Ann. Ist. Super. Sanita, vol. 29, n. 4 (1993), pp. $11-520

A feeding-entrainable circadian oscillator system in the rabbit
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Summary - One of the most important properties of biological oscillators is their entrainment by
exogenous forces acting cyclically in the environment. Among the environmental cycles, the phenomena
recurring with & circadian periodicity are very prominent. The role of circadian zeitgebers is discussed
giving a particular importance to the effects of feeding as a cause of masking and entrainment.
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Riassunto (Rifasamento nutrizionale dei sistemi oscillatori circadiani nel coniglio). - Una delle pin
importanti proprietd degli oscillatori biologici ¢ la capacitd di sincronizzazione. Questa ¢ indotta da
fattori ambientali a ricorrenza ciclica. Tra i sincronizzatori ambientali quelli con ciclo mediano sono
prominenti. Tra questi ha un grande ruolo sincronizzante I'alimentazione. Gli effetti dell’alimentazione
sui cicli biologici sono riportati in questo lavoro nei loro aspetti riguardanti il masking ed il riposamento.

Parole chiave: ritmi circadiani, sincronizzatori, sistemi oscillatori.

Circadian rhythms, zeitgebers and oscillator systems

Within the boundaries of homeostasis most
physiological, endocrine and behavioral functions
of animal and man exhibit significant 24 h rhythms.
The amplitude of a particular thythm can amount
to several hundred percent (e.g. melatonin, STH,
gastrine, food intake). Thus, whether one is measur-
ing normative values of an animal, testing the
response to a drug or a toxic substance or is
monitering food intake or locomotor activity: the
time of day will have a significant impact upon the
result.

It is well known that 24 h rhythms of animal
and man are not caused by the cyclical environ-
ment but rather are generated endogenously. A
mammal, transferred to an environment free of
any time information (constant conditions) con-
tinues to exhibit a circa 24 h periodicity. Since the
endogenously generated periodicity is unequal to
exacily 24 h, it looses synchromization with the
external 24 h period, generated by the rotation of
the earth around its axis. In constant conditions
the circa 24 h rhythms (= circadian rhythms [1])
are free-running with an individually distinct, very
precise periodicity for at least more than hundred
days [2], several years [3] and even several gener-
ations {4].

The suprachiasmatic nuclei (SCN) are considered
to be the generators of the autonomous, circadian
rhythms. The periodic environment is just syn-
chronizing them, coupling phases of the endogenous
thythm to corresponding phases of the exogenous
24 h environment. The monosynaptic, retino-hy-
pothalamic tract (RHT) transmits the LD-message
from the retina to the SCN [5, 6]. The entrainment
of endogenous rhythms with the environmental

light-dark zeitgeber occurs by means of a phase-
dependent response to light stimuli [7-9].

While the light-dark cycle is the most widely used
and thus most important zeitgeber, during recent
years cvidence was obtained that a periodic feed-
ing-fasting cycle, too, has zeitgeber capabilities.
Before entering into details, it appears useful, how-
ever, to list the criteria, an external periodic variable
has to meset in order to be zeitgeber:

a) It must entrain a circadian rhythm,
free-running so far in otherwise constant conditions
(“catching of the free-running rhythm”).

) When entrainment is completed, a stable
phase relationship exists between the periodic envi-
ronmental variable and the rhythm.

¢) The circadian rhythm must be entrainable,
within the limits of entrainment, even with a period
length unequal to 24 h.

o) Terminating the zeitgeber and returning to
constant conditions, the phase of the ecircadian
rhythm is determined by the preceding zeitgeber.

) As a rule, after termination a zeitgeber has an
impact -upon the length of the endogenous period
(tau) for some time (“aftereffect™ [10]).

Thus, while a zeitgeber affects the circadian oscil-
lator system itself, an external, periodic environ-
mental variable can directly influence the rhythm
without affecting the oscillator system. This effect
usually is referred to as “masking™ [11-14]. Char-
acteristics of masking are:

a) Its immediacy: without transients (part of)
the rhythm concentrates around the exogenous
periodic function at the moment of its imposition
or phase-shift.
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b) Although (part of) the rhythm is “in phase”
with the exogenous periodic variable, the oscillator
system continues to free-run, which may, but does
not need to, be reflected by the overt rhythm.

¢) After termination of the periodic variable the
phase of the free-running rhythm is not set by the
preceding schedule. Rather the rhythm “starts” at
the phase, set by the free-running oscillator system.
This phase can be obtained by forward extrapola-
tion of the free-running rhythm before imposition
of the masking factor [12, 14-16].

d) Tau of the free-running rhythm is not affected
by the preceding schedule (no “aftereffect™).

Periodically restricted food access (RF) signifi-
cantly affects the circadian rhythms of endocrine
[17-21] digestive [22-24] and behavioral rhythms
[11, 13, 25-30].

As compared to the LD-zeitgeber a daily schedule
of restricted food access, however, appears to affect
the circadian oscillator system of different mam-
malian species in a rather specific way.

In the intact rat-the majority of the activity
rhythm obviously is not affected by periodic food
access but continues to free-run with almost unal-
tered period length. A part of the thythm, however,
dissociates and couples to the beginning of food
access at a positive phase angle difference (antici-
patory activity) [12, 16, 31] exhibiting circadian
characteristics. [13, 31-35]. Terminating the RF
schedule, the rhythm continues to free-run com-
pletely unaffected by the preceding RF regimen
[12, 16, 36].

However, if the circadian oscillators in the SCN
are destroyed, the animals thus being completely
arrhythmic, a regular RF-regimen does restore cir-
cadian rhythmicity. The experimental evidence so
far suggests that a feeding entrainable oscillator
system (FEQ) exists. This FEO system evidently
resides outside the SCN [13, 14, 31-35, 37-41]. In
the rat the FEO-system, probably consisting of two
mutually ‘coupled oscillators [41-44] is supposed to
be coupled to the light entrainable oscillator system
(LEO), the latter one being not entrainable by RF
[45, 46]. Thus, there is strong evidence for the
existence of a FEO-system in the rat, although in
intact animals it is hardly apparent, probably due
to the dominance of the light-entrainable oscillator
system. ' '

Other mammalian animal species are less
thouroughly investigated. In intact squirrel mon-
keys, time restricted feeding does not entrain the
activity rhythm of the animals [47, 15, 26]. In two
marsupial species, the quoll (Dasyurus viverrinus)
and the kowari (Dasyuroides byrnei) [48, 49] evi-
dence was obtained for entrainment of at least a
component of the circadian rhythm by restricted
food access.

In the syrian hamster, running wheel activity is
entrained by RF when the quantity of food is
reduced for 30%, but not, when 100% is available

for a certain amount of time [50]. In the inbred
mouse, entrainment by restricted food access ap-
parently depends from the genome of the respective
strain: the circadian rhythm of locomotor activity
is entrained in CS but not in C57BL/6J mice [51].

So far the situation on entrainment by periodic
food access appears rather delicate. Since the ex-
periments in rat, mouse, hamster and two marsu-
pial species nnequivocally indicate the existence of
a FEO system in these species, it appears to be of
general interest to investigate a plethora of FEO
question, e.g. about the nerval and/or humoral
and/or metabolic mechanisms of entrainment by a
periodical feeding-fasting cycle, the quality of the
signal, its transmission, the location of the oscil-
lator system, its coupling and hierarchical position
relative to the LEO system etc. For further ap-
proaches to these questions it appears advantage-
ous to have an additional, adaequate.model, an
intact, unlesioned animal, exhibiting overt rhythms
which obviously are entrained by periodic food
access.

Masking and entrainment by RE in the rabbit

As will be ocutlined below, the rabbit meets the
criteria for a model, suited for further approaches
on FEO. The critical experiment is depicted in Fig.
1: a circadian rhythm, first entrained with the LD
zeitgeber and then free-running in continuous light
conditions (LL, 7 lux) with a period length greater
than 24 h, was exposed to a regular 4 h feeding and
20 h fasting cycle. After 70 days the RF schedule
was terminated and the animal was fed ad libitum
again for further 120 days. Then a 4 h food access
cycle, which was advanced for 10 min every day,
was imposed lasting for a total of 100 days. Finally
the animal was fed ad libitum. Five behavioral
functions were monitored (locomotor activity, hard
faeces excretion, food box activity, water intake
and urine excretion). Fig. la shows the original
data of locomotor activity, Fig. 1b those of hard
faeces excretion of a representative animal for a
total of 572 days.

The free-running rhythm is interrupted at the
moment of RF imposition. Whereas the rhythm of
hard faeces excretion appears to be almost cut off
by the imposition of RF, the rhythm of locomotor
activity, is not as severely masked.

Two processes are evident:

a) an immediate process of masking: irrespective
of the phase relation between free-running rhythm
and newly inserted RF schedule the rhythms are
completely reorganized within the first days of RF,
the majority of events being concentrated around
food access (Fig. 1, days 160-200).

b) a phase dependent process of entrainment: in
addition to the masking effect, a process of entrain-
ment is running. The time of entrainment signifi-
cantly depends on the phase difference between



loccmotor activity

i00

200

00

400

500

Fig. 1a. - Circadian bimodal rhythm of locomo-
tor activity during LD 12:12 (day 1-40) and conti-
nuous light (LL} conditions (days 41-572). During
LL two schedules of restricted food access are im-
posed (food access = 4 h): a first RF schedule
with Tae = 24 h and a second one with Tge = 23 h
50 min (days 351-450). Entrainment with the first
RF schedule is completed at day 50 of RF (expe-
rimental day 210). Entrainment with the se-
cond RF is completed around day 42 {experimental
day 382),
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hard fasces

Fig. 1b. - Circadian, bimodal rhythm of hard faeces
excretion during LD 12:12, continuous light (LL) condi-
tions and two RF schedules. Same animal as in Fig. 1a.
The rhythm of hard faeces excretion contains much
less “noise” as compared to locomotor activity. By that
it is well suited for demonstrating the asymmetry of the
bimodal rhythm, the phase relationship between cir-
cadian rhythm and zeitgeber and the period length.
Thus, the aftereffect of the rhythm following the termi-
nation of the zeitgeber, especially that with Tpr <24 h
is most obvious.
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Fig. 2. - Average shape of five behavioral functions of
a rabbit (same as in Fig. 1) during the first 10 days (left)
and the last 10 days (right} of the first RF regimen (T
= 24 h). Ordinate: percental deviation of 60 min mean
values from 24 h average (= 100%). Abscissa: time of
the day, beginning at 04.00; time of food availability is
indicated by two vertical lines. When masked (left), no
significant componet of activity anticipates food avail-
ability; following entrainment anticipatory activity
amounts to 19% of 24 h activity.

circadian rhythm and newly inserted RF regimen
(coefficient of correlation r = 0.8304, n = 20
animals, p < 0.001). When entrainment is com-
pleted, a conspicuous activity component anticipates
food availability for 60-90 min (Fig. la, Fig. 2).
This component is established, when the forward
extrapolated “morning component” of the
free-running rhythm intersects the begin of food
access. The component of anticipatory activity con-
tains 25 £+ 11% of 24 h activity (n = 10 animals).
After complete entrainment (Fig. 1, day 210-230)
the phase relationship between rhythm and zeitgeber
is stable, no free-running components are detectable,
neither visually nor by spectral analysis.

Terminating the schedule of restricted food access,
an aftereffect of the preceding zeiigeber upon the
circadian rhythm is evident fading cut within 15-30
days of constant conditions. The circadian rhythm
obviously starts to free-run {rom the phase of the
preceding RF regimen. This is especially clearly
demonstrated in functions of animals with a dis-
tinctly asymmetric bimodality of the rhythm as seen
in Fig. Ib: since the circadian rhythm consists of a
small “morning™ and a larger “dark”™ component,
it is obvious that the “morning” component of the
free-running rhythm starts from the phase, set by
the preceding food access. If the rhythm had been
merely masked by RF it had started from a phase
about 13 h later. In addition, the RF regimen of a
zeitgeber-period T = 24 h exerts a significant
aftereffect on the endogenous period: tau during
the first 25 days amounts to 23.98 h and is signifi-
cantly longer (tau = 24,08 h) thereafter.

The phenomena of immediate masking and grad-
ual entrainment are almost identical when the period
length of RF is shorter than 24 h (Fig. 1, days
351-450). The component of anticipatory activity,
too, is established at the phase where the forwardly
extrapolated “morning” component of the free-
running rhythm intersects the begin of food access.
The anticipatory component during Tar <24 h
amounts to an average of 15 + 7% (n = 15
animals). The impact of the zeitgeber period (T) is
even more obvious at a Ty shorter than 24 h:
during the first 26 days after termination of RF the
period length of the free-running rhythm is almost
identical to T of the preceding zeitgeber (Fig. 1b,
days 451-478). Then the rhythm is decomposed, the
“morning” - component turning to tau > 24 h, the
“dark”™ - component continuing for further 23 days
with the period length of the preceding RF and
then turning to a tau > 24 h, exhibiting a fluctuat-
ing periodicity for further 30-40 days.

These results obtained in intact rabbits indicate
that the circadian oscillator system of the rabbit
consists of at least two mutually coupled oscillators,
a “morning” - oscillator and a “dark-oscillator”.
Apparently both are entrainable by a light-dark
and by a feeding-fasting zeitgeber. Since RF was
imposed during otherwise constant conditions the
data so far do not provide an information, however,



locometor activity

days of experiment

Fig. 3a. - Circadian rhythm of locomotor activity, first
entrained with a light dark schedule of Tz <24 h and
then exposed to an additional RF zeitgeber with Tge > 24
h. Both zeitgebers have a significant impact upon the
rhythm. After the simultaneous termination of the zeit-
gebers the rhythm free-runs with a period length approxi-
mating T of the preceding RF, not T of the LD schedule.

whether either oscillator is entrainable by the
iight-dark and the feeding fasting zeitgeber (one
oscillator system, two inputs) or whether the cir-

cadian system of the rabbit consists of two oscillator |

systems, a light-dark entrainable and a feed-
ing-fasting entrainable one (two oscillator systems
with one input each).

One or two oscillator systems?

If two circadian oscillator systems are existing in
the rabbit, a LD-entrainable and a RF-entrainable
one, then a schedule of two conflicting zeitgebers,
one running with a period longer, the other one
with a period shorter than 24 h should have an
impact upon the light-entrainable (part of the)
rhythm (LER) and the feeding-entrainable (part of
the) rhythm (FER). In other words: if part of the
rhythm is entrained by cither zeitgeber, this would
be a striking evidence for the existence of a LEO-
and a FEO-system in intact, unlesioned animals.

Fig. 3a shows the original data of a representative
animal. The experiment resulted in at least four
important points:

@) The shape of the rhythm during restricted
food access taking place in the dark period differs
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conspicucusly from that of RF in L. Locomotor
activity is more diffusely distributed around RF
occurring in D, the component of anticipatory
activity contains 16 = 4% of 24 h activity (n = 35
animals, two repetitions) {Fig. 3b).

b) During restricted food access in L. the com-
ponent of anticipatory activity contains 27 4 2%

activity
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Fig. 3b. - Average shape of locomotor activity {=rabbit
Fig. 3a} entrained with RF situated during the dark (left)
and the light peried (right}; the data of 19 days at either
schedule are calculated and plotted. Amount of antici-
patory activity during RF in D: 8%, during RF in L: 26%.
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of 24 h activity (n = 5 animals, two repetitions), it
precedes the beginning of food access for 60-90 min
(Fig. 3b).

¢) An additional activity component (“morning”
c., comprising 20 ZF 7%) exists around the
dark/light (D/L) transition. It precedes the D/L
transition for up to 30 min. When this component
approaches the end of food access, it merges into
the activity component around the end of food
access. The “morning” component consolidates
again, when the phase angle diffcrence between
lights on and begin of food availability amounts to
4-6 h (about 15 days after the “lights on” had
crossed the beginning of food availability).

d) At the simultaneous termination of both
zeitgebers the period length of RF, not that of LD
exerts a conspicuous aftereffect upon the period
length of the circadian rhythm.

These effects of both zeitgebers upon locomotor
activity are seen similarly in four other behavioral
functions (hard faeces excretion, water intake, food
box activity, urine excretion) indicating the common
control of these functions by two different oscillator
systems, a light entrainable and a feeding-fasting
entrainable one. The mergence of the “morning”-
component into the comporent of succeeding activ-
ity after food access and its reconsolidation 27-30
days thereafter indicates a close coupling between
the LEO and the FEO system. Despite the con-
spicuous impact of the LD zeitgeber upon the
circadian rhythm the RF zeitgeber evidently is
dominant. This is documented by the phase of the
free-running rhythm and, especially, by the con-
spicuous aftereffect of Tgy on tau after termination
of RF. Experiments in which rabbits were ¢xposed
to simultaneous LD and RF zeitgebers of equal
period length are corroborating this view. It, thus,
appears that in the rabbit during ad libitum food
access the light entrainable oscillator system controls
circadian functions whereas during restricted food
access the feeding entrainable oscillator system is
playing the dominant role.

Biological significance of a feeding entrainable
oscillator system in the rabbit

The nursing behavior of the rabbit differs from
that of most other mammals. In animal house

activity pupa

conditions as well as in the natural habitat the doe
rabbit visits her litter once/24 h, nursing the pups
for 3-5 min only and leaving them alone and
without any care for the rest of the day [52-38].
During the limited nursing visit of the doe the
pups can ingest a quantity of milk, amounting to
20-30% of their body weight. Since the rabbit
pups during their first days of life, thus, are
exposed to a natural cycle of restricted “food
access”, imposed by their mother, it was important
to know whether the pups would anticipate nursing
time in a similar way as seen in adult rabbits
during artificial RF schedules.

As demonstrated in > 20 does, kept in our com-
pletely insulated “Chronolab”, the doe is giving
birth during her resting time, i.e. during the light
period. The first nursing occurs 20-22 h after birth,
during the last hours of the dark period. During
the following days the nursing visit is advanced
every day for an average of 30 + 10 min, thus the
doe shifts nursing to the first part of the dark =
activity period. The nursing visit lasts 4 + 1 min.
The pups are anticipating the arrival of the doe by
day 2-4 of life: 60-72 min before she enters the
litter box, the activity of the pups increases, exceed-
ing significantly the 24 h average (= 0%) for 40 —
> 200% (Fig. 4). The anticipatory activation most
probably neither is the result of direct signalling by
the doe nor is the doe “called” by the pups. Rather

anticipatory activity seems to be generated en-

dogenously by a feeding entrainable oscillator sys-
tem which is already lunctioning during the first
days of life and is entrainable by restricted milk
access to a zeitgeber period of T < 24 h. In favour
of this hypothesis is the activity rhythm in litters of
does, which occasionally splitted the nursing
rhythm: while the additional, advanced nursing is
not anticipated at all before day 3, the first nursing
during D, which was delayed for about 2 1/2 h
relative to nursing time the day before, is antici-
pated for > 120 min, the percentage amounting to
272% on day 12, 70% on day 13, 173% on day 14
and 153% on day 15 (Fig. 5). In favour of our
entrainment hypothesis of anticipatory activity by
nursing is the entrainability of anticipatory activity
of the pups by a schedule of “timed” nursing:
when the doe has restricted access to the litter
box, e.g. every day at 09.00, then the anticipatory
activity of the pups is entrained with the zeitgeber
period of T = 24 h. The amount of anticipatory

Fig. 4. - Rhythm of litter activity and nursing between the 7th and the 14t day of the pup's life. The data of litter

activity are plotted standing on the line, the nursing visit (=presence) of the doe is plotted downwards. The 12 min

averages 60-90 min before the doe entered the litter box exceeded the respective 24 h average (= 0% by: day 7:
85% day 8: 195%; day 9: 213%; day 10: 71%; day 11: 148%; day 12: 44%; day 13: 179%; day 14: 201%.
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Fig. 5. - Rhythm of litter activity and nursing from birth
to day 16 of the pup's life. A regular advance shift of
nursing time occurs between days 1-11. The pups
anticipate nursing time by significantly elevated activity
60-30 min prior to the doe’s arrival. When the nursing
rhythm was split on day 12, the advanced nursing time
was not anticipated before the third nursing. Percentages
indicate activity of 5 * 12 min bins, significantly elevated
above the respective 24 h average (= 0%).

activity of the litters and the duration of nursing
during this schedule is almost the same as during
ad libitum nursing.

The rabbit is a predominantly nocturnally active
animal [59]. As in other nocturnal animals [60-62],
parturition predominantly occurs during the sub-
jective resting == light period. The rabbit pup is
born with closed eyelids, not able to discriminate
between light and dark before day 7-8 of life [63,
64]. In addition, in the natural habitat it is born
into a continuously dark burrow. In contrast to
mouse, hamster and rat the doe has to visit her
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litters in a separate burrow, apart from her living

; time of nursing Aarea. It appears advantageous and perhaps even

necessary for the doe to advance nursing time
across the dark hours to the first part of D and
thus to synchronize nursing with her main activity
time. The pups, during their first days of life
almost without hair and thermoregulatory incom-
petent, are huddled closely together, completely
covered by nesting material. During the short
presence time of the doe they usually ingest a
quantity of milk, corresponding to 10-30% of their
body mass. To be awake and out of the nest at the
arrival of the doe, increases the chance of getting
enough milk. Video films showed that the antici-
patory activity consisted of uncovering from the
nesting material and an additional, apparently
non-specific component of activity. Thus, the abil-
ity to measure time and entrain it with a periodic
environmental variable - nursing time - guarantees
that the pups are at the right time at the right
place and prepared for immediate suckling at the
arrival of - doe. The endogenous and exogenous
conditions - physiological inability to discriminate
between L and D and, in the natural habitat,
continuous darkness - makes a light entrainable
oscillator system during this state of development
useless and, during evolution, might have favoured
the development and selection for an additional,
feeding entrainable oscillator system. Follow-up
experiments indicated that in the course of matu-
ration of the animal the LEO system becomes
dominant and takes over control on circadian
behavioral functions around weaning, then entra-
ining the circadian system with the light-dark
zeitgeber.
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