. der optimal conditions the rate could be up to 10-
If the neighboring subunit were autonomous or capped, fold faster. Consequently, a large range of3f%
the rate constant was assumed to be 0*§rsmost sim- dephosphorylation-rate constant values was tested. Al-
ulations but was reduced to 0.2'sn some simulations  though there is no evidence that calcineurin bound with
to account for the reduced activity of subunitsinthe au- CaMCgaq is directly responsible for the dephosphory-
tonomous or capped states. If the neighboring subunit lation of CaMKII subunits, it may have an indirect ef-
were not bound, trapped, autonomous, or capped, thefect. Dephosphorylation rates were allowed to increase
rate constant was 0.05%to allow for phosphorylation  up to threefold depending on the proportion of cal-
to occur by chance encounter. cineurin molecules that had CaMgbound, delayed

by 200 msec. Because of the small size of these rate

2.4.2. Trapped to Autonomous. The rate at which a constants, the threefold change had little quantitative
effect on the results.

trapped subunit becomes autonomous depends on cal-
cium concentration as shown in Meyer et al. (1992,
fig. 3). A function that fits the data in this figure is 3.
1/k = 0.00228 [Ca] 1.6919 9.88, where 1k is the

inverse of the rate constant in seconds and calcium gy jations were done first to determine whether high
concentration is in nM. Given this function, the rate levels of calmodulin trapping on CaMKII were cor-
i ol
constant is 0'&31 wr;n [C&Tis 10 nM butfalls to oja164 with stimulation conditions thought to lead to
0.00355 5™ when [C&™]is 1.0 uM. LTP, including frequency and intensity requirements.
Then, because CaMKIl subunits are active in the auto-

2.4.3. Autonomous to Capped.The transition to the ~ homous and capped states, as well as the bound and
capped state is thought to be an intersubunit autophos-trapped states, simulations were done to compare the
phorylation (Mukherji and Soderling, 1994). This rate time course of total CaMKII activation in stimulation
constant was assumed to be much slower than theconditions where LTP may or may not be induced. Fi-
bound to trapped rate constant. Basal autophospho_na”y, simulations were done to test how the time course
rylation at % has been found to be about 25 times ©f CaMKIl activation might be affected with different
slower than CaMCadependent phosphorylation at Parameter value choices, particularly for the dephos-
T286 (Colbran, 1993), but autophosphorylation 8T phorylation rates.

may not be this slow if ° is phosphorylated first.
Data in Patton et al. (1990, fig. 5) suggest that a value
of 0.05-0.1 s* would be appropriate and a value of
0.1 s was used in most of the simulations when a
neighboring subunit was bound, trapped, autonomous,
or capped.

Results

3.1. High Levels of Calmodulin Trapping Correlated
with Stimulation Conditions That Induce LTP

LTP is induced experimentally by strong high-
frequency input but not by strong low-frequency in-
put. Simulations were done to determine the amount
2.4.4. Dephosphorylation Rates.It was not known of calmodulin trapping that occurs with a strong low
what the dephosphorylation rates should be or how frequency input. Three hundred excitatory synapses
these rates might change with calcium or calmodulin (representing medial perforant path input) were coacti-
concentration. The base rate constant value used forvated in the model once every 4 seconds (0.25 Hz). For
T288 dephosphorylation was 0.003's Thisis 10times  this particular simulation, no shunting inhibition was
smaller than the rate used by Hanson et al. (1994). Dataincluded to maximize the amount of calmodulin
from Barnes et al. (1995) suggest that a larger value trapping that might occur. Calcium concentration,
might be appropriate. Consequently, simulations were CaMCg binding, and trapping on CaMKIl were com-
done with large variations in this parameter value. The puted at a representative medial perforant path (mpp)
capped to autonomous rate constant was assumed tesynapse.
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A Almost no calmodulin trapping occurred with the
120 strong low-frequency input. Because there was no in-
i hibition, three action potentials were fired (Fig. 2A),
100 . . .
. and calcium concentration in the spine head peaked
80 at more than &M (Fig. 2B). Despite this, very little
3, 60 - CaMCag became bound to CaMKIl, and only two to
S ] three of the 1,000 subunits reached the trapped state
9 407 (Fig. 2C).
20 / Simulations were done with high-frequency tetanic
] \ input to determine the levels of calmodulin binding and
0 ) g .
_ trapping that occur with high-frequency input. Three
21| R e S B L B B S B e hundred mpp synapses and one lateral perforant path
0 S0 100 150 200 (Ipp) synapse were coactivated eight times at 400 Hz.
B Time (ms) The lateral perforant path synapse was added to al-
10+ low the additional test of the “spatial convergence re-
. guirement” for associative LTP found in the dentate
8- (White et al. 1988, 1990). For associative LTP to oc-
= - cur between coactivated weak and strong inputs to the
,i' 6- dentate, the two inputs must converge in close spatial
g . proximity to each other. Pairing strong medial per-
C 44 forant path input with weak lateral perforant path input
g . will cause potentiation of mpp synapses but not of Ipp
= o synapses. A shunting inhibition, assumed to be acti-
i vated by the tetanus, was included in the model. The
o +~—rr—r—1—+——rr—r——rTrrr tetanus was repeated every 4 seconds. Calcium concen-
0 50 100 150 200 tration, CaMCabinding, and trapping on CaMKII sub-
c Time (ms) units were compared at a representative mpp synapse
and the Ipp synapse.
wmo__ — Bound The amount of CaMCabinding to CaMKIl and
= g0 - ~-Trapped CaMCaq trapping on CaMKII was much higher at the
5 mpp synapse than at the Ipp synapse and was much
'g 1 higher than that found above with low frequency in-
“‘2 put. Peak calcium concentration was twice as high at
o) the mpp synapse than at the Ipp synapse (Fig. 3A) and
o three times higher than in Fig. 2B. However, the differ-
'g ence in calcium concentration at the two synapses was
S small after the first 40 msec. Nevertheless, this twofold
= R difference in peak calcium concentration led to twofold
1

6 more CaMCgbound CaMKIl subunits at the mpp
Time (seconds) synapse than at the Ipp synapse (Fig. 3B) and three-
fold more subunits with CaMGdrapped (Fig. 3C). At
Figure 2 Almost no calmodulin trapping occurred for strong low  the peak of CaMCa binding to CaMKIl, 67% of
frequency input. 300 mpp (excitatory) synapses were coactivated at the CaMKI| subunits had CaMGaound at the mpp

0.25 Hz. No |nh|b|t|on_was included in this smulathn. A: Voltage‘ synapse, but only 36% of the subunits had CapCa
response at the soma in mV. Voltage change is relative to the resting

potential. B: Spine head calcium concentration at an mpp synapse. Pound at the Ipp synapse. With the larger percentage
The notch in the plot was caused by action potential invasion of the Of bound subunits at the mpp synapse, there was a
dendritic spine containing the mpp synapse. C: Numbers of subunits higher probability that adjacent subunits were bound

of CaMKII that bound or trapped CaM@aThe dotted lines for the and that autophosphorylation to the trapped state would

number of trapped subunits represent the maximum and minimum - This |ed to the threefold difference in the num-
numbers found in 10 runs of the stochastic simulation, whereas the

dashed line is the average of 10 runs. Note the different time scale ber of trapped subunits found between the mpp and Ipp
for this graph. synapses.
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A 3.2. Frequency Dependence of Calmodulin
254 Trapping
E —Impp synapse
20 PP synapse Simulations were done to investigate the dependence of
% . the amount of calmodulin trapping by CaMKIl on the
T 153 frequency of the tetanus. Three hundred mpp synapses
3 1/ - and one Ipp synapse were activated eight times at fre-
[T 10 ’/ \ guencies of 400, 200, 100, 50, 20, and 10 Hz. Identical
S ) \ shunting inhibition was assumed in all of the simu-
= s "N lations. Calcium concentration and CaMGznding
1 R and trapping on CaMKII subunits were computed for
oF——r—r1T——"—"1r—"rrr1rrr a representative-activated mpp synapse on a dendritic
0 50 100 150 200 Spine_
B Time (ms) It was found that reducing tetanus frequency dra-
matically reduced the amount of calmodulin trapping.
10007 N . .
_ — mpp synapse As shown in Fig. 4A the peak spine-head calcium con-
S 800~ - --ipp synapse centration was significantly reduced as the tetanus fre-
c i guency was lowered. With the 400 Hz input, the cell
3 k . . . X
o R fired two action potentials with the second causing the
a 600 - . .
o i odd-shaped peak in the calcium concentration curve.
’é’ 400- With the 200 Hz stimulus, the cell fired one action
a l || potential. There were no action potentials with lower
@ 200 ) input frequencies. The different calcium signals in the
\‘ b six cases caused different amounts of Calylttodorm
0=y : : . and bind to CaMKIl subunits as shown in Fig. 4B.
0 2 4 6 8 10 12 The 200 and 400 Hz stimuli caused similar numbers
Time (seconds) of CaMKII subunits to bind CaMCa(about 67% at
C the peak). However, as frequency was reduced to 100,
2007 . 50, 20, and 10 Hz, the percentage of subunits bound
1 T op synapse. with CaMCa, at the peak fell to 60%, 50%, 20%, and
'§_ 150 ; 8%, respectively. This steep gradient in the amount of
o i binding as a function of input frequency was also seen
g in the number of trapped subunits at the different fre-
o 1007 quencies as shown in Fig. 4C. Here the peak number
= . of trapped subunits is 10-fold larger at 200 and 400 Hz
.g 50 than at 10 Hz.
2] -
o+ : : : : : . 3.3. Sensitivity of Calmodulin Trapping to the

0 2 4 6 8 10 12 Strength of the Calcium Signal
Time (seconds)
Totest the sensitivity of calmodulin trapping to changes
Figure 3 High levels of CaMCabinding and trapping by CaMKIljn the calcium signal, the shunting inhibition activated
are correlated with LTP induction. 300 mpp and 1 Ipp synapse by a strong input, eight-pulse, 50 Hz tetanus was re-

were activated 8 times at 400 Hz with this tetanus repeated every d d half hird of the | I d ab
4 seconds. The tetanus was assumed to coactivate shunting inhibi- uced to one-half or one-third of the level used above.

tion. Experimental data suggest that LTP is expected at the mpp The cell fired two action potentials in the case with the
synapse, but not at the Ipp synapse. A: Spine head calcium con- lowest inhibition, one action potential in the case with
centration at mpp and Ipp synapses. B: Number of CaMKIl sub- jntermediate level inhibition, and no action potentials
units with CaMCa bound at mpp and Ipp synapses. C: Number \yiih the highest level of shunting inhibition. The cal-

of CaMKIl subunits with CaMCa trapped (%8¢ phosphoryla- . ion in th ine head and sub
tion). The dotted lines represent extreme cases among 10 stochas-C1UM concentration in the spine head and subsequent

tic simulations and the solid and dashed lines are averages of binding and trapping of CaMGao CaMKIl subunits
10 runs. were computed.
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Figure 4 Frequency dependence of CaM®énding and trapping

on CaMKII. 300 mpp synapses were activated 8 times at 400, 200,
100, 50, 20, and 10 Hz. A: Spine head calcium concentration. B:
Number of CaMKII subunits with CaMGabound. C: Number of
CaMKiII subunits with CaMCatrapped. Plots represent the average
of 10 stochastic simulations.

Despite what might seem to be small differences in
the calcium signal with reduced inhibition, there were
large differences in the amount of calmodulin binding
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and trapping in the three cases. The calcium concen-
tration in the spine heads is shown in Fig. 5A. Overall,
the calcium concentration curves look similar except
that the peaks are elevated by 1 tp[8l at each pulse

in the tetanus as inhibition is reduced. The elevated
peak in calcium concentration at the second pulse of
the tetanus in the simulation with the lowest level of in-
hibition is due to the action potential invading the den-
drites and the dendritic spine containing the observed
synapse. This relatively small difference in the cal-
cium signal caused the peak number of subunits bound
with CaMCa to be 824, 735, and 501 in the three cases
(plot not shown). This difference was further amplified
into twofold to threefold differences in the amount of
calmodulin trapping (Fig. 5B).
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Figure5 Relatively small differencesinthe calcium signal produce
large differences in calmodulin trapping. The level of inhibition co-
activated with an 8 pulse 50 Hz tetanus to 300 mpp synapses was
reduced to 50% or 33% of the baseline level. A: Spine head calcium
concentration. B: Number of CaMKII subunits with CaMQeapped
(average of 10 simulations).
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It should be noted that similar large differences with
changes in the level of inhibition were not seen when 100+

>

the frequency was reduced to 20 Hz or 10 Hz (results S - flmpp synapse
not shown). At lower frequencies, as inhibition was S 80+ "TPP Synapse
reduced, we approached the case illustrated in Fig. 2 w2 1
when there was no inhibition (but also no tetanus). The 3.8 60
increased calcium signal with lower inhibition was not OE
sufficientto provide a significantincrease inthe number g g 40
of bound subunits at these lower tetanus frequencies. [ 20 ]
~ 20
= |
3.4. Three Stages of CaMKII Activation 0 I maa s e |
0 1 2 3 4 5
Calculations were done to determine the time course B Time (seconds)

of CaMKII activation at mpp and Ipp synapses. Com- ‘
parisons were done first for a single eight-pulse 400 Hz J—
tetanus to 300 mpp synapses and one Ipp synapse and
then for the tetanus applied 10 times at 10 second inter-
vals (to simulate more closely experimental conditions
used to induce LTP). Bound and trapped subunits were
assigned an activation level of 1.0, and autonomous and
capped subunits were assigned an activation level of 0.4
(because of their lower activity, Schulman, 1993). To-
tal CaMKII “activation” was the weighted sum of the
numbers of subunits in the different states. Results are
expressed as a percentage of the maximum possible
activation.

When the tetanus was applied once, three stages
of CaMKII activation were observed. At each stage
CaMKII activation was two to three times larger at the
mpp synapse than at the Ipp synapse. In the first stage
67% of the CaMKII subunits were activated at the mpp
synapse and 36% were activated at the Ipp synapse
(Fig. 6A). Activation was highest at about 70 msec
when CaMCabecame bound to CaMKII subunits, but
then fell precipitously over the next 1.0 second as cal-
cium concentration decayed. The duration of this stage 0T
was determined by the rate constants for calcium dis- 0 20 40 60 80 100 120
sociation from CaMKII-CaMCaand for CaMCadis- Time (seconds)
sociation from CaMKII SUbumtS, n _the bound state. Figure 6. The time course of CaMKIl activation has three stages.
In the second stage CaMKII activation decayed from  simuation conditions were the same as in Fig. 3 except that the
7.6% to 2.1% for the mpp synapse and from 3.3% t0 tetanus was not repeated. A: Percentage of maximum possible
0.8% for the Ipp synapse (Fig. 6B). This stage began CaMKIl activation at mpp and Ipp synapses. B: Same as A but
at 1.0 second when the number of trapped subunits wi.th different axes rgnggs to show more clearly the different stages.
had reached its maximum (Fig: GQ) aqd Iast_ed about Sct;\éirg?ﬁ:;; er’]zulggss'ynn;hpigf_ pped and autonomous plus capped
40 seconds. All CaMKII activation in this period was
calcium independent. The duration of this stage was
determined largely by the rate constantfor the transition slowly because subunits remained in the autonomous
from the trapped state to the autonomous state and toand capped states for a long time before being dephos-
a much lesser extent by the rate c¥®¥dephospho- phorylated (Fig. 6C). This stage lasted many minutes.
rylation. In the third stage, activation decayed more Few subunits reached the capped state when a single
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tetanus was applied because of the requirement that
the capping reaction be an intersubunit reaction. Thus 100-
the duration of the third stage depended primarily on the
dephosphorylation rate constant from the autonomous
state and only to a small extent on the rate constant for
the transition from the autonomous to the capped state.

When the eight-pulse 400 Hz tetanus was repeated
10 times at 10 second intervals, CaMKIl activation
again was twofold to threefold higher at the mpp
synapse than at the Ipp synapse. The three stages of
CaMKII activation described above appeared again in .
Fig. 7A. A very short-lived highly activated state was 0 30
followed by a slow decay of activation between stimuli, Time (seconds)
and this was followed by a much prolonged decay of B
CaMKII activation after the last tetanus. Repetition of 500+
the tetanus had the effect of increasing the amplitude N :{Sgg;ﬁgm%cagggd
and duration of the prolonged third phase of CaMKI|I 400+ o
activation (Fig. 7A). At 2.5 minutes CaMKII activa-
tion was 17.2% at the mpp synapse but only 8.4% at
the Ipp synapse, compared to 1.6% at the mpp synapse
and 0.6% at the Ipp synapse when the tetanus was ap-
plied only once. This final stage of CaMKII activation
lasted longer than when the tetanus was applied only Y.
once because significant numbers of subunits became o4
capped, and intersubunit autophosphorylation tended 0 30 60 90 120
to return autonomous subunits to the capped state (as Time (seconds)
described in the next section).

Although the prolonged phase of CaMKIl activa-
tion was elevated when the tetanus was repeated,
the early phase of CaMKIl activation increased only
slightly with the first few tetani and then decreased
slightly with the last few tetani. The peak activation
of the early phase was due largely to the number of
bound subunits, but when the tetanus was repeated,
there were fewer subunits available to enter the bound
state. At the mpp synapse the peak number of bound
subunits after the first tetanus was 669, but after the
tenth tetanus this number was only 448. Peak activation
after the tenth tetanus was still 72% due to the contri-
bution of autonomous subunits becoming trapped. At Figure 7. CaMKIl activation is correlated with LTP induction con-
2.5 minutes there were 427 subunits in the autonomousditions. Simulation conditions were the same as in Figs. 3 and 6
and capped states at the mpp synapse (Fig. 7B), and ifexcept that the tetanus was applied 10 times at 10 second intervals.
every other subunit were to become bound or trapped, A: Percentage of maximum possible_CqMKII activation at mpp and

. L Ipp synapses. B: Number of subunits in autonomous plus capped
the percentage of maXImL!m activation would be Capped states at mpp and Ipp synapses. C: Number of subunits in the trapped
at 74.4%. Thus, repeating the tetanus added to thestate at mpp and Ipp synapses.
prolonged phase of CaMKIl activation while having
a much smaller effect on the early phase of CaMKIlI
activation. smaller with additional tetani as the number of subunits

The middle stage of CaMKII activation became entering the trapped state began to level off. During the
larger with the first few tetani, but the increase became first few tetani most subunits entered the trapped state
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from the bound state, but by the tenth tetanus, most 100
subunits entered the trapped state from the autonomous € 1 —4 second interval
state (compare the amplitude of the dipsin Fig. 7Bwith = 804 1|l =~ 10 second interval
the increases in Fig. 7C). The peak number of subunits __'g i
in the trapped state may have decreased if further tetani 2"6 E 400 Hz
had been applied as more and more subunits became g‘t tetani
capped, limiting the available number of autonomous gg !
subunits. g_g

x
3.5. Decay-Time Constant of CaMKII Activation = —

150

Simulations were carried out to 2 hours to examine the Time (seconds)

time course of the decay of the third stage of CaMKIl _ , _

L . - Figure 8 Effect of reducing the interval between tetani. Percentage
activation. T_hIS stage decaYed more slowly with re- of maximum possible CaMKII activation at the mpp synapse. Same
peated tetani than with the single tetanus. The decay- simulation conditions as in Fig. 7 (400 Hz tetani) except that the
time course was fitted with a single exponential. The interval between tetani was reduced to 4 seconds.
time constant of the decay following the single tetanus
was 7 minutes at the Ipp synapse and 11 minutes at
the mpp synapse. However, the time constant of the 2.5 minutes whether the interval between tetani was 4
decay following the repeated tetani was 27 minutes at Or 10 seconds; the decay time constants were also sim-
the Ipp synapse and 30 minutes at the mpp synapse.lar. If there is a difference in LTP induction between
The theoretical minimum time constant is about tetani delivered at 4 or 10 second intervals, then the
5 minutes (based on the assumed rate of autonomougnodel suggests that the difference should not lie with
subunit dephosphorylation). To determine the theoret- the third stage of CaMKII activation.
ical maximum decay time constant, simulations were ~ When tetani were delivered at intervals shorter than
done with all subunits starting in the capped state. The 4 seconds, recovery of NMDA receptors from desensi-
average time constant ranged from 33 to 43 minutes in tization between tetani became an issue. Fig. 9A shows
five trials averaging 37 minutes. These differences in the activation level when a 20 Hz eight-pulse tetanus
the decay-time course were a direct result of the re- was delivered 10 times at intervals of 400 ms (2.5 Hz),
quirement in the model that capping be an intersubunit 1.0 second (1.0 Hz), and 4 seconds (0.25 Hz) and
reaction. NMDA receptor desensitization was assumed to re-

cover completely between tetani. In these cases there

was a dramatic increase in peak CaMKII activation lev-
3.6. Effect of Varying Tetanus Frequency els at each stage of activation as the interval between

and the Interval Between Tetani tetani was reduced. The activation level achieved when

the 20 Hz tetanus was repeated at 2.5 Hz was similar to
Because the above simulations illustrated the impor- that shown in Fig. 8 for the 400 Hz tetanus repeated at
tance of repeating the tetanus, the simulations that pro-0.25 Hz. However, recovery from NMDA receptor de-
duced the results in Fig. 7 were repeated except that thesensitization takes much longer than the 50 ms between
interval between tetani was reduced to 4 seconds. Whenthe last pulse of the eight-pulse 20 Hz tetanus and the
this was done, the first stage of CaMKII activation was first pulse of the next tetanus. When NMDA receptor
elevated to almost 85% of maximum activation at the kinetics were computed continuously between tetani,
mpp synapse (Fig. 8). Although the second stage of the level of CaMKII activation found with the 20 Hz
activation showed a similar time course of decay as be- tetanus repeated at 2.5 Hz was very low (Fig. 9B).
fore, the reduced interval between tetani allowed more  How NMDA receptor desensitization affects the size
subunits to become trapped. At the start of the sec- of the calcium signal and reduces CaMKII activation
ond stage of CaMKIl activation after the tenth tetanus, can be seen from Figs. 4A and 9C. Fig. 4A shows that
activation was 45% of maximum compared to 34% of the last few pulses in an eight-pulse tetanus produce
maximum when the tetani were delivered at 10 sec- smaller and smaller calcium signals. With smaller cal-
ond intervals. However, surprisingly, the level of ac- cium signals, fewer additional subunits become bound
tivation during the third stage was nearly the same at with subsequent pulses in the tetanus (Fig. 9C). If
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Figure 9. Recovery from NMDA receptor desensitization is important at shorter intervals between tetani. A: NMDA receptor desensitization
was assumed to recover completely during the interval between tetani. Percentage of maximum possible CaMKII activation when a 20 Hz

8 pulse tetanus was repeated at intervals of 400 ms, 1 second, and 4 seconds (2.5, 1.0, and 0.25 Hz tetanus repetition frequencies). B: The
lower curve represents the 2.5 Hz tetanus repetition frequency case when NMDA receptor kinetics, including desensitization and recovery from
desensitization, were computed continuously throughout the inter-tetanus interval. This is compared to the 2.5 Hz case in A (note different time
scale) where desensitization was assumed to recover completely between tetani. Note, the 2.5 Hz tetanus repetition frequency case is equivalent
to a single 80 pulse 20 Hz tetanus because the interval between the last pulse of a tetanus and the first pulse of the next tetanus equals the interval
between pulses within the tetanus (50 ms). C: Number of bound CaMKII subunits. Same set of simulations as in A and B except that the 0.25 Hz
repetition frequency case has been removed for clarity.

NMDA desensitization is assumed to recover com- factor in the 2.5 Hz case (bottom curve in Fig. 9C) and
pletely in the 50 ms or 650 ms interval between tetani may be a factor in the 1.0 Hz case.

(the 2.5 and 1.0 Hz cases in Fig. 9C), each tetanus

produces the same calcium signal, there is growth (at

least initially) in the peak number of subunits bound 3.7. Effect on the Predicted Time Course of CaMKII
with subsequent tetani, the number of trapped subunits Activation of Different Parameter Value

sums and CaMKII activation increases. However, if Choices in the Model

additional tetani are delivered before recovery from

NMDA receptor desensitization, calcium signals and Although there are experimental data for many of the
the peak number of bound subunits will continue to get rate constants used in the simulations, some are not
smaller. NMDA receptor desensitization certainly is a known with much certainty. Simulations were done to
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examine six particular variations of the model: (1) the
reactions in the dashed boxes in Fig. 1 were excluded
from the model, (2) the dephosphorylation rates were
increased or decreased 10-fold, (3) subunits were as-
sumed to be autonomous or capped in the basal state,
(4) the bound to trapped rate constant was increased or
decreased 10-fold, (5) the autonomous to capped rate
constant was reduced fivefold, and (6) the trapped to
autonomous rate constant was reduced five- and 10-
fold. Tests were done using 10 tetani at 10 second inter-
vals as in Fig. 7. In all cases tested, CaMKII trapping
and activation remained much larger with conditions
thought to lead to LTP than with conditions thought
not to lead to LTP, but some variations in parameter
values caused large changes in the time course of one
or more of the three stages of CaMKII activation.

3.7.1. Elimination of “Boxed” Reactions of Fig. 1.
Because many of the rate constants in the boxed reac-
tions of Fig. 1 are notknown well, they were eliminated
from one set of simulations. Although it is usually
thought that the additional reaction steps would allow
CaMKiII subunits to enter the bound state more eas-
ily, these reactions also allowed CaMKII subunits to
leave the bound state more easily. Eliminating these
reactions left only one path away from the bound state
instead of two. This meant that CaMKII activation
was higher than when the boxed reactions were in-
cluded (Fig. 10A) because subunits remained in the
bound state longer (Fig. 10B) and more became trapped
(Fig. 10C). Although the rate constants for the boxed
reactions are not known well, the simulation results
suggest that these reactions are important to include.

3.7.2. Dephosphorylation Rates Dephosphorylation
rates had profound effects on the third stage and less
significant effects on the second stage of CaMKII ac-
tivation. When dephosphorylation rates were reduced
10-fold only very small differences were seen in the
first two stages of CaMKIlI activation (Fig. 11A). This
occurred because the primary path out of the trapped
state was to the autonomous state as determined b
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Figure 10 Effect of eliminating the “boxed” reactions in Fig. 1
yfrom the simulations. A: Activation without the “boxed” reactions

the trapped to autonomous rate constant when dephoSyyas higher because without the boxed reactions, B: subunits re-
phorylation rates were at the baseline levels or slower. mained bound longer and C: more became trapped.

When dephosphorylation rates were increased ten-fold,
the second stage of CaMKIl activation was much re-
duced (bottom curve in Fig. 11A). The faster dephos-

The large effect of dephosphorylation rates on the

phorylation rate was now closer in magnitude to the third stage of activation is shown in Fig. 11B, where
trapped to autonomous rate, and this allowed dephos-the 150 second time period shown in Fig. 11A is ex-
phorylation to become a second significant path away tended to 2 hours. When dephosphorylation rates were

from the trapped state.

reduced 10-fold, there was 20% decay of CaMKII
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nomous or capped states. These initial distributions
of autonomous and capped subunits were not random
| :g{g‘r’]vd‘éfg%"e%hos within a holoenzyme. Clusters of adjacent subunits
80- - - -fast dephos were capped because of the requirement that capping
be an intersubunit reaction in the simulations that cre-
ated these initial conditions. Results were obtained for
eight-pulse tetani of 20 Hz or 400 Hz delivered 10 times
at 10 second intervals.

Surprisingly, the presence of basally phosphorylated
subunits did not increase CaMKII activation signifi-
cantly above the amount given by the initial condition.

, : , When the stimulus frequency was 400 Hz, the first stage
0 30 60 90 120 150 of CaMKII activation was slightly reduced, and the
Time (seconds) second and third stages were slightly increased when
there were basally phosphorylated subunits. The first
----- slow dephos stage was slightly reduced because there were fewer
R aogPhos free subunits available to become bound with the cal-
cium signal and autonomous and capped subunits had
lower activation levels than bound or trapped subunits.
The second and third stages were elevated by an amount
corresponding to the initial condition. Having 4%,
12%, or 21% starting as autonomous or capped meant
that the starting CaMKII activation was 1.6%, 4.8%,
or 8.4% of the maximum level. These are the approx-
imate differences seen in Fig. 12A. When the stimula-
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0 30 60 90 120 tion frequency was 20 Hz, all three stages of CaMKI|

Time (minutes) activation were increased by an amount corresponding
to the initial condition (Fig. 12B). Unlike the 400 Hz
Figure 11 Differencesin CaMKIl activationlevelsandtime course  case, the number of subunits that became bound was
at the mpp synapse due to variations in dephosphorylation rates. not limited by the number of basally phosphorylated

A: Dephosphorylation rates were increased or decreased 10X. autonomous and capped subunits. The activation level
B: Same as in A except that the time scale is changed to show the PP .

third stage of CaMKil activation. at two minutes was 4.27% with no basal phosphoryla-
tion and was 14.1% with 21% basal phosphorylation.
The difference of 9.83% is only slightly larger than the

activation over 2 hours. When dephosphorylation rates o ; Y >
8.4% activation given by the initial condition alone.

were increased 10-fold, CaMKII activation was over in
less than 5 minutes. Because dephosphorylation rates

can depend on many factors with phosphatases regu-3 7 4 Bound to Trapped. The rate at which bound

lated in a num.ber of dlfferent ways through reaction g hinits became trapped was increased or decreased
pathways not included in this model, it was thought 1 fo|q hecause other models have used this range of
that any value within the 100-fold range of tested val- 5,5 as mentioned in the Methods. When the bound
ues might be appropriate at a given time. to trapped rate constant was increased 10-fold, CaMK|
activation was close to 40% following the last tetanus
3.7.3. Effect of Basally Phosphorylated Subunitslt at both the mpp and Ipp synapses. A 40% activation
has been reported that there is basal phosphorylation oflevel is the maximum that can be attained when all sub-
4% to 20% of the CaMKII subunits. To determine the units are in the autonomous or capped states. Because
effect of basally phosphorylated subunits on CaMKII sustained CaMKIl activation was nearly the same at
activation, initial conditions were chosen from the sub- both synapses and LTP should occur only at the mpp
unit states found at 2.5 minutes in three sets of previ- synapse, it was thought that the bound to trapped rate
ous simulations. In these simulations approximately constant should not be this large. When the bound
4%, 12%, and 21% of the subunits were in the auto- to trapped rate constant was reduced 10-fold, CaMKI|I
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>

stages of CaMKIl activation, but it did speed up the de-

- cay of the third stage of CaMKII activation by a factor
100 —21% initial A or C

| 400Hz ~—-4% initial A or G of three.
tetani

go4 no basal phos

3.7.6. Trapped to Autonomous.Slowing the transi-
tion from the trapped state to the autonomous state
fivefold and 10-fold increased the peak of the first
stage and lengthened the second stage of CaMKII
activation. With the slower trapped to autonomous rate,
the number of subunits becoming autonomous in the
first 100 seconds was limited, and, consequently, the
—r——T— number of subunits making the transition from the au-
0 30 60 90 120 tonomous to the capped state was small. With subunits
Time (seconds) primarily in the bound or trapped states, a reduction
_— in the first stage of activation due to accumulation of
407 —21% initial Aor C 20 Hz - . .
——-12% initial A or C tetani capped subunits did not occur. The lengthening of the

1 4% initial A or C second stage of activation was expected because this
----- no basal phos

30 stage was known to depend on this rate constant when
dephosphorylation rates were at baseline levels.

Percent of
Maximum Activation

4. Discussion

Percent of
Maximum Activation

4.1. Correlation of CaMKII Activation
with LTP Induction

T e — |
0 30 60 90 120
Time (seconds)

The modeling results support the hypothesis that
calmodulin trapping and CaMKII activation is corre-
Figure12 Effectofinitially phosphorylated subunitsonsimulation  lated with conditions that lead to the induction of LTP.
results. A: 400 Hz 8 pulse tetanus was repeated 10 times at 10 secondStimulation conditions used in the model that induce
intervals. The percentage of subunits starting in the autonomous | TP experimentally led to a rise in spine-head calcium
or capped states was 21%, 4%, or 0%. B: 20 Hz 8 pulse tetanus . centration followed by calcium binding to calmod-
was repeated 10 times at 10 second intervals. The percentage of . L .
subunits starting in autonomous or capped states was 21%, 12%, 4%,““”’ CaMCg b_lndlng,_ and t_rappmg _o_n CaMKIl and
or 0%. The initial states came from data at 2.5 minutes calculated in CaMKII activation. Stimulation conditions that do not
simulations illustrated in previous figures. Each line is the average lead to LTP experimentally caused much less CaMCa
of 4 stochastic simulations. binding and trapping and CaMKIl activation in the
model.

o ) The model results regarding calmodulin trapping by

activation between tetani at the mpp synapse was atcanK|l also were consistent with three other features

most 3.5% (plot not shown). During the first stage of ynown or presumed about LTP. First, the results demon-
CaMKll activation, CaMKIll was nearly 70% activated,  strated a clear dependence of calmodulin trapping by

butby 1 second this had dropped significantly. Because canvkil on the frequency of the tetanus. A steep in-

CaMKIl activation was so low at a synapse where LTP ¢rease in calmodulin trapping occurred as the tetanus
should be induced, it was thought that the rate constant frequency was increased from 10 to 100 Hz. Second,

should not be this small. the extent of calmodulin trapping was extremely sensi-

tive to the strength of the calcium signal. Smallchanges
3.7.5. Autonomous to Capped.The rate of $05306 in the calcium signal, produced by reducing the inhibi-
autophosphorylation was reduced fivefold from the tion in the model coactivated with a 50 Hz tetanus,
baseline value to bracket the most likely range for this caused huge changes in the amount of calmodulin
rate constant. This reduction in the autonomous to trapping. Third, the model demonstrated the impor-
capped rate constant had very little effect on the early tance of repeating the short high-frequency tetanus. A
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single tetanus did not produce large numbers of trappedulus that allows less than a majority of CaMKII sub-
subunits, and trapped subunits moved to the au- unitstobind CaMCa Repeating the stimulus between
tonomous or capped states over a period of 40 secondsthe time the number of bound subunits peaks and the
However, when the tetanus was repeated at intervalstime the number of bound subunits decays completely
much shorter than 40 seconds, such as 4 or 10 seconds(l to 10 Hz) allows the number of bound subunits to
there was a significantincrease inthe number oftrappedsum. This is what occurred in the model when the
subunits as autonomous subunits were converted backstimulus was the 20 Hz tetanus and the interval be-
to trapped subunits and additional free subunits becametween tetani was shortened from 0.25 Hz to 2.5 Hz.
bound and then trapped. After a number of repetitions, However, this occurred only if NMDA receptor desen-
increases in activation were small because a large num-sitization was assumed to recover completely between
ber of subunits had become capped. tetani. With eight-pulse tetani delivered at 1 to 10 Hz,
NMDA receptor desensitization will not recover com-
pletely (Sather et al., 1992), the calcium signal will de-
crease with each tetanus, and the maximum number of
bound subunits will remain low. This second scenario
) ) is very effective in activating CaMKIl when the size of
Recently, DeKoninck and Schulman (1998) delivered e calcium signal remains constant as it is repeated
pulses of CaMCato immobilized CaMKII at different (as in the DeKoninck and Schulman experiments),
frequencies and pulse widths and found that CaMKIl ¢ it may not be effective when the calcium signal

activation was highly dependent on the frequency and js requced by receptor desensitization or by channel
duration of the CaMCapulses. They found a sharp  jnactivation.

increase in CaMKII activation as the frequency of the

calcium signals was increased to the 1 to 10 Hz range.

In this range many of the calcium signals had a longer 4.3. Three Stages of CaMKII Activation

duration than the interval between signals. One must

be careful to distinguish between the frequency of af- The simulations suggest that there are three distinct
ferent input in the model and the frequency of cal- stages of CaMKII activity following an LTP inducing
cium signals. In the model each eight-pulse tetanus stimulus—distinct stages that might be difficult to de-

4.2. Frequency of Calcium Signals and CaMKII

Activation

effectively delivered a pulse of CaMgaf fixed du-

ration, but the different tetanus frequencies delivered
pulses of different sizes. The appropriate comparison
to the DeKoninck and Schulman (1998) data would
be to compare the change in CaMKII activation in the

tect experimentally. The three stages have very differ-
ent time courses and levels of CaMKII activation.

In the first stage CaMKIl was highly activated for
less than 1 second, and this activation was calcium-
dependent. After a strong tetanus calcium entered the

model as the interval between tetani was reduced.

A reduction in the interval between tetani can in-
crease CaMCgrapping on CaMKIl and total CaMKII
activation in two ways. The first requires the stimu-

spine and bound to calmodulin and CaMQ@gcame
bound to 65% to 85% of the available subunits. Peak
activation coincided with the peak number of bound
subunits, which occurred at 70 to 100 msec. Activity
lus to be strong enough to get CaMQa bind to a declined considerably over the next 1.0 second as
majority of subunits. With large numbers of subunits CaMCag was released from all subunits that did not
bound, many became trapped. Repeating the stimu-become trapped. This short highly activated stage may
lus after the number of trapped subunits reaches its have two functions. First, becausé®§autophospho-
peak (1 second in the model) but before the number rylation is an intersubunit reaction requiring adjacent
of trapped subunits decays completely (40 seconds in subunits to be in the bound (or other activated) state
the model) allows the number of trapped subunits to (Hanson et al., 1994), significant numbers of subunits
sum and total CaMKIl activation to rise. Consequently, can be autophosphorylated to the trapped state. Sec-
the number of trapped subunits increases as the in-ond, high CaMKII activity may be necessary to over-
terval between stimuli is shortened from 0.025 Hz to come the activity of phosphatases also activated by cal-
1 Hz. This is what was found in the model when the cium or CaMCa dependent reactions (Coussens and
strong stimulus was the eight-pulse 400 Hz tetanus and Teyler, 1996).

the interval between tetani was shortened from 0.1 to  In the second stage CaMKIl was moderately acti-
0.25 Hz. The second scenario requires a weaker stim-vated for about 40 seconds, and this activation was
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calcium independent. Activity corresponded to the large differences in the level of activation at the earlier
number of subunits that became trapped during the first stages. If the third stage is the most important for LTP,
stage. The number of trapped subunits peaked at abouthen delivering tetani at 4 or 10 second intervals should
1 second and declined relatively slowly over 40 sec- not make a difference for LTP induction.
onds as trapped subunits lost CaM@ad entered the Interestingly, Mayford et al. (1995) have proposed
less active autonomous state. Any new calcium signal that calcium-independent CaMKIIl activation levels
that occurred during this 40 seconds remained effective may control the threshold for induction of LTP or LTD
at increasing the number of trapped subunits becauseby a tetanic stimulus. High levels shift the threshold in
newly formed CaMCawould bind to autonomous sub-  favor of LTD. The model suggests that when calcium-
units and return them to the trapped state. independent CaMKII activity levels are high, there is

In the third stage calcium-independent CaMKII ac- loss of the first two stages of CaMKII activation be-
tivity slowly declined as autonomous and capped sub- cause few subunits have the calmodulin binding site
units were dephosphorylated. This stage began ataboutavailable for calmodulin binding. This would seem to
40 seconds, and with the base set of dephosphorylationindicate that the first two stages are important for LTP
values, it could last about 2 hours. This may be related induction and the third is more important for LTD in-
to the amount of time that a molecular tag lasts at a duction. It is possible, though, that new synthesis of
synapse (Frey and Morris, 1997). With other choices CaMKIl as has been observed after tetanic stimulation
for the dephosphorylation rates in the simulations, this (Ouyang et al., 1997) could allow the first and second
third stage of activation could last 5 minutes or many stages of CaMKII activation to be recovered.
hours, illustrating the importance of phosphatase reg-
ulation (Blitzer et al., 1998). . .

The rate of decay of this third stage also depended 4-5-  Time Course of CaMKII Phosphorylation
on the amount of CaMKII activation. The time con- ) _
stant of decay ranged in the model from 5 minutes with !N recent work by Barria et al. (1997) maximum phos-
weak activation to 45 minutes with strong activation. Phorylation of CaMKIl at the ki site occurred at
This difference occurred because a higher proportion © Minutes following an LTP inducing stimulus (al-
of autonomous subunits became capped when activa-though they did not measuré® phosphorylation ear-
tion was strong. The transition to the capped state was l1€" than 5 minutes). The present modeling results sug-
an intersubunit reaction requiring adjacent subunits to 9€stthat maximum* phosphorylation (trapped plus
be activated and fewer adjacent subunits were activated@utonomous plus capped) should occur during the first
with weak activation than with strong activation. The ew seconds. Itis difficult to see how the peak could
decay of weak activation depended most strongly on P€ much later than this because t¥&%Bite cannot be
autonomous subunit dephosphorylation, whereas de-autophosphorylated unless CaM@zabound (Brickey
cay of strong activation depended on both autonomous et &, 1994; Hanson et al., 1994) and CaM@anot

and capped subunit dephosphorylation and the rate ofavailable to bind to additional CaMKII subunits after
phosphorylation to the capped state. the first 1 to 2 seconds post-stimulus. Itis possible that

CaMCag might become available as it unbinds from

other calmodulin binding proteins, but in low calcium,
4.4. Which Stage is Most Important for LTP? calcium is far more likely to unbind from CaMg#han

for CaMCa to bind to CaMKII.
Itis not clear which stage of CaMKII activation is most Barria et al. (1997) also found that thé®f site re-
important for LTP induct ion. Although autonomous mained phosphorylated for 60 minutes and that total
and capped states have lower activity than bound or phosphorylation (38 plus T8°339% and perhaps other
trapped states, the third stage might be the most impor- sites) increased in this period. The model does not pre-
tant stage because of its potentially very long duration. dictthatthe P®8site should remain phosphorylated this
The model suggests that a means to test this would long unless dephosphorylation is very slow. With slow
be to assess the LTP that occurs when high-frequencydephosphorylation rates the model found little decay
tetani are delivered at different intervals. In the model in T8¢ phosphorylation over a period of 2 hours. Re-
there was very little difference in CaMKII activation ducing the trapped to autonomous rate and increasing
during the third stage of activation whether the inter- the autonomous to capped rate increased the duration
val between tetani was 4 or 10 seconds, but there wereof T286 phosphorylation, but the increase was small
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without a reduction in the dephosphorylation rate as Barria A, Muller D, Derkach V, Griffith LC, Soderling TR (1997)
well. The model also does not predict an increase in  Regulatory phosphorylation of AMPA-type glutamate receptors
total phosphorylation over 60 minutes. However, with by CaM-KII during long-term potentiatiorScience276:2042—

. . 2045.
slow dephosphorylation rates in the model, total phos- Bekkers JM, Stevens CF (1989) NMDA and non-NMDA receptors

Phorylaﬂon peaks at5to 10 minutes and decreases min-  are co-localized at individual excitatory synapses in cultured rat
imally over the next 2 hours. One reason for the lack of  hippocampusNature341:230-233.

an increase in total phosphorylation in the model is that Bliss TVP, Collingridge GL (1993) A synaptic model of mem-
the model only considereddt and 1305306 phospho- ory: Long-term potentiation in the hippocampkature361:31—

. . 39.
rylatlon and there may be other sites phosphorylated Blitzer RD, Connor JH, Brown GP, Wong T, Shenolikar S, lyengar

with a slower time course (e.g., Dosemecietal., 1994). R, Landau EM (1998) Gating of CaMKIl by cAMP-regulated
Dephosphorylation rate constants are perhaps the protein phosphatase activity during LTBcience280:1940—

most uncertain, but important, rate parameters in the 1942. _ _

model, and dephosphorylation rates may be determined Brickey DA, Bann JG, Fong Y-L, Perrino L, Brennan RG, Soderling

t onlv by th tivit d lati foh hat TR (1994) Mutational analysis of the autoinhibitory domain of
notonly by the aclivity and regulation of phosphatases ., ,qyjin kinase 113. Biol. Chem269:29047-29054.

(Blitzeretal., 1998), but by the location of CaMKII. For  gyrger D, Cox JA, Comte M, Stein EA (1984) Sequential conforma-
example, the rate of?f® dephosphorylation may differ tional changes in calmodulin upon binding of calciuBinchem-
depending on whether CaMKIl is in the cytosol or in istry 23:1966-1971. o

the post-synaptic density (PSD). AIthough CaMKIl has Burger D, Stein EA, Cox JA (1983) Free energy coupling in the

. interactions between &4, calmodulin and phosphorylase kinase.
been thought to be a major part of the PSD (Kennedy 'J Biol IChem258-14733-14739UI phosphory '

et al., 1983; Kelly et al., 1984), a recent report sUg- colbran RJ (1993) Inactivation of &&/calmodulin-dependent pro-
gests that CaMKII exists primarily in the cytosol and  tein kinase Il by basal autophosphorylatioh. Biol. Chem.
that localization at the PSD occurs as an artifactual 268:7163-7170.

postmortem translocation (Suzuki et al., 1994)_ Fur- Coomber C (1998) Current theories of neuronal information process-

. . ing performed by C& /calmodulin-dependent protein kinase Il
thermore, it has been reported that dephosphorylatlon with support and insights from computer modelling and simula-

at T2% is due to protein phosphatase 2A for cytoso- tion. Computers and Chemistg2:251-263.

lic CaMKIl and due to protein phosphatase 1 for PSD Coussens CM, Teyler TJ (1996) Protein kinase and phosphatase ac-
bound CaMKII (Strack et al., 1997a, 1997b). The two tivity regulate the form of synaptic plasticity exprességnapse
phosphatases may be activated by different regulatory _ 24:97-103.

thw nd m have different deph horvlation Cox JH, Comte M, Mamar-Bachi A, Milos M, Schaer J-J (1988)
pa ays a ay have ere ephosphorylatio Cation binding to calmodulin and relation to function. In: Gerday

rates. If dephosphorylation were rapid for cytosolic ¢ Gilles R, Bolis L, eds. Calcium and Calcium Binding Proteins.
CaMKIl and very slow for PSD bound CaMKII, then Springer-Verlag, Berlin. pp. 141-162.

the mechanism of CaMKII translocation would play a Crouch TH, Klee CB (1980) Positive cooperative binding of calcium

key role in LTP induction. The regulation and activa- to bovine brain calmodulirBiochemistryl9:3692—-3698.
tion of phosphatases and subsequent dephosphor Ia-Cummings JA, Mulkey RM, Nicoll RA, Malenka RC (1996) a
p p a p phory signaling requirements for long-term depression in the hippocam-

tion will be left to future modeling studies once further s Neuron16:825-833.

aspects of these pathways are known. DeKoninck P, Schulman H (1998) Sensitivity of CaM Kinase Il to
the frequency of Ca oscillations Science279:227-230.

Desmond NL, Levy WB (1985) Granule cell dendritic spine den-
sity in the rat hippocampus varies with spine shape and location.
Neuroscience Lettels$4:219-224.
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