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Abstract

We show that in an inhibitory rhythmic network synaptic depression promotes phase constancy.
As cycle period increases, the synapse recovers from depression and becomes more effective in
delaying the postsynaptic cell. As a result, the delay between the pre- and postsynaptic bursts
increases as cycle period increases. We discuss the dependence of the bursting phase of the
postsynaptic cell on the strength and kinetics of the depressing synapse.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Rhythmic activities are commonly produced over a wide range of cycle frequencies.
Often, these rhythmic patterns involve activities of multiple units at different times
within each cycle. When cycle frequency is altered, the time delay between two events
may remain constant or it may change.

Systems of the former type are latency-locked systems. Examples include terrestrial
locomotion in bipeds and tetrapods [5] and insects [12], swimmeret beating in crayfish
[2], pyloric—gastric interaction in crabs [10] and uropod movements in sand crabs
[11]. In many systems, however, the time intervals between different events change in
proportion with the cycle period. Such systems are phase-locked systems, because the
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ratio of time latency and cycle period (i.e., phase) is maintained. Phase locking occurs
in a variety of systems such as the Tritonia swim network [8], the pyloric rhythm
of the spiny lobster [6,7] gill ventilation in the shore crab [3,14], lamprey swimming
[1,13] and leech swimming [4].

Despite its importance in many motor pattern generators, the mechanism underlying
phase maintenance is still unclear. Changes in the relative timings of events in a
motor pattern may be caused by changes in intrinsic properties of the neurons, the
strength of chemical synapses or electrical synapses. In this work we propose that
short-term synaptic depression in inhibitory synapses plays a pivotal role in promoting
phase constancy. We illustrate this idea using a computational model that consists of
an oscillator that makes an inhibitory synapse onto a follower cell. If the synapse is
non-depressing, the postsynaptic cell always starts its burst at a fixed latency after the
beginning of the presynaptic burst. Hence the phase between pre- and postsynaptic cell
decreases as the cycle period increases. However, when the synapse shows depression,
in some frequency range the interval between post- and presynaptic bursts increases as
the cycle period increases. The increase in this interval is nearly proportional to the
change in period and the phase is approximately constant. We discuss how the strength
and kinetics of the depressing synapse affect the phase of the postsynaptic cell.

2. The model

The model consists of an oscillator O and a follower cell F. The two cells i =
{O,F} are modeled with standard current balance equations based on the Morris—Lecar
model [9]

Vi=g1i(ELi — Vi) + Wi Exi — Vi) + Gcaimoo,i(ViN(Ecai — Vi), (1)
t(VOW! = wee,i(Vi) — Wi, )

where V; is the membrane potential and #; is a recovery variable. The cycle period
of O can be modified by changing the time constant of the recovery process 7o.
When Vo > Vipesh, O is considered to be in the active state (or bursting) and 19 = Tx.
Otherwise we consider that O is silent and 7o = 7. Similar equations hold for F, with
the same Viyesn but distinct time constants. We change the cycle period by changing
Ty. This ensures that the duration of the active state of O does not change with period.

The parameters are chosen such that, without any synaptic input, F' is at a high-voltage
active state. The synaptic current /sy = goynS(Vr — Esyn) from O adds an additional
term to the left-hand side of (1), where Ey, is the synaptic reversal potential, gsyn
is the maximal synaptic conductance and s is a state variable that represents synaptic
activation. The dynamics of s depend on a variable d, which measures the level of
depression of the synapse. When O is in the active state s and d obey the following
set of equations:

d'=—d/tg, d(0)=do; s =—s/t,, 5(0)=d, 3)

for some initial value dy. Note that the initial value s(0) is set to do. Let Ta be
the burst duration of O and 7 be the interburst time of O. In the silent state of



F. Nadim et al. | Neurocomputing 52-54 (2003) 79-87 81

O, d =1 —4d)/ty, d(Ta)=doexp(—Ta/tp); ' = —5/tx, S(Ta) = doexp(—Ta/1)).
When O becomes active again, Eq. (3) again holds except that s(771 + T4 ) is reset to
be d(T1 + Ta). Thus the synaptic variable s is set to the value of d exactly at the
moment in time when O jumps to the active state. At all other moments in time, the
two variables are decoupled. If O fires periodically, then dy = d(77 + Tx) which can
be rewritten as do = (1 —exp(—T11/1,))/(1 —exp(—T1/1,) exp(—Ta/7p)). This expression
shows that the level of depression changes as a function of the interburst interval T,
the burst duration T and of the depression (t3) and recovery (t,) time constants.

If ggyn is sufficiently large and the synapse is strong (dy is large), then the inhibitory
synaptic current will prohibit F' from firing until the synapse from O to F has decayed
enough. Alternatively, if the synapse is weak (dy is small) it will have a minimal
effect on the activity of F and therefore the firing of F is governed by its intrinsic
dynamics.

3. Results

We will start by defining phase and will then show what parameters affect it. Let
us assume that O begins its burst at £ = 0 and has period P. Just prior to the burst
of O, F is at a high-voltage active state. The effect of O’s burst is to cause F' to fall
to its low-voltage silent state. At some later time, which we denote A¢, F returns to
the active state. Therefore the phase at which F fires with respect to the onset of O’s
burst is ¢ = At/P. To gain insight into what mechanisms promote phase constancy, it
is crucial to understand what determines the firing time Atz of F.

Fig. 2 shows a plot of ¢ as a function of P. When the synapse was non-depressing
(dotted curve), ¢ decayed as P was increased. At P =250, O and F started to burst
at the same time (¢ = 1). For P values lower than 250, the biphasic rhythm was
disrupted and F remained continuously inhibited by O. In contrast, when the synapse
was depressing (solid curve) At initially increased as P increased. In the case shown
in Fig. 2, for 175 < P <275, a change in P produced a larger change in A¢ and
hence ¢ increased as P increased. We refer to the region where ¢ increased as the
hump. For other P values, a change in P produced a smaller change in At and hence
¢ decreased as P increased. With very large values of P, the synapse fully recovered
during the interburst of O. Hence, a change in P did not produce any change in At
and ¢ decreased proportionally to 1/P. When P was smaller than 150, the rhythm was
disrupted. Fig. 2 illustrates two important points. (1) A depressing synapse, compared
to a non-depressing synapse, minimizes the change in phase as period is modified. For
example, in Fig. 2 a 2-fold increase of period, from 250 to 500, yields a change of
phase of 50% (from 0.98 to 0.49) for a non-depressing synapse and of 16% (from 0.86
to 0.72) for a depressing synapse. (2) A depressing synapse increases the period range
for which F bursts. In Fig. 2, the rthythm was disrupted (F did not burst) with P less
than 150 for a depressing synapse but with a non-depressing synapse the disruption
happened for P less than 250.

The main result of this work that synaptic depression promotes phase constancy is
dependent on the crucial, yet simple, fact that the firing time of F is a function of the
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Fig. 1. The model: An oscillator O and a follower cell F' are connected via an inhibitory synapse from O
to F. When the synapse is modeled as depressing, the synaptic conductance is the product of the maximal
conductance and s. When O starts its burst, s is set to the value of d, which represents depression and
recovery.

strength of the synapse. The firing time is effectively determined by the value dy, which
gives a measure of the strength of the depressing synapse at the moment O begins its
burst. The quantity At depends on two key factors: (1) the intrinsic dynamics of F as
it evolves in its silent state, and (2) the decay time constant of inhibition 7,.. However,
as we shall discuss below, each of these factors may only be relevant in determining
At for certain intervals of P. If the synapse is weak, the firing of F is governed by its
intrinsic dynamics, i.e., Af is mainly determined by the intrinsic time constant t7,, of F
during its silent state. In particular, At is largely independent of 7,. Moreover, as the
period P increases, by increasing 77, At does not change much, since the firing time
is intrinsically determined. Thus in the interval of periods between A and B in Fig. 2,
¢ behaves like 1/P. If the synapse is strong, the main parameter affecting At is 7., the
time constant for the decay of inhibition when O is silent. Notice that this parameter
was irrelevant for determining At in the prior case. Thus if 7, is large, At can increase
very rapidly with small changes in P that make the synapse increase its strength. This
observation accounts for the increase in phase observed between points B and C in
Fig. 2. As the period P becomes very large, the synapse can no longer be considered a
depressing synapse, since it would recover fully during each interburst of O. Therefore
the firing time Ar would become constant so that the phase behaves like 1/P. This
accounts for the behavior of the phase curve for P values to the right of C in Fig. 2.

The key factor, thus, is the value of s and d at the beginning of the burst in O
(Fig. 1). If the synapse is not depressing, this value is independent of P and hence At
is constant. However, if the synapse is depressing A¢ becomes dependent on the cycle
period: as the cycle period increases, there is a longer time during which d can recover
and increase towards 1. Since s assumes the value of d at the beginning of the burst
of O, as the cycle period increases s becomes larger, and as a result At increases. In
addition, the intrinsic dynamics in F (the recovery variable Wy ) also play an important
role, since these dynamics together with the decay rate of the inhibition determine the
next firing time of F (Fig. 2).
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Fig. 2. Phase of F' burst onset as function of cycling period: When the synapse is non-depressing (dotted
line), At is fixed and the phase ¢ decays as period P increases. For P < 250, the rhythm is disrupted.
When the synapse is depressing, Az increases as P increases. In the case shown, between P > 175 (B) and
P < 275 (C) At increases more than P, and in that range ¢ increases as P increases. For P < 150 (A), the
rhythm is disrupted.
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Fig. 3. A depressing, but not a non-depressing, synapse increases the burst delay as period increases: Voltage
traces of O (thin lines) and F (thick lines) for different P values (from top to bottom): P =275 and 365.
Arrows show the time interval between onset of burst in O and onset of burst in F' (At). Non-depressing
synapse: At is constant (compare lengths of arrows). Depressing synapse: At increases as P increases.
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Fig. 4. Effects of dynamics on phasing: (A) The effect of the time constant of recovery 7, : 800 (dotted line,
canonical), 1000 (thin line) and 1200 (thick line). (B) The effect of the time constant of synaptic decay
1k : 400 (dotted line), 500 (thin line, canonical) and 600 (thick line).

3.1. The sensitivity of a depressing synapse to changes in cycle period contributes
to maintain phase

To illustrate the importance of a depressing synapse in maintaining phase, in Fig. 3
we compare the time courses of V (thick trace) and Vg (thin trace) for different cycle
periods in the two cases where the synapse is depressing or non-depressing. Unless
stated otherwise, we used one set of parameters that we referred to as the canonical
model. The non-depressing synapse was modeled with the same equations, except that
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when O makes its burst s was set to a fixed value s;, rather than the value of d
(substitute s(0) =s; in Eq. (3)). The values of 51 and g5, were chosen to match the
maximal value of s when the synapse was depressing and P = 275.

When the synapse was non-depressing, A remained fixed as P was increased
(Fig. 3, compare the length of arrows). For the parameters used in Fig. 3, Ar was
250. At values of P smaller than A¢, the rhythm was disrupted (F did not burst)
because O inhibited F' before F could start a burst (not shown). When the synapse
was depressing, Az increased as P was increased. At low values of P, the thythm was
disrupted because the synapse was too weak (d did not sufficiently recover; not shown).

3.2. The effects of synaptic dynamics on the phase

We examined the effects of different synaptic parameters on the phase of F, at
different cycle periods (Fig. 4). We changed the canonical model and studied the effect
of the time constants of synaptic recovery (7,,A) and synaptic decay (tx,B). In Fig.
4A we increased 1, from the canonical value (Fig. 4A, dotted line). A larger 7, value
caused less recovery of the d variable for the same interburst duration in O. Increasing
7, caused Af to be smaller, and therefore ¢ versus P became more proportional to
1/P and the size of the hump was reduced. The hump also shifted to larger P values,
because the synapse needed more time to recover to the strengths at which synaptic
dynamics became important. At larger 7, values, the hump was completely eliminated
(not shown). When tx was increased from its canonical value (Fig. 4B, thin line), the
size of the hump was increased. A larger tx value caused slower decay of the synapse
during the interburst of F. This caused A¢, and hence ¢, to be larger. Opposite effects
were seen when g was decreased from its canonical value.

4. Discussion

How phase relations among components of a rhythmic neuronal network are main-
tained is still not understood. We propose a mechanism for promoting phase constancy
that makes use of short-term synaptic depression. Using a simple biophysical model
we showed that when an inhibitory synapse between an oscillator O and a follower
neuron F is depressing, the phase relations depend on the cycling period P. If P is
short relative to the time constant of synaptic recovery t,, the synapse is too weak to
delay the burst of F after the burst in O is terminated. In this case, the burst time of
F is determined by its intrinsic dynamics. If the intrinsic dynamics in F are relatively
fast, Az (the time between O burst and F burst) is almost constant (independent of P)
and therefore the phase ¢(=At/P) is inversely related to P. If P is long relative to t,,
the synapse is strong and it maximally delays the burst of F. Again, At is independent
of P and therefore ¢ is inversely related to P. In an intermediate range of P values,
however, an increase in P results in more recovery of the synapse. This leads to a
larger increase Atr. As a result, ¢ becomes less sensitive to P. We found that in some
parameter ranges, ¢ may become independent of P or even increase as P is increased.
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Hence the interaction between intrinsic and synaptic dynamics can contribute to the
maintenance of phase, or at least to reduce the sensitivity of phase on period.
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