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Effect of the slow transient phenomenon of a synaptic modification
on vestibulo-ocular reflex adaptation
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According to the experimental studies, the duration of the transient phenomenon of the synaptic modification
involved in vestibulo-ocular refleQ/OR) adaptation lasts considerably long after the synaptic inputs. In the
present article, effect of the transient phenomenon on VOR adaptation is studied by incorporating the transient
phenomenon into the cerebellar model proposed by Fujita. In the present extended model, it is assumed that the
synaptic modification is a modification of the concentrations of reactants and products for a certain reaction.
The synaptic efficacy is given by the concentration of products. The model of reaction includes the supply of
reactants and flux of reactants and products out of the reaction system. The supply of reactants is induced by
correlation between two different types of input signals, which has been considered to be proportional to the
amount of the synaptic modification at the moment. The flux produces natural recovery of the synaptic
modification, which was observed in experiments. The simulation results suggest that VOR adaptation takes
two types of courses according to the efficiency of the reactant supply to the synaptic inputs under the slow
transient phenomenon of the synaptic modification. The present extended model gives approaches to control
mechanisms of VOR adaptatiof§1063-651X98)06005-X]

PACS numbds): 87.10+€, 87.22.Jb

[. INTRODUCTION [4,5]. This time is much longer than the time duration of the
synaptic inputs required for the synaptic modification: the
The vestibulo-ocular refleXVOR) produces eye move- synaptic modifications in the experiments by Sakurai were
ments compensatory for head rotation, stabilizing retinal iminduced by conjunctive climbing fiber-parallel fiber stimula-
ages of the visual surround. A schematic diagram of the nettion at 4 Hz for 25 s or parallel fiber stimulation at 4 Hz for
ral circuit for the VOR is shown in Fig. 1. The semicircular 25 S[5]. Accordingly, the input signals continue to arrive at
canals sense head rotation and send output signals propdfe synapse in the middle of the transient phenomenon of the
tional to the head angular velocity. The output signals aréynaptic modification. Thus, it seems that the information
carried to the eye muscles via the vestibular nucleus an@Peut the synaptic efficacy in the middle of the transient

move the eyeballs in the opposite direction to head rotationphenomenon has important an effect on the process of VOR

When there is retinal image slip, VOR adaptation is induceoad?ptat('jqn' Hov;ev?rr{ F}[Juta’; mtOd?]l of the synagrt;]c modifi- N
to reduce the retinal image slip. VOR adaptation is consig=ation cisregards: the transient pnénomenon. 1he presen

ered to be induced by svnaptic modifications of arallelstudy will attempt to incorporate the transient phenomenon
. . y synapt P into Fujita’s model and consider its effect on VOR adapta-
fiber-Purkinje cell transmission in the cerebellar corf&k :

Purkinje cells in the cerebellar cortex receive the signals

from the semicircular canals via parallel fibers and the infor- Il. METHODS

mation of retinal image slip via climbing fibers, and then

send inhibitory signals to the vestibular nucleus; the cerebel- T0 begin with, Fujita’s adaptive filter model is described
lar cortex forms a side path to the VOR arc. The correlatiod 2:3]- Neuronal signals are represented by deviations of dis-
between the parallel fiber input and the climbing fiber input
induces the synaptic modification of parallel fiber-Purkinje
cell transmission.

Based on these facts, Fujita proposed an adaptive filter
model of the cerebellum and applied it to VOR adaptation
[2,3]. In this model, the cerebellum performs a filtering ac-
tion of a phase lead or lag compensator to the output signal,
and has a learning capability to realize an optimum filtering
function. It was shown that characteristics of VOR adapta-
tion were successfully simulated, using the adaptive filter g1, 1. schematic diagram of the neural circuit for the VOR.
model, except for such problems as we discuss in the preseBic: semicircular canals, VN: vestibular nucleus, MF: mossy fiber,
article. GC: granule cell, PF: parallel fiber, PC: Purkinje cell, CF: climbing

On the other hand, the previous experimental data on thgper, |10: inferior olive,x;(t): parallel fiber input signaithe sub-
modification of the paraIIeI fiber-Purkinje cell synapse indi- script j represents one of many parallel fiber inputs to a single
cate that the transient phenomenon of the synaptic modificaurkinje cel), y(t): Purkinje cell output signak(t): climbing fiber
tion lasts several tens of minutes after the synaptic inputgput signal.

cortex

Eyeball

1063-651X/98/5(5)/59086)/$15.00 57 5908 © 1998 The American Physical Society



57 EFFECT OF THE SLOW TRANSIENT PHENOMENON OF . .. 5909

charge rates from the spontaneous discharge rates. The 1.0 o = /5 (rad/s)
Purkinje cell outputat timet) y(t) is assumed to be a linear o.g *w=n/3(rad/s)
weighted summation of its parallel fiber inputgt): | mem R eds
T 0.6 g1
L 3
y(=3, wi(t)(0), ® T o4
0.2
wherew;(t) is the efficacy of thgth parallel fiber-Purkinje 0/ 20
cell synapse andl represents the number of parallel fiber- "0 -os 0 0.5 1.0
Purkinje cell synapses. The model includes a single Purkinje Re[E(w,t)]
cell and soy(t) has no subscript. The modification of the
parallel fiber—Purkinje cell synapse is described as FIG. 2. Simulation results of VOR adaptation associated with
left-right reversing prisms by Fujita’s modekTL/4=0.1. The
dW]-(t) numpers aF data_points = _77/5 (rad/9 indica_te th_e times from the
a ez()[x;(t) +Xol, (2 starting point(unit T). The times of data points in=7/3 (rad/9

andw= /2 (rad/9 are the same as the corresponding data points in

) o . . w=m/5 (rad/9. The initial ratio of the attenuation of VOR gain to
wheree is a sufficiently small positive constar#(t) is the  the phase decrease increases with

climbing fiber input, andx, denotes the spontaneous dis-

charge rate of the parallel fiber. In practical computations, 1

the changes inv;(t) are calculated at regular intervalep- wE(t)=Re{ - EGl(w)Gc(w)[l—Gf(w)]H(w,t)},
resented byT):

(10)
wj(t)—w;(nT—At)=0 for t=nT, @) where
e[ At dt’ Gelw)= 2T 11
Wﬁty—WﬁnT—At%——ejii ﬁzu )[Xj(t") +xo]dt c(w%—1175$;, (1)
L
for nT<t<(n+1)T, 4
(n+) @ Gi(w)= 2, w;(t) a,-—.—), (12
. =1 2+iwTy
where n denotes an integral number and<@t<T. The
climbing fiber inputz(t) is defined by KA |\ 1
Gﬂw)z(l—I:Ta?ﬂ : (13

z(t)=y(t) —c(t), ©)
. o L Tq=4(9), Tc=5.7(9, To=7 (s), k=0.96,A=0.8, anda;'s
wherec(t) is the Purkinje cell output to perfectly stabilize are constants and take values from 0.4 to 1.6. For horizontal
the retinal image. This model involves no recovery of thegjn,soidal head rotation, the perfect VOR has a daiye
synaptic efficacy change, whereas the recovery was observeghqgylar velocity amplitude/head angular velocity amplijude

in experimentg4,5]. _ _ of 1.0 and a phaséf eye angular velocity relative to head
_ I the angular velocity of horizontal head rotati@(t)  angular velocity of 7 (rad. VOR gain and phase will be
is sinusoidalwith the normalized amplitude expressed by the complex representat®fw,t): E(w,t)

_ =—1in this case. From Eq10), E(w,t) is defined by
wy(t)=Ree'"]

1
ERG[H(a),t)], (6) E(w,t)— 2G1(w)Gc(w)[1 Gf(w)] (14)
When vision is horizontally reversed by wearing left-right
where o denotes the angular frequency of the sinusoidaleversing prisms, the normal perfect VOR causes retinal im-
head rotation and(w,t) denotes the complex representa- age slip twice the head angular velocity and consequently

tion of the sinusoidal head angular velocityi(w,t)  VOR adaptation is induced. In this casg) is expressed as
=exp(ot), thenx;(t), y(t), c(t) and the angular velocity of
eye rotationwg(t) are expressed as

. (15

3 (1 1 )
c(t)=R EGC(u))-I-Gl(w) H(w,t)

1
Xi(t):Re{E a )Gc(‘“)H(“”t) ' @ The improved perfect VOR, the VOR when adaptation to
vision reversal is complete, has a gain of 1.0 and a phase of
0 (rad: E(w,t)=1. With subsequent removal of the prisms
, (80 VOR gain and phase return to the normal value; in the read-
aptation process(t) is expressed as E). In the follow-
ing, we will mainly take up the adaptation process while
, 9 wearing the prisms. Figure 2 shows the simulation results of

VOR adaptation associated with the prisms by Fujita’s

I 2+i0T,

1
y(t>=Re[§Gf<w>Gc<w>H(w,t>

_ 1 1 )
c(t)=R (EGC(Q))_W H(w,t)
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FIG. 4. Simulation result of the recovery of the VOR after ad-
FIG. 3. Experimental data of the VOR gain and phase changedptation to left-right reversing prisms by the present extended
during adaptation to left-right reversing prisms and readaptatiodnodel. w=m/3 (rad/9, €'T'L/4=0.1, kp T'=2, kT'=k T’
after removal of the prisms, reconstructed from Table | of Gonshor=KpT'=0.002. The numbers at data points indicate the times from
and Melvill Jones[6] by the author.w=7/3 (rad/9. The broken the starting poin{unit T'). The closed circle at time 20 indicates
line shows all the original data, and the solid line is presented tdhe arrival point of VOR adaptation to the prisms. Beyond that point
make it easy to see the characteristics of the adaptation to th¥(t)=2(t)=0. The broken line represents the adaptation course
prisms. The large numbers at data points indicate the numbers #fith o= /3 (rad/9 in Fig. 2.
days spent after wearing the prisms and the small ones indicate the
numbers of days after removal of the prisms. The large numbers 0, n
1, 2, 5, 8, 14, 16, and 2€small number D correspond to ACj(nT,)E - af/J
2A(day)/11(time), /10, 4/10, A/10, 108710, 168/17, 18/11, (=D
and 28/15 and the small ones 1, 3, and 21 tocA?¥4, 31B/17,
49/13 in Table I.

!

T,z(t’)[xj(t’)+xo]dt’

for n=1,..., (17

_ ) where AC;(nT’) denotes the amount of concentration
model, and Fig. 3 shows the experimental data of the Vopehange of reactants by supply 8:nT’, « is the above
gain and phase changes during adaptation to the prisms af$tmal constant, andt’ denotes efficiency of the reactant
readaptation after removal of the prisms by Gonshor andynply to the synaptic inputé=0 is the starting point for
Melvill Jones[6]. In the simulations, it is assumed that the the synaptic modification. Furthermore, it is assumed that the
time required for VOR adaptation is much longer than thereaction includes flux of reactants and products out of the
signal period and phases xf(t)’s relative towy(t) are uni-  reaction system. For simplicity, we assume that the flux at
formly distributed between their minimum and maximum ime t js proportional to the difference in concentrations be-
and, for simplicity, gains ofx;j(t)'s relative to wy(t) are  yyeent and the beginning, which is similar in form to diffu-
replaced with 1. The phase and the gain are given, from Egsjgn through a thin membrane.

(7). by ard[a;—2/(2+iwTg)]G(w)/2} and |[a;—2/(2 Biological bases of the present extended model are as
+iwTy)]Gc(w)/2], respectively. The initial attenuation and follows. Recent experiments suggest thaf Canflow into
the following recovery of gain with decreasing phase in Fig.ihe Purkinje cell, which is evoked by the climbing fiber in-
2 are in good agreement with Fig. 3. However, the improvedpuL would trigger the synaptic modificatidd0,11. One
perfect VOR as in Fig. 2 has not been obser{@d9], and  possibility to link the CA" inflow to the synaptic modifica-
also the simulation by using Fuijita’s model cannot reproducgjon on the basis of current knowledge of synaptic transmis-
the recovery of the adaptively modified VOR observed whenjon, js that the G inflow enhances the cGMP level in the
the subject's head was immobilized in the darg]. _ Purkinje cell and the transmitter receptors at parallel fiber-
Then, we incorporate the transient phenomenon intgykinje cell synapses will be desensitized under conjoint
Fujita’s model of the synaptic modification. In order to sim- jfluences of cGMP from the inside and the transmitters
plify modeling, let us consider the synaptic modification t0 fom the outsidd11]. On these bases, we could consider the
be a modification of the concentrations of reactants and progugctants as the mixture of €aions and the transmitters
ucts for a certain reaction. The concentrations of reactantgng tne products as the changed receptors; the flux of the
and products of th¢th synapse are designated Gy(t) and  (gactants could be considered as the diffusion &F'Gians
C’j(1), respectively. The synaptic efficay;(t) is propor-  through membrane pumps, etc. and that of the transmitters
tional to C;(t): out of the synapse. Whereas the products, that is, the
changed receptors, might have no flux, this alteration would
aw;(t)=C' (1) (16) make no essential change to the present results.
! e The flux of the reactants or the products naturally pro-
duces the recovery of the synaptic modification, therefore,
wherea is a formal constant for the connection between thethat of the VOR after adaptation to the prisms. The condition
synaptic efficacy and the concentration of products. It is asthat the subject’s head is immobilized in the dark corre-
sumed that the reactants are supplied aintervals by the sponds tox;(t)=z(t)=0 in the present model. Hence,
correlation between the parallel fiber inpwf(t) and the AC;(t)=0 during the recovery period. Figure 4 shows the
climbing fiber inputz(t), such that simulation result of the recovery of the adaptively modified
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VOR obtained by the present extended model. After the
VOR gain and phase changes up to the closed circle with
adaptation to the prisms, it recovers straight to the original
level. The straight recovery is due to a characteristic of the
present model that the flux of reactants or products is pro-
portional to a deviation of the concentration from the initial
concentration. The rate equations of the present reaction are
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given by

dc(t) , ,
T:_(kpr+kr)[cj(t)_cj(o)]+krp[c j(t)_C j(O)]
+F(1), (18

dc’(1) , ,
at =Ky [Cj(1) = C;(0)] = (krp +kp)[C'j(1) =C';(0)],

19

n

F(t)Egl S(t—KT)AC(KT') for nT'<t<(n+1)T’,
(20

whereC;(0) andC’;(0) are the initial values o€;(t) and
C'i(t), kp, is a forward reaction rate constatt,, is a re-
verse reaction rate constantk[C;(t)—C;(0)] and
kp[C'j(t)—C’;(0)] are the magnitudes of the flux of reac-
tants and products, ang(-) is the Dirac delta function.
Whenk,, =k, =k,=0, Egs.(18) and(19) reduce to

dC;(t)
gt = kel Ci(D=Cj(O)]+F (), (21)
and
dC’(t)
Tkar[Cj(t)_Cj(o)]- (22)

From Egs.(21) and (20) we derive

n

c,-(t)—cj(O)zk}:‘,1 o(t—kT")e ko =KTIAC (KT"),
(23

whered(-) is the Heaviside step function. Inserting Eg3)
into Eqg. (22 and using Eqs(16) and (17) we obtain

w;j(t) —w;(nT'—At)

=—€' 2 o(t—KT")(1—e *erl7KT")
k=1

xf” 2(t)[x;(1") +xo]dt’
(k=1)T’

n—-1
+e' > T —KT' —At)(1—e k(T ~KT'=40)
k=1

XJKT’ Z(t’)[Xj(t’)+X0]dt,, (24)
(k—1)T'

where O<At<T’. Taking the limit ofk,,—c we find

1.
o w=mn/5 (rad/s)
s w=m/3 (rad/s)
0.8 = w/2 (rad/s) A et
5 o.
)
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—
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(b)

FIG. 5. Simulation results of VOR adaptation associated with
left-right reversing prisms by the present extended modgal.
€'T'L/I4=0.01, Kk, T'=0.1, KT '=kT' =k,7'=0.002. (b)
€'T'L/I4=0.1, kp T'=0.1, k' =k, T'=k,T'=0.002. The num-
bers at data points im= /5 (rad/9 indicate the times from the
starting point(unit T’). The times of data points im= /3 (rad/9
andw= 7/2 (rad/9 are the same as the corresponding data points in
o= 7/5 (rad/9. The broken lines represent the adaptation courses in
Fig. 2.
for t=nT’, (25)

wj(t) —w;(nT'—At)=0

w;(t)—w;(nT' —At)= —e’f“T 2(t")[x;(t) +Xo]dt
(n—1)T'

for nT'<t<(n+1)T'. (26)

This result is equivalent to Eq$3) and (4). Thus, we can
conclude that the present extended model returns to Fujita’s
model ask,, =k, =k,=0 andk,,—o.

lll. RESULTS

We are now concerned with the case where the transient
phenomenon of the synaptic modification is much longer
than the signal periodw/k,>2m (rad. In this case, the
simulation results of VOR adaptation can be divided into two
types according to the magnitude df. the efficiency of the
reactant supply to the synaptic inputs. Figurés and 5b)
show the two typical results for adaptation to left-right re-
versing prisms. A&’ becomes greater, the simulation result
transforms from the type into theb type. In the simula-
tions, it is assumed thak’ is much longer than the signal
period, that is, the reactant supply requires the synaptic in-
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1.0 = — /5 (rad/s) maximum adaptation, but maximum adaptation to the prisms

2 w=1/3 (rad/s) was not observed in previous experimef@is9]. According

0-8 ww=n/2(rad/s) to the present model, the reverse reaction and the flux of
reactants or products stop the adaptive change associated

with the prisms on the way, and the latter deviates the adap-

tation course inside that reachable to the improved perfect

VOR. These give new ways to understand that the maximum

Im[E(w,t)]
-

0.2 adaptation was not observed and the adaptation processes
0 0 seem to have stopped in the low-gain st@e9]. The dif-
-1.0  -0.5 0 0.5 1.0 ference between the effect of the reverse reaction and that of
Re[E(w,1)] the flux of reactants or products is distinguishable, as men-

tioned above. On the other hand, the readaptation course
with normal vision is along that reachable to the normal
erfect VOR owing to the form ofC;(t)—C;(0) and
"{(t)—C’;(0) in Egs.(18) and(19). The readaptation pro-
The numbers at data points in=7/5 (rad/9 indicate the times cess with the flux always reaChes_ the normal perfe‘?t VOR.
from the starting poin{unit T"). The times of data points iw It was re_ported_ that _adaptaFlon raplcﬂy achI_re_d re-
= 7/3 (rad/9 andw= /2 (rad/$ are the same as the corresponding Pounded during periods without visual-vestibular activity, as

data points inw= /5 (rad/3. The broken lines represent the adap- Fig- 4 shows, but after long-term adaptive regulation this
tation courses in Fig. 2. rebound disappeared and the adaptation appeared relatively

permanenf7,8]. If the adaptation becomes really permanent,

puts of much longer duration than the signal period. Thist would implicate thatC;(0) andC’;(0) in Egs.(18) and
assumption can be a good approximation because variatidd9 must be replaced with the values for the permanent state
of the synaptic efficacy with time is sufficiently slow. While or k, andk, in Egs.(18) and(19) must be replaced with 0.
the adaptation process in Figl ends off on the way with These seem to produce further adaptation and eventually the
oscillation, that in Fig. &) ends off on the way without improved perfect VOR. To resolve this problem, further ex-
oscillation. The oscillation is caused by the accumulation ofperiments are needed.

an extra supply of reactants, induced by the slow transient Previous experimental data show the transitio:0b,t)
phenomenon of the synaptic modification. This effect disapduring readaptation to normal vision is faster than that during
pears ag’ becomes smaller. On the other hand, it is due tcadaptation to reversed visid®,9]. Fujita suggested that

the reverse reaction and the flux of reactants or products thatay have varied in above two cag@4. On the other hand,

the adaptation process ends off on the way. Especially, théhe present extended model suggests two possibilities. One is
adaptation course with the flux deviates inside that reachablédat the efficiency of the reactant supply to the synaptic in-
to the improved perfect VOR. The adaptation course withouputs (') or the reaction ratek, , k., , k; , k,) varies in the

the flux is along that reachable to the improved perfect VORabove two cases. The other is that the flux accelerates the
as Fig. 6 shows. The tendency in Figs. 5 and 6 for the initiareadaptation process.

ratio of the attenuation of VOR gain to the phase decrease to It was reported that the adaptive changes in VOR gain and

FIG. 6. Simulation results of VOR adaptation associated with
left-right reversing prisms by the present extended model vdien
is sufficiently small and the flux of reactants and products does n
exist. €' T'L/4=0.01, k, T'=0.1, k,T'=0.002, k, T'=k,T'=0.

increase withw is the same as Fig. 2. phase after wearing of the prisms were very sensitive to
[8]. After 3 weeks both the gain and the phase lag relative to
IV. DISCUSSION the normal perfect VOR decreased with and after 7 weeks

the gain decreased but the phase lag increasedawvitfiow-

As Fujita himself statef3], one problem of Fuijita’s adap- ever, the present simulation results, including those by Fuiji-
tive filter model is that Eq(2) contains no natural attenua- ta’s model, do not show such dependencesworThis dis-
tion property. The present extended model provides one prerepancy may be because the factors such as the efficiency of
scription for this problem and produces natural recovery ofhe reactant supply to the synaptic inputs vary according to
the adaptively modified VOR. In addition, the model gives y, put it may be due to nonlinear properties of the VOR. In
the following vision of VOR adaptation. If the adaptation fact, the VOR has been known to be nonlinear and the rela-
course has OSCi”ation, it mlght be because the efﬁCiency Oﬁonship between the eye Ve|ocity and the head Ve|ocity is
the reactant supply to the synaptic inputs is high. Whereagenerally nonlineaf13]. However, we have not discussed

there is no satisfactory evidence of the oscillation, it washe nonlinearities in the present article. Future studies are
reported that a VOR phase fluctuates throughout the adaptaxpected to consider those.

tion course[6,8,9. On the other hand, if the adaptation

course has no oscillation, it might suggest that the efficiency

of the reactant supply to the synaptic inputs is conj[rolled to V. CONCLUSIONS

be so low as to mask the effect of the slow transient phe-

nomenon of the synaptic modification, that is, the accumula- The present extended model gives the following vision of

tion of extra supply of reactants. The evidence for such &/OR adaptation. If the efficiency of the reactant supply to

control mechanism as masks extra information and extractihe synaptic inputs, involved in the synaptic modification, is

only meaningful one was discovered in the primary visualsufficiently high, the adaptation course would oscillate due to

cortex[12]. extra information by the slow transient phenomenon of the
The adaptive processes by Fujita’'s model certainly reaclsynaptic modification. However, if the efficiency is con-
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trolled to be so low to mask the extra information, the adap-derstand that the maximum adaptation was not observed in

tation course would not oscillate. previous experiments.
On the other hand, if the mechanism of synaptic modifi-
cation involves the reverse reaction and the flux of reactants ACKNOWLEDGMENTS
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