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as in equation (14). This is no longer true if S$(¢) = QS,vak.(?). Then by
equations (17) and (26),

By equation (32), Sy is the same for both the choices §=8§,,,,.= Q and
§=QS,uac When the model is awake. Hence a parametric increase in y
causes only a slight increase in «, by the same argument as in Section 8.
By contrast with the case treated in Section 8, equation (32) implies that
different values of y have no direct effect on the pacemaker during sleep.
Thus other things being equal, increasing the value of y should have little
effect on p. Since both a and p tend to change by only small amounts as
y is increased, the net effect of these’changes upon r=a+p can be an
increase or a decrease in period, as illustrated by Fig. 17. A precise under-
standing of this situation requires a lengthy analysis. Such an analysis is
provided for a formally identical problem concerning Aschoff’s rule in
Carpenter & Grossberg (1984). The formal relationship between this
problem and Aschoff’s rule is described in section 17.

Although an increase in LL causes a decrease in y (section 12), a decrease
in y can cause a decrease or an increase in 7pp. Thus an increase in LL
does not cause consistent after-effects on 7pp in a model animal capable
of split rhythms.

We now describe a remarkable formal relationship between after-effects
and Aschoff’s rule. Parametric properties of Aschoff’s rule have been exten-
sively analysed in Carpenter & Grossberg (1984). This formal connection
enables the Aschoff’s rule analysis to be used to explain parametric proper-
ties of after-effects.

17. A Formal Connection Between After-effects and Aschoff’s Rule

In its classical form (Aschoff, 1960), Aschoff’s rule states that circadian
period (7) is an increasing function of LL in nocturnal animals and a
decreasing function of LL in diurnal animals. The related circadian rule
states that circadian activity («) is a decreasing function of LL in nocturnal
animals and an increasing function of LL in diurnal animals. The circadian
rule has been upheld by many experiments on nocturnal mammals and
diurnal mammals. By contrast, although Aschoff’s rule consistently holds
in nocturnal mammals, many exceptions to the rule have been observed in
diurnal mammals (Aschoff, 1979).

These experimental properties also arise in gated pacemaker models of
diurnal and nocturnal circadian rhythms (Carpenter & Grossberg, 1984).
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The properties are due to the fact that light excites on-cells of a diurnal
pacemaker and off-cells of a nocturnal pacemaker, whereas the fatigue
signal excites off-cells in both diurnal and nocturnal pacemakers. The action
of fatigue feedback is, in fact, necessary to explain Aschofl’s rule in both
diurnal and nocturnal pacemakers. An analysis of the interaction between
fatigue feedback and the attenuation of light that occurs at the pacemaker
during sleep explains both the Aschoff’s rule and the circadian rule data.
Several behavioral and physiological predictions aimed at testing this expla-
nation are provided in Carpenter & Grossberg (1984), along with analyses
of related data.

The formal connection between after-effects and Aschoff’s rule can be
seen by considering equation (1d) for the on-cell potential x, of a diurnal
model. Consider term

Sy+J (33)
in that equation. By equation (13), (33) can be written as
Sy+0OL, (34)
where L(t) is the external light intensity at time ¢, and

1 if model is awake

@(r)={ (35)

0 if model is asleep
Recall that 8 (0= 0= 1) measures the amount of light attenuation at the
pacemaker during sleep.

In a constant light condition (LL) and over a time span of a day, both
y and L in equation (34) are approximately constant. This fact draws
attention to a formal relationship between S and ®@ (Table 6). If 6 =1 in
equation (35), then © = constant. Similarly, the choice S = Sonic implies
S = constant. If §=0 in equation (35), then ® =1 or 0 depending upon
whether the model is awake or asleep. The same is true of S,... in equation
(17). Thus Sy influences after-effects on period in a nocturnal model in a
manner formally identical to the effect of ©® L on period in a diurnal model
exposed to LL.

TABLE 6
After-effects Performance Degree of light Aschoff’s rule in
on Tpp signal attenuation diurnal pacemaker
consistent S=Q 8=1 consistent
inconsistent S =QS.vake 8=0 inconsistent
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Due to this correspondence, one expects that the choice @ = | will generate
a monotone decreasing dependence of 7 on LL in an Aschoff’s rule simula-
tion. This graph is shown in Fig. 19(a). One also expects that choosing
O =1 if the model is awake, and 0 if the model is asleep will generate a
non-monotonic dependence of 7 on LL in an Aschoff’s rule simulation.
This graph is shown in Fig. 19(b). This formal correspondence permits the
quantitative analysis of Aschoff’s rule and its exceptions in Carpenter &
Grossberg (1984) to be used to explain consistent and inconsistent after-
effects on 7pp.
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FiG. 19. Dependence of Aschoff’s rule on light attenuation during sleep: In (a), no light
attenuation occurs (8 = 1). Period () decreases as steady light intensity (LL) increases in the
diurnal model: that is, Aschoft’s rule holds. In (b), total light attenuation occurs (8 = 0). Period
() is a non-monotonic function of steady light intensity (LL) in the diurnal model (O); that
is, Aschoff's rule is violated. In the nocturnal model ( x), Aschoft’s rule hoids whether or not
light attenuation occurs.

18. Regulation of Motivated Behavior by Hierarchical Networks:
The Homology Between Pacemaker Circuits and Motivational Circuits

Our conception of how pacemaker output modulates motivated behavior
is outlined below. This conception joins together properties of the gated
pacemaker with properties of neural network models that have been used
to explain behavioral, evoked potential, physiological, and pharmacological
data concerning reinforcement, drive, motivation, and attention (Grossberg,
1982b,¢, 1984a). It also clarifies the sense in which gated pacemaker circuits
are formally homologus to motivational gated dipole circuits. We hypothe-
size that both types of hypothalamic circuits in vivo are fashioned out of
similar components, albeit in evolutionarily specialized designs.

Figure 20 describes a neural network that has been used to analyse data
about motivated behavior. In Fig. 20, pathways such as 1 and 2 carry specific,
‘but complementary, drive inputs (e.g. hunger vs satiety) to a single gated
dipole circuit. Pathways labelled 3 carry non-specific arousal to this, and
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F1G. 20. A motivational dipole field: The text describes how individual motivational dipoles
are joined together by competitive feedback networks to decide which dipole(s) will reverberate
in short-term memory (§TM) and thereby release positive or negative incentive motivation in
response to the changing balance of reinforcing cue and internal drive signals. The gated
pacemaker modulates the sensitivity of this motivational circuit by altering its arousal level
(pathway 3).

every, motivational dipole in the network. We hypothesize that the gated
pacemaker output modulates the size of the non-specific arousal input
carried by pathway 3. This modulatory action will be described in detail
below. In order to clarify how such an action can influence motivated
behavior, it is first necessary to describe some of the basic properties of the
network in Fig. 20.

Cells such as 4 and 5 add up their drive input (pathway 1 or 2) and
arousal input (pathway 3) and thereupon inhibit the tonically active cells
6 and 7. (Tonic cells have open symbols; phasic cells have closed symbols.)
Pathways 4->6 and 5-7 contain slowly accumulating transmitter gates
(square synapses) that are assumed to be catecholaminergic. If drive input
1 exceeds drive input 2, then the transmitter in pathway 4- 6 is depleted,
or habituated, more than the transmitter in pathway 5- 7. This differential
habituation across the competing dipole channels calibrates the dipole for
a possible rapid reset, or rebound event, later on.
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Before input 1 exceeds input 2, the tonic cells 6 and 7 equally inhibit
each other. As soon as input 1 exceeds input 2, cell 6 is inhibited more than
cell 7. This imbalance disinhibits tonic cell 8 and further inhibits tonic cell
9. Both cells 8 and 9 are polyvalent, meaning that all their excitatory inputs
must be active for these cells to vigorously fire. (Triangles denote poly-
valence.) The polyvalent cells are assumed to be pyramidal cells. Because
cells 8 and 9 are polyvalent, a larger input to cell 1 than cell 2 is insufficient
to fire these cells. However, such an imbalance can prevent cell 9 from firing.

To see how cell 8 can fire, we consider the polyvalent cells, 8 and 10, of
two different motivational channels (e.g. hunger vs sex). Cells 8 and 10
compete via the inhibitory pathways 13. The polyvalent cells 8 and 10 also
receive inputs from external cue representations via the conditionable path-
ways 11 and 12, respectively. The long-term memory (LTM) traces of these
pathways are computed within the filled hemicircles abutting cells 8 and
10. These LTM traces encode the conditioned reinforcing properties of their
respective external cues. For example, a sensory cue that effectively predicts
the occurrence of food will have large LTM traces abutting the hunger
dipole’s polyvalent on-cell population. The LTM traces are assumed to be
cholinergic in vivo (Grossberg, 1972b).

The conditioned reinforcer inputs combine with drive and arousal inputs
at their respective polyvalent cells, which begin to fire if their threshoids
are exceeded. The polyvalent cells thereupon compete among themselves
via the inter-dipole inhibitory”interneurons 13, as they simultaneously try
to excite themselves via positive feedback pathways such as 8 »4 -6 8.

If, say, cell 8 wins this competition, then its dipole generates incentive
motivational output signals that can energize motivationally compatible
action patterns. Simuitaneously, the transmitter gate in pathway 4-6 is
depleted, or habituated, due to the suprathreshold reverberation bursting
through cell 8 via pathway 8 >4 6> 8. This reverberation simultaneously
causes LTM changes in pathway L1. The reverberation hereby induced
conditioned reinforcer changes in its abutting LTM traces even as it prepares
the network, via the depleting transmitters, for motivational reset due to
subsequent offset of the sensory cues controlling pathway 11.

The conditioned reinforcer pathways 11 and 12 in Fig. 20 are formally
homologous to the siow gain control pathways in Figs 8 and 12. The satiety
input pathway 2 in Fig. 20 is homologous to the fatigue feedback pathway
in Fig. 4. Unconditional reinforcing inputs, such as taste or shock inputs
(not pictured in Fig. 20), are homologous to the light input in Fig. 4. The
on-cell and off-cell transmitter gates in pathways 4- 6 and 5 7 of Fig. 20
are homologous to the on-cell and off-cell transmitter gates in Fig. 4. In
Fig. 20, these transmitter gates occur within the positive feedback pathways
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456->8->4 and 5»7-9-5. In Fig. 4, the gates occur within positive
feedback pathways v, -» v, and v, = v,. In Fig. 20, dipole competititon occurs
between cell populations 6 and 7. In Fig. 4, dipole competition occurs
between v, and v,. Thus, although the gated dipoles in Figs 4 and 20 have
been specialized to generate different functional properties, the formal
homology that exists between the gated dipoles enables them to be recog-
nized as variations on a common evolutionary design.

19. Circadian Modulation of Sensitivity: Inverted U in Motivational Dipoles

The circuitry in Fig. 20 determines which behavioral commands will
incentive motivational signals through time. The pacemaker modulates how
sensitively this circuit responds to its external reinforcer and internal drive
inputs, and thus the circuit’s ability to energize motivated behavior. The
ability of pacemaker output to modulate motivational processing follows
from a basic property of gated dipole circuits (Grossberg, 1972b, 19814,
19844,b). When a gated dipole’s arousal level (pathway 3) is parametrically
increased, the outputs of the dipole are altered according to an inverted U
law: dipole outputs are depressed in response to input signals if the arousal
level is chosen either too low or too high. The dipole optimally responds
to phasic inputs at intermediate arousal levels.

We hypothesize that the pacemaker causes a circadian oscillation to occur
in the arousal level of motivational circuits. The inverted U property of the
gated dipoles in motivational circuits prevents these dipoles from reacting
when their arousal level is too high or too low. Behaviors that require
motivational signals for their execution will thus not be emitted if the
circadian output is too high or too low (Grossberg, 1972b, 1981a, 1982c,
1984a). We hypothesize that, under normal conditions, the arousal level
during the wakeful state brings motivational dipoles into the middle range
of their inverted U.

It remains to discuss whether the arousal level becomes smaller (“under-
arousal”) or larger (*‘overarousal”) during sleep that it is during the wakeful
state. We hypothesize that underarousal occurs during sleep. This hypothesis
is based upon the following property of gated dipoles in the underaroused
state. During underarousal, the threshold intensity that an input must exceed
to generate an output signal is significantly raised. The network will not
react to many inputs that would cause a reaction during the wakeful state.
If, however, an input is sufficiently intense to exceed this elevated threshold,
then the dipole output is hypersensitive to the input; that is, suprathreshold
increments in the input cause larger than normal increments in dipole
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output. Thus a dipole that is underaroused during sleep can react to intense
inputs. An overaroused dipole, by contrast, does not react to inputs of any
intensity.

Gated dipoles have been hypothesized to occur in circuits that carry out
perceptual and cognitive processing (Grossberg, 1978, 1980, 1984a,c).
Circadian oscillation of the non-specific arousal signal to these circuits can
also modulate their sensitivity during the wake-sleep cycle.

20. The Underaroused and Overaroused Depressive Syndromes

From the perspective of the circadian wake-sleep cycle, the inverted U
property of a gated dipole is a valuable one. This property also creates the
danger that the arousal level may be improperly chosen during the wakeful
state. Symptoms of mental disorders have been interpreted, and indeed
predicted, using the formal syndromes of functional properties that obtain
in underaroused and overaroused gated dipoles. These disorders include
juvenile hyperactivity, Parkinsonism, hypothalamic hyperphagia, and
simple schizophrenia (Grossberg, 19725, 19844a,b). An unsolved problem
of fundamental importance is to determine how the circadian pacemaker
is calibrated to select an arousal level in the normal range during the wakeful
state.

The hypothesis that motivational circuits are underaroused during sleep
can be experimentally tested. For example, gated dipole dynamics predict
the existence of a transitional period just before and/or after sleep when
behavioural thresholds and suprathreshold sensitivities, suitably defined,
are both elevated.

It remains to discuss how the arousal level in pathway 3 of Fig. 20 is
modulated by the pacemaker. Is this modulatory action excitatory, inhibitory
or disinhibitory? Total ablation of the SCN does not put an animal to sleep
(Stephan & Zucker, 1972). Correspondingly, in Fig. 20 the pacemaker cannot
be the sole agent of a direct excitatory effect on pathway 3. Two alternative
hypotheses are compatible with the data:

(1) Pacemaker output disinhibits a population of tonically active arousal
cells which, in turn, excite pathway 3. To model this property, suppose that
pacemaker on-cell output inhibits cells which inhibit the tonically active
arousal cells, or that pacemaker off-cell output inhibits the tonically active
arousal cells.

(2) Pacemaker output both excites and inhibits the population of tonic
cells which activate pathway 3. To model this property, let pacemaker
on-cell output add to the tonically active level, and pacemaker off-cell
output subtract from the tonic level. The tonic level defines a baseline that
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can be calibrated to ensure that the motivational dipoles are neither under-
aroused nor overaroused during the wakeful state.

21. Anticipatory Wheel Turning, Ultradian Feeding Cycles and After-effects
of a Single Pulse of Light

When a gated pacemaker circuit, as in Fig. 4, is joined to a motivational
circuit, as in Fig. 20, then light can influence the total circuit along several
distinct pathways. As an input to the pacemaker, light can act as an external
Zeitgeber, as in equations (1d) or (2n), and as a presynaptic gate of slow
gain control sensitivity, as in equations (24) or (25). As an input to the
motivational circuit, light can act as a reinforcing cue via pathways such
as 11 and 12 in Fig. 20.

In much of the circadian literature, reinforcing actions of external cues
such as light are not explicitly analysed. In situations where light is left on
for long periods of time, one can argue that reinforcing factors are less
important than circadian factors due to the long time scale of the light-
mediated events. Even in cases where light does act like a negative condi-
tioned reinforcer within a nocturnal model, its suppressive effects as a
conditioned reinforcer (Grossberg, 1972a,b, 1982¢) can often parallel its
suppressive effects as a Zeitgeber. These two actions of light may be difficult
to dissociate.

It is less easy to ignore the reinforcing action of light in the explanation
of behaviors that can be induced on a single trial, or behaviors that are
anticipatory in nature. Under these circumstances, reinforcement mechan-
isms may interact with circadian mechanisms in a complex fashion. For
example, in the generation of after-effects by a single intense pulse of light
(Pittendrigh, 1960), light may act as a punishing stimulus in addition to
acting like a Zeitgeber. Such a punishing event may influence the conditioned
reinforcing properties of situational cues in a manner that is difficult to
determine without experimental controls. A change in the conditioned
reinforcing properties of situational cues couid, in turn, phase shift or
otherwise change the animal’s behavioral repertoire.

In a similar fashion, the eating cycle can be phase shifted by presenting
food-related conditioned reinforcing cues. The direct phase-shifting action
of these cues can phase shift the onset of the satiety signal. The phase-shifted
satiety signal can, in turn, help to phase shift the subsequent eating cycle.
This is because the satiety signal can maintain an ultradian eating cycle,
even in the absence of a circadian pacemaker, just so long as food and
other reinforcers are constantly available.
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These remarks indicate the need to join together concepts about circadian
rhythms with concepts about reinforcement and motivated behavior. The
properties of gated dipole circuits provide a formal language with which
to expedite this synthesis.

22. Intracetlular Gated Dipoles: Photoreceptors and Pacemakers

The discussion in Sections 19 and 20 shows that the formal properties of
gated dipole circuits may be specialized to generate different behavioral
properties. This section points out that the same formal gated dipole circuit
can, in principle, be realized biologically in many different ways. To build
the basic pacemaker of Fig. 4, all one needs are opponent processes,
habituating transmitter gates, a tonic metabolic source, and appropriately
wired feedback pathways. All of these requirements can be met at an early
phylogenetic stage. Moreover, all of these requirements can, in principle,
be realized within a single cell. The opponent processes can be realized by
opponent membrane channels in a single cell, in the same way that an Na*
channel and a K* channel are opponent channels in a membrane equation
(Carpenter, 1981; Grossberg, 1981b). Transmitter gating actions can modu-
late the sensitivity of these membrane channels on a slow time scale.

Carpenter & Grossberg (1981, 1983a) have, in fact, quantitatively simu-
lated parametric data taken from isolated vertebrate photoreceptors using
a gated dipole model of the internal transmitter that exists within a single
photoreceptor cell. This intracellular transmitter process mediates the trans-
duction of photons into electrical potential (Baylor and Hodgkin, 1974;
Baylor, Hodgkin & Lamb, 1974a,b). The entire gated dipole circuit is
hypothesized to occur within a single photoreceptor cell. Spontaneous
oscillations do not occur within this model because its circuit is designed
to sensitively react to phasic fluctuations in light intensity. A comparison
of this gated photoreceptor circuit with a gated pacemaker circuit suggests
several ways that a single photoreceptor circuit can be transformed into a
pacemaker circuit, or how two or more photoreceptor circuits can be coupled
to form a pacemaker circuit.

These formal connections between photoreceptor and circadian models
suggest a potentially important new tool for comparative neurological and
biochemical studies in this area, since circadian pacemakers exist within
certain retinas, such as the Aplysia retina (Jacklet, 1969), and the pineal
organ, which may be the circadian pacemaker site in birds, is also photo-
receptive (Menaker, 1974). In the vertebrate photoreceptor, a Ca*™* current
plays the role of the gating transmitter. It remains to be seen whether a
Ca™™ current plays a gating role in certain primitive circadian pacemakers.
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23. Comparison With Other Models

Many circadian models have focussed on the coupling and phasing of
two or more oscillators. In these models, the individual pacemakers are
chosen for convenience and simplicity, but do not admit a detailed physio-
logical interpretation. For example, the Kronauer et al. (1982) and Wever
(1962, 1975) models consist of a pair of equations of van der Pol type. The
model of Kawato & Suzuki (1980) consists of a pair of coupled FitzHugh-
Nagumo equations. As Kawato & Suzuki have noted, “the BVP {van der
Pol] equations and Nagumo's equation were derived for neural rhythms
with much shorter periods than 24 h. However, in the absence of information
regarding the state variables relevant to circadian pacemakers, we use the
abstract model” (p. 557). The model of Daan & Berde (1978) describes a
pacemaker entirely in terms of its period, phase, and phase shifts. Enright
(1980) develops a quasi-neural model in terms of stochastic variables such
as the average durations of the discharge phase and the recovery phase,
and the amount by which an internal Zeitgeber shortens the average recovery
phase. The relationship of the Enright (1980) model to the gated pacemaker
model is discussed in detail by Carpenter & Grossberg (1984).

Our analysis complements these contributions concerning the coupling
of formal oscillators by explicating the dynamics of a single pacemaker.
Figures 4(a) and (b), in particular, do not describe coupled oscillators, but
a single oscillator which is hypothesized to occur in many copies within
each SCN. Those results about coupled oscillators which are insensitive to
the detailed properties of the individual oscillators will carry over to the
case where gated pacemakers are the oscillators to be coupled.

Our results indicate, however, that many properties, such as split rhythms
and after-effects, which have heretofore been assumed to require coupling
between oscillators can be explained by internal properties of a single
oscillator. We also suggest a new explanation of the effects of parametric
and nonparametric lighting regimes. These claims do not deny the existence
of coupling between distinct sleep and temperature systems (Kronauer et
al, 1982; Wever, 1979). Nor do they deny the existence of distinct
pacemakers in each SCN that may, under certain circumstances, drift out
of phase. Rather we show how data properties which cannot be explained
by classical oscillators unless they are allowed to drift out of phase can be
explained by a population of gated pacemaker oscillators that remain in
phase. At the very least, our results point out those areas where futher
argument is needed to conclude that a coupling between out-of-phase
oscillators generates a data property.

Previous circadian models explain split rhythms by describing how two
oscillators, or two populations of oscillators, can drift out of phase under
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certain conditions (Daan & Berde, 1978; Enright, 1980; Kawato & Suzuki,
1980; Pavlidis, 1973; Pittendrigh, 1960; Pittendrigh & Daan, 1976b; Wever,
1984; Winfree, 1967). Models of this type simulate after-effects as long-term
transients that persist subsequent to initial phasing differences between
constituent oscillators (Daan & Berde, 1978; Enright, 1980). The long-term
nature of these transients is due to the weakness of the coupling whereby
constituent oscillators mutually influence each other. None of these
approaches provides a unified explanation of the data base that the gated
pacemaker model has simulated in this and previous articles.

A notable difficulty arises in simulating both parametric (LL) and non-
parametric (LD) after-effects (section 3). For example, the sequence of
models developed by Pittendrigh (1974), Pittendrigh & Daan (1976b), and
Daan & Berde (1978) assumes that separate mechanisms process parametric
and non-parametric lighting regimes. A parametric lighting regime induces
a change in model parameters, such as oscillator periods or coupling
strengths. In a nonparametric lighting regime, light onset or offset phase-
resets both of the model oscillators, but has no efiect on model parameters.
In section 2, we noted that all lighting regimes are nonparametric at the
pacemaker. In the Daan & Berde (1978) model, by contrast, internal light
onset and offset due to waking and sleeping in LL have no phase-resetting
properties (p. 305), and the 18 hours of light experienced during LD 18:6
have no effects on model parameters (p. 309). By extension, LD 23.9:0.1
would have no effects on model parameters, but LL=LD 24:0 would.

Many of the difficulties that arise when classical oscillators are used to
model circadian data are eliminated by using the physiologically motivated
gated pacemaker design. Future work may show that a synthesis of recent
concepts concerning physiologically characterized individual oscillators
with classical concepts concerning the phasing of oscillators may explain
an even larger data base. For example, in our explanation of split rhythms,
a reduction in the level of fatigue feedback occurs in LL. This reduction
could allow individual gated pacemakers to drift out-of-phase, in a manner
more in tune with other explanations. Simulations of gated pacemaker
populations may shed further light on the transitional activity patterns which
occur prior to a fully split thythm.

Independent of such considerations, the gated pacemaker model intro-
duces several types of processes into the circadian literature which may
prove to be important in future theories: a possible role for chemical gating
actions and on-cell off-cell interactions in a circadian pacemaker, homeo-
static ultradian feedback signals, slowly gating nonhomeostatic feedback
signals, and rapidly acting nonhomeostatic signals, such as light, whose

mode of action upon the pacemaker is distinguished from their strength at
the environmental source.
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APPENDIX
Choice of parameters

This section describes the parameter choices that were used in the noctur-
nal model equations (1n), (2n), (3)-(6). These equations are already almost
in dimensionless form (Lin & Segel, 1974). In general, converting a full
system of equations to dimensionless form eliminates as many parameters
as there are dependent and independent variables. The nocturnal model
contains six dependent variables (x,, x,, z;, z;, F, y) and one independent
variable (t). The nocturnal model equations already contain six fewer
parameters than could have been used to describe this system. Coefficients
have been eliminated in front of the terms f(x,)z, and g(x,) in equation
(1n), the terms f(x,)z,, F, and g(x,) in equation (2n), and term V in equation
(6). Recall that the functions f, g, and V are all scaled to vary between 0
and 1. It remains to eliminate one more parameter. Dimensional analysis
of the nocturnal model shows that the parameter A can be used to fix the
time scale of the model. Thus some model parameters are expressed below
as multiples of A. These multiples contain physical information about
relative sizes and speeds. A fixed choice of A determines the time scale
without altering these relative relationships.

Alternate versions of the model were used for illustrative purposes in
Figs 1(b) and 5. In all other simulations described in the article, the following
parameters were always constant ratios of A

B=5A, (A1)
C =054, (A2)
D=0-014, (A3)
E =04, (Ad)

H =0-02, (A5)
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I1=01A, (A6)
K =0-17A, (A7)
N =0-724, (A8)
P=0-665A, (A9)
R =0-00014, (A10)
W=100A"", (All)
8=0-5. (A12)

Carpenter & Grossberg (1983b) provide a detailed analysis of how para-
meters can be chosen within a wide parameter range to generate physically
plausible oscillations in the absence of fatigue and slow gain control. This
4-dimensional system is called the basic gated pacemaker. Our focus in the
present article has been to understand how the fatigue and slow gain control
processes modulate the properties of the basic gated pacemaker. We there-
fore chose the relative sizes of the equations (A1)-(A12) once and for all
based on the Carpenter & Grossberg (1983b) analysis and focussed our
attention upon how to choose fatigue and slow gain control parameters.
Other parametric ranges in Carpenter & Grossberg (1983b) could also have
been used to generate similar results.

The following relative sizes are physically important in the model. By
equations (A1) and (A2),

C/B=0-1. (A13)

In equations (1n) and (2n), parameters B and C are the excitatory saturation
point ( Vy,) and inhibitory saturation point (Vi) of their respective poten-
tials. The ratio Vi/ Vn,=0-1in many cells (Hodgkin & Huxley, 1952). The
ratio

K/A=0-17=} (A14)

in equation (A7) is also physically interesting. By equation (5), equation
(A7) says that fatigue decays on an ultradian time scale of approximately
¢ of a day. By equations (A8) and (A9), the activity threshold N is always
chosen larger than the sleep threshold P.

Carpenter & Grossberg (1983b) show that the order of magnitude of the
circadian period in the basic gated pacemaker is 1/ D. By equations (A3)
and (A10),

R/D=0-01. (A15)

Parameter R is the decay rate of the slow gain control process y in equations
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(18), (24), and (27)-(29). By equation (A15), y decays on a time scale of
months (=100 days).

Parameter W in equation (A11) was chosen large so that light significantly
attenuates Sy, in equation (23). Choosing parameter 8 =0-5 in equation
(A12) says that a 50% attenuation of light intensity occurs during sleep,
due to equation (13).

All the parameters in equations (A1)-(A12) are specified by a choice of
the single parameter A. In all the after-effect simulations, we chose

A=42=4.7083. (Al6)
In all the split rhythm simulations, we chose
A=H=¢ (A17)

These choices of A determine the time scale in hours. This conclusion
follows from the fact, demonstrated in Carpenter & Grossberg (1983b), that
the order of magnitude of the dimensionless circadian period in the basic
gated pacemaker is A/ D. By equation (A3),
A/ D=100. (A18)
Since the order of magnitude of the circadian period in equations (1)-(6)
is 1/ D, to get 1/ D =24 hours, it follows by equation (A18) that choices of
A=100/24, as in equations (A16) and (A17), determine the unit of time
to be hours.
Only parameters M and Q remain to be specified. The choice of M in

equation (8) determines the magnitude of the fatigue signal in equations
(2) and (5). In all after-effect simulations, we chose

M =0-01A. (A19)
In all split rhythm simulations, we chose
M =0-028A. (A20)

Parameter Q determines the magnitude of the performance signal 'S in
equation (1). In all split rthythm simulations, S = QS.ake, and we chose

Q=64x10"%A. (A21)

In the after-affect simulations, we showed that more than one choice of S
could simulate the data. For the gain control process defined by equations
(14)-(16) and shown in Fig. 13, we chose

Q=14x10"%A. (A22)

For both of the other gain control processes used to simulate after-effects
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(Fig. 16), we chose
Q=28x10"%A. (A23)

In equation (13), the light L(¢) is either on or off. “Bright light" is
experimentally defined to be an intensity somewhat less than the intensity
at which wheel turning ceases in constant light (LL). We chose light intensity
in a similar way by using intensities somewhat smaller than those intensities
at which x,(¢) remains less than the activity threshold N in LL.

It remains only to say how the initial data of x,, xs, z,, F, and y were
chosen at time ¢ =0. The simulations were insensitive to the initial values
of x,, X, 2y, z;, and F. Due to its slow time scale, y(0) was chosen in each
case at its equilibrium value in the dark (DD).






