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\_ . Abstract
N ) ‘

The cifcadian rhythms of young animals can be entrained by
prenatal'ang postnatal maternal cues. The present research
exa&ined the effects of early postnatal matefnal isoiagién én the-
ontogeny of the activity rhythm in rat pups . The studies also
examined the effects of different light cycles, as well as other
stimuli which ﬁay’serye as synchronizers of the activity rhythm
during the poatnatal period. Activity rhythms synchronized to a
light—dark (LD) éycle.apbeared as early as five days after birth in
mother-reared pups. This result contrasts with data from other
reports which findlcate a later onset. Pups reared without their
mothers (AR pups) between 3 or 4 to 18 days'postnatally on a LD
. cycle had rhythms which Qere of lower amplitude and of shorter
duratioq than those in the mother-reared group. AR pupé with a LD
cycle and a feeding cycle which apbroximated the normal nursing
rhythm‘sh?ﬁﬁa more synchronization of their activity than pups with
only a LD or feeding cycie. The mean period of the.actibity
rhythms of pups- raised under cpnstant light deviated thé most from
24 hrs. The introduction of a temperature cycle attenuated the AR
pups' activity. These results indicate that the nursing rhythm, in
conjunction with LD cycles, may serve as synchronizers of rat pups'
rhythma. However, nursing and LD cycles represent only a part of
the complex postnatal environment which includes temperature, as
well"as other stim;ii not investigated here, such as olfactory

cues.
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There was also evidence suggesting that rhythmic factors
during the early postnatal period may influence growth. AR pups
with a cyclic feeding schedule had heavier spleens and lighter
livers than animals with a noncyclic schedule- Heavier forebrains
were asgociated with.a predominantly diurnal feeding cycle. These

growth factors may, in turn, influence the rhythmicity of 1oc?gotor

activity.
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. . Chapter 1 . ~
General Introduction
Background
Terminology
\& Biological rhythms are ubiquitéus in both the animal and plant

kingdoms and affectfsuch diverse processes as pupal eclosion, predatory
hunting, and legrning'and memory. Biological rhythms may be defined as
biological processes wﬁich recur or vary in intensity at predictable
time intervals (Rusak & Zucker, 1975). The length of the rec&rring
time interval, referred to as the period (Aschoff, 1979), is used to
classify rhythms into three general types. Infradian rhythms have
periods greater than approximately 28 hrs and encompass pheﬁomena sych"

as female reproductive cycles and seasonal breeding in some -mammals.

ﬁltradian ;hythms can be repregsented by sleep-state rhythms and feeding
bouts (Bowden, Kripke, & Wyborney, 1978; Daén & Aschoff, 1981) and have
‘;eri s less than about 20 hrs. Rhytgms with periods of approximately
24 hrs (Halberg‘& Lee, 1974}, or circ;dian rhythms, - will Be the major
’:fhk focus of this dissertation, ﬁhythms are also described by other
parameters. The peak of a rhythm refers to its maximum value whereas
the trough refers to the rhythm's minimum valuye, A rhythm's'amplitude
;7 is the difference between the peak value and the trough value.
Cifcadian rhythms can be entrained by rhythmic stimuli, called
zeitgebers or "time giving"” stimuli (Borbeley, 19?8): When entrained,
a circadiﬁn rhythﬁfmﬁintains a stable phase relationship with the

1




zeltgeber (Enright, 1981b). For example, when entrained to a zeltgeber
such as the light—dark (LD) cycle, a rat's peak of activity might
consistently occcur 1 hr after the omset of darkness. The l-hr lag
between the onset of darkness and the activity peak would bé the phase
relationship. When rhythmic data are fit to a cosine functiom, the
term, acrophase, 1s used to describe the phase relationship between the
zeltgeber and the function's peak (Enright, I981b). Several zeitgebers
have been identified; for example, environmental pressure cycles
(Hayden & Lindberg, 1968), social cues (Takahashi & Murakami, 1982),
feeding schedules (Bolles & Stokes, 1965; Krieger, 1979; Spiterdi,
1982), and most notably, liéht-dark cycles . One factor determining the
entrairding effectiveness of a zeitgebér 13 the circadianlrhythm itself.
Body temperature rhythms in monkeys are moré readily entrained by LD
cyclesrwhereas urinary potassium excretion rhythms are more stable 'with
a feeding cycle (Moore—Ede & Suléman, 198i)-‘

Besides entrainment another property of circadian rhythms is
their ability to freerun, or maintain their rhythmicity, in the absence
of cyelic input from zeitgebers'(Aschoff,11981). Locomotor activity
rhythms in rats (R;:hter,1971) and cortisol rhythms in humans (Miles,
Raynal, & Wilson, 1977) freerun under conditions of constant darknes;
(DD)}. Rhythmicity is also maintained under conditions of constant
light (LL), although under prq%onged /’:Lnditions‘circadian rhythms
may “disappear” and ultradian ;hythms may predominate (Albers, Gerall,
g'Axé%aon, 1981; Honma & Hiroshige; 1978). The periods of freerunning

circadian rhythms deviate slightly from 24 hrs (entrained conditions)
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and may depend on the lighting conditions present before placement on

LL or DD {Davis & Menaker, 1981). ) S,

Analysis of Rhythmic Data

o, | A varlety of methods are avallable for the analyses of rhythmic
data (Enright, 198la). The two types of analyses used for the rhythm
data presented in Chapter 3 will be described here. Day-night
differences 1in a set of data are frequently used to eatabligh
rhythmicity. This measure is particularly useful for determining
entrainment of a fhythm to a LD cyéle when, the rhythm has definite
peaks or troughs during the light or dark period. Nousigﬁf%icant
day-night differences do not necessgarily imply a lack of rhythmicf&y or
even entrainﬁent. In these cases the rhythm may be freerunning or
en&rainment may be obscured. by the manner in which the data were
sampled and/or combined for analysis.

-Time series analyses are more sophisticated ways of determining
if rhythmicity is pre;ent in a set of data. In general, a prerequisité
for the uge of time‘aeries analyses is a long series of data consisting
of many daily observations (Enright, 198la). One of ‘the more simple
analyses is autocorrelation analysis. This involves éhé calculation
of a product—moment correlation "between the original data sériéd, and
that seme series‘when it is 'lagged' on itsélf by some fixed number of
time ﬁn£ts" (Enrigﬁt, 1981a, p.27). Usually a large number.of lags are
‘examined and the correlations are then plotted agalnst the lag. If a

" stable rhythm is pfesent in the data, the plot of the autocorrelatioms

against the lags will be.cyclic and the lags of the peaks will
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correspond to the dominant period of the data (Earight, 1981a).
Problems in interpreting the results of autocorrelation analyses will
be discussed in Chapter. 3. Unlike some time series analyses,
aufocorrelation analysis does not assume a prilorl the shape of the-
functidn which best describes the data.

Physiological Aspects

Physiclogical studies of circadian rhythms have focussed on the
vigual system (Rusak & Zucker, 1979). Tramnsections of the optic nerves
and bilateral enucleatlon do not disrupt-freerunnihg circadian
rhythmicity iIn mammAls, although entrainment to a LD cyele i3 lost
(Davis & Menaker, 1980; Deguchi, 1975b; Moore, 1975: Richter, 1971).
Lesions of the primary optic tract and/or the accessory optic‘tract do
nat impede LD entrainment in rats éMoore, 1975) although reentrainment
to a shifEed LD cycle may bg retarded in hamsters (Rusak & Boulos,
1981). Similar residlts are seen when the iateral geniculate nuclei, a
'major terminal site for visual fibers, aré lesioned (Dark & Asdourian,
1975; Rusak & Boulos, 1981).

The sq?rachiasmatic nuclei (SCN), tw? hypothalamic nucledl
located dorsally_to the optic chiasm, are impor}ant to circadian
rhythmicity. Xhe S5CN receive direct input from the retina via the
retinohypothalamic tract {RHT) (Pickarﬂ’g/éilverman, 1980; Sawaki,
1977). Lesions of the SCN in rats and hamsters disrupt a variety of

clrcadian rhythms (Redgate, 1976; Saleh & Winget, 1977; Stephan &

Nunez, 1977) although animals may continue to show ultradian rhythms
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(Van den Pol & Powley, 1979) and even entrainmeat to a LD cycle (Rusak,
1979; Rusak & Boulos, 1981) and feeding schedules (Krieger, Hauser &
Krey, 1977; Phillips & Mikulka, 1979; Stephan, 1980). There may be
species differences in the role of the SCN in the mediation of

™~
circadian rhythms., For example, SCN lesions in monkeys abolish
circadian rhythms of feeding, drinking, and rest-activity éatterné but
not body temperature'(Albers, Lydic, & Moore-Ede, 1980; Moore-Ede,
iydic, Czeisler, Fuller, & Albers, 1580).

Other structures within or near the céntral nervous system (CNS)
have roles in circadian rhythmicity. For example, lesions in the
ventromedial hypothalamus, which receives input from the SCﬁ (Berk &
Finkelstein, 1980; Stephan, Berkley, & Moss, 1981}, abolish the
predominantly nocturnal feeding pattern in rats (Sieck, Nance, &
Gorski, 1979). Pihealectomy abolishes freerunning circadian rhythms in
some birds (Binkley, 1974) but not mice or rats (Cheung & McCorﬁack,
1982; Quay, 1968,1974). Rats with pinéélectomies, however, may
'reéntfain more quickly to a shifted LD cycle (Kincl, Chang, & Zbuzkova,
1970). Hormonal and neurochemical rhyéhms in the pineal.gland (i.e.,
melatonin) and ex;genous melatonin ‘have beeﬁ postulated to synchronize’

activity rhythms in blinded rats (Pohl & Gibbs, 1978) and

pinealectomized rats {Redman, Armstrong, & Ng, 1983).

Ontogeny of Biological Rhythms
A major goal in many developmental studies is to elucidate the

origins of a particular phenomenon and to determine the conditions

-
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which are necessary for the emergence and maintenance of the
phenomeﬂon. One issue in the area of circadian Ehythm development
concerns endogeny versus dependence on external gyclic cues (Petren &
Sollberger, 1967). Endogeny implies that an organism has an "inherited
eircadian rhythm” (Petrén & ébllberger, 1967) which does not rely on
external cyeclic cués for its emergence and maintenance. Due CO‘certain
maturational processes, this inherited rhythm can then be entrained by
zelitgebers. The éther view is that extermal cyclic cues are necessar;
for the maintenance of circadian rhythmicity. Some investigators (eg.,
Brown, 1974) claim that it is virtually impossible to produce an
environment devoid of time cues since somé of those cues might be very
subtle. A second issue involves investigating what cues or stimuli are
important and effective in entraining rhythms during eafly development.
One or both of these issues underlie most of the studies discussed in
the following sections. |

Prenatal Rhythms

Evidence on, the prenatal aspects of the ontogeny of circa&ian
-rhythms 18 relatively scanty. This 1is particularly true fér mammalian
specles, largely because of the technical difficulties inherent in
obtaining appropriate dacta from 1n utero preparations.

There are some data from various species which indicate that
ultradian and circadian rhythms are présent prenatally. Petrén and
Sollberger (1967) observed ultradian rhythms with approximately 8-hr

periods in liver glycogen concentrations 1in pfehatchling chicks. Fetal

i
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lambs also exhibit ultradian phythmicity in the occurrence of rapid eye
movement (REM) and non-rapid eye movement (NREM) sleep stateg
(Ruckebusch, 1972;.Ruckebusch, Gaujoux, & Eghbali, 1977). There was a
change in the period of the REM-NREM cyecle, starting at 35 to 40 min
around 3 weeks before birth and increasing to approximately 60 min 28
hrs before birth (Ruckebusch et al., 1977). A similar trend towards an
incréase in period with age was observed by Sterman (1967) and
Dierker, Rosen, Pillay, & Sorckin (1982) in h;man fetal movements
during the last 4 calendar months of pregnancy. It should be mentioned
that the quiet and.active cycles of the fetus (Dierker et al., 1982)
may not necessarily correspond to the different behavioral states
{i.e., quiet sleep, paradoxical sleep, etc.) usually seen inineonateg
and older infants (N¥ijhuis, Prechtl, Martin, & Bots, 1982), >
Circadian rhythms are also ébserved\during fhe prenatal period..
Fetal lambs have a higher incidence of rapid bfeathing movement s
(dedy, Dawes, & Robinson, 1973), ;or? respiratory perieds (Ruckebusch
et al., 1977), and peak tracheal blood flow (Boddy et al., 1973) during “
the dark portion of 24 hrs. These animals also show fetal‘circadian
heart rate patterns (Lawler &-Braée, 1982) although the daily change in
amplitude 1s not very great (éz varfation over the mean heart rate
value}. The heart rate of human fetuses at 38 to 40 weeks of gestation
is also rhythmic with a circadian period (Patrick, Campbeil, ,
Carmichael, Natale, & Richardson, }981; Patrick, Campbell, Carmichael,

& Probert, 1982). Barr (1973) found greater fetal rat weight gain




during the dark portion of a 9:15 LD cycle. Similarly, Challis, Socol,
Murata, Manning, and Martin (1980) observed higher
dihydroeplandrosterone sulfate (a by-product of the fetal adrenal
glands) and.progesteroné levels during the evening hours in fetal
rhesus monkeys.

Postnatal Rhythms

Postnatal aspects have been extensively studied because they are
relaéively easy to investigate aﬁd many circadian rhythms first appear
during the early postnatal period. The attalument of adult-like
rhythms may Involve changes in several parameters, for example, the
amplitude, period, phase relationship, and the shaﬁe of the rhythm.
This section-is diyided into two general parts; a discussioif of the
"normal” development of some blological rhythms and a survey of studies
involving manipulations of the postnétai environment and the subsequent
effects on rhythm development.

There 1s large variation in the postnatal appearance of
bioclogical rhythms. For example, greater day than nighttime values of
2-deoxyglucose uptake in the SCN of the rat are present at birth (Fuchs
& Moore, 1989) whereas plasma corticosterone rhythms are nét evident
until 3 to 4 weeks postnatally (Levin, Fitzpatrick,'&'Levine, 1976).
Other circadian rhythms, such as intestinal maltase and lactase (Saito,
Suda, & Matzuda, 1978) and sucrase activity (Henning & Guerin, 1983),

may not appear until an adult pattern of nocturnal food intake is

attained around 3 to 4 weeks of age (Bernstein, 1976; Redman & Sweney,



1976). Several rhythms exhibit ultradian periods during early
development which iacer are predominated by circadian periods. This
appears to be the case for activity rhythms in rats (Richter, 1927;

- Teicher & Flaum, 1979), sleep-wake behavior in human infants ‘
(Hellbrﬁgge, 1960, 1974a; ;;cklin, Snow, Gahart, & Maccoby, 1980;
Meier-Koll, 1979), and levels of plasmé corticosterone in rats
{(Ramaley, 1978a; Takahashi, Hanadaa Kobayashi, Hayafuji, Otani, &
Takahaghi, 1979). Some researchers (e.g., Hellbrugge, 1974b) have
suggested that the circadian period evolves from the ultradian periods.
However, the observations that ultradian rhythms persist into adulthood
(Aschoff, 1981) and are still evident in the presence'of circadian
rhythms in infants (Morath, 1974) makes this hypothesis somewhat
tenuous (Minors & Waterhouse, 1981).

Amplitudes of rhythms also undergo ontogenetic changes. Female
rats at puberty anq children exhibit increases in the amplitude of
plasma corticosterone (ILtoh, Hirota, & Katsuura, 1980; Ramaley, 1978a)
and serum cortisol levels (Onishi et al., 1983). Increases with age in
peak values are also observed in rat whole brain serotonin (Okada,
1971) and pineal N—acetyltfansferase (NAT) levels (Ellison, Weller, &
Klein, 1972) and hamster ﬁineal melatonin levels (Rollag & Stetson,
1981; Tamarkin, Reppert, Orloff, Klein, Yellon, & Goldman, 1980). Both
iﬁére%aes in peak-values and decreases In trough valugs account for
amplitude changes in rat liver tyrosine transaminase levels (Honova,

Miller, Ehrenkranz, & Wov, 1968) while the converse appears to be true
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for ontogenetic changes in the human body temperature rhythm (Abe,

Sasaki, Takebayashi, Fukui, & Nambu, 1978).

.

Often concurrent yith changes in the amplitude of rhyfﬁﬂgvare
ghifts in the phase relati;nship, or Fhe time of occurrence of the
circadian rhythm's peak. For example, the peak levels of thyroid
étiéulétiné hormone levels in rat serum advance with age (kimura,
Okano, & Kawakami, 1981). 1In contrast, the peaks in rat serum follicle
stimulating hormone levels (Kimura et al., 1981), hamster ﬁlneal
melatonin levels (Rollag & Stetson, 1981), and human body temperature
. (Abe et al., 1978) delay with age.

. ccording to some investigatofs, the changes wﬁzch occur
thro;;;f\t the prenatal and postnatal ﬁeriods may be indicative of the
maturatiz; of various proc;ssea which underly circadian rhythmicity
(Minors & Waterhouse, 1981). Although some of the physiological
mechanisms presumed to underly circadian rhythmicity have been studied
developmentally their links ;;th the obseryed ch;nges in rhythmic
parameters are largely correlative. One example is the ph&siological
control of several rhythms in the rodent pineal gland (Klein, -
Namboodiri, & Auerbach, 1981). Functional innervation of the pineal
gland by superior cervical ganglion fibers 1s associated with the
normal expression of circadian rhythmicity in rat pineal NAT activity
{Deguchi, 1582; Ilinerova & Skopkova, 1976) and possibly for circadian
changeé in "synaptic ribbon” numbers in the pinealocytes {(King &

Dougherty, 1980).
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- The SCN have also been studied developmentally. The presence
of an intact connection between the retina and SCN appears Lo be
necessary for the notmél entrajnment of rhythms to a LD cycle (Mosko &
Moore, 1979a; Stephan & Nunez, 1978). Despite the obgervation that
retinal fibers are. present in the SCN arouﬁd 3 to 4 days héter bi?th
(Mason, Sparrow, & Lincoln, 1977) maturation of other components are
probably necessary before entrainment to a/}D cycle occurs. For -
example, the plasma corticosterone rthythm (Takahashi et al., 1979), is

’
not entrained b§ a LD cycle until 2 to 4 weeks postnatally. Based on
electrophysiological recordings from hypothalamic slices,.Shibata,
Liou, and Ueki (1983) and Shibata, Oomura, Liou, and Ueki f1984)
suggested that the appearance'of some ciﬁbadian rhythms may correlate
with increases in SCN neuronal activity and the appearance of circadian
rhythms in SCN firing rates. Intact SCN from birth $eem to be
necessary for the exp}ession of freerunning rhythmicity, at least in
activity, drinking, and estrous behavior, alEhOugh the types of
deficits following SCN 1e;ions depend partiaily on the extent and the
location of destruction (Mosko & Moore, 1979 a, b)

Information on the develoPmentai effects of other lesi;ns ig
scanty. Subcuta;eous injectiong of monosodium glutamate (MSG) in
neonatal rats (Miyabo, Ooya, Yamamura, & Hayashi, 1982) and hamsters
(Pickard, Turek, Lamperti, & Silvérman; 1982) destroy a large portion
of the inner retinal cell layer. The retinal input to the écﬁ,'

however, remains relatively intact and animals with MSG lesions do not

o
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differ from intact animals in the entrainment and pattern of the
circadifn plasma corticosterone rhythm (Miyabo et al., 1982) or
activity rhythms (Pickard et al., 1982). These data suggest that

neonatal destructon of retinal projections other than those going to

4
~ -

the SCN may ni;fiiiiijj}y impair certain aspects of circadian rhythm

entrainment. - ‘ €)
f

The preceding'discussion.indicates that postnatal changes in
several parametegs whiLh define rhythmicity, including peried,
amplitude, and phase relapfonship, occur for a variety of Biological
rhychms. In addition, there are differences among rhythms in the
kinds of changes which occur as well as in the onset of overt .
rhythmicity, Ontogenefic changes in the SCN and pineal gland seem to
be associated Wwith some of the postnatal changes although other, 29 yet

unidentifiedy components are also probably involved.

Manipulations of the Postnatal Environment

VA ’ N
The most intenqévely studied manipulations are those invelving

the LD cycle. These include raising animals under conditions of LL or
DD or undet non-circ?dian (other than 24’hrs) LD cycles.

There are differential effects of LL and DD on the ontogeny of
circadian rhythms as well as differences between rhythms in their
responses to LL or DD. One problem with interpreting data from animals
kept on LL or DD is that group data may obscure the presence of
freerunning rhythms in individuél animals. This may also occur wﬂ;n

few time points ap# sampled. Data from individual rats that were

blinded at birth and kept with sighted dams until 3 to 6 weeks of age

-
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indicéte freerunning circadian rhythms in plasma corticosterone levels
(Hiroshige, Honma, & Watanabe, 1982a; Itoh et al., 1980; Takahashi et

al., 1979). 'Inﬁéontrast, based on group data Krieger (19 found no

o

*

- circadian rhythms at 80 days of age in plagma corticosterone in animals
enucleated at.birth, although at 30 days of age a circadian rhythm of
low amplitude was evident. Data from individual rats at 80 days old,
however, revealed that gcme of the animals may have had freerunnin
circadién rhythms. It is possible that prolonged expogure to DD may
depress the circadian‘rﬂythm in plasma corticosterone. Data on-the
pineal NAT rhythm indicate thgt rat pups kep{ with their dams on DD.
froﬁ'either conception or birth showed freerunning circadian pineai NAT -
rhythms at 23 days of age (Deguchi, 197532); these rhythms, howevef,
were considerably reduced 1in amplitude at 7 weeks of age. Similar

amplitude reductions in circadian rhythms of urinary constituent levels

b

-

T (chloride, potassium, etc.) are observed in blind humans (Holléich &
Dieckhues, 1974).

. Conditions of LI can algso influence the development of circadian” -
rhythma. Group (Krieger, 1973; Ramaley, 1975) and individual dﬁta

(Krieger, 1973) suggest that the adrenal corticosterome circadian
rhytim is not evident in animals kept.under conditlons of LL from a
few dgys before or scon after birth. Some of Krieger's data, however,.
show what may be ultradian rhythms iniplasma corticosgterone levels.

This agrees with the observations that when placed in LL for 3 months -

in adulthood, rats show ultradian rhythms in locomotor activity (Homma
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& Hiroshige, %978). Unlike plasma corticosterone levels, activity
B . .‘ LN
thythms of chicks (Broom, "1980) and pineal NAT levels in rats (Deguchi,
1975a) exhibit circadian rhythmicity following LL conditions from
/

birth, respectively. The latter findipng 1s somewhat

.

hafching or
surprising since light has a very strong suppressive effect thpiné;1
NAT levels in animals raised on a LD cycle (Klein & Weller, 1972;
Minneman, Lynch, & Wurtman, 1974). .Degﬁchi {(1975a) hypothesized that
“in the rats born and raiéed in continuous light a mechanism that
partially prevents the suppressive effect of light develops” (p. 2818).
This remains to be tested although simiiar effects are sgeen iq the
circaﬁian rhythms of the sleep~wake behavior in rats (Hagino, Naﬁgyoto,
Saito, & King, 1979)" and of sleep-states in the potoroo (rat kangaroo),
; marsupial (Astic, Royet, & Saucier, 1976). Even though animals kept
on LL or DD conditions from birth do not experience cycl&p changes in
"ambient light they retain the ability ta entrain their rh&thms to a
subs;Quent 24-hr LD cycle. Thia occurs for rhythms in plasma
corticosterone (Krieger, 1973; Ramaley, 1978a, b)'qnd pineal NAT levels
(Deguchi, 1975a). The;efore, it appears that at least for these
rhythms the capacity for entrainment :Q LD cycles may mature in the
absence of cyclic light input.

In addition to LL or DD, non-24-hr LD cycles may.modify the

o~

ontogeny of rhythms. Rat pups conceived and raised by dams kept on a

9:9 LD cycle show rhythms in corticosterone and plasma thyroid ;

»
stimulating hormone which seem to be synchronized to the LD cycle



(Ooka—gouda, 1981). Similérly, rats  reared from 2 to-3 days before
birth on 6:6 LD cycles'can entrain their pideal NAT rhythms.to that
cycle (Deguchi,, 1977) and mice reared on 20 or 28-hr LD cycles also
ent;ain to the non-24-hr cycles((Davis.& Menaker, 1981). Entrainment
to the no;:éA—hr LD cycles temporarily inflqences the period of the
freerunning rhygpm when theranimals are subsequentiy placed on DD
(Davis & Menaker, 1981). Deaﬁite obvious entrainment to the exotic
1iéht cycles, a circadian rhythm may still be present (Deguchi, 1977).
Also, being reared under and entraiﬁed to 20 or28-hr LD cycles doés

not prevent later entrainment df locomotor -activity to a 24-hr LD cycle

{Davis & Menaker,;IQSI). - -
} Several otﬁer man;pulatéoqs modify the development of circadian
rhyﬁhms. For exaﬁple, female rats that ingeét ethanol in a liquid diet
during the.fiﬁpt postnatal week have offspring éhat are.ret;rded in

. . .
showing a day-night difference in bléod corticosterone levels (Taylor,
Branch; Cooley-Yatthews, & Poland, 1982). This retafdation, however,
may be confOunded by some o:her‘nutritional factor or the times of the
data sampling. Ader (19695 and Ader and Deitcﬂmfnr(1970) have shown
that the appearance of dayjnigﬁt differences in plasma corticosterone
k\$¥$ve15 caﬁ be accelerated by shocking or handling rat pups daily or
' handling the dams during gestation. Acceleration of the maturational
processes or chianges in tpe interactions 3}th the dam may account for
‘these results (Ader; 1969; Ader & Deitchm;n, 1970).‘ The development -of

. - -

the corticosterone rhythm can also be delayed or attennated in rats




when they are injected with the corticosteroids, dexamethasone or
cortisone acetate, during early prenatal life (Krieger, 1972; Polénd,
Weichsel & Rubin, 1981). The drqg‘s influence depends partly on the
sex (Miyabo & Hisada, 1975) and age of tﬁe animals (Poland, Rubin, &
Weichsel, 1981).

Various manipu}ations during the early postn;tal period can
retard (corticosteroid injections, alecohol or other nutritional -
factors) or accelerate (shocking or handling) the devélopment of some
‘eircadian rhythms. The long term consequences of these manipulations
should be investigated. Prolange& exposure to LL or DD conditions from
birth attenuates or disrupts some circadién.rﬁythma, although subsequent
entrainment to LD cycles appears normail The persistence of circadian
rhythms aftgr extended DD or dim LL, or exp;aure to non—24 hr LD cycles
from birth has been taken as evidence for the maturation of an

.endogenﬁus clock (Minors & Waterhouse, 1981; Richter, 1971).

Maternal Synchronization and Entrainment

Prenatal and'Postnatal Aspects

During .-the prenatal and preweaning period the mother exhibits

™ !

rhythmicity in several processes which may potentially entrain or
“

ianUEﬁE&Lfﬁf biological rhythms of her offspring. For example, during
the prenatal period mothers exhibit hormd;al (Klein, 1972; Patrick,
Challis, Campbeil, Carumichael, Natale, & Richardson, 1980) and feeding
(Barr, 1973; Strubbe & Gorissen, 1980) circadian rhythms. Similarly,

» -

during the preweaning period in rats circadian rhythms are apparent in
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feeding (Strubbe & Gorissen, 1980; Tachi, Tomogane, & Yokoyama, 1981),
nursing bouts (Ader & Grota, 1970; Crosker;y, 1976; Grota & Ader,

1969; Hughes, Harlan, & Plauf, 1978; Leon, Adels, Coopersmith, &
Woodside, 1984), and possibly in the transport of melatonin in the milk
(Reppert & Kleiln, }978). Since some of thesé maternal rhythms persist
even under LL (Ader & Grota, 1970), the assumptio& that LL or DD are

_ noneyelic environments for the offspring is incorrect.

Investigations on prenatal maternal synchronization of fetal
rhythms in non-rodent species sqffer from a varlety of problems. Aside
from technoloéical and ethical considerations, some investigatioﬁs lack
the appropriate stétiétical analyses (Ruckebusch et al., 1977; Sterman,
1967) or the inveatigatdr; draw tenuous conclusions from insufficient
dgta (Evans, Carteé, Brocke, & Smith, 1979; Ullner, 1974). Somé s?udies
are better controlled. For example, Patrick et alf (1981, 1982)
observed human fetal heart rhythms which were positively correlated with
the maternal heart rate rhythm. Recéntly, Taylor, Martin, and ¥?4A.
.ﬁathanielsz (1983) demonstrated that the circadian rhythmicity of
myometrial activity in pregnaﬁf monkeys 1s partly determined by the fetal
hormonal system. The occurrence of human infants' REM sleep does not .
correspond to thé occurrence of maternal REM sleep within five days éfter
birth (Anders & ﬁoffwarg, 1973),q31ihough the infants'.REM sleep may
be assoclated with maternal HREM sleep (Bert;ni, Antonioii, & Gamled,

1978). VUsing time series analysis, Lawler and Brace (1982)“observed

fetal lamb circadian heart rate rhythms which were 180 degrees out of

-

S
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phase with the ewe's heart rate rhythm. ' These authors suggested that
the rhythms were independent of each other, alth;ugh an alternative
explanatidn is that they were synmchronized in a negatively correlated
manner. (One problem in interpreting correlated data is determining
whetger the tw; rhythms &re synchronized, or independent of each other
but with similar periods.

Evidence for maternal entrainment of offspring rhythms in
}odents 1s accumulating. For example, the acrophases of the
corticosterone rhythms of blind pups born to and raised by dams
entrained to a reversed cycle (DL).have peak levels that are about 12
hrs out of phase with the acrophases of pups born -to and raised by dams
on a LD cycle (Hireshige et al., 19823; Takahashi & Deguéhi, 1983). 1In
addition, the corticasteromne rhythms of blind.pups fostered to blind
dams on a reversed light cycle were synchroniéed to the dam's rhythm,
suggesting that the pups were not using extraretinal cues'from the
light cycle (Hiroshige et al., 1982b; Takahashi & Murakami, 1982).

There is some debate whether ghe initial entrainment observed
in these studies occurs during the prenatal or postnatal period. In
order to distinguish between these two possibilities a fostering
procedufe was adopted in most of the relevant studies. At birth, the
pups &Xe fostered to a i;;tating motherlentrained to.a light cycle
reversed to that of the natural mother. The pups are aither blinded at
birth or kepg with the foster mother on DD or dim'LL to eliminate the
effects of a iight cyclé on the pups' rhythms. The acrophases and

K
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périods of the pups' rhythms are determined at several ages and then
‘compared with the natural and foster mothers' rhythms or the rhythms of
non—-fostered pups.

Using the fostering procedure, both prenatal and postnatal
influences are observed. Deguchi (1975a) found that at 3 weeks of age
the pineal NAT rhythms of rat pups were most similar to their natural
mothers' rhythms, suggesting a prenatal influence. Véimiiar conclusions
were made regarding the plasma corticosterone rhythms of blinded rat
pups (Hiroshige et al., 1982c; Hiroshige, Honma, & Honma, 1983) and the
locomotor acciv%ty rhythms of hamster pups (Davis & Gorski, 1982).

Also, examination of fetal rat brains near parturition revealed

-

prenatal maternal entrainment of deoxyglucose uptake in the SCN
(Reppert & Schwartz, 1983). In an attempt to attenuate possible
prenatal rhxthmic influences, Honma, Homma, Shirakawa, and Hiroshige
(1984a,b) lesioned the SCN of female rats 10 days after conception. At

birth, the offspring were blinded and fostered to an LD-entrained dam.

The offspring of SCN-lesioned dams had circadian corticosterone rhythms

“Tr.

-

which were phase-shifted relative to the rhythms of pups from
-shamroperated dams, suggesting a prenatal effect. Davis and Gorgki
(1983) also reported desyanchronized acrophases of %ocoiétor activity
rhythms within,littera-of hamstér pups born to mothers whose SCN were
lesioned at 7 days gestation. In addition,‘the.acrophéses of plasma
co;ticosterone rhythms in pups fostered to dams on a different

postnatal LD cycle tend to be more variable than those of pups reared
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on the same light cycle from conception (Hiroshige et al., 1982b;
Takahashi et al., 1982).

”Predominantly postnatal effects are reported in other studies.
Deguchi (1979) reported that 2 weeks after fostering, pups fostered at
10 days after birth had pineal NAT rhythms that resemblég.the foster

,mﬁEEErﬁa\rhythm (Deguchi, 1979). Also, after fostering at birth, the

. pineal NAT acrophases of blinded pups resembled their fostey dams most
at 4, 6, and 8 weeks of, age (Takahashi & Deguchi, 1583). Similar
results were reported on the circadian plasma corticosterone
(Takahashi, Hayafuji, & Murakami, 1982; Takahashi & Murakami, 1982;
Yamazaki & Takahashi, 1983) and locomotor activity rhythms (Takahashi,
Murakami, Hayafuji, & Sasaki, 1984) of rat pups.

Given the préceding results it is probably safe to propose that,

at least in rodents, both prenatal and postnatal maternal entralument

' can occur (Takahashi & Deguchi, 1983). The use of different sfatistical
methods to determine rhythmicity and acrophases, data sampling problems
(particularly in the hormonal studies), and the fostering technique
(Ackerman, Hofer, & Weiner, 1977; although see Reppert, Coleman,
Heath, & Swedlow, 1984) may also influence the results. It is also
possible that some rhythms are entrained more effectively prenatally,
and others postnatally. Furthermore, the studies ilnvolving SCN lesions
of the pregnant dams (i.e., Honma et al., 1984a, b) present
complications because it is not clear whether the offspring of the

SCN-lesiloned animals differ because of changes in the maternal rhythms
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or some other lesion—induced effects. For example, Honma et al.
{(1984a) mentioned that 100% of the dams that had a major portion of
their SCN lesioned before 10 days of gestation had spontaneous
abortions. Also, some pups from SCN-lesioned mothers had poorly
defined rhythms {see Figure 4 in Honma et al., 1984a).

Maternal Zeitgebers

There have been relatively few’investiéations éxamining what
maternal rhythms or behaviors are capable of entraining the offspring's
rhythms. More research Bas been done on postnatal, as opposed to
brenatal, synchranization.

The most studied of potential maternal synchronizers of rat
pupsf rhythﬁs are the maternal feeding and nursing rhythms. Although
both these rhythms change dgring the preweaning period and ére affected
by variables such as the weight of the dam (Croskerry, 1976) and the
size of the litter (Tachi et al., 1981}, matérnal feeding occurs mainly
during the dark period (Levin & Stern, 1975; Stern & Levin, 1976)kand
nursing occurs mainly during the light period (Croskerry, 1976; Hughes
et al., 1978). The changes in the rhythms have been attributed to the
energy (Tachi et al., 1981) and thermal (Croskerry, 1976) demands of
the offspring. The offspring of dams kept on ad 1lib food and water
show.greater-diurnal than nocturnal weight gain up to about 3 weeks
postnatally (Levin & Stern, 1975), indicating an association between

of fspring weight gain and the dam's feeding or nursing rhythms.

3
v

Similar, but gsomewhat attenuated, nocturnal-diurnal differences in .
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weight gain are seen 1in blind offspring reared by sighted dams. In
both these groups, nocturnal weight gain appears when‘the rat pups
initiate nocturnal food intake, around 19 to 20 days postnatally (Levin .
& Stern, 1575). In contrast, sighted or blind pups raised by blind
dams do not show day—mnight differences in weight gain up through‘aﬁout
19 days of age. It is possible that a rhythm in weight gain was
\\“x\present but was obscured since only two time periods were sampled in
lﬂh*\t:) this experiment (Levin & Stern,;1975)- The sighted pups raised by
blind dams de sﬁow greater nocturnal weight gain starting around 21
days of age.
One way to manipulate nursing and feeding rhythms is to restrict
the dam's food availability to either the light or dark portion of a
24-hr period. Day-restricted feeding shifts the nursing rat’'s plasma
corticosterone peak such that it is opposite to that seen in ad 1lib fed
animals (Tachi et al., 1981). Other invesfigators have observed
synchronizéti;n of 'plasma corticosterone (Krieger, 1979) and activ;ty
rhythms (Spiteri, 1982) of adult rats to restricted feeding scheduies.
Not surprisingly, female rats restricted to diurnal or'nocturnél |
feeding have litters that gaio most of their weilght during the night or
day, respectively (Stern & Levin, 1976). Both of these groups gain
less total daily weight than offspring of ad 1lib fed dams. Restricting
the female rat's feeding to a certain pefiod during the day. not omnly
changes the nursing rhythm, but also affects other types of contact -
with the litter. For example, Stern and-Levin (1976) found that dams

b
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with feeding restricted to the diurnal period spent more time nursing,
licking, or sniffing their litter during the nocturnal period. In
contrast, rats feceiving food ad 1ib or only dﬁring the night spent
more time with their pups during the day, althéugh the ad 1ib dams
spent signficantly more time with their pups at night than did the
food-restricted animals (Stern & Levin, 1976).

The nursing rhythm can also be ﬁodified by separating the litter
from the mother at different times during the day. For example,
separating rat pups from the mother during the day is, inlsome
respects, similar to.restricting nursing to the nighttime. Deguchi
(1977) observed that when rat pups were separated from the dam daily
for 3 weeks duringlthe light.period (nursing occurs during the night)
their pineal NAT rhythms were reversed relative to the dam's rthythm.
In ofher words, the offspring's peaks occurred during the light period.
However, when pups were separated during the dark period (nursing
occ;rs during the day which 1s more similar to the natural situation),
their rhythgs were similar to the dam's rhythms; that is, peaks
occurred during the dark period. Comparable results were seen in the
plasma corticosterone rhyfhma of blind and sighted pups kept on day or
night-restricted nursing (Hiroshige et al., 1982c; Miyabo, Yanagisawa,
Ooya, Hisada, & Kishida, 1980). Besides changes in the acrophases of
the corticosterone rhythms, some animals restricted to nocturnal
nursing exhibited bimodal peaks at 4 weeks of age (Hiroshige et al.,

1982;; Miyabo et al., 1980). This bimodal pattern is usually found
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mainly in immature, 3-week-old rats (Ramaley, 1978a; Takahashi et al.,
1979).

To summarize, wmaternal feeding and nursing rhythms appear to be
involved in synchronizing circadian rhythms in offspring weight gains,
pineal NAT levels, and plasma corticosterone ;evels. The offspring's
rhythms can be shifted by shifting the mother's feeding
(food-restriction) or nursing (separation) rhythms. .It is also
interesting that immature circadian plasma corticosterone rhythms were
observed under the more unnatural, nocturnal nursing schedgle.

One possible confounding factor in the separation and restricted
feeding studies is that the pups on the restricfed schedules tend to
welgh less than rats on ad 1ib conditions (Hiroshige et al., 1982¢;
Stern & Levin, 1976). In fact, Hiroshige et al. (1982¢) noted that a
substantial proportion of their animals from both restricted nursing |
regimenas failed to survive (252) or failed to show rhythﬁstgt 4 weeks
gf age (29X). Postnatal undernutrition, produced by large litters
(Macho, Fickovﬁ, Strbak, & Fdldes, 1982) or a deficient matermal die;
(Austin, Bronzino, Kelly, Cordova, Siok, Resnick, & Morgan, lQBZj’may
retard the onset of the circadian plasma and adrenal corticosterone
rhythms and change the pattern of REM sleep, respectively.

Outline of Experiments

The major purpose of the following experiments was to
investigate the contributions of the mother—offspring environment to

the development of the offspring's rhythms in more detail. A detailled

discussion of the artificial rearing procedure and an examination of



the effects of artificial rearing on physical érouth a;e presented in
Chapter 2. This was deemed necessary since pilot studies indicatedqb
differences between artificially reared animals and mother-reared
animals on several gr&wth parameters. chef manipulations which
influence physical growth (eg., undernutrition) have been shown to
influence circadian rhythm development (Macho et al., 1982). This
examination also provided an opportunity fér gtudying the inflyence of
different light cycles and feeding schedules on.physical growth. -
—_—

Chapter 3 presents the'experiments on the development of the
locoiétor activity rhythm in rat pupé-(/;;e experiments revolved around
_ three general topics: .

1. Unlike other éircadian rhythmd, such as plasma
corticosterone, descriptions of the ontogeny of
locomotor activity rhythms are either scant or
incomplete. One of the initial studies involved
recording the activity of mother-reared pups (MRLD
group) between days 5 and 18 p@sﬁn;tally (PN).

2. Previous studies involving maternal separation dealt f
wmainly with ultradian rhythms, guch aé éleep—wﬁke
states. In addition, the separation was ﬁauall{/ﬁor
less than 24 hrs at a time. The artificial rearing
paradigm allowed for very early and prolonged maternal

separation, as well as for 1onger—term recordings

needed forjcircadian rhythm detection.
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3. What Are the maternal and other environmental cues

which may serve as synchronizers for the offspring's

rhythms? Using.the artificial rearing procedure,

aspects of the complex mothér—offspring environment

which may 1qf1uence fhfthm development could be studied

in isolation or in combination with other factors.

Light'cycleé (ARLD and ARDL groups), constant

conditions (ARLL and‘ARDD groups), and feeding cycles

{ARLL-LF and ARLL-DF.groups) were investigated. In .

addition, studies looking at the interactions between

the light cycles and feeding acheduies (ARLD~LF and

ARLD-DF groups), as well as an investigation on

environmental femperature (ARLD-Temp group), were

included.

A syntheéis of Chapters 2-ané 3 as well as a general discussion

of issues in developmental rhythm research are presented in Chapter 4.



Chapter 2
Growth of Artificially Reared Rats
Efforts tolinvestigate particular aspects of wmother-offspring
interactions have led to the develoément of several methods of rearing
offspring In the absence of the mother and/or littermates. Many -

1n§e§tigations involve an acute separation (less than 24 hrs) of infant
. .
ratg from their mother. Results from these studies indicate that heart
rate (Hofer, 1973a,b; Koch & Arncld, 1976) and even survival rate
(Holloway, Dollinger & Denenbérg, 1979) are influenced by relatively
brief periods of maternal separation. Questions‘involviﬁg the effects
of long-term or chronic maternal séparation réquire a rearing
environment which will guarangee survival of the young animal.
Ackerman and Shindledecker (1977) have successfully reared rat pups
w;thout their mother beginni'ng ar leeeks of age but their technique 1is
not applicable to younger pups.

Initial attempts at rearing rat pups soon after birth under
chronic maternal separation involved hand-feeding (eg., Dymsza, Czajka
& Miller, .1964; Thoman & Arnold, 1968a). Every 2 to & hrs the pups
. wére hand-fed by passing soft tubing down the esophagus and injecting a
fluid diet through the tubing. 1In 196?, Messer, Thoman, Terrasa, and

Dallman developed a method for implanting a gastric cannula in pups
within 24 hrs after birth. A similar method was reported by Juvancz

(1981). Delivery of an evaporated milk-based diet was automatically r,,~«a

<ontrolled by an infusion pump, eliminating thé freéuent handling of k\~

\
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the pups necessary in the hgud-feeding procedure. Body welght gain was
slightly less in the artificially reared (AR) puﬁg than Iin mother-fed
controls. At 20 days PN, AR animals had heavier cecums, livers, and

kidneys than control‘animala. Other organ ;eights, such as heart,

spleen, lungs, and brain, did not differ significantly. Hall (1975)
médifie§ Mes8ef;Et al.'s (1969) artificial rearing technique. He \‘\\’m/)
reported a survival rate of 80% when animals were cannul;ted between 12
and 48 hrs after bi?th, althouéh at weaning (18 days PN) the body
weight of tﬂe AR animals was less than normally reared rats. Femur
1eﬂéth was not significantly different between the two groups.

Thompson (1983) also reported that normal innervatiogvgf the soieus
muscle occurs in AR pups.

One problem with the Messer et al. (1969) and Hall (1975)
technique 13 the continuous infusion oflthe dief- Messer et al.
reported overdistension of the stomach, especially at younger agéa.
Also, survival rates and body weight gains are not always optimal
(Goldenring, Shaywitz, Wool, Batter, Anderson & Cohen, 1982; Juvancz,
1981). Earlier groups of pups run in our laboratory with conﬁiuuoéa
feeding also showed similar problems. We adopted an intermittent
feeding schedule with rats'being fed 2 to 3 hrs four times daily. This
decreased the incidence of abdominal bloating and the pups gained more
weight. Similar results were;reported by Anderson, Raffety, Birkhofer,

and Fomon (1980) who found that AR pups with more frequent feedings had

higher survival rates and greater body weight gains than AR pups

/ | o
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teceiving the same amount of food but in fewer feedings. The more
frequently fed animals also had smaller livers, stomachs, and small
intestines and larger spleens. éince in the normal rearing situationm
the mother r%;/exhibits frequent nursing boufs (Croskerry, 1976; Hofer

'
& Grabie, 1971) it is not surprising that intermittent’ feeding is more

.beneficial éo the pups, .than contingous feeding.

) Recently, other investigators have adopted an intermittent
feeding.schedule for the AR aﬁimals. Smart, “Stephens and Katz (1982,
198365 @gg AR animals 12, times a day and found similar body weights at
21 and 25 days PN when compared to mother~reared pups. Despite the
similar body weight gainas AR animals had shorter bodies and tiﬁias and

+ lighter gastroéQEB;ué mﬁscles, pra¥;é, and adrenals than mother-reared

pdpg. ﬂivers and'epfdidymal—fét-pad weights and small intestine

lengths were gﬁeater in the AR animals (Smart et al., 1983a; Smart,

Tonkiss, Stepheus, Edmond, . & Auvestad, 1983b). Similar réauits oﬂ body

brain, éﬁé liver weights were foun&Shy Diaz, Moore, Petracca, Schacher

b

and Stamper (1981b) in 18-day old AR pups fed dn an intermittent
. o .

Ve .

. ] . -3
schedyle. In addition, Diaz et -al. (1981b) reported heavier kidneys
and gpleens in the AR pups. Some of the differences between AR and )

motgtr-reared animals ;ncluding adrenal 'and brain weights an& bedy
lengths, are Qtill evident at 224 days PN (Smart et al., 1982, i;83a).
In addition to the differences in somatic growth, Stagper, Petrdcca,
Houghton, and Diaz (1982} found dec;eaaed serum levels of the thyroid

hormone, T4, and Smart et al. (1981,-1983a) reported atcelerated eye

opéning in AR pups.

29
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It is clear thatheven though relatively normal body weights can
-
be attained by AR pups on an intermittent feeding schedule, other organ

welghts do not show normal growth. Reasons for these differences may

include the low protein and high carbohydrate content (Diaz et al.

*1981b; Smart et al., 1982) or the presence of toxins or “inappropriate

>
components” (Diaz, Moore, Stamper & Petracca, 1982a) in the Messer et

al. (1969) diet. Other possibilities include differences in the
amount of food delivered to AR pups compered to normal pups (Smart et
al., l983a)-and in the pdtterning and timing of the food delivery.
Also, lactating rats exhibit a circadian rhythm in nesting bouts
(includes nursing bouts) with their offspring (Croskerry, 1976 Grota &
Ader, 1969) and it is possible that this rhythmicity is important for
healthy:phyq;cal development. For exemple, eyclicity of the liver
enzyme, tyroeine transaminase, maybbe dependeee on rhythmie fded intake
in'neonatal rats (Honoea et al., 1968).

In the following studies, animals were\reared artificially using
a technique similar to Hall's (i975). Organ weights, which are useful
indices of physicai health and development, were gathered from animals
kept under different-ligﬁt and feeding cycles and temperature
conditions., This information, in turn, might aid in the intetpretation
of the beha;ioral measures discussed in Chapter 3. .
Subjects | ;

With the-exception of ane éfoup to be described later, animals

were Long-Evans hooded rats born and raised in our colony. Nulliparous .




females between 4 and 6 hoﬂths old were bred with males of

' approximately the séme age. Vaginal smears were obtained daily beqﬁgen
0900 and 1i30 hrs and the presence of sperm was used to determ#ne the
day of conception (Day 0). Males and females were geparated between 2

" and 5 days after conception. Colony lights were on from 0800 to-2000
hrs and off from 2000 to 0800 hrs (12:12 LD} unlesé otherwise
specified.

The agés of Ehe rat pups were caicplated from the day of

* conception go that at birth a rat would be apprq;imately 21 days old
‘post-conception (PC). The reason for using PC ages Is twofold, some
animals are borp after a 22—day gestation and the PC age adjusts for
this difference. (In the present studies 61.7% were borm after 21

s

days, 30.8% after 22 days, and the remaining dates were unknown. )
. o 5

Second, the appearances of some developmental indices, such as eye

opening, depend on the PC age rather than the PN age (Croskerry,

v

4

A1976). 2 ‘ |

Surpgical Procedure

-

At 24 days PC r;t pups were surgically implaﬁtqd with gastric
cannulas (Hall, 1975); Due to relatively‘poor survival rates in earlier
' groups, later groups were operated at 25 days PC. Gastric canuulaé
were constructed from a 15 cm length of polyethylene tubing (PE-10,
Clay Adams) heated at one end to form a sﬁe}l_flange. This flange hef&
a small (1.6 mm diameter).flexigle plqstic washer in place.: For

anesthetization, rats were-placed\in a glass container with
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ether—socaked cotton balls for S/to 3.5 min. A 6.2 cm piece-of

silastic tubing (Silastic, Medical-Grade Tubing, Dow Corning Corp;,
012 ;n inner diameter by .025 in outer diametér) wAS luhrid§;:; with
corn oil and threaded down the rat's esophagug. A slightly curved and
lubricated-piece of gultar string wire (8.3 cm long, 0.254 mm diameter)
was threadéd down the silastic tubing. The tip of the wire was then

lpushed out through the gastric and peritoneal walls and the skin. Tﬁe

. R
silastic tubing was gently pulled over the wire and ‘out of the mouth.
- rd -

The gast;ic cangula (also lubric%ted zfth corf’oil) was then threaded
onto the tip of the wire protruding from théﬂmouth. Thegexwere’then
.pulled slowly and gently down the esoéhagus and through the skin until
the plastie Qasher was againet the ‘inside stomach wall. A rybber
washer (1.6 mm diameter) and a small polyethylene washer (BE-50) were
threaded onto the cannula and pushed against the pup's flank. To
prevent the cannula from being pulled out the wire and cannula were
pulled through a small fold_df skin on the backlaf the neck-and secured
with twﬁ PE-50 washers (see Figure.l); The éurgery took épproximately
"5 min. >

L)

Care and Maintenance ‘ —

L

Following surgery the.pups were individually placed in
styrofoam .bowls {80 mm éiameter,.io T deep:'size 103; Fiﬁiacan, IAC.)
containing wood shavings and covered with clear plastic lids with six or
seven 10 mm holes. Each bowl was then placed ‘in two more styroﬁoam

bowls one of which had metal welghts attached to the bottom to prevent




¥

AY

Figure 1. A rat pup with the gastric cannula in place. The black
squares represent the PE-50 washers. ~ '

i
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tipping.- They were then placed in a water bath incubator (National
Appliance Co., Model 230) which was divided into eight compartments by
plastic partitions. A 2 mm layer of mineral oil was added tc prevent
the evaporatioﬁ of the water. In some studies Halazone tablets
(Abbott, 4.0 mé) were added to the water to inhibit microbial growth.
Unless otherwise indicated, the water temperature was kept between 45
and 49 degrees C wﬁich maintained the temperature inside the cups at
apéroximately 29 degrees C. Humidity varied with the‘outside weather
conditions and was détermined from a wet bulb-dry bulb thermometer.

The pups were fed a diet similar to that described by Messer
et al. (1969; see Table 1).‘ The diet was delivered by 10 cec plastic
Eyringes (Becton-Dickinson) with 23-gauge nebales- The. syringes were
placed on infusion pumps (Harvar;\hpparatus Cp., Inc., Model 907) which
were housed in a refrigerator. One pump.could hold 8 syringes. PE-50
tubing was attached to the syriqgeé at er end’ and the gastrié cannula
at the other end. By the time the dlet reached the pups' stomachs it
was equilibrated with the room temperature. On'the day of surgery (24
days PC) the infusjon rate was 2.0-m1/24 hrs and was increased by ‘
approximately 0.62 ml to 1.00 ml a day. The amouﬁks of food infused
daily from 24 to 39 days PC were approximagély 2.0, 2.6, 3.1, 3.8, 4.5,
4.9, 5;6, 6.4, 7.0, 7.8, 8.5, 9.6, 16;7, 11.6, 12.4, and 12.4 mls.

Two types of feediné schedyles were used. The first was ‘
designed to minimize possible entraiomment to the feeding schedule

(referred to.as the noncyclic schedule). Intervals of 25, 30, 35, 40?\“



Table 1

—
Artificial diet

Ingre&ient . ’ Amou;t(per 1 liter)
Evaporated milk(Carnation) , 750.0 ml
Diatilléd water : 170.0 ml
Corn oil : " 66.0 9{
Vitamine? o 10.0 1
FeS0,(BDH Chemicals)\ 27.0 mg i
CuSOh(FiBher Scientific) - 15.0 mg -
20867 (McArthur Chemical) b 16.0 g
DL—Methionin?(BDH, Ltd.) 1.0\E\\
L-Tryptophan(BDH Chemicals) 05g
Riboflavin(Grand Isignd B{g&ggi&ii) B 10.0 mg
Pyridoxal HC1P " 10.0 mg

It ™ ’

-

Note. Ingredients were mixed in a blender for 2 to
3 min, d degasfed, and then frozem in 100 ml glass
containers until needed.

Polyviaol (Mead-Johnson) or Infantol (Horner) liquid
vitamin mixtures were used.

bInitially a powdered form (Grand Island Biological)
was used. Later diets contained a liquid form
(Parke-Davis). .
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/
or 45 min were randomly assigned as alternately feeding or noufeeding
times such that the total feeding time in 24 hrs was approximately’ 12
hrs. The mean duration of an interval in a 24-hr period was

approximately 34 min and there were 10 to 11 feeding intervals between

0800-to 2000 hrs and an equal number between 2000 to 0800 hrs. The

second feed;pg schedule (referred to as cyclic) was used for the

feeﬁing entrainment groups. As in the noncyelic schedule, the
distribution of feeding intervals was similar between 0800 and 2000 hra‘
and 2000 to 0800 hrs. However, the proportion of 24~hr feeding time
differed between the two 12~hr periods. Animals could receive 65.3% ]
(470 min) of their feedi;g time during one of the 12-hr intervals and
34.7%7 (250 min) during the remaining 12-Hr interval. These proportions
were based or™data on the distribution of nest/nursing bouts during the
day and night (Croskerry,‘1976). When two pumps were used for feeding
the intervals were counterbalanced such that one group of animals was

/
fed while the other was not fed. The feeding schedules were controlled

i

by an automatic timer (AMF Paragon, Model 23002-00S). See Appendix A

for detailed information on the feeding schedules.

\\\h, To minimize possible entraimment teo the care schedule, daily

care occurred at one of four randomly assigned times: 0600, 1200,
1800, or 2400 hrs. Daily care of the rat pups consisted of weighing,
checking'fgf eye opening,’ and gently hasaaéing the abdominél area with
a cotton ball to stimulate micturition and defecation. Thep washers og

the cannulas were adjusted to accommodate growth. The gastric cannulas
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and the tubing from the pumps were fluahed daily with physiological
saiégf to prevent clogging by the liquid diet. The water bath /
tempéhqture and humidity were recorded. Diet and the wood sha;ings in
the bowls were regpwed every other day. A4s }he rats became older it
was necessary to change the diet syringes twice a day, once during the
scheduled care pericd and once Between 0900 and 2200 hrs. Control

.

littermates were welghed during the same care périod as the AR animals.
Tie intensity of the light during the light period of the LD cycles or
the LL conditions in the artificial rearing room was approﬁimatély 5316
to /688 lux at the level of the cups in the incubators (measured with a
Sekonie Studio Deluxeqepraure meter, Model L-ZBcZ). Due to the lids,
"the intensity inside the cups was less, 473 to 602 lux. A 25W red

light was used for all routines which occurred during the dark period.

Description of Groups -

All animals were cared for as described previously. Pups were
weaned at approximately 39 days PC unless otherwise stated. Table 2
+ . .
summarizes information on litter sizes, sample sizes\ water

temperatures and humidity for each group to be described below.

Artificially reared on 12:12 LD (ARLD). These animals were

conceived and born 1in the colony room under a 12:12 LD cycle (lights on
from 0800 to 2000 hras). They underwent surgery at 24 days PC and were
transferred to the artificial rearing :room which was kept on the same

N : A
LD cyecle as the colony room and were fgd with the noﬁcyclic'feeding

schedule. Two groups were tested, one in August and one Iin September,
. v k

1982.

-
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Artificially reared on continuous light (ARLL). These animals

were concelved while their dams were on the 12:12 LD colony cycle. On
the day before expected parturition the dams were placed on LL. At 2%
days PC the pups were cannulated and then artificially reared_under LL
conditions with a noncyclic feeding schedule. Twe groups were run, one
in December, 1982 and one in January, 1983.

Artificially reared in constant darknmess (ARDD). These animals

were concelved by dams on the 12:12 LD cycle. Dans were moved to DD
conditions one day bef?re parturition. Except for a as-mi exposure to
light during surgery (24 days‘PC for February and March, 1P83 and 25
days PC for June, 1983) and'eqdipment ad justment these pup -ouli
experiencéd DD conditions from birth to weaning. .The honcyclic feeding
schedule was used.

]

Artificially reared on 12:12 DL (ARDL). Hooded female rats were

recelved from Blue Spruce Farms (Altamont, N.Y.) and entrained éo a

12:12 DL cycle (lights on from 2000 to 0800 hrs) for one month before

.

matiﬁg with DL-entrained males from our colony (April, 1983 group)-
Another group tested\in May wasrthé offspring of ‘our colony females

entrained to the DL ecycle. They were maintained on the DL cycle

-
N

throughout pregnancy. Sdrgpry on . their offspring occurred early during
the dark period at 24 days PC in April and 24 or 25 days PC in May.

Except for the reversé‘light cycle these animals were similar to the

[}

ARLD group in treatment. l
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Artificially reared on 12:12 LD with cyclic feeding. These

animils were concelved to daws on.a LD (July, Auguét, and September,
1983 groups) orl!DL (June, 1983) cycle. Surgery occurred at 25 days PC
and animalg were kept on the respective light cycles throughout

garing. In addition to the light cycle, half of the animéls in each
group‘éere also kgpt on one of two cyclic feeding schedules. On one
schedule 65.37% of ﬁhe fgédipg time oécufred duriﬁg the light period and
34.7% accurred during'thg-dark period (this group will be referred to

as ARLD-LF). The other feeding schedule was the reverse with feeding ,

»

occurring mainly during the dark period {ARLD-DF group).

. Artificially reared on LL with cyclic feedinf. These animals

were similar to the groups on LD with cyclic feeding exqepf that they

" were born and raised under LL conditions. Their dams were kept on

L]
12:12 LD during pregnancy. Surgery occurred at 25 days PC. Again, two

cyclic feeding schedules were used; ome with feeding mainly during 0800
to 2000 hrstyARLL—L?'group) and one with feeding mainly during 2600 to T
0800 hrs (ARLL-DF group). Two groups were testE61 one in late
September and omne i% Octobéi, i983.

- Artificiélly reared on 12:12 LD with a feeding and temperature

cycle (ARLD-Temp). These animals were similar to the ARLD~LF group

_degrees C (sem=0.14) and 32.9 degrees (gem=0.16) inside the cup.'

r o~

except that they were also exposed to an environmental temperature

cycle. During-the light period the mean water temperature was 59.5

A}

During the dark the water temperature was 45.7 (aehp0.36) and 27.3

&
!
e
.
-



(sem=0.16) inside the'cup. These values were based on oBserﬁations by
Leon, Crosskerry; and Smith (1978) who found that the rat's nest
temperature decreased about 3.2 degrees C when the dam left. To
increase the incubator temperature the temperature knob was manually
adjusted at 0700 hrs, 1 hr before light onset. .To lower the
temperature the knob was adjusted at 1715 hrs, 2.75 hrs before dark
onset. - =

Mother—-reared on 12:12 LD (MRLD). Seven groups of four animals

"each were randomly chosen at birth from five litters with the

stipulation that all four animals were of the same sex and from the

same litter. The animals were ﬁarkéd with a/black feltxtip pen on the

‘right or left hindﬁaw or forepaw. One pup from each of the seven

groups was transferred to the artificial rearing room, weighed and then .

‘ - o~ ‘
placed in the water bath incubator at the beginning of one of threeé

’

8-hr intervals: 0600 to 1400, 1400 to 2200, or 2200 to 0600 hrs. The ..

e
-~

pups were left undisturbed and were not fed during these intervals. At
the end of thé~8 hrs the pups were-agaip weiéhed<and then returned to
the colony room where they were allowed to sdckléiad lib with their
dams. A new pup was then chosen and the routine repeated until 511

four pups had been in the incubator. This rotation meant that each pup .
in a group was food and mother-deprived fot 8 out of every 32 hrs.

‘

Also, each pup experienced all three 8-hr inatrvals over a 3—day -

perlod. These animals were conceived, born and reared until weaning on

the 12:12 LD cycle during October, 1982. Two pups.from two different

-
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litters were replaced; one drowned an the other became 111.

) C
Control littermates. Control littermates of all AR and MRLD

pups were reared by their dams in the colony room.‘ Control pups fo%
the ARLD, ARDL, ARLD-LF, ARLD-DF, ARLD-Temp, and MRLD groups were
reared under 12:12 LD or DL (ARDL group). Control pups for the ARLL,

ARLL-LF, ARLL-DF, and the ARDD groups were kept on LL or DD,

™

respectively, 3 to 4 days after birth. Thereafter, they were raised on

12:12 LD.

4

Organ Weights

Most of thé rat pups were weaned and immediately sacrificed at
about 39 days PC in the evening or .early the next morning. MRLD pups
and five Aﬁ pups were weaned in the early evening'and sacrificed the
following morning. Mbther-rearéd pups were weaned and sat¢rificed at

,thé s;;é time.as their AR iit;ermates. Body weights were taken and the
animals were deéapitated. The forebrain, cerebellum (includiag part of

the brainstem anterior to the medulla), liver, spleen, and kidneys

were dissected out and immediately weighed to the nearest 0.0001 grams

on a Sartorius balance {(Type 2442). X
v Results

» , / _——
Survival Rates /

The proportion of animals tﬁft survived with their gastric
.cannulas intact four days before weaning was 43.3% (total number
operated was 217). Surgery at 25 days PC {(n=117) as compﬁred to 24

days PC (n=100) improved the survival rate, 47% versis 39%. Deaths




;\ thich occurred within 2 dhys after'gurgery (n=32) were probably the
result of internal bleeding and/or problems in recovering from the
anesthesia. Sixteen pups aied from bloating or stomach distension.
Some animals (n=36) died from "unknown causes"; this category may
include some-surgery-related or bloating deaths. Of the remaining 39
pupé, 35 pullad the cannulas out of their stomachs, 5 were killed
because of severé weight loss (clogged or leaking cannulasfﬂ;nd 1

g drbwned. There was not a gignificanf linearrcorrelation between the

survival rate and the mean humidity of'*each AR group but there was a

t;ena for AR groups with the warmer water bath Lemperatures to have

higher survival rates (see Table 2). T

‘

Some of the animals had sores on their paws as indicated by

P . . )
cracked and swoll€:%7kin. The occurrence of these 'sores seemed to be

related to low relative humidity. Dry skin on the back and stomach was J

. - ) " . 15“
also observed in some animals. Seven out of thg\gﬁ surviving animals
exhibited cataracts in the eyes (a cloudy white film obscuring the
r - - - 6’ ot :
4 lens). TFive of th%_seven animals were under conditions of con;?hut“f
1ight.

-

Body and Orgén Weightﬁ/

’
- N

Oréan welghts wefe gathered from all groups excluding ARDL and .
AR~-Temp. _Uniess otherwise stated statistigs on organ ana body weights
were performed on %1tter values'father than values for ;qdividual rat
pupa} Due to posgible intra-litterﬂéimilaritles, the litter vélueé
provide more conservative e;timates for statistical purposes

(Croskerry, 1976). - ! | ¢

bad




(fﬂ—" : Table 2

'Sample sizes, humidity,
incubator temperatures, and survival rates

Litter ‘Numbéf of . Incubator Survival

Group l size litters Hudidity (%) Temperature Rate
'AleD 4-15 8(15)2 52.4 46.9 53.6
ARLL 3-11 ° | 7(10) 34.7 47.5 41.7
ARDD 5-13 7(12) 43.7 47.5 . 30.8
ARDL 7-15. 7(11) - 43.6- 47.2 37.9
» ARLD-LF  7-14  10(14) 59.1 46.6 45.2
ARLD-DF = 4-17 8(10) 58.1 47.0 38.5
ARLL-LF.  9-13 W7y . 51.6 47 .4 50.0
ARLL-DF . 11-15 5(6) 52.9 - 46.7 46.1
. ARLD-Temp 9-13 .5(9) 45.9 52.6 69.2
n;LD 8-14 ' S5(1)P ©50.2 47 .4 - 92.3

Note. The litter size refers to the range of litter size at
birth. . For the AR pups survival rate refers to the proportion of
total individual animals operated on that had intact cannulas at
least 4 to 5 days before weaning. In the MRLD group two pups died
but were replaced with littermates. Humidity and. incubator water

temperature values are the average over all days. -

) 8Numbers 1n‘parentheses are the numbers ofnindividual animals.

bThe value in parenthesgses refers to Ehe number of groups, each
having four animals (see text).
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The mean body weightsvfdr the combined AR groups, control
littermates, and the MRLD group are, plotted as a gunction o% age in
Figure 2. Each litterhﬁalge in the control group was made up of two to
eight pups with a mode number of four (whegg‘ ;ossible, equal numbers
of males and females were included). Although the AR animals,did not
‘differ -significantly ffém’controi iittermates at 39 daya;ﬁc their ‘
weights were less between 27 and 33 days PC. The MRLD animais were
relatively similar to AR animals up to about 35 days PC and thereafter
their average weight gain was leas. In fact, at 39 days PC there was a
slight loss in weight in the MRLD animals although they did not
significantly differ from their control littermates.  The MRLD control
litterm&tes weighed léss at weaning than the cother control litterm;tes.;
The means and sfandard errors of the organ weights at |

approximately 39 days PC for éhe AR groups, the MRLD group, and their
contrél littermates are given in Table 3. The body weights given here
only include animals which wer;‘sacrificed for organ weight ‘
meaaurements: There weré ne significant‘differencas (t-tests) between
females and males in any of the measures for both cge-artifi?ially )
reared, animals and their control littermates. Females and.males'were
combined for subsequent analyses.

'aCompared to the control littermates AR animals (all AR'groups
combined) had significantly smaller cereﬁellums (5(52):- 4.84, p<.01)

and forebrains (t(52) = 8.07, p<-01). ‘In contrast, the livers of the

AR animals were significantly‘heavier (£(53) = =5.45, Bﬁ;OI).




Figure 2. Mean body weights (X sem) of the AR pups (squares, n =
- 24 to 61), MRLD pups (triangles/solid line, n = 5), AR

control littermates (dashed line, n = 37), and MRLD
control littermates (open circle, n = 5). Sample sizes

are based on the number of litters.

-
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Table 3

Mean organ weights

Group Body Cerebellum Forebraim Spleen Liver Kidneys
ARLD;22 32.7  228.8 940. 1 172.6  1668.4  407.0
(0.9) (6.1) (1.4) (5.1) (124.8) 7 (35.9)
ARLL; S 38.2 224.1 945.2  188.5 1801.2  451.3
(1.4), (4.2) (30.9)  (18.5) (44.3) (19.8)
ARDD; 2 lad.a 190.7 - 923.8 103.5  1455.4  402.2
(1.2) (9.3) (3.8)  (24.2) (41.8)  (15.6)
ARLD-LF;5 35.8 198.7 934 .0 156.0 - 1437.4  424.2
(1.9) (8.3) (15.2) (13.7) (129.0) (29.9)
. ARLD-DF;5 33.7 189.2 889.9 162.1  1493.3  403.5
(1.7) (12.0) : (12.5) (18.5) (94.5) (18.5)
ARLL-LF;3 (jr_;8.3 T 222.2 981.5\Q; 211,7  1535.4  458.3
(1.9 (12.7) (23.7) \_ (64.4) (135.8) (43.3)
ARLL-DF;2 34.2 212.1 930.3  195.7 1419.0  444.7
(3.3) (2.1) (z.1) (26.9) (320.6) (22.5)
All AR;24 35.3 207.9% 932.4% 171.3  1556.4% 420.5
(0.8) (4.6) (9.3) (10.7) (49.9) (14.3)
Controls;26  36.2 242.6 1064:8  168.7 1265.5 396.1
{0.9) (5.7) (10.4) {7.3) (34.1) (10.8)
'MRLD; S 27.5 . 215.2 991.2  88.8  925.5  312.3
(2.3 (3.1 (16.4) (18.1) (77.7) (28.2)
- ' \ N
MRLD oy 3Ll 236.7 1030.9  1l4.4  985.1 364.5
Controls;5 \ (2

.5) (11.2) (57.9) (15.3) (88.4) (27.0)

Note. Values are the means and the numbers in parentheses are
the sem. Body weights are in grams and the other weights are in
milligrams. :

“The numbé{N;eside,the group label indicates the number of litters.

*Significantly different from controls at p<0.0l, t-test.

A
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Differenées between the groups were not seen 1n the rgmaining‘q:gan
welghts or the body weights. The same pattern‘of results was obtained
when the organ weight: body weight r;tios were analyzed. That is, AR
animals had significantly smaller cerebellum and forebrain: body éeight
ratios (£(52) = 4.42 and 3.81, respectively,‘gﬁ-OI) and gignificantly
larger liver: body weight ratios (t(33) = -7.86, p<.0l). In contrast
to.the AR pups the MRLD pups, each of which had been food deprived for

2

8 out of every 32 hre did not differ significantly Oﬁ any measure from
s :
their littermate controls (Mann-Whitney gftests).‘ There were trends
towards lighter organ and body ueights_in the MRLD group but these
failed to reach Bignifiéance probagly due to the small sample size.
Similarly, the organ weight:'body weight ratios did not differ between -
MRLD animals and their control littermaﬁes. T

The AR rats described above were exposed to .different light and
feeding cycles and Adifferent humidity conditions. Also, some of the
animals experienced intervals of accidental foo/ depr£;gtion. Thé_maia\\\
cause of this problem was that the tubing leadigg from the diet .
syringes to the gastric cannulas,.or the cannulas themselves, begame
clogged with food. ‘This, of course, prevented delivery of the‘dézzﬁzk
the rat pups.. In an a;tempt~to_détermiue the contribution of these ey/r
factors to the ogserved organ and body weights a BMDP stepwilse multiple -
regression analysis (Dixon, f983, program"zﬁ) was done on the Qalues
from individual rat pups {total n= 33). Each of the we{éht
measurements was reg;ésseﬁ on the following five variables: humidity, -

light conditions (cyclic~ LD ornnoncyclic- DDLLL) feeding schedule
. . .

»




43

(cyelic or noneyclic), amount of fooa delivered during "light" ;eriod r \
(34.7,~50.0 or 65.3%) and the total number of 12-hr periods (starting \\ﬁ,
with 2000 to 0800 hrs) throughout reafing dqring which an intV al of

laccidental food deprivation occurred. Since some of the animals™were
reared for 16 days, the last variable (food deprivation) could s nge

. from 0 to 32, Thg independgpt variables were entered into the
analysis in the following order: light condiffons and feed}ﬁg
scﬁeéule, food deprivatioﬁ and“humifity, and finally, amount of food.

Table 4 presents the means and él;>€ard errors OE‘Ehe orga;-and

body geighés for each of the independent variables. For simplicit

the two continuous variables, humidity and food dep;ivation, were

™ \ﬁiivided into two and three categofies, respectively, The multiple R's
and the partial Eorrelations for each debendent variabie‘are presented

~

in Table 5. The best predictors for body weight were the type of
'

feeding schedule, humidity, and the aQBung of "lig péri&d feeding QEE

= variance.= 26.6%). 'In;pther Qords, heavier body Qeigh?s were

correlated with low humidity, a’ cyclic feeding schedé;e, and more 3:&\\
feeding during cthe 1igh£ period. These results can also be seen in

Figure 3 which summarizes thg weaning body ight data for each of the

AR groups (all animals). Overall, ;;;;;T;/::::\E\cyclic feeding :
séhedule and those fed mainly during the 1ight'period (ARLD-LF pnd

ARLL-LF) ha& heavier body.weng;s. The results in Figure 3, however, -

should be viewed with caution siﬁce accidental food deprivation was not

consideréd and some of the groups have small sample gizes. The AR
ol »
L] :?

control littermates and MRLD animals are“included for comparison. -

;
-

S
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! ' * Table &
Mean organ weights for the independent
variables in the regression analysis

Variable Body Cerebellum Forebrain Spleen Liver Kidneys
' I »
Light:
Cyclic;18 34,1 205.0 922.5 164.0 1560.1 416.5
(0.7)  (7.3) (9.1)  (7.6) (55.6) (98.2)
Norcyclic;15 36,2 218.5 952.2 189.7 1595.7 444.9
: (1.1)  (4.5) :(13.0) (18.9) (71.1) (13.5)
Feeding _ -
Cyclic; 19 35?5 202.4 933.4 182.0 1486.6 428.7
(0.9)  (6.3) (11.1) (14.9) (54.2) (13.5)

Noncyclic;lf///éZ\gQ 233.0 939.6  167.0 1697.9 430.4
(. (5.3) (11.9) (10.4) (60.0) (10.3)

e
"Light" -
Feeding 34,7%;8 33.8 192, 902.4 177.3 1478.0 415.1

(1.3)  (9.5) (12.6) (14.9) (84.9) (13.7)
50.0%;14  34.4 233.0 939.6 167.0 1697.9 430.4
(1.0) (5.3) (11.,9) (10.4) (60.0) (10.3)
65.3%;11  36.7 209.8 956.0 185.5 1492.9 438.6
(1.2) (8.9} (13.5) (24.1) (73.9) (21.2)
- . -
Humidity 30-49%;10 36.6 222.0 955.9 200.4 1687.5 452.9
: {1.6) (6.5) (19.0) {(27.4) (81.9) (19.6)
50-60%;23  34.4  206.4 927.4 164.9 1527.8 419.2
(0.6 (5.7) (7.7) (6.6) (49.6) (8.8)
Food .
Deprivation 1-3;11  36.5 ~ 220.4 955.4  193.7 1636.5 440.8
(1.3) (5.5) . (18.7) (23.5) {64.9) (19.9)_
4~6;13  34.8* 218.6 929.8 174.9 1576.9 441.5
(1.0) (5.9) (10.0) (8.6) (86.4) (11.5)
"'7-9;9 33.5 189.1 ' 921.3  154.7 1501.5 397.9
(1.1) (9.9) (10.4) (15.9) (65.4) (8.7)

s _
Note. Values represent means (sem). The numbers to thé right of
the semicolons are the number of individual rat pups.
- o+ -




x?¥Table 5 .

~ Stepwise fegressiou results
' for organ weight data

Independent Variable

-
P
Light Feeding  "Light” Food Multiple,
Organ  Conditions Conditions Feeding Humidity Deprivation R2
Body 0.36 0.28 -0.43 0.515
Cere-
bellum =0.43 -0.45 0.573
Foré— : : f ‘
brain -0.30 . 0.41 : : 0.509
Liver © o -0.42 -  -0.422
Spleen . vV o§.39 -0.45 0.463

Note. Values under the independent variables are the
correlations of each independent variable with the dependent
variable after' the effects of the other variables have been taken
into account. Blanks signify nonsignificant variabled.

8231 #ultiple R's were gignificant at p<0.05 except for the
cerebellum which was significant at p<0.0l. R“ is the amount of
variancepaccounted for by the given combination of independent
variables. -

. §

-

S {
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Figure 3. Mean body weights (+ sem) at weaning (38.5 days PC) for
the MRLD group, each of the AR groups, and the AR
control littermates. Values shewn underneath the sem
bar are the number of litters used in each calculation.
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s
The. feeding -schedule and amoupt of food deprivation accouhteﬁ

for 38.2% of the variance in cerebellar we}%ht indicating that lighter
cerebellﬁms were assoclated with a ecyclic feeding schedule and more
intervaislof food depriv;tion. Heavier forebrain weights were

[
correlated with‘DD/LL conditions and higher amounts of “light" period
feeding (25.92 of the variagce). Heavier sgl%egs correlated ;ith a
cyclic feeding schedule and low humidity (21.5% of the variance). _Onl}
oné variablé correlated significantly with liv€:=weighp, the feeding
schedule (17.8% of the variance) with lightef livers asgociated with a
cyclic ‘feeding schedule. N9ne of the va?iables correlated .

significantly withlsidney weight. ’ (ﬁT

Eye Ogening

The dge of eye opening was defined as the age when both eyes

were open. Litter values were used for the following Mann-Whitney
U-tests. Except for the animals reared on DD, .all other AR rat pups

opened their eyes significantly soomer than their control iittermates

3 h .

9 . —_
(see Table 6). On the average, AR pups opened their eyéE/i.z days

sooner with a rangé of .3 days (ARDD) to 2.1 days (ARLL). In contrast,
. - . SN
'there wére no significant differences in eye opening age between MRLD

ﬁ{ﬁnimals and their contfol 1ittermates-_

e

Discusaién
The relatively normal body weights of the AR pups at weaning
os%erved here have been reported by other researchers (Diaz et ;IT}\h

'1981b; Smart et al., 1983a; Sonnenbegg, Bergstrom, Ha & Edmond, 1982).

/E > . _,\./"\__‘ . -
\’W\ -~ A

™

44

L]

as



Table 6

Average age

at eye opening (Days PC) &

Group Experimentals n ' Controls n

MRLD 36.1(0.66) 5 36.3(0.51) 5. 0.421
ARLD 35.6(0.19) 8 36.4(0.94) 7 0.036
ARDL 3.5.1(0.45) 7 36.8(0.86) 6 0.002
ARLL 34.9(0.92) 7 '.3'7.0(0.41) 6 0.001
ARDD ©  35.6(0.89) 7 35.9(0.60) 6 0.314
ARLD-Feéd 35.0(0.8%) 17 35.9(0.56) 17 0.002
ARLL-Feed 35.2(0.69) 7 36.8{(0.58) 7 0.002
ARLD-Temp 34.7(0.45) 5 35.9(0.39) 5 0.008

Note. Values in parentheses are khe sem,

4The signiéicance level based on Mann-Whifney

_g-tests.

i
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In ;ontrast to these reports, daily body weigﬁt gains of my AR pups
were not always comparable tb those of mother-reared pups throughout T
rearing partly due to accidental food deprivation and other fe#sons to
be discussed latqr. Also, frequent‘disturbances to the control
1ttterﬁatgslof the MRLD group may acdount for theix low weight gains
relative to other control animals (Lee & Wiriiams, 1977a).

Despit% the normal body weights at weaning,lAR animals differed
from ;their control llttermates in the.weights of other organs. e
_findiné of lightgf brains in the AR animals when compgred to .
‘mother—?eareé pd%s‘is supported by Diaz et al. (1981b) and Smart et al.
(1983a) althbugh other rvesearchers report ﬁo‘diffegences I(Messer‘;t
!al., 1969; Somnenberg et al., 1982). These discrepant results migﬁ! be

" v

due to different feeding schedules or other experimental methodologies

N

and/or different strains of rats. The brain weight

of the AﬁC%EP
reported by Messer et al. (1969) were sligh ly smallex than

”mother—reared pups but the differencef;as not significghsijﬂln the
Sonnenberg et al. (1982) study no brain weights are givengfor
_comphrison.‘ Deficits in cerebellar -and cerebral weights are consistent
with malnutrition or undérnutrition during the early postnatal period. .
‘ : p _
Foy example, in the undernourisyed rat whole braiq‘or cegeg;al welghts .
égow deficits of between 11.5% and 29.3% near or at the time of weaning

(Barnes (& , 1973; Culley & Lineberger, 1968; Dobbing & sEﬂaé,

1971; Fish & Winick, 1969; Rajalakshmi, Ali & Ramakrishnan, 1967;

Sobotka] Cook & Brodie, 1974; Wehmer & Jen, 1978). The-QE;icits
\../

ﬂ‘u . ' j " e n



observed‘in the AR .animals tend to be less or at the lower end of this
range; 6% (Smart et al., 1983a), 10.1l% (Diaz et al,, 1981b), and 12.4%
. . _

(my studies).

Due to some postnatal development of the cerebellun, the weight

46

deficits (comparéﬂ to cerebral weight deficits) are usuglly greater as

~a result of undernutrition, ranging.from 15% to 41% (Barnes & Altman,
1973; Fish & Winick, 1969; Sobotka et al., 1974; Wehmef & Jen, 1978}
As with the cerebral weights, the AR cerebellar weight deficits aré
lesd' than those seen i& "severely" undernourished pups; 10% (Diaz et
al., 1983a) and 14.3% (my Qtudies). The sensitivity of the cerebellum
to undern;trition, however, is evident in the observation‘that the-
cerebellar weights‘co£telated negatiéély with the number of accidental
food deprivati%n tntervals.

Another gimilarity between'postn;talfy”undernourished and AR ra
pups is the persistence of the brain weight deficits into adulthood,
even when ad lib feeding is introduced after weaningf? ﬁid—forebrain
“weight deficits of 14% (Cg!ley & Lineberger, 1968) agd brain deficits
of 8% (Dobbing & Sandé, 1971} have been observed at 110 and 196 days
PN; respectively. In AR animals a decrease of about 9% ffom‘control‘
a;imal values was reported at 224 days PN (Smart et al,, 1983a),

| Despite these similarities between AR pups and undernourished
pups there are some importaﬁt and integegtiqg differences.
Undernourished pups usually show very low body weights at weaning and
this results in brain Ge{ght:body weight ratios which are higher than
. X ‘-

t




those seen in well-nourished pups (Forbes, Tfacy, Resnick & Morgahe,
1977; Raj;lakshmi et al., 1967;.Sobotka et al., 1974). Dobbing and
Sands (19715 h;ve referred to this as "brain .sparing.” An example of .
this can be seen in the MRLﬁ group (Table 4);§hich is mildly '
undernourished relative to rats in most undérn;urishmént studieﬁl
Althougﬁ nonsignific;nt,'the MRLD pups had slightlf higher-
forebrain:body welght ratios than their nondeprived littermates (.0369
versus .0338). Iﬂ.contraat, the AR animals had relatively normal body

weights, making their brain weight:body welght ratios less than those

of mother-reared pups (see also, Diaz et al., 1983a).

cc s

The most 1ike1y reasons for the brain weight differences seen in

AR animals may be fouﬁd»in the composition of the artifieial diet.
Relative to rat milk obtained from O fo 9 days aftér p;rturitibn
(Dymsza et al., 1964;‘kéen, Lonnerdal, Clegg & Hurley, 1981), the
_artifi@ial diet contains leqa.proﬁein, more carbohydrates, and an
abnormal composition of dletary fat (Diaz, Clark, Petracca, & Schacher,
19813£ Smart et al., 1983a; Sonnenberg et al., 1982). As discussed
~earlier, during the first 21 days PN the rat brain is very sueceptible
to prﬁteinlmalnourishment (Winick, Brasel & Rosso, 1972). Increasing
the amount of protein and balancing the amounts of the differen; fatty
acids, however, did not get rid of the deficits'in brain weight (Diaz
et al., 198la, 1982a, b, 1983a). 1In addition, tﬁé deficits 1in brain
weight were observed within 24 hou;é after gurgery (Diaz et al.,

1983a). Attempts to feed AR pups rat's ﬁilk (Diaz & Stamper, Note 1)
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and an artificial diet more similar to rat's milk (Diaz, Stamper,
Auestad & Edmond, 1983b) also did not alleviate the brain weight
deficits,

The preceding regults shggest that an essential nutrient may be
abgent in the artificial diet, 1In addition, the importance of other
feeding factors as well as non-feeding factgrs should be considered.
For example, Diaz et al. (Note 2) found normal brain:body ;eight ratios
in 18-day old AR pups that had received 2 hrs of "social scimglation" ‘3,,
daily since surgery. The weight gain of AR pups (fed by infusing diet
down the esophapgus, Miller & Dymsza, 1963) as well as the levels of brain
ornithine decarboxylase in normal rat pups (Butler, Suskind & Schanberg,
1978) ca; be regulated by the presence of a nonlactating or teat;Tigated
dam, The latter finding is particularly_intefesting since ornithine
decarboxylase may be involved in mediating tissue growth and . ™7\

: . L

differentiation. On the other hénd, 1" hr of access to a lactating, _ . e

-

anesthetized_gzm-did not increase the total brain weight 'in the égggups

3

(stamper, Diaz & Petracca, Note 3), indicating that the m;;zhbresence
. : N
of a dam is insufficient' in ameliorating the brain deficit.

A very interesting result in the present studies indicates that
the distribution of feeding throughout the day may influence forebrain,
- . -
growth. Pups receiving most of their food during the "light" period k_,)
hdd the heaviest mean forebrain weights (Table 5). Since mother rats
nurse mainly during the light period (Croskerry, 1976; Grota & Ader, .

1969) it is possible that if the AR feeding schedule approximates the"

/
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ﬁore normal feeding schedule then brain growth will be facilitated. A

“similar relrtionship wvas seen for body weight. Relevant to this is a
£

finding by Saitoxﬁﬁgpﬁgmﬁg(IQBO) who found lower weight gains in adult
rats kept on an adiurnal, or noncircadian, feeding schedule. .These
results indicate that abnqrmaleeeQing schedules (acyclic or revergeq
from normal) may édverselyngfect thé grdwtﬁlof spue organs. Ong
"buzzling result was thét hea#ier.cerebellumg-&ere associated with‘a
noncyclic {feeding schedule. This may be the result of some extreme .

values in the'noncyclic groups. It would be worthwhile to examine the

effects of feeding schedules and lighging conditions ‘on brain growth

- -

" with much larger sample sizes. o (’

The weights of other organs also distinguish AR pups from the

‘ usual-undernourished pups. For example, Winick 'Fish\and Rosso (1968)
oy ‘ .
Eound that 9-day old undernourished pups had ligpcer hearts, lunga,

l/iivers, kidneys, spleens; and thymus glands than control pups. Also,
the mildly undert;arished MgLD pups in the present studies tended to -
have lighter spleens, livers, and kidneys. In contrast, heavier
kidneys (Diaz et al., 198lb; Messer et al., 19691 and spleenq (Diaz et
ai., 198lb) have bee; found in the-AR animals at weaning when compared
to mother-reared pups. Spleen weight differences, howevef, were not
observed in the ;rééent studies (see alsoyfﬁggser et al., 1969). There
was a tendency for aomé of the AR pups'tofhave heavier kidneys but this
was ‘not significﬁnt (see also, Smart et al., 1983a). A COnsisten;

-

. finding, however is~that the AR .pups have heavier livers than

-
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mother-reared pups. The mean increase in liver wéight varies from
11.6% (Diaz et al., 1981b) and 22.9% (present results) at 18 days PN to
18% at 21 days PN (Smart et al., 1983a).

Hepatomegaly, or enlarged livers, can be caused by many factors,
among them abnormal fat deposits in the iiver (Edmondson & Schiff, °
1975). Abnormal fat deposits in turn can be caused by severa} factors,
including high carbohydrate or low protein diets (Alpers & Isselbécher;
1975; Elias & Shefrick, 1969). Smart et al. (1983a) did find a higher
percentage of fat in the livers of AR animals but this alone Eould not
account fér.the heavier livers:' Also, feeding AR puﬁg-p more normal

Lo -
diet did not e?ile_viate the enlarged livers (Diaz Eﬁ: al., 1983a, b). 1In

fact, liver weight in AR pups was found ts increasg significantly
within 48 hours after surgery (Di#z et al., 1983a). Another
possibility -may involve the abnormal fatty acid compositipn of the
‘arﬁif£c131 diet. Since the liver controls the fatty acid cycle (Emery,

1969), the improper balance of fatty acids in the diet accompéhied by

the abnormal ketone body metabolism in the ‘AR pups (Scnnenberg et al.,

. . e
1982) may be toxic, resulting in an ‘enlarged liver. However,

correcting the fatty acid in the AR diet still resulted in enlarged
livers (Diaz et al., 198la). Of course, other components in.the diet
may also be producing a toxic response in the iiver (Diaz et .al.,
1983a).

As wifh the brain weights, other facéwta\@ay be involved. .

Heavier spleen and lighter livef.weightslwere cbgerved infanimals whose

*
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feeding more tlosely approximated the normal nurs}hg situation (i.e.,
unequél distribution of feeding duri;g the two 12-hour periods, or

cyclic feeding). The cyclic feeding did not normalize the liver

wéights al;hough it did’éecreaae the mean deviation from control values
(YG.AI for cyclic feeding versus 33.9% for noncyclic feeding). Heavier o

dpleen and liver Wei%pts were also associated with low humidity

-

conditions. Tt 1s possible that high relative humidity (i.e., greater
than 50%) is det;imental to growth of young rats but better controlled
‘studies are ﬁeeded- Heavier livers have alsoc been seen in rats raised
in “impoverished_c;ﬁditions“ as compared to “enriched condition;f for
varying time interv#ls soog\after weaning. The increases in liver
welght, howevér, are not.as gréat as those seen in the AR.pupB— 10%
after 16 days (Gelle;; 1971) and 9% after 32 days in "impovérished
conditions” (Uphouse & Brown, 1981). - ‘

béhér conpributions to the abnormal somatic growth seen in AR
pups could be aﬁnormal amognts of food intake {Smart et al., 1983a) and
the invariant nutritional composizion of the diet. Several nutrients -
in rat's milkhundergo changgs'as weaning approaches, such as decreases
in‘iron and copper levels, increases in protein 1évels 4 and
fluctuations ino the carbéhydrate 1éve13 {(Keen et al., 1981). Also, the
AR pups receive food directly\}nto their stomach and are lacking the
normal opportunities for suckling and early oral ingestive behayiofsf

In addition to the differences in brain and liver weights the AR

pups opened their eyés gignificantly sooner than their mother-reared
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littefmates (see also, Smart et al., 1981, 1982, 1983a). Premature eye
opening was also observed by Messgg et al. (196%) but they stated that
the additioq of more riboflavin, pyridoxal, methionine, and tryptophgn
_. to the diet ameliorated this condition. Since the present diet and the
diet used by Smart at ;l. (1983a) contained these nutrients it is
likely that other fact§r3 aré involved. Précocious eye opening has
been observed following injections of salivary gland extracts (may
contain epidermal growth factol) in mice (Carlson, 1969) and ACTH
analogues in ;ats (van der Helm-Hylkema & de Wied, 19%6). It has also
been observed after rearing in small, as opposed to large, postnatal )
liﬁters (Ryan, 1977) although this finding méy be a result of retarded
eye opening in large litterg due to undernourishment (Wehmer & Jen,
1978). Some invegtigators have suggested that extra “stimulation" or
certain sfressful experiences duriné the early postnatal period may
accelerate the ﬁaturagioﬁ of gome develop?engﬁl indiceﬁ. ‘For example,
the relatively mild stress of ear punching in mice FBarnett & Burnm,
1967) and da{%Y 2-min separation from the dam with or without gzhaking"
stimﬁla;ion in rats (Levine, 19595 accelerated eye opening. The type
“and durﬁtion of the stimulation as well as the changes it induces in
maternal behavior gi.e., Barnett & Burm, 1967) may be important since
éarlyKWeaning (Hofex, 1975b), daily open—flefd testing (Lee. & Williams,
1977%b) an& intermittent maternal separation (MRLD group in the present

studies) do not induﬁe premature eye opening. It is interesting that

the groups which deviated the least from their littermates (with the




i

\
;;;eption of the ARDL pups) were éhe ones on & LD cycle. The animals
on constant light (ARLL) were the most accelerated and those on

constant darkness (ARDD) did not differ from their control-littermates{?
‘suggesting that lighting c;nditions may influence eye opening.

Messer et al. (1969) reported the presence of cataracts' in some
of their AR pups but stated that changes in Eh? diet prevented this
problem.- The diets used in the present studies and by Sonnenberg et al.
(1982) were baged on thé modified diet described. by Messer et alé
{1969). Howevef; cataracts (or an eye ;ondition resembling cataracts)
were still observed in 7.4 (present studies) and 20% (Sonnenberg et
al., 1982) of the AR pups (see also, Rusiniak; Qarcia, Palwerino &
Cabral, 1983). One possible explanation may be related to the finding
of abnormallf high plasma galactose levels in AR pups by Sonnenberg et

(1982)l Adult rats fed a diét high in galhctbsé develop cataracts’

(Korc, 1974) and lowering the lactose levels in another artificial diet )
y
ameliorated this problem (Dymsza et al., 1964) Of course, other +°

"wmetabolic disorders may induce cataracts (Haddag, 1974Y).
| The survival ;ate of thi'AR pups obaerv:d inlthe present study
// was low relative to reports by Diaz et al. (1981b) and Smart et al.
(1983a). Sounemberg et al. (1982) also commented on the relatively
—~ high mortality. rate in their AR pq_p. Aside from the surgery-related
\\\deaths, there are several poasible explanations for the low survival

loating, or abdominal distension (which often regsults in low

weight gains and sometiéfgffeath), has been noted by several
researchler using an artificial diet with rat pups (Diaz et al., 198lb;

N

s
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Hiller & Dymsza, 1963; Smart et al., 1983a; present results). ' . ‘
Intermittent feeding attenﬁated‘the incidence of bloating in,my studies

but did not eliminate the problem. Diaz, Samson, Kessler, Stamper,

Mbore, Robisch, and.ﬁodson (1980) found that the addition of |

- deoxycholic acid, a q11e galt, decreased the incidgngg of abdominél
di.stension (Diaz et al., 1981b) although some AR.ani:hnals still_bec?,me
bloated (see also, Smart et al;, 1983a). Related to the problem of

bloating might be the observation by Sonnenberg et al. (1982) of 7
negligible amounts of the amino acid, taurine, 1n.£he plasﬁa of AR

pups. In gats,‘taurine is important in forming conjugates with bile
salts; resulting 1In taurocholic acid (Spaeth & Schneider, 1976).
Bovine milk, which 1s used in the artifigjal diets, contains about 15
times less taurine than rat milk from the later preweaning period )
(Sturman, Rassin & Gaull, 1978). Since the major source of taurine in -
the young rat is from maternal milk (Huxtable & Lippincott, 1982) the
AR pups may not-be_getting adequate amounts of this amino acid. This
may interrupt normal bile salt me;abolism which in_ turn may interfere
with lipid absorption in the intestinal tract. Other problems might
include the high osmolarity of some of the artificial diets kMiller.&
Czajka, 1967; Sonpenberg et ;i., 1982), the pogtulafkd‘hnefficiency of
the infant rat's stomﬁch in digestion (Nﬁismith, Mittwoch & Platt®,
1969}, and a possible lack of patérnally-traggmitted immunities
(Aqerbaz}& Clark,- 1975). )

ey
other possible reason for the mortalities could be

inappropriate temperatures inside the styrofoam cups. Thermoregulatory

o

2.

fﬁkxﬂ ' .
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abilities of rats do not develop until the second to third weeks

-

postnatally (Fowler & Kellogg, 1975; Hahn, Krecek & Kreckova, 1956) and
before that time the pups rely on maternal heat (Leon et al., 1978) and

huddling with their littermates (Alberts, 1975). Supplying infant rats
Fa . .
separated from their dam and siblings with an external heat source (39

-

to 35 degrees C) increases survival rate (Oswalt & Koch, 1975) and

attenuates retardation of some growth indices such as fur development
7 -

(Stone, Bonnet & Hofer, 1976). The tempergtures used in the present
studies, on the average, were around 29 degrees C and may have been
inadéﬁuate. It is worth noting that raising rats under cool
temperatures has'been fqund tq,acEélerate the development of sonme

~ .
aspects of thermoregulatidn {Krecek, Kreckova, Martinek, 1957). Also,

!

frequent forays from the nest by the dam (Croskerry, 1976) result in

' -
temperature fluctuations which may influence growth and health. In

'fact, the animals with the temperature cycle had the highest survival

rate of all the AR groups. Whether this is due to the cyclic chapges
in temperature, the higher daily mean temperature, or other factérs is
not clear. S ‘ ' _ p‘ﬁ

To summarize, the érowsh of AR animals differs in several ways
from the growth of mother-reared pups. The normal body weights seen‘at
weaﬁing in the AR pups are not indicative of normal growth of_the
brain, liver and, in some étud}es, other peripheral body orgams.
Perhaps the major contributor to the abnormal Frowth is the artificial

diet although improvements in the diet have not been entirely

succesaful in improviﬂg the growth of AR: pups (Diéz et al., 1983a, b;

SEE

-

-

P
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Smart et al., 1983b). The type of feeding schedule, which was found to

contribute to growth in the present studies, a8 well as other factors,
- . -

such as surgical trauma, the effects of direct intragastric feeding,

and the prolonged maternal separation should be pursued further.



Chapter 3

The Development of Circadian Activity Rhythms C 4

during the early postndtal period. During the firat wee

rudimentary face washing-and grooming movements (Blan

Larsson, 1967; Bolles & Woods, 1964; Fox, 1965). Early e second

-poatnatal {PN) week grooming becomes more adult-like and thaéggps . I
exhibit what has been referred to as pivoting movements, or circular -' "
movements of the whole body using the abdomen and oneﬁbf the hindiegs (\*‘\

as a pivot (Blanck et al., 1967). Near the end of the second week®and
the beginning of the third week the pups are wa¥king, rearing, running,. A
and juﬁping as well as showing an auditory startle (Bolles & WOOds,. : - e’
1964; Fox, 1965). Exploration of a novel area occurs during the third ;1 //p
week PN (Goodrick, 1974) as.does what Bolles and Woods (1964) refer FQ__\,ih\
as hbpping behavior. )L.
The rhythmicity of locgmotor activity undtr "naturAIV conditions'
is not weil understood in the young animal. Boliea and Woods (1964) ig
and Nortom, Culver;\an& Mullenix (1975) did not observe circadian
acti;ity rhythﬁs';;til after the third postnatal week In the rat.
Ultradian activity rhythms with periods around 2 hrs were observed
during the second to third weeks by Richter.(1927). 1In a cross
' sectional study, Teicher and Flaum (1979) studied the locomotor .

activity of rat pups ;solateﬁ from their mother for 24 hrs. Ultradiaro

- - 57
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L
rhythms with periods of 1 to 2 hrs were aetectable‘i? 6-day old pups

and became clearer between 9 and 15 days PN. ﬂgnlike the results of

Nortom et al. (1975) a nocturnal distribution of activity was present

" at 15 days PN (Teicher & Flaum, 1979). Greater nocturnal activity 1in

15-day old rats separated from théir dams for 16 hrs was also observed
by Campbell and.Raskin (i978) and Randall and Campbell (1976). This
rhythmigity was\not obséryed when p p%twere housed with an anesthetized
ad rat (Randall & bampbell, 1976) or in a warm home cage (Campbell g
Raskin, 1378). ' Ry :

Under certain circumstghces, Tocomotor acéivity is sensitive to
the effects of acute social isolation (24 hrs or 1:53). Rat ﬁups'
isolated from their mother and littermates for 6 or 16 hrs show an
increase in activigy qﬁring ;he isolatioﬁ‘which peaks around 15 days PN
and thereafter declines (Campbell & Raskin, 1978; Randall & Campbell.

) : : -
differegt lengths of isolation although the age at which the peak
occurfed varies among studies (Buelke-Sam & Kimmel, 1980; Oakley/ & - .
Plotking 1975; Shaywitz, Gordon, K}o#ﬁ%},_Zeltermi?% & Irvine, 1979).
Tesf&ng thé iaolated-pups in a familiar e§;lﬁonment greatly attenuates
the activity peak, (Campbell & Raskin, 1975) although_gpgre may be sex
diffeyences in this responsé.(Buelke—Sam & -Kimmel, 1950;'Buelke—Sam,-
Sullian;LKimmel & Nelson, 1984?. Some ¢f these results are Support;d
by the studies of Hofer (19735, b, 1975a) on Z-Veek old rat pups
separat'/)d frem their\?others for 4 to 18 hrs. He algo found that

1 .

\

>

"&

Jo

1976).‘ $imilar results were found by other lnvestigators using ( -—\T%;g
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pups' activity (Hofer, 1975s).

-‘,r ) /
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anosmic pups with their dams were similar to isolated pups in terms of

activity suggesting that maternal ador cues may influence the young
: . ‘

»
Fl

Studies on the effects of prolonged social isolation,
particylarly afte;.weaningé are abundant. Locomotor activity, as
measuréd in open fields or photocell cages, is usually enhanceé'in_rats
reared after_weﬁning in social isclation (Einon & Morgan, 1977: Eiﬁon &

Sahakian, 1979; §ega1, Knapp, Kuczenski, & Mandell, 1973; Sahakian,

Robbing, Morgen, & Iversem, 1975; Weinstock, Speiger, ,& Ashkenazi,

+1978) although some investigators observe the opposite effect (Gardner,

Boitano, Mancino,.D'Aﬁico, & Gardner, 1975). Prolonged maternal and/or
litter isolation (i1.e., more than 24 hrs) also influences the locomotor
activity of preweanling rats. Baenningep (1967) reported that’ between '
13 and 21;E§”S PN pups reared singly, as opposed to those reared.with

littermates, spent more time in exploratory locomotion when observed

uwithOut-the dam. ﬁaternally isolated pups reared with their

littermates in an incubator between birth and 15 days PN, and h%pd-fed

every 3 to 4 hrs did not differ from mother-reared animals in the

"amount of open field locomotor activity shown at 68 daya EN (Thomén &

Arnold, 1968b). Goldenring et al. (1982) found that artificially

reared (AR) rats were more active ‘than mother~reared55t 12 days PN but
N .
f§ not at later ages. In contrast Diaz et al. (19823) obaerved t:fffﬁ},/f”*QQB.
\iﬁ\days PN AR animals crossed Iewer sqiares in an open field thén
\
mother-reared pups. - A highgr ptote1n,diet (Diaz et al., 1982a) as well
\/ - '
. ~ ' W »
. . LI
~ .\_-Z‘ ‘ t-“
3 at e o - N T\ . .
.o . [ a3~ "' . L g
Q}.%N . . - * ) /J > ‘
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as daily, l-hr nursing with the dam for 10 days (Stamper et al., 1980)
attenuated the 'differences between the open field behavior of the AR
and mother-reared pups. ; : L
The effects of méternal isolation on the offspring's biological
rhythms are less ;ell known. The distribution of sleep—states during
maternal isolation has been investigated. Changes in the dufation of
time speﬁk”in péradoxicél, dr‘qctive,.sleep,have been sgseen in AR‘rat
pups (juvancz, 1981), pups.isolated from their dams for 24 hrs (Hofer,
1976j, and infant rabbits reared in almost complete isolatioa from
their does (DeSantia, Waite, Thoman & Denenberg, 1977). Maternal
isolation per se may not be unigue in affecting sleep-state patterns
since similar changes in sleep states are observed in rats (Tagney,
19'73) and kittens (McGinty, 1972) .isclated after weaning. Also, the
distribution of sleep—states in maternally isolated monkeys may ﬁot
differ substautiélly from mother-reared.monkeys (Reite.& Shor;, 1977).
Information on circadian rhythms is very scanty. Ten'days of maternal
geparation increased the amplitude and dglajed the acrophase of the
body temperature rhythm of pigtailed monkey§ (Reité, Seiler, Crowley,
%ydinger - Macdonald, & Shor;, BQéZ). . - e
. ' L4

. One of the major purposes of .the present experiments was to

studythe effects of prolonged maternal isolation during the early

4

postnatal peried o&.the: ntogeny of the rat'g }QFOmotprractivity, o8
particularly the rhgthmic' jpecta—bf activityi:%The otﬁér magor purpose
was to g%c b;:;\}qggg;ﬁe artf¥ficlal rearing environment some of the
. . 1 . ! o
. o . .
.b- /
. ‘ . : ¥
: ‘ ~., 4
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- Py ' j’ - -‘.ﬁf \R)/’ Y ____,,—.)
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agpects of the early postnatal perio@ which may inflience rhythm
ontogeﬁy. Thé folic;wiu'g questions formed the basis for the‘experiments
presented in this chapter:

1. When do mother-reared pups show a circadian rhythm in

- ‘ ! locoﬁotor_activity? ‘A within-litter, rotating design
(see\Chapter 2, Methods) was used to stud§ the-activity
of mother—rearéd,pups (MRLD group) throughout the firsk
two PN weeks. The MRLD group served as a control |

- group, albeit an imperfect control group, againat which
the artificially reared animals were compared.

2. Is 8 LD cycle alone sufficlent for entraining a young
rat's rhythmf For example, some studies indicate that
the cifcadian rhythms of sighted-rat pups will entrain
to a LD cyclé whgp the dam is freerunniﬁg (Deguchi,

1979; Takahashi et al., 1979). AR pups were reared

with only a 12:12 LD or DL cyclﬁi(ARLD and ABDL

’ groups).. "~
3. What are the effects of an arrhythmic enviromment on // .
\ " the developmght of the locomotor activity rhythm? Many

earlier investigations examined the effects df LL and
- -
- DD from birth but did not account for maternal factg}s

which may remain rhythmic under those lighting

)q " conditions. AR pups were reared ynder LLor DD and
. \ " * - . .
R ,iE?stant temperatures, and were fed on a noncyelic o, X
sthedule (ARLL ?nd EDD groups) .

~Tn) *
V“’E@ ('\ ) /)l 'IUNG‘_"L% ~ '~_. \J'
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4, Can a cyclic feeding schedule synchronize rat pups’
activity rhythms? There 1s evidence supporting
maternal synchronization of the offspring's rhythﬁg.
Specific aspects of the mother-offspring interactions
responsible for this synchronization have not béen
identified. However, manipulations gf the nursing
rhythm result in shifts in-the acrophases of rat pups'
circadian pineal NAT (Deguchi, 1977) and plasma
corticosterone rhythms (Hiroshige et al., 1982c; Miyabo
et al., 1980): These‘résults suggest that the nursing

"rhythn may be ;apagle of synchronizing the offsp;}ng's
rhg&hﬁs. AR pups experienced\P cyclic feeding schedule
under conditions of LL to'determine whether a feeding
cycle alone could synchronize activity (ARLL-LF and
ARLL-DF groups). Since rats nurée mainly during Qgi\

- . light, it was also of iInterest to examing whe;her

'predominantly diurnal (ARLD-LF grdup) or nocturn;l -
(ARLD-DF g;oup) feeding would augment or Interfere
with, respectively, synchronization to the LD cycle.

5. Would the addition of a temperature cycle improve |

synchronization of the AR pups' activity? During the -

preweaning period, there are daily fluctuations in the

rat's nest temperature (Croskerry, Smit Leon, 1978)
M i 3 .

. and the dam shows circadian rhythms in body tegberature
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(Kittrell, Note 4) during the preweaning period. Also,
enviroumeﬁtal temperatures affect the activity of r;t
pups (Hofer, 1973a). It seems plausible,then, fthat
‘dally temperature changes may contribute to the
\s/) ;ynchronization o% the‘Epps' 15cdmotof activity rhythé.

L]
AR pups were reared on a LD cycle with predominantly

A diurnal feeding and higg\daytime temperatures
. emp group). It was reasoned that since most of
the daml's Beeting time occurs during the lighf period,
- ture, on avergge, would be highegt
during that tfhe. -
- ]
Methods TR
1"Grougs i
- Activiux data were obtained from all of the groups described in
Chaéﬁer 2, Methods. Some of 'the exagriﬁgﬂggl coegifions‘(see Table 7)
.congisted of groups of animals which were tested at different times
during the year due to mortality and restrictions on the number of
animals that could be Tun a: one time.
- The number of ;ndividual animals and lit;erS'wh92F data were
r LT yﬁused foé each age in the statistical apalysea arF given in Table 8.';:5

Some of the recorded data were not used due to deaths and technical |

¢

//(/?,/("“pruﬁIaﬁt (e.g., poor traqgfucera). Data from animals whose gastic
' cannulas came out later than 3 to 4 days aftar surgery were included if

the regordings were good and ‘the ‘animala were mnot 111. Activity data

/ ’
: ¥
- . ~ .
_ . 23
. - a\‘/‘ . . - ¥
” i S e
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‘ Table 7
Expérimental conditions
and water bath temperatures J
i
Group Experimental Temperature -
Conditions X Dark Light
/ .
MRLD Mother-reared; 47.5(0.2) 47.2(0.3)
) ' 12:12 LD. \ . : :
ARLD-Temp AR;Light feeding; .  «~ %5.7(0.4) 59.5(0.1) :
: Temperature cycle; g “HAJ
12:12 1D. !
. AR;12:12 LD(except . June 48.8(0.9) 46.8(0.5)
ARLD-LF for June-12:12 DL; July 47.2(1.2) 46.0(0.1)
and DF Mainly light—fed(LF) Aug. 47.7(0.%) 46.9(0.4)
. or dark-fed(DF). « Sept. 46.5(0.3) 46.3¢(0.2)
ARLL-LF  AR;LL;Mainly light- Sept. 47.7(0.5) 47.7(0.4)
and DF - fed'(LF) or dark-fed Oct. 46,4(0.1) 46.4(0.1)
{DF). -
ARLD AR;12:1% LD;Noneyclic  Sept. 48.0(0.3) 47.6(0.2)
feeding schedule. July 46.0(0.2) 46.2(0.3)
-
ARDL AR;12:]12 DL;Noneyelic  April 47.3(0.3)- 47.9(0.2)
feeding gchedule. May  46.8(0.2) 47.2(0.2)
B * .
ARDD AR;DD;Noncyclic feed- Peb. . 47.3(0.3)2
, ing achedule. Mar. '47.5¢0.2) )
M_“H\\\\ - June 47.6(0.2)
& ARLL AR;LL;Noncyelic feed- = Dec. 47.8(0.2)
» ing schedule. Jan. & 47.7(0.1)
. M . - L2
. A— .
Note. Valuag, represent the means {sem): "Dark" and /,,Ai

"light”_period ues for QEE\ﬁRLLELF and ARLL-DF groups ‘
referg” to 2000 to 0800 hrs nd-089_ to 2000 hrs, respectively.
Temperatures for ARDD and ARLL groups are the mean -daily
/jhmperaturea (degrees C).

» { .
.~ ‘ K
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for the activity data

Table 8

Sample sizes

\

Age(days PC)

35 3637 38

p 26 27 28 29 30 31 32 133 34
MRLD Inm 7 7 7 7 7 71 7 .1 1 71°71 71 7
' it 5 5 5 5 5 5 5 5 5 5 5 5 5
ARLD-Temp In 6 8 8 8 8 "8 8 7 7 6 6 6 6
Lt 4 5 5 5 5 5 5 5 S &4 4 4 q‘~'
ARLD-LF In 12 13 13 13 13 13 13 13 13 11 6 6 4
it 9 10 10 10 10 10 10 10 10 10 6 & 4
ARLD-DF In 8 9 9 9 9 9 9 g 9 8 8 7 4
it 7 & 8 8 8 8 8 8 8 7 1 & 3.
o . - A
ARLL-LF " ,In S 6 7 7 7 71 7 71 71 7 6 & &4
ﬂit 3 04 4 & 4 4 4 4 & 4 & 4 3
MRLL-DF In 5 5 5 5 % 5 5 4 4 ‘4 & 4 3
Mt & 4 4 4 & 4 4 3 3 3 3 3 2
ARLD In 8 12 12 12 12 12 12 12 12 12 12 10{ 10
. it 5 8 8 8 8 .8 8 8 8 8 8 7 7
ARDL ‘In 9 9 9 10 10 10 10 /10 10 9 7 7 3
Ut 6 6 6 7 7 7 71 71 1 71 6 6 2
ARDD "mWm10 11 11 11 11 11 11 11 11 11 9 7 5
Wwe 6 7 7 7 71 71 71 1 1 1 6 & 13
ARLL In 8 8 8 9 .9 9 9.9} 9 8 7 6 s
: it 6 6 6 7 7 7 7 6 5 5 4
Note. "In" refers to the.numser o individual rat pups and
' "Lit" 1is the number of litters.
~4




from 54 female and 37 male pups were combined for tﬁé following™
analyses. . This was done for two reasons; first, the sample sizes of

some of thg groups were too small to divide them up by sex and second,

a XZ analysis on the frequency of significant peaks in the
£ A

oo :
autocorrel?tion\gigii/gg the AR animals indicated no effects due to

S

5€X.

EA

and "dark" perdods for each group are glven in Table 7. The mean
relative humigqity (averaged over al;_reéérding days) is plotted as a

fudetion of-the time of year in Figure 4. Thsre were clear seasonal

N

variations in humidity. These variafiéng'were\ xamined in-one of the.

™~ - s
N -
. .

analyses.

Recording Equiﬁment

P ’
As desctrlbed in Chapter 2, the rat pups’ were individually housed
. in styrofoam bowls in one of two water bath incubators. Each incubator
was divided into 8 compartments_ by plastic barriers. Movemen&a of the’

animal were transmitted to the surface of the water in its own _

. . M T ‘

compartment. Water movement was sensed Wwith a simple transducer held
—

in place on the side of the incubator by & metal bracket. ‘Ez\ﬁn$ made

from a 1 in diameter ffishery@nts. float on which was mounged a 10 cm-

length of wepden dowel bearing & piece of phgtbgraphiﬁ film exposed -
\‘_, ’/ . .

with a 0.5 mm horizontal grid (see Figure 5). The grid moved

vertically in the 8lit of a solid state-optical switch (Clairex, type

.CL1-210). The dowel was houSed-iqh; length of glass tubing

e : e

L3

i
Thé:;eau water temperatures in the incubators during the 4"light:'.‘“



My

Figure 4. Mean relative humidity in the water bath

e

function of the time of year.
data from 9 to 18 days:()-’m

m -

Each mean 1s based on

e

incubators as a

'

-
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Figure 5. Drawing of the activity transducer. Inget - A drawing
of the photographic film with the grating pattern.
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cbustraining its movements to the‘vertical. The output of the optical
B switch was shaped by a schumitt téigger feeding a seven bit binary

i ~ F 3 ’

counter. Relatiﬁely little of the motion was transtitted to adjaceH{
compartmeﬂts- The prineipal mode of the‘bowl is a rocﬁiqg motion, the
vertical component béing quite small. Since the bottom of the plasti;h_
barrier is below the surface of the water tﬁe resulting wave motion ié‘
damped qg}te efficiently. The griq spacing was chosen so that the
transducer was sensitive to distinct locomotor movements of the pup in
the compartmént~but‘relatively insengitive to the smaller motions
transmitted from adjacgnt compartments. Iﬁ was difficult to develop a

reliable method of calibrating the sensitivity of the transddgers 80

- ‘-.‘_‘
comparison of the abgolute amount of movement between compartments is

ki

‘not valid. However, the gsensitivity appears to be stgble over time

within a compartment. Further, thg’transducer was independent of the

depth of water in the incubator over a wide range.

Y

“ | Thé counts generated by as many as 16 animals (two incubators)
were logged by a Commodore 2001 computer controlling a custom built
interface. The IEEE port of the computer was used alternately to set

“up theﬁgddreas of a lé—channel, 7-bit multiplexer, read the count
through an array of three state gates and finally to clear the count.
The occupled compartments were sampled o;ce eféry 15\ sec, 2 period too
shoft t;-allow the count to exceed the maximum of 127 under normal

recording conditions. Counts Vefe cumulated over 15 min, stored in the

. computer memory, procesged, and pfinted out as réquired.

. . .
\‘/ F - L ) -
. - - .
. ..
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Data Analyses .

-
~

. - .
Activity which occurred during the daily care intervals (i.e.,

when animals\yere weighed, etc.) or other tiges of distqrbance (i.e.,

changing ﬁhe diet syringes) Ni;:handled in the following way . The -

¥ rs for pups born to LD-entrained . ]’)//J
. A ?‘ * . . -

hose born to DL-entrained dams) was

24—hr mean activity (2000 to
dams and (800 to 0800 hrs for
calculated and the data falling dnring disturbed intervals were

replaced by that .mean (Chatfield 19§0)t# This procedure was repeated | .

and the final values wer§ usbd 1n the statistical analyses. For the

e

autgj_rrelation analyses a 3 ay mean (72'hrs) was used instead of th%;

"24-hr wean siunce these analyses wére based on 3 days of data. Each of

"‘{he seve\éroups wof four MRLD pups was treated as a single animal. . ‘ —

-y
. Time series analysis was" used in order to detect rhythms in the

data -which may or mayymt be synchronized .to zeitg bexs . §

allowed for the quantification of the rhythm 8 perioy and sig icance.,
A -

A technique similar to that described by Binkley, ’ and Taylor

(1973) was used for theﬁdeseétion-of circadian rhythmicity

Overlapping 3-day blocks of -data we;e Bubjec e an autocorrelation
analysis. For example, days 1, 2, apd 3, then days 3, and 4 and. g1
forth were analyzed. For the pre{éif data there were™ 11 3~dny blocks.

At least two successive 24-hr intervals with circadian

4

ytnns had to

L ]
.

occur in order to detect gignificant rhythﬁicity- Sine there nere'96
samples in each 24-hr interval, a total of 288 samples,wera ana
for each 3-day block. For some animals the last 15 min to 1 hr of data

on the last day of testing were not recorded so only 284 to 287 samples

were analyzed.



’ 2

.

The autocorrelation program was rTun on a Commodore Pet computer

(#odel 2001). The autocorrelations were calculated in the ¥Following

way:
B N—k Nk
I ((xgm B (xgpye 5N/ I (xy- )2
) i=] . i=1
"N ié the total number of samples to be analyzed (in this case 288),

" "o

"x," is a data point, and "x" is the 3-day mean. The data were

. analyzed for rhythms with periods between 15 min and 30 hrs in steps of

15 min, or for 120 time lags. In the preseht analyses "k”, the lag,

" took JE“Values bétween 1 and 120. The autocorrelation values were

printed out and plotted against the time lags. For circadian - rhythms,
the time lags between 20 and 28 hrs were inspected, for significant

autocorrelation values. and peaks. In general, significant

autocorrelation peaks 1lmply the presence of rh with the
cbrresponding'periods indicated by the tim¢ lags. An autocorrelation
value was significanc'at'the .01 1ével if i was greater than or equal.
to ¢ = £1/(N-1) + 2.326/\N+1 (Ezekiel & Fox, 1959) or approximately
«134 and —.140 for the present data wheré = 288. Only the peaks (c
» .134) were of interes;;heré. Thére were relatively few significant
troughs (c < -.140).

Two parameters were derived from the autocorrelation plots and

calculated for each 3-day block. First, the area under a peak made up -

of significant. autocorrelation values may be indicative of the overall

.

" significance a rhythm. The following formula was used for the

"area" calculations: ' -
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n
Areg .= I (r;=0.134)
1=]

where “r,” to*'r " are consecutive autocorrelation values of the same
sign, greater than or equal to 0.134. This "area" calculation is a
conservgtive estimate of the area under the peaks. Sécond, a weighted

mean of the peried for each peak was calculated using the following

equatién:
) n
Period = I ((ri—0.134)(p1))/Area
i=1
where "pi" is the time lag of a significant point on the

autocorrelation plot.' In some cases more than one significant peak
occurred in a 3-day block. When this happened the peak Gﬁich was
closest to 24.0 hrs was used in the analyses. _ Appendix B includes a
more detalled description'and an example of theae‘calculations..-
Regults

The group means shown for the 24-hr and day-night data are hasea
on litter values. Tﬁese litter values were calculated from 96 ;ctivity
samples (the number of 15-min samples in a 24—ﬁr period). Some of the
activity samples at 38.5 days PC were missing for a few animals. Means
for this age were based on the following number of samples: 94 to 95
_(ARLD—Temp), 93 to 94 (ARLD-DF), 92 to 96 (ARLD), 86 to 96 (ARLL-LF),
93 (ARLL-DF), and 96 for the remaining groups.

The reason for the particulér pairings of é&oups in some of the

following figures is that the paired groups were wost similar to each

other in the kinds of external synchronizers which were present (i.e.,
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LD only, feeding cycle only, etc.). The ARLD~Temp group differs in

many ways from the HRLD group, but the two were paired since the

ARLD—TeEp group did have more cyclic cues than the other AR groups .

&

”

. 24-hr mean activity

The 24-hr activi;y means for each AR“group and the MRLD group
are presentéd‘in Figures 6 to 10. With the exception of the ARLL-LF
group (Figure 8), the acfivity of the mother-reared animals (Figure 6)
1s less than tﬁe activity of the AR animals between 26 and 31 days PC.
After 31 da;; PC- the activity of the MRLD group either exceeds, equals
or.femaina sligh;}y less than the activity of ‘the AR groups. Also, the
meén increase in activity with age in the MRLD group is smooth compared
+to the changes seen in the AR groups. 'In fact, some of the AR groups
show little increase in 24-hr activity.(i.e., the ARLD-Temp group after

, .
26 days PC, Figure 6).

To investigate the age-related changes in daily activity, the
24~hr group means were regressed on age using a BMDP polynomial.
regression analysis (Dixon,.1983,‘program 5R). This was done for each
experimental group. The results from.the linear regression are
presented in Table 9. The multiple EE represents the amount of
"variance in the data which is.accbunted for by the lineaf equatiéu.

The data from the ARLD-LF, ARLD-DF, ARLD, and ARLL groups significantly
fit a linear 'function. The data from the ARLD-Temp, ARLL-LF, ARLL-DF,
ARDL, and MRLD groups were best fit by higher-degree polynomials. Data
from the ARDD group were not described significantly by any of the

polynomials examined. Although the MRLD group's data were fit best by




Figure 6.

The “24~hr wean (f sem) activity for the MRLD (solid
line) and ARLD-Temp (dashed 1ine) groups as a. functidn

.of age. Values are based on the number of litters (see

Figure 7.

Table 8).

The 24-hr mean (¥ sem) activity for -the ARLD-LF {(dashed

* 1line) .and ARLD~DF (so0lid line) groups.

. Figure-8.
Figure 9..

Figure 10.

The 24~hr mean (f sem) activity for the ARLL-LF (dashed
line) and ARLL-DF (solid line) groups.

The 24-hr mean (f sem) activity for the ARDL (solid
line) and ARLD (dashed line) groups.

The 24~hr mean (* sem) activity for the ARDD (solid
line) and ARLL (dashed line) groups.

|
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Table 9

Multiple 3?8 and slopes for the
linear regression on 24-hr activity

Group ‘ RZ Slope
MRLD - .975 " 84.3
. ARLD-Temp  .491 31.7
ARLD-LF .802* ;28.2 
"ARLD-DF . .670% °-'xzé.7
ARLL-LF  .669  40.9
ARLL-DF 636 36.1
ARLD . .897# 40.4
ARDL . .281 26.7
ARLL ‘ +664% 32.3

ARDD 485 22.8

Note. An asterisk indicates
that the first degree
polynomial was the best

fit for the data at p<0.05,
af = 11.
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a nonlinesr function, the linear correlation coefficient,/for this group
4
.
(-98() was significantly higher than the linear correlation '

coefficients of each of the AR groups (BK.OZ using the "Fisher k to z
transformation,” Winkler & Hays, 1975, p. 653).

¢

Day-night Differences ' '

Day-night or light—dérk differences‘;n locomo?o; activity are
crude indicators of circadian rhythmici;y- However, they do provide
some information on whether the activity is synchrpnized to the LD ¢
cycle or one of the 24-hr feeding cycles used in thé present studies.

The mean proportions of dark-period activity for the groups with

“a LD and/or feeding cycle are shown as a function of age in Figures 11

to l4. For the ARLL—LF.anf ARLL~-DF groups the term "dark period”

actually refers to the ;maternal‘dark period," or the dark period.of’}
the dam's prepattum LD cycle. - : i

The ER group meaﬁs shown in Figures 11l to 14 we:e'combined and
then subjected to a BMDP stépwise fegression nalysis (Dixoﬁ, 1983,
prbgram 2R) 1in order to determine the relative contributions of the
_following independent variables to the cbserved proportions of
dark-period activity: age, mean water bath temperature, mean humidity,
light conditions (LL or LD/DL), fee&ing schedule (noncyclic or mainiy
1ight- or;dark—fed),'and the proportion of animals accidentally food
deprived during the light and dark periods. In addition, inCeréctiond

s

between the light conditions and feeding schedules were analyzed. The

I3

MRLD group means (Figure 11) and the data from. the ARLL and ARDD groups

were not included in this analysis.




¢

Figure 11. The proportion of dark-period activity (* gsem) as a

Figure

Figure

Figure

i2.

13.

14.

function of age for the MRLD (solid line) and ARLD~-Temp
(dashed line) groups. Values are based on the number
of litters (see Table 8). .

The proportion of dark-period actiVity (* sem) for the
ARLD-LF (dashed line) and ARLD-DF (solid line) groups.

The proportion of‘maternal dark-period activity (% sem)
for the ARLL-LF (dashed line) and ARLL-DF (sclid line)
ZToups - . :

The, proportion of dark-period activity (* sem) for the
ARLD (dashed line) and ARDL (solid lime) groups.

/
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The partfal correlations and the associated F-ratios for each of

the, independent variables are shown in Table 10. ' The partial

)|
il

correlations are the correlations of each of the independent variables
with activity after the effects of the other independent variables in
the regression equation have been taken into dccount.  The F-ratios are
approximate tests of the significance of each of the independent
variables' contributions to the multiple R.

Water bath temperature and humidity did not correlate
significantly with ghe proportion of dark-, or maternal dark-, period
activity. 1In a preliminary analysis humidity correlated negatively
with activity such that high activity counts were associated with low
humidity. This was largely due to the ARLL group which was run during
the time of the lowest huﬁidity. Since this was the only group which

ons it is not clear whether

-

experienced, the low humidity conditi
humidity alone or some other facéors in the ARLL group (i.e., the
constant light) were responsible for the high activity. Age was aléo
not significanﬁly correlated with the'proportion of dark-period
activity. Thig is in contrast to the MRLD pups (Figure 11) whose mean
proportions of dark-period activity increased significantly during 32
" to 38 da&s PC (Mann-Whitney U(6,7) = 1, é¥.001; median proportions are
55.7% for 26 to 31 days and 62j§Z for 32 to 38 déys PC).

'In order to clariff the effects of the feeding and light cycles
on dark-period activity.the mean daily deviations from 50% of the mean

proportion of dark—, or maternal dark-, period activity were calculated

for each group (Table 11). The ARLL and ARDD groups are included here




Table 10

Stepwise regression results for the
proportion of dark-period activity

Independent Variable Partial F-ratio

Correlation
Age : 0.141 1.73
Water Bath
Temperature 0.091 T 0.71
Humidity 0.133 1.53
Dark food-deprived 6.211 4.00%
Light food—deprived -0.258 6.13%
Light condititons 0.029 . 0.07
Light-period feeding -0.022 0.04
Dark-period feeding  —0.469 24.23%
Light x
Ligﬁt—period feeding 0.002 0.00
Light x |
Dark-period feeding 0.267 6.59%

Note. Dark and light food-deprived
refer to the proportion of animals
accldentally food deprived during the dark
and 1light period, respectively. Light
conditions were either cyclic (LD or DL} or
noncyclic (LL). In light or dark-period
feeding animals received 65.3% of their
food during the light or dark period,
respectively. The last two .variables in
the table are the interactions between the
light conditions  and the type of feeding
schedule.

* Significant at p<0.05.

L]
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for comparison. The dark-pericd activity did not correlate
significantly with the lighting conditions (Table 10). Thié indicates
that overall, animals on a feeding cycle only (i.e., ARLL-LF group) had
similar proportions of dark-period activity (or deviarions from 50%) as
animals only on cyclic light (ARLD and ARDL groups). Also, animals
with both a LD cycle and feeding cycle (ARLD-LF) had higher deviations
from 502 than animals on only a feeding cycle (ARLL-LF) or light cycle
'(ARLD andhARDﬂ) but this was not significant in the regression
analysis;

The proportion of dark-period activity correlated significantly
with four of the independent variables (Table 10) and together they
accounted for 30.647 of the variance (multiple R= .5535, F(4,86) =
9.50). First, the proportion of dark-period activity was decreased
when feeding occurred mainly during the dark (ARLD-DF and ARLL-DF
groups). The mean of the means shown in Figures 1l to l4 for the two )
dark-fed groups was 48.92 as compared to 53.5% for the groups fed
mainly during the light or on a noncyclic feeding schedule. This
variable alone accounted for about 16.9% éf the variance. The second
variable which correlated significantly was the interaction between the
light conditions and dark-period feeding. Animals on a LD cycle with
dark-period feeding (ARLD-DF) had higher proportioms of dark-period
activity (ﬁean = 51.1%) than the animals on coastant light with
"maternal dark period” feeding (ARLL-DF, mean = 46.7%). Another way of
1ooking’at this result is that the deviations from 50X were greater and

a .
negative for the ARLL-DF group (Table 11). Higher proportions of




Table 11

Deviations of the proportion
of dark-period activity from 50X

[

Group Deviation?
MRLD 10.00(1.14)
ARLD-Temp '1.37(1.90)
ARLD-Tr 5.79(0.79)
ARLD-DF 1.09(1.05)
ARLL-LF 3.19(1.55)
ARLL-DF -3.34(0.84)
ARLD 3.07(0.75)
ARDL 4.08(1.37)
ARLL ~1.32(0.98)
ARDD -0.08(1.09)

Note. The MRLD, ARLL, and ARDD
groups were not included in the
regression analysis.

4The deviations are the mean
deviations from 50% (averaged over
13 days) of the mean percent of
dark period activity. The numbers
in parentheses are the sem.
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dark-period activity were also obserﬁed when more animals were food
deprived during the dark period (third significant variable) or fewer
animals were food deprived during the light period (fourth significant
variable). |

. To summarize, the overall proportions of dark-period, or
maternal dark-period, activity were similar between the groups of AR
pups with only a LD cycle (ARLD or ARDL) or feeding cycle {ARLL-LF).
Feeding mainly during the dark;, or maternal dark-, period attenuated
the proportion of activity otcurring during the dark. There was an
interaction between the lighting conditions and the feeding schedules
such that the group with only a predominantly “nocturnal” feeding
schedule (ARLL-DF) had lower proportiong of materna% dark-period
activity than the group with a LD cycle and nocturnal feeding
(ARLD-DF). Accidental food-depriv;tion during the dark period
increased the proportiom of dark-, or maternal dark-, period activity.
Unlike the age-related increase in dark-period activity inm the

mother-reared animals, age did not contribute significantly to the

activity of the AR pups. Water bath temperatures and humidity also did

not make signifigzﬁt contributions. o : >

Time Series Analysis

All of the autocorrelation analyses were performed on data from
individual animals (see Appendix C for these data). As mentioned
previously, there were no sex differences in the frequency of AR

animals showing significant autocorrelation peaks. Similarly,
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gestation length (21 versus 22 days) and the number of days spent with
the dam before surgery (range of 2 to 4 days depending on the gestation
length and age at surgery) did not influence the number of animals
showing significant autocorrelation peaks.

In Figures 16 to 25-and 27 to 29 the abcissa represents the
3-day block of the autocorrelation plots (see Methods, section). TFor
all cases block O refers to 26.5 to 28.5 days PC, block 1 to 27.5 to
29.5 days, and so on to block iO which is 36.5 to 38.5 days PC. Ninety
three of the 130 significant autocorrelation peaks for the AR pups fell
during times of accidertal food deprivation. (Five of these peaks féll
during intervals when the timer controlling the infusion pumps was not
working properly in the ARLD-LF grOup.)‘ The upper graph in Figure 15
1llustrates the proportion of all AR animals wﬁich were food deprived
during each 3-day block. In the middle plot, each point represents the
proportion of the animals shawn in the upper plot which showed
significant autocorrelation peaks. A single pup may be represented in
one or more blocks. The lower plot shows the same calculation for the
pups that were not food deprived. It is evident that a higher
proportion of pups showed significant autocorrelation peaks during food
deprivation as compared ts non—-food deprivétion intervals. In the
following analyses food deprivation (FD) and non-FD adtocorrelation
peaks were treated separately.

Occurrence of peaks. The proportions of pups 1n each AR group

showing non-FD peaks during each block are shown in Figures 16 to 20.

rad d .
- - " el
——i




Figure 15. The proportiom of total animals food deprived during
each 3-day block (squares). The two lower "lines
represent the proportion of animals showing significant
peaks during FD (dashed line) and non-FD (solid line)
intervals for each 3-day block. Block O represents

26.5 to 28.5 days PC and so on up to Block 10 which is
36.5 to 38.5 days PC.
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None of the AR groups approached the mean proportion (averaged over all
blocks) of the MRLD group, approximately 87% (Figure 16). In additionm,
100Z of the MRLD pups showed significant peaks at some time during tﬁe
13 days of.pecording. ‘Four of the seven MRLD'groups showed significaﬁt
peaks betﬁéen 26 and 28 days PC. fable 12 presents the percentage of
pups in each gfoup that sﬁowed non~FD peaks at any time. (This 1is the
percentage based on the.total number of aniﬁals for whiéh there were
activity data.) The ARLD-Temp and ARLL-DF groups had the highest
propdrtiona and the ARDL group the lowest. Also shown in this table
are the mean number of peaks per animal (number of peaks divided by
number of animals showiné significant peaks) for non~FD and FD
intervals. This is a crude measure of the mean duration 6f_the rhythm.
Aside from the fact that nome of the.AR groupé approached the mean of
the MRLD group there ig no obvious pattérn. However, when the non;FD
and FD peaks a?e combined the ARLD-Temp gfpup has the highest ngean.

There were also age-related changes in the'frequency of
occurrence of gignificant peaka; Signifiéantly wore animals In the
MRLD group (six out of seven) had more peaks during the last ffve
blocks (32 to 38 days PC) as compared to the first five blocks (26 to
3? days PC; Cochran Q-test, Q(2) = 8.86, p<.02). Age—relatgd changes
were also observed in the non-FD peaks for the AR groups combined;
twice as-many AR pups had peaks duriné K} fo 38 days PC as during 26 to
32 days PC (14 ver;;s 7; 5?(2) = 7.75, p<.05). Three pups had peaks
occurring during both time intervals.

Period. The méan periods of the significant peaks for each

block for each group are shown 1n Figures 21 to 25. Small dots




Figure 16.

Figure 17.

Figure 18.

Figure 19.

=~ 4

Figure 20.

The propoftiou of total MRLD (solid line) and ARLD~Temp

~ (dashed line) animals showing significant circadian (20

to 28 hrs) peaks in the autocorrelation plots for each
3-day block. Only non-FD peaks are shown for the AR
groups. Values are based on the number of individual
rat pups. )

The proportion of ARLD-LF (dashed line) and ARLD-DF

(solid line) pups showing significant circadian
autocorrelation peaks.

The proportion of ARLL-LF (dashed line) and ARLL-DF

(solid line) pups showing significant circadian

autocorrelation peaks.

The proportion of ARLD (dashed line) and ARDL (sclid
line) pups showing significant circadian
autocorrelation peaks.

The proportion of ARLL (dashed line) and ARDD (solid
line) pups showing significant circadian
autocorrelation peaks. '
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- Table 12

Occurrence of autocorrelation peaks

Group . Percent Mean peaks per animal
with peaks?® non-FD FD Total
MRLD. 100.0 9.6(67)°
ARLD-Temp  62.5 1.4(7)  2.6(13) 3.3
ARLD-LF 15.4 1.0(2) 2.4(26) 2.5
ARLD-DF 22.2 1.0(2) 1.7(7) 1.8
ARLL-LF 14,3 2.0(2)  ,2.2(9) 2.2
ARLL-DF 60.0 2.0(6) 1.0(1) 2.3
ARDL 10.0 2.0(2) 2.0(6) 2.0
ARLD 41.7 - 2.2(11)  2.4(19) 2.7
ARLL 22.2 1.0(2) 1.0(3)' 1.2
AELDD 27.3 1.0(3) 1.5(9) 1.5
AR Total 28.5 1.5(37) 2.1(93) 1.8

8These values are based on the total number
of animals with activity data. :

bThe numbers in parentheses are the number of

significant peaks.
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represent a non~FD peak and large dots are two or more peaks. The
asterisks are the FD peaks. One of the most striking observations is
the large variability of the periods im the AR groups as compared to
the MRLD group. This is shown in Table 13 which presents the mean
periods (averaged over all peaks and blocks) and the standard efrqrs of
the means for eac£ group. The large variability is evident in both the
non-FD and FD peaks (uith the excéption of the ARDL non-FD peaks).
Also, the ARLL and ARLD-DF non-FD period means deviate the most from 24
hrs (21.75 hrs and 25.62 hrs, respectively). Comparisons between groups
and between-non-FD and FD peaks are difficult because of fhe small
number of peaks in some of the groups. When AR groups are combined the
mean periods of the non-FD and FD peaks are slightly less than the mean
for the MRLD group. The distribufigns of the non-FD and FD periods are
similar (Figure 26} although about 9% more of the non-FD periods fall
within 23 to 25 hrs. As a comparisbn,'ﬁz out of the 67 peaks (92.572)
in the MRLD groups had mean periods between 23.5 and 24.5 hrs. .

The mother-reared pups showed significant increases in the mean ;
period during 31 to 38 days PC (median = 24.13 hrs) as compared to 26
to 32 days PC (median = 23.91 hrs; Wilcoxon test, T(7) = 0, p<.01).
This increase, however, was largely due to the occurrence of four
extreme values during blocks B to 10 (Pigure;Zl). A comparison of AR
phps_showing peaks during the same time intervals diq not reveal. any
age-related changes.

"Area"{ The area calculationé for individual animals are

plotted as a function of the autocorrelation block in Figures 27 to 31.




Figure

Figure
Flgure
,Figure

Figure

21. The mean period of the activity rhythms for the MRLD

22I

23.

24.

25.

(A)

the

and ARLD-Temp {(B) groups plotted as a function of
3—-day block. Small dots are individual pups and

Targe dots are two or more pups. For the AR pups, dots
represent non-FD perilods and asterisks arg FD periods.

The
(A)

Ihe

. (A)

The
(A)

The
(A)

mean perlod of the activity rhythms for the ARLD-LF
and ARLD-DF (B) pups.

mean period of the activity rhythms for the ARLL-LF
and ARLL-DF (B) pups.

mean period of the activity rhythms for the ARLD
and ARDL (B) pups.

mean period of the activity rhythms for the ARLL
and ARDD (B) pups.
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Table 13

Mean periecds for non-FD

and FD autocorrelation peaks .

Grpup non—FD FD
MRLD 24.09(0.06)
ARLD~Temp  23.43(0.67) 23.77(0.28)
ARLD-LF 24.85(1.35) 24.26(0.34)
ARLD~DF 25.62(1.62) 23.99(0.45)
ARLL-LF 24.66(2.59) 23.34(0.70)
ARLL-DF 23.53(0.58) 25.00(0.00)
" ARDL 24.05(0.05) 23.17(0.56)
ARLD 24.17(0.41) . 23.70(0.42)
ARLL 21.75(0.25) '24.83(1.59)
ARDD 24.67(0.30) 23.80(0.47)
AR Total hz3.97(o.27)' 23.87(0.17)

Note. Numbers in parentheses are the
standard errora of the means. See Table
12 for the number of peaks in each group.



Figure 26. Frequency distributions of the periods (hrs) of the
activity rhythms falling during non-FD (A) and FD (B)
intervals for the AR pups. The categories of the

periods are 20 to 20.9 hrs, 21 to 21.9 hrs and so
forth. -
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' The ‘mean areé; énd sems (aQeraged over all the blocks) fo; the non-FD
peaks (dots) and FD peaks (asterisks) are given in tﬁg figure captions.
It is obvious that the areas for the peaks in the MRLD group (Figure
27A) are greaterzzghp EoE'any of the‘AR groups. The overall means
for~#he AR groups were ,0255 (sem = .Oqfl) for non-FD peaks and
.0453 (sem = .0113) for -FD peaks. These means are approximately
8.4 (nbn—FD aks) aﬁd 4.7 times (FD peaks) smaller.tgan the 5vera¥1 : .
MRLD mean (.‘-54, sem = .0237) indicating that the rhythmic activity
in the AR pups is attenuated compared to the rhythmicity seen in
mother reared pups. The two groups on constant condltlons "ARDD and C
ARLL, had the lowest means for the non-FD peaks (. 0164 and .0158,
respectlvel&Q_‘_//f’
The areas did not change sigpifisantly with age in the AR'og
MRLD groups. As mentioPed in the preceding Paragraph, the FD peaks had
a larger mean areé than the non~FD peaks. This was largely due to the
high FD areas obéer;ed in the ARLD-DF and ARLL-LF groups. Twelve AR
animélé had both non-FD and FD peaksr Of these 12, geven showed
greater mean areas during FD intervals and 5 during non-FD intervals.
To summarize- ?éﬁer AR animals had significant autocorrelaflon .
peaks falling between 20 and 28 hrs. T?e mean number of sigaificant ; )
autocorrelation peaks per animal for th;lAR groups (non-FD and FD -

combined) was, on the average, 5.3 times less than the mean number per

animal in the MRLD group. With one exception, the Q;?iéﬁility of the

\ L3 3
mean, periods of the autocorrelation peaks was higher in the AR groups.

. - e , e m e




Figuré 27.

)3

The mean area of the autocorrelation peaks falling
within 20 to 28 hrs for the MRLD {A) and ARLD-Temp (RB)
groups, plotted as a function of the 3-day block. .
Small dots are individual pups and large dots are two
or more pups. For the AR pups the dots represent

" npn-FD areas and asterisks are FD areas. The overall

Figure 28.

Figure 29.

Figure 30.

| Figure 31.

mean areas are : MRLD = .2154; ARLD-Temp non-FD =
.0224 and FD =~ .0262. .

Autocorrelation peak areas for the ARLD-LF (A).and
ARLD-DF (B) groups. Overall mean areas are: ARLD-LF
non-FD = .0511 and FD = ,0380; ARLD-DF non-FD = .0185
and FD = .1169.

==

Autocorrelation‘peﬁk areas for the ARLL-LF (A) and

- ARLL-DF (B) groups. Overall mean areas are: ARLL-LF

non—-FD = .0176 and FD = .1513; ARLL-DF non-FD = .0288
and FD = .0045.

Autocorrelation peak éreas for the ARLD (A) and ARDL
(B) groups. Overall mean areas are: ARLD non-FD ‘=
.0234 and FD = .0197; ARDL non-FD = ,0512 and FD =
.0180.

Autocorrelation peak areas for the ARLL (A) and ARDD
(B) groups. Overall mean areas are: ARLL non—FD =
.0158 and FD = .0067; ARDD non-FD = .0164 and FD = ,
.0221. ‘
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However, the AR mean périodg'were'within 1 ﬁr of 24.0 hrs. The mean
areas of the autocorrélatién peaks from the AR groupé were much lowér
than the mean area for ¢he MRLD group. Both AR and MRLD gfoups had
more significant autocorrelation peaks during the last 7 to 8 days of
recording than dq;iﬁg the first 7 days o£ recording.

Three—hr Mean Activity* a

Three-hr peaks. The peak of a circadian rhythm is usually used

as a reference point for determining the phase relationship-with a
zeltgeber. In the present case 3-hr mea;s were used fo determine when
the peak amoﬁnt of activity occurred within a 24-hr perioa. Three-hr
peaks were caléulated for each day that fell within each'3—day block

which showed a significant peak in the autocorrelation analysis. For

78

example, 1f the first block had a significant autocorrelation peak the

3-hr peak was determined for 26.5, 27.5, and 28.5 days PC. Since only
two days with peaks of'aétivity were needed to produgg a gignificant

autocorréiisigg,#gak, the cqlculation of 3-hr peaks for each of the

v

three days in a block may be an overestimation of the nﬁmber of 3-hr

<« Peaks which actually represent the peak of a circadian rhythm.

All of the 3-hr pghkagin the MRLD group (n=87) and all but one

3-hr peak in each of the AR non~FD (n=96) and FD (n=220) categories

F e

‘werd, greater than or equal .to the daily 24-hr mean plus 2 sem. This is

an 1ndicatiou that these 3~hr peaks—represent significant levels of
acgivity. Due to the Qverlapping nature of the 3-day blocks gome of

the non-FD 3-hr peaks are also represented in the FD 3-hr peaks.

n.
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-

Figures 32 tol36 illustrate the individual 3-hr ﬁepks fo:,each
group as a function of ageiiﬂgn‘hhe ordinate, "1 refers to the first 3
hrs of tﬁe dark or maternal dgxk-period and "5" 1s the first 3 hrs of
the light or maternal 1light period. Dnlyighe non-FD intervals are .
Included here, for the AR groups. In the MRLD.group the 3-hr peaks
appear to bg concentrated in the dark period (Figure 32A). This is

-

also thédéase for the ARL%—Temp (Figure 32B), ARLD-LF (Figure 334),
ARLD (Figure 34A), ARDL (Figure 34B), and ARLL-LF groups (Figure 354).
The 3-hr ﬁeaks for the ARLL-DF group (Pigure 35B), in contrast, occur
,siightly more frequently du{I;;&thé maternal light period. 1In the

]

remaining groups, ARLD-DF, ARLL, and ARDD, thé 3-hr peaks tend to be
more scattered.ihroughou;'the day. Frequency diétributions of the 3—hr‘
‘peaks summed over age are sho;n ie Figure 37. In the“mother-reared
group (Figure 374), the mode of the 3-hr peaks (392) fell during 9200
to 0560 hrs. Rélatively few fell'during the light period although an
increase in frequency was observed during the three'hrs before dark
onset. In contrast, the mode 3-hr peak for the non-FD intervals |
(Figure 37B) for the combined AR groups (28%) fell during thé first
three hrs of the dark or maternal dark period; As with the MRLD gfoup,
" an increase in frequency was seen during the three hrs before dark
onset. The distribution for the combined AR FD intervals (Figuze’'37C)
was similar to that for the non-FD intervals éxcept that the 3-hr peaks

were more evenly distributed throughout the dark or maternal dark

period. In the MRLD group 92% of the 3-hr peaks wergégpcompanied by a




Figure 32,

The time of occurrence of the peak 3-hr mean of
activity as a function of age (days PC) for the MRLD
(A) and ARLD-Temp (B) groups. Values are. for
individual pups. On the ordinate, "l" refers to the

+ first three hrs of the dark period, or 2000 to 2300

hre. The "5" refers to the first three hrs of the
light period, or 0800 to 1100 _hrs. Opnly non-FD

. intervals are shown for the AR pups. '

Figure 33.

Figure 34.

Figure 35.

" Figure 36.

The time of occurrence of the peak 3-hr mean activity
for the ARLD-LF (A) and ARLD-DF (B) groups. - The "1"
refers to 2000 to 2300 hrs.

The time of occurrence of the peak 3-hr mean acrivity
for the ARLD (A) and ARDL (B) groups. The “"1" refers
to 2000 to 2300 hrs (ARLD group) or 0800 to 1100 hrs
(ARDL group). )

The time of occurrence of the peak 3-hr mean activity
for the ARLL-LF (A) and ARLL-DF (B) groups. The "1"
refers to 2000 to 2300 hrs. .

The time of occurrence of the peak 3-hr mean activity
for the ARLL (A) and ARDD (B) groups. The "1" refers

«to 2000 to 2300 hra.
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Figure 37. Frequency distribution of the time of occurrence of the
3~-hr mean peaks of activity for the MRLD group (A) and
for the combined AR non-FD (B) and AR FD (C) intervals.
For each panel, "1" is the first three hrs of the dark

" or maternal dark periocd and "5" is the first 3 hrs of
the light or matermal light period.
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second 3-hr peak of';ctivity which was greater than or equal to the
daily 24-hr mean plus 2 sem. This was also the case for 797 of ghe
com@ined AR non-FD 3-hr peaks and 82% of the combined AR FD 3-hr peaﬁgﬁ\;

.In the MRLD group a significantly higher frequency of 3-hr peaks
occurred during the first half of the dark period (gg?O'to 0200 hrs)
between 32 and‘38 daék\gg_ifwcgmpared to 26 to 31 days PC (23 versus 7,

respectively; Ei(f) = 8.53, p<.01). None of the AR groups showed

.aignificant agefrelafed changes.

- Daily activity. Figures 38 to 47 present the group 3-hr

activity means for 27.5, 31.5, 35.5, and 38.5 days PC. The thythelcity
of the mother-reared gfoup is relatively clear even at 31.5 days PC
(Figure 38). Another striking feature of the-MﬁLD activity 1s an

increase with age in the amplitu&e of the day-night difference. This

_ appears to be due mainly to an inerease in the night activity. Group

rhythmicity is less clear in the AR animals alrhough several

interesting obseryations can be made. “he AR groups on a LD or DL

cycle show troughé soon after light onset during some ages (for

example, ARLD and ARLD-LF at 27.5 and 31.5 days PC, Figures 40 and 42)

suggesting that these pups may be responding to the LD cues. An.

i

Hﬁfceptioh to this is the ARLD-DF gg;:;‘which was fed mainly during the

dark perifod (Figure 43). Although examination of the proportiam of
maternal dark-period activity revealed aomé synéhnonization to the
feeding schedule in‘the ARLL-LF ;hé-ARLL-DF groups, it is less clear in
the group 3-hr plots (Figures 44 and 45). Of coufse, these figures

present data from 6n}y 4 out of 13 days of recording.




Figure 38.

Figure 39.

Figure 40.
Figure 41.

Figure 42.

Figure 43.

Flgure 44.

Figure 45.
FIEE%e 46.

Figure 47.

Three-hr means (* sem) of activity Jfor che MRLD group
at 27.5, 31.5, 35.5, and 38.5 days PC. ' Values are

bagsed on the number of litters {see Table 8 for the
sample sizes). The black bar represents the dark

period from 2000 to 0800 hrs.

Three-hr means'(i sem) of activity for the ARLD-Temp |
group. During the light peried, 0B800.to 2000 hrs, this
group received 65.37 of its food and the envirommental
temperature was the highest.

Three~hr means (* sem) of activity for the ARLD group.
The gark perlod was from 2000 to 0800 hrs.

Three-hr means (* sem) of accivity for the ARDL group.
The dark period was from 0800 to 2000 hrs.

Three-hr means (* sem) of activity for the ARLD-LF

( 8Toup. Two of the litters were on 12:12 DL (dark

period from 0800 to 2000 hrs) during 27.5 to 35.5 days
PC. The rest were on 12:12 LD (dark from 2000 to 0800
hrs). These 'pups received 65.3% of their food during

the 1light period. - - o
Three-hr means (* sem) activify for the ARLD-DF \\\‘

group. Three litters from 27.5 and 31.5 days PC, two

from 35.5 days PC, and oume from 38.5 days PC were on a
DL cycld (dark from 0800 to 2000 hrs). The rest were

on a LB ¢ycle. They received 65.3% of their food
during the dark period.

Three-hr means (* sem) of activity for the ARLL-LF
group. The open bar represents the time of most

" feeding (65.3% of the food), or the maternal light

period (0800 to 2000 hrs).

Three-hr means (* sem) of activity for the ARLL-DF
group. The open bar represents ‘the time of most’,,
feeding (65.3% of the fgod), or the matermal dark
period (2000 to 0800 hrs‘)\\

Three-hr means ({ sem) of activity for the ARDD group
on constant darkness. The first time point for each
plot is 2000 to 23.00 hrs.

Three-hr means (fJP ') ~activity for the ARLL group

_on constant light. The rat time point for each plot

is 2000 to 23.00 hrs.
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Another observation concerning the groups on a light-dark cycie
was that all of them showed.a gfeater proportion of activity during the
dark period on the day of weaning, 58.5 days PC. This was not seen in
the animals with only a feéding schedule, the ARLL-LF group. Examplégrv
of 3~hr activity plots.over all days for individual pups in each grohp
are presented in Appéndix D.

To summarize; the peak amount of 3<~hr activity occurred during
the dark period‘for the MRLD group, all of-the AR groups on a
light-dark cycle (excluding the one with nocturnal feeding),-aAd £he AR
group with ;nly a diurnal feeding cyéle‘(ARLL-LF)- The AR gfoup with
only nocturnal feeding (ARLL-DF) had slightiy more 3-hr peaks during
'fhe maternal light period. The AR pu;; on congtant conditions (ARLL
and ARDD) or with a LD cycle and nocturnal feeding (ARLD-DF) had peaks
which tended to be more scat;ered throughout_tﬁé day. Theldaiiy 3-hr
activity means reveal clear activity rhythms in the mothef—reared pups,
with levels of dark-period activity increasing with age. Most of the
AR groups on a LD cycle showed'Crougha in activity at light-onset as
_well as high levels of dark-period activity on the‘day of weauingr'_

-

Physical Growth and Activity

Data from a total of 27 AR pups with both activity and organ
welght measures were useq to dgtermiue if there was an association
bej?eéh physical development and activity rhythms. A rhythmieity
score was calculated for each pup based on the following measures: 1)

the number of autocorrelation blocks showing a aignificant peak, 2} the

mean period of the autocorrelation peaks (averaged over the blocks in
. o ) .
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1)), and 3) the mean a;ea of the autocorrelation peaks (avefagéd over
thg blocks in 1)). Mean périods less than 23 hrs or greater than 25

8 recelved a score of 1.5 and thosg between 23 and 25 hrs inclusive
recelved a score of 3.0. 'iean areas were scored in Qteps of .3; areas
between 0 and .015 inclusjive received a score of .5, .0151 to .030
received a 1.0 and so on up to .0751 to .090 which received a score of
3.0.- The number pf-blocks and area measures each had a weiéht of 1.0
and the period measure had a weight of 1.5. For example, rat W5 from
the ARLD-LF groupighowed significant éeﬁks in 3- blocks, had*a mean
period of 23.67 hrs, and a mean area of .0131. This would give a
. rhythmicity score of 8.0 (or (1*3) + (1.5*3) + (1*0.5)). The scores
ranged from O to 12 with a mean of 4.84 add a sem of .67. These
scores were then regressed (Dixon, 1983, BMDP program 2R) on the body,

r

forebraiﬁ? cerebellum, livéf;'spleen, and kidney weightat'
- The partial correlations of each orgaﬁ weight with the
: rhythmicity score a;g shown in Table-'14. Body, férebrain, and spleen
weights contributed significantly to the qariaqfe in the rhyﬁhmicity
score (u:ui::iph.ajg2 = .5089, F(3,23) = 7.95, p¥.05). The negative
partial cofz;lation for the body weight may be related to the
agsociations bet;;en accidéntal.food deﬁrivatiou and decreased body
weight (Chapter 2) as well as higher frequéncia’ﬁhf significant
autocorrelation péaks. ' '

- . ‘Discussion

- General Activity

The ontogeny of the daily activity of artificially reared rat

Ny .

-‘pdpa obviously differs from that of mother-reared pups. Comparisons of -

+




Pl

o \\‘ Table 14
: \_ﬁﬁ\\rﬁ)
Partial correlations between e

organ weights and the rhythmicity scores

/.
‘. Partial
Organ Correlation
Body -.71238

Cerebellum {/t:1309 .

Forebrain +30373%
Liver ’ ¢ .0159
Spleen \ 46428
Kidneys ' .0120

3These variables ,
contributed significantly
to the variance in the
rhythmicity acore.
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absolute differences may be unreliable due to the difficulty im
calibrating the activity transducers. Another possible confound 1s the
increase in welght wifﬁ'age. At the heavier weights the activity

transducers may be more easily triggered. However, the results from

-

.some of the AR groups generally support those of Goldenring et al.
(1982). They found that AR pups were more active at younger ages than

moQBgr-reéred pups but’ equally active at older ages. The results are

—

at variance with those of Diaz et al. (1982a) who found lower levels of

‘ﬁaﬁtivity in AR pups tested in an open field at 18 days PN. 1In the

Goldenring et al. (1982) and the present study most types of movement ~
" -

* were recorded as actiyity. Diaz et al. (1982a) primarily investigated , L .
the number of squares entered in the open field and the number of -
rears. Results from a pilot study of the opeh.fiel& behavior oé some
earlier groups of AR and mother-reared pups (see Appendix E) support
the possibility that the group differences may depend on the type of

« , . . .
activit§ measured. The AR pups crossed fewer limes in an open field
but in' general -spent more time pivotingrthan motygr—reared littermqte?.
‘ & : .

.Nutrition and sociéf_;;tfgiion factofs (Diaz et al., 1982a) as welllas h
the surgical trauma ;nd the {mmediate environment of the styrofoam cups
in which the Aﬁ pups are raised (Appeﬁdik E) may also contribute to an "

explanation of the differences in activity levels.

In addition to the levels of activity, the devélopmental curves

describing the age—relatgd changes in'activity differed between AR and-,
. o Co : ~Q
mether-reared pups. In contrast to the relatively smooth increase in L\\°

activity with age seen in the MRLD group, the AR pups showed erratic or iL
. *

[ e e A
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relatively minor increases. - Begides ihe prolonged matérnal isolatibn
other factors, including humidity, temperature, abnormal physical
growth, accidental food deprivation and feeding/lighting conditions may
contributg to thesge diffefenées. Qontrary to other studies (Campbell &
Raskin,.1978), a peak of ;;titiff at 15 days PN was not observed in thé

intermittently isolated dother-reared pups or the AR pups. Timing and

-

+duration of the recordings, strain and sex differences as well as the-

x

types of activity measured may account for some of this discrepancy.

Activity Rhythms "of the Mother-reared Pups

r

The early appearance of the activity rﬁythm in the mother-reared
pups was somewhat unexpected; AL;hough'othéf circg?ian rhythms are
evident dﬁring the early postnatal period, inclu&ing pineal NAT
activity (Deguchi, 19759) and SCN deoxygluco;e‘uptake (Fuchs & Méore,

1980); previous investigators have not observed circadian rhythms in

locomotor activity before two (iéiéher &VFlaum, 1979) to three weeks PN .

.{(Bolles & Woods, 1964; Norton et gl., 1975). One poasible‘explahation

~Fomy
for the early occurrence is thqt the acute (8 hrs) maternal separation

(a type of stress) somehow énhanced the pups' rhythmid.activity. In

‘sgpport of this are the results of Infurna (1981) who observed

—~

-eircadian rhythms in the number of aquares crossed during 3 min in an

- open fileld im 7-day old rat pups. The presence of liEfer shavings from

the home cage abolished the rhythmic.activity of l5-day old pups
1golated for 16 hrs from the dam (Campbell & Raskin, 1978). Other
stresses may also influence rhythms: shocking-and'héndling rat pups

~ ’ .

accelerates the appearance of day-night differences in plasma

: ~

~ ° .
-
- 1 . .

J

7

.

-

G

/



corticosterone levels (Ader, 1969). The absence of circadian rhythmic
activity before 15 days PN in the study by Teicher and Flaum (1979) 1s

difficult to explain. Among other factors it is posgible that the

- movement transducers and/or the time series analysis used in the

present study were more sensitive detectors of rhythmicity.
In addition to rhythmicity, the activity peaked during the dark

period and was relatively low during the light period indicating that

b

the pups were detecting dark-light differences even before the age of
eye opening (14 to 15 days PN). Increases with age in the amplitude of
the day-night differences - due largely to increases in.the level oﬁq{fﬂ

dark-period activity — were also observed. Similar amplitﬁde changes

‘are seen in pineal NAT (Ellison et al., 1972) and plasma corticosterone

Ievelal(Ramaley, 1978a}. Dafk period peaks~are also seen before eye
opening in the open field activity (Infurna, 1981) and pineal NAT
activity (Deguchi, 1975a) of rat pups. Similarly;‘pronounced
dark-light differences occu; in the latency of 5-day old pups to“suckle
an anesthetized dam (Henning & Giseli.i980). .How are the déﬁk—light
transitions deteéteﬁ by the rat pups? Several researchers have
postulated the exiatence ;f extraretinal photoreception, primarily via
the pineal gland (Henning & Gisel,’1980; Zwelg, Sﬁyder, & Axeirod;
1966). At present there is lihtlknsupport for this hypothesis from
Epudies on prenatal (Reppert & Schwartz, 1983) and postnatal SHiroshige
L

et al., 1982b) synchronization of circadian rhythms. There ig evidence

suggesting that 6-day old rat pups can detect dark-light differences_
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through the eyelids (Routtenberg, Strop & Jerdan,'l978). In 32 hours
of testing In the MRLD group (2200 to 0600 hrs), two pups were recorded
from only during dark conditions (2260 to 0600 hrs), one during a
dark—to+ligh; transition (0600 to 1400 hrs), and one during a

lighct-to—dark transition (1400 to 2200 hrs). The increases or

i
-,

decreases 1n activity following the transitions may have occurred via .

[

inﬁut through their closed eyelidé. .

Another possible explanation for thé dark-light differdnces in .
tﬁe MRLD group is synchronization by maternal factors. Pfenatal and/or
postnatal aynchrenization to mat;rnal rhythms occur in the plasma
corticosterone {Hiroshige et al., 1982c; Takahashi et al., 1982);
plneal NAT (Takahashi & Deguchi, 1983), SCN deoxyglucosé uptake
C\\(‘Repl:uart & Schwartz, 1983), locomotor activity (Takaﬁashi et alv,
1984), and feediné thythms (Lev;n & Stern, 1975). Specific maternal
factors responsible for, the synchronization have not been identifged:
Changes in the nurasing regimen produce shifts in the qffspriné;é plasma
corticoscerone peaks (Hiroshige et al., 1982& Miyabo et al., 1980), -
'implicating the nd?sin?/rhythm as a possible synchronizer.

The average period for all the significant autocorrelation peaks .
in tﬁ;\HQLD-grouﬁ was 24.09 hre. The freerunning plasma corticosterone
thythm of blinded ups also has an average period alightly greater
than 24. hrs—€24///:ra, e et al., 1982b; 24 2 to 24. 4 hrs,

Takahaah{fet al., 1982) as does the locomotor activity rhythm at 5

- weeks PN (24.4 hrs, Takahashi et al,,1984). The @9§}¥f;equency of 3-hr
: 5

s

A
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peaks (summed over all aées) for the MRLD pups occurred between 0200 to
0500 hrs or 6 to 9 hrs after dark omset. This 1is iater than the peak
activity'obsérved by Infurna (1981) in 7—da§ old pups which occurred 3.5 hrs
éfter dark onser. It should be noted, however, that most of the MRLD
- animals had secondary 3-hr peaks of activity which were sometimes close -; S
in value to thé.primary peak. There was also evidence for age-related
shifts in the time of occurrence of the peak 3-hr mean activity in the
;kLD pups. For.all pups, an increase In the ffequency of 3~hr peaks
during the first half of the dark period occurred during 32 to 38 days
PC. This ma} indicate a shift in the timing of 3-hr peak activity for
some of the .rat pﬁps. Shifts:in acrophases with age alse occur in
‘_hamster pineal melatonin (Rollag & Stetson, 1581) and human body™’

temperature rhythms (Abe et al., 1978). . B

-
Activity Rhythms in Artificially Reared Pups

S

- Aside f;cﬁ the studies on aleepfsthte organization in isolated

ey infant rabbits (DeSgntia et al., 1977) and AR pups (Juvancz,.1981), the
present experiments were the first to examine the effects of e;rly and -
prolonged postnatal maternal isolation on rhythm development. On the
whole, relative to’ the MRLD pups, fewer AR pups exhibited significant
.cirtadian rhythms. .Eren thythms occurred_they usually appeared later . ®
and were attenuated and transient. A couple of cautionary statements
'regardingdgye interpretation of %‘E AR animals'lédkoéorreiation plots..

4 are needed. First, it could be argued that the appearance and , ' VV.

foy
disappearance of gignificant autocorrelation pesks should not be

(/ S | v

SO, N : SO
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intefpreted‘gsrrhythﬁi;ity. In the present context, rhythms were
defined in a lenient manner so as to encompass cyclic changes in
activity which may only lagt for two to three days. Using these
criteriﬁ, some of the'plosa of 3-hr mean activity for individual AR
animals indicate the preéeﬁce of rhythmicity (see Appendix D).

A
Second, the finding of higher variability in the mean period of
r b -

the autoébrrelation'peaks in %R pups relative to the qﬁLD pubs may be
misleading. Some of the significant autocorrelation peaks which ¢

- deviate gfeatly from 24 hrs (i.e., less than 23 hrs or greater than 25
. ‘A,
hrs) may be spurious due to the large number of time lags -analyzed. On

y [
the other hand, sggg investigators such as Halberg and Lee (1974),

define circadian rhythms as ﬁhythﬁs having periods of 24 hrs * 4 hrs

and this criterjon was used in the present studies. This scatter in
. . -

periods may, thérefore, reflect the lack of adequate synchronizing cues

in the AR enyi%onment. Despite the varihbility, the overall mean

pericd for.éhe AR pups was relatively close to that of the MRLD pups
alghough it was slightly less than 24 hrs (23.97 hrs versus 24.09 hrs,-
respectively). h

The reéults from the combined AR groups indlca;p a disrﬁption of
circadian rhythm developmenf due tc some asgpect(s) of the AR
environment. However, AR pups did respond differentially to the
various lighting, feeding andﬁ;;ﬂberature’conditio;q. - The remainder of

the discussion will address the issue of the effectiveness of these

L

conditions as early rhythm synchronizers and their roles in the more

f

d
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natural situation. In addition, other aspects of the AR environment

which may influence.}hythm development will be discusased.
-
Light Cycles

Artificially reared animals om 12:12 LD or DL cycles @o show
evidence of rhythmic activity. fhe significant non-FD peak§ detected
in the autocorrelation analysis had avefage perlods close to the MRLD
pups (ARLD - 24.17 hrs, ARDL - 24.05 hrs). Furthermore, for the 3-hr
ﬁean activity, troughs were ﬁoted at the dark-to-light transitions on
some days and, at 38.5 days PC, activipy was clearly the highest during
the dark. Postnatal maternal rhythms were suggestéd as possible
synchronizers for the MRLD group. They may a%so play a rolé in the
ARLD and ARDL pJ%E showing rhythms before eye opening since the pups
were with their dams for 2 to 4 dayé before surgery. Prenatal maternal
synchronization is another pdasibility, as indicafed in studies on the
plasma corticosterone rhythm of blinded rat pups (Honma et al., 1984 a,
b) and tHé’IEEomotor activiEy rhythms of hamsters (Davis & Gorski,

1982, '1983).

Relative to the ARLD pups fewer ARDL pups showed significant

rhythms. The reasonas for this are not obvious. Yamazaki and Takahashi

-

1983) observed a delay in the developmeﬁt of the plasma corticoaterone
rhythm of blinded pups raiaed by DL~entrained dams. It is possibie
that in their study the nursing patterns of those particular dams were
not“rhythmic enoﬁgh to entr#in tﬁé ;ffspr!ag'alrhythme (Takahashi, Note

5).
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in contrast to the animals on a LD cycle, the animals under
const;héﬁﬁbhditions exhibited fewer rhythms which also tended to be
attenuafed. The(ﬁean period of the non-FD auCocorfelation peaks in the
ARLL group deviated the most of any AR group from 24 hrs, 21.75 hP#
Unfortgnately, this value was based on only two.peaks. In comparison,

the ARDD mean period was 24.67 hrs (three peaks), closer to values for

3 .
the ARLD and ARDL pups. Circadian plasma corticosterone rhythms are

not>observed in rat pups raised ffom birth in LL (Krieger, 1973;
Ramaley, 1975) althouéh rhythms occur under DD condit{ona (Itoh et al.,
1980; Taﬁhhashi et al., 1979). Howéver, otﬁer circadian rhythms appear+
under LL conditions includiﬁg the pineal NAT rhythm (Deguchi, 1975a)

and sleep-wake rhythms (Astic et al., 1976; Hagino et al., 1979; Ibuka,

1984). The high levels of 24-hr activity in the ARLL group whiﬁh may ;}

be related to low relative humidity conditions might be an important

gfgs;or.

Feeding Cycles

Al;hough the prifence of a light-dark cycle wa§ more conducive
-to rhythm development than constant conditioms, the D and ARDL pups
did not approach the level of rhythmicity observed in the MRLD group.
fhe use of a feeding cycle which approximated the 1a;ge1y diurnal

>

nursing_seen in mother-reared pups (Croskerry, 1976; Hughes et .al.,
1978), either alone (ARLL—LFS or in conjunction with a LD cycle

(ARLD-LF), alsc did not increase the frequency of animals. showing

significant circadian rhythms. The mean periods for the twe ARLD-LF
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pups were 23.5 and 26.21 hrs. The mean periods for the ARLL-LF php

rsl The autocorrelation peaks for the ARLL-LF pup were also of a much

smaller amplitude than éhose for the ARLD-LF pups.

,/) Despite the low frequency of animals showing significant
circadian rhythms, the predominantly diurnal feeding cycle did
influence the proportion of darl~period, or maternal dark-perigqd,
activity. Pups ténd to be re quiescent dur;ng feediné (person;l
observatiogs). Therefore, during longer intervals of non-feeding,
activity levels might be expected to increase. Lincoln” Hill, &

Wakerly (19735 algo reported decreased levels of movement within a few

seconds after the iu{ZI;tion of suckling in infant rats. Animals on

12:12 LD and a predominantly diurnal féeding cycle (ARLD-LF group)

J <
tended to show highey average proportions of dark—period activity than
s . ‘ ‘ A
Aﬁrgroups on only B\LD cyecle ( or ARDL) or feeding cycle (ARLL-LF).
. 1 8 —_
¥ This trend was not significant, flargely due to the decreased

da;k—périod activity seen in the ARLD-Temp group which also had the

- with significant .rhythms deviated more from 24 hrs, 22.07 and 27.25 \{;

: - ]
diurnal fquing cycle. The meanﬁdeviatibq from 50% for the AﬁéD—LET} qf
o~ . - : B " T
gr§up was 5.79%; in combinaéign with the ARLD-Temp group this meanf

de¥iation dropped to 3.58%. 1Imn éddition,‘a feeding cycle alone (under
conditions of LL) was, on the average, as effective as the fD cycle

- .
alone in synchrg?izing the pups'sactivity. Also, between 2§ and 34

days PC the matetnal dark-period activity of the ARLL-LF'pupa was as

high as that seen in the ARLD-ﬂ;\grouQ. . @* -\

¥
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The prec7ding results provide additional support for the

hykothesis that/ maternal nursing rhythns may serve as synchronizers for
‘offspring rhythms during$the early postnatal period (Hofer & Shair,

lQBZ;.fakahashi & Deguchi, 19383). Unlike_;he pupj with both a LD and

diurnal feeding cycle, however, pups with'only a eeding cycle

(ARLL-LF group) did. not show heightened matér;;l dark—period activity
on the day of weaning. One pogsibilityris_that as tﬂe pups get older
the fee cycle becomes a less effecti;e synchroﬁizer in the absence’
oﬁ other cyclic cues. BRelevant to thi; 1s the observaticn of. Levin and
Stern (1975) that blind'rat pups reared by sighted dams "léae"
synchroniza;ion to their sighted daﬁ‘aa Fhey.get oldér.

Additional Bupport for the role of nursing rhythms in the
postnatai syncﬁronization of offspring rhythms comes from the data on
the pups with the predominantly noctgrnal feeding gycle; The range of
the pefiods of the autocorrelation peaks in the ARLL-DF group was 22:0
to 25.253hrs. Only one animal had a peak ;1th a period relativéi}
close to- 24 hras, 23.5 hfs; and this occurred between 35 and 37 days PC.
These reéultsrmay indicate that the lack of a LD cycle produces greater
:variability in the averége period. Unfortunately, onl} two ‘
autoéo;relation peaks were significant in the ARLD—DF group (the
périoda were 27.25 and 24.0 hrs) so a compeﬁiéon is almost meaningless .

Nocturnal feeding did 1nfluénce the distribution bf‘dgy-night
.aéfi?ity, resulting In a qsffaee in the proportion og”darkmpe;iod

" activity. One of the more interesting results was that animals with a

e
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LD cycle showed less synchnoﬁ;zation to the predominantiy nocturnal
feeding cycle than theé pups-on LL. An attractive hypothesis is that
since mother-reared pups nurse mainly during the lignt period, the
;mocturnal feeding in the presence of a LD cycle produces a discordant
situation._.If this 1s the case, then the inaue of why the discordance
arises must be addressed. The ARLD-DF pups were with their
LD-entrained dams for at least 3 Jo§s be%ore the.matérnal separation.
It 1s possible that in these 3 days the pups became. synchronized to the
predominantly diurnal nursing rhythms. + When confronted with a
nocturnal feeding schedule under a LD cycle the pups could not shift
their activity to coincide with the.new feeding.cycle. Another
possibility is that this pre—separation synchronization occurred in
part during the prenmatal perlod. Under LL a similar situation may
exist,gnt the lack of a LD cycle may attenuate the disoordance. ~
Partial nupport for this explanation comes from studies employiné“the
restricted nursing paraoigm. Pups are restricted to either dark oree
light-period nursing by bging:maternally sepérated during’either the
light or dark period, respectively. H;rosﬁige et al. (1982c) reoorted
-ohat at 4 weeks oévqge b%%fd puns_pn dark-restricted nuré?ng;hnd plnsma .
\\vJ,/oorticosterone,peaks which were more ‘cattered_and sonetimes bimodal

when/,.c¥ pared to pups on 1ight—reatricted nursing. Miyabo et al.’

(1980) also observed ‘bimodal peaks in some &F their dark-restricted

ZToups. However, Hiroshige et al. (1982c) tobk thi é evidence __;2%.
A ‘

y
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of the merely modifying role of postnatal maternal thythms on offspring

in mother-offspring interactions in the restricted nursing procedure

before definite conclusions are made. There is evidence for a
. J . _
complimentary role of feeding and LD Eycles in the establishment of the

circadian rbythm in jejunal gucrase activity. A gsucrdse rhythm
appeared in 20-day old pups weaned from the dam if the onset of feeding

—

was coordinated'with the onaet of darknesa (Henning - & Guerin, 1983).

Pups fed mainly during the light showed no rhythm in sucrase activity.

- Earlier it was sugggsted that the synchronizing effectivenessAof
a feeding cycle alone diminished as tﬂé pups necame older (ARLL-LF
group). This was not supported by the activity data on the day of
weaning in the ARLL-DF group.. They still showed high levels of

aétivity during the time of least feéding. Unfortunately, the sample

size for this day wes small. Surprisingly, the ARLD-DF pups  showed

- high dark-period activity on the day of weaning. It was not as %

distinct as the noctntnal activfty seen in the ARLD-LF gronp'ht the
same age and the sample size was small, but i.t. m&y indicate that near
weaning the LD cycle fh a more potent aynchronizer than ‘the feeding '

)
cycle.

- Temperature Cycles o .

The AR group with a LD, ‘feeding, and temperature cycle had the

highest pro;mrtio‘tﬁof pups showing significant rhythms. f In contrase to

&
the MRLD and ARLD-LF gréups, the mean non—FD period for the ARLD-Temp
pups was slightly below 24 hrs, 23.43 hrs. 'Except for the ARLD~DF

rhythms. What i{s clearly needed is an anal&éis-of the changes produced —




group, the pups withla temperature cycle exhibited dark-period activity
which overall deviated the least from 50% of the total daily activity..
.IHe low levels of dark-period activity seen between 26 and 28 days PC
may be partly due to accidental food'&eprivetion which occurred during
the l‘ight period.

-The temperature cycle was designed with the assomption that
since the dam proportionately spends the least amount of time on the
nest durim§ the dark period, the overall night temperature would be

_ lower thamjthe day temperature. Increases in.act- ty in response to a
relatively cool enviroumeut (22 degrees C) do occur'in 16~day old pups
' (Wishaw, Schallert, & Kolb, 1979)." The increases are also seen in 1-
and 5-day old pups but ounly during tha initial part of a 15 min\test
period, thereafter the pups become immobile (eee also Hofer 1973a,
1975b). The,decline‘in activity is positively correlated with a

fdecline in the pup's body temperature (Wishaw et al., 1979). It ié

) poséible that the night temperatures inside the water bath incubators ‘

di‘ were cool enough to.decrease the pups"activity. Thus, despite the '

dar% cues and the degLeased feeding during this time, the overall

proportion of dark-period activity would be depressed. During 36 to 38

v ‘,days PC, a time when some of,the\thermoreguiatory mechanismes in rat
pups are almost fcily developed gbulick 1937; Hahn et al., 1956), t
ARLD~Temp pups did exhibit predominantly night activity although it was
. still at a 1eve1 lower:than that seen in Pups without a temperature
é‘ - cycle. | . - o

st




possible that tEe FD interval e

36

Food Deprivation

The finding that accidental food deprivation (FD) intervals were
assoclated with significant rhythms and increased qctivity wasg ' /

fortuitous and was. one reason\béhind the studies on the cyclic feeding .

) .

schedules. The mean periods~of the FD autocorrelation peaks were. ‘ :

. L -
relatively close to 24 hrs, even in the ARLL group. Most of the rat

\ o ()
pups showing significant FD autocorrelation peaks experienced only one

FD interval in a 3-day block. successive days of rhythmic

#

hmicity that was already .
present o{ it induced rhythmicity which continued into the following 24
-

hras. Earlier it was suggested that the acute maternal separation U
(S -
experienced by'the-MRLDlgups enhanced their rhythmic activity. The

r

“acute FD intervals experienced by the”AR pups may be analogous the

' ) . © Fa
MRLD pupa' short-term matergal separation. A few pups hpd q:wo or\&ore ey

i - y
successive days with FD intervals - these intervals may have served as
synchronizers for the activity rhythm. However, the effects:of

accidental food deprivation may differ in quality among the qbfferent

AR groups. It may also suppress the occurrence of rhythms in certain - ' -

'éircumptances.r The “medh number of FD intervals for animals showing no \

siéﬁificant rhythms was comparable to that for animals showlng rhythms

only during FD inte .4 and 4.5, reabectiveby).

Other Consider 1ona‘ \\‘__///
Nong”of the AR groups approached the prominenf cifcadian

rhythmicity seen in the MRLD pups. Previously it was suggested that in
; 1 . -~
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the absence of maternal factors the MRLD puba* thythmicity may be
{ .
“"disinhibited" even under moancyclic temperature conditions and food

N

deprivation. It is also Possiblg that feeding and temperature cycles
are ‘relatively unimportant in synchronizing the pups' rhythms under .
normal conditions. This seems unlikely - optimal feeding and

temperature conditions are important determinants of survival /and -

\ -

growth, pafticulaxly during early development.
| Given‘the evidénce from the present studies and othgr N : PR

investigations, feeding/nursing rhythms may serve as synchronizers Q‘i\\\

during the early postnatal period. Substances transmitted via the

mother’'s milk, suckling experiences (Shair, Brake, & Hofer, 1984), as

r ¥ .
well as temporal parameters may be important factors in determining the
[

effectiveness of feeding cycles. The. environmental temperature cycle
used in the ARLD-Temp group was not ideal for .synchronizing rhythms r

although it did have an effect on activity. A é;cle which more closely

mimicked the natural situation (i.e., ultradian, as uell as circadian,
fluctuationa) might be more successful. In add;%Eon, the environmental

temperatures used in the other groups may have been inappropriate.

Along with'feeding/nufBing\\femperature variables, and light

-
-

cycles, plfactory {Hofer, 1575&) and tactile aspects of - . 4
Qi a
mother-offspring interactions may play sggnificant roles;, The finding .

°

of different modes of peak 3—hr acg;vity for the AR an{fﬁﬁﬂnhp‘ps .

suggests that the MRLD pups may be| responding to cues that were not

prd.g;t in the AR environmeqi// Other cues may o be operating in the

w
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AR environment since much of the variance in the proportion of

2 -

dark-period activity was still not accounted for by linear

relationships with the feeding cycles and accidental food deprivation.

[§

One possibility is humidity ~ low levels were asgociated with increasé@

in daily activity altWough thip:was confounded by the light conditions

¥

(ARLL group). 1In addit%Pn to mother-offspring interacﬁiona, factors”

}guch as surgical trauma and the health of the pups should be : .

considered. The AR pups showed abnofmal growth, including smaller

brains and heavier livers at weaning (Chapter 2). Although

preliminary, there was evidence suggesting that measures indicative of

. healtﬁf\sgfh as heavier foregrains and spleens, were associated with

"more pronounced rhythmicity in the AR pups' activity, L - _. -
A final considefation involves‘dhe definition of "activity."

The repertoire of movements or activity thag a rat pup can gngage in is

qiite large (Bolles & Woods, 1964). Specific types of activity were .

not categorized in the present studies although incidental observations

were made. For example, the AR and MRLD pups were observed to groom !

[}
themselves,yoll over, and walk around in the ‘styrofoam cups. In

]

addition, AR_pups were sometimes obgerved to extend their bodies and

flex their %elegs against the side oF the cups. Interestingly, this

N

behavior sourids similar .to what Shair et al. (1984) observed in no

pups in response to maternal milk ejections during suckling, The

mother-reared and AR pups may differ in the types and/or_frequéncies o

' various activities which in turn may influence the overall rhythmicity.

L)




Summary of Main Findings

1. Clear circadian rhythms in locomotor activity with nocturnal peaks
were observed in mother-reared animals starting as early as 26 to 28

days PC.

b

: y
2. The rhythmic activity of the AR yups wéq\fgff/9ttenuated and of a
shorter duration tham that of mojz:r-reared pups. Some

\
synchronization_ to rhythmic stimul did occur; LD cycles and feeding

cycles were equaily Effectiﬁe in syq?hronizing activity before

weaning. ' _ . '>—~J)

Y
3. Exposure to a predomina:EIy\gigzpaf feeding cycle and a LD cycle
' N\

improved- synchronization of the AR pupé' activity. Synchroniéﬁtion

iy

was less effective in the presence of a LD cycle and predominantly ™~

el

nocturnal feeding. o '
e

4. The addition of an envitoumental temﬁerature cycle attenuated the AR,
pups" activity.

ISL‘The ﬁerioda of the autocorrelation peaks of AR pups on' LL deviated

;he'moat from 24 hrs. Both LL and DD conditions résulted in high1§ -

ot

attenuated autocorrelation peaks.

-
-




~ that open eyes and LD cues are not needed for the occurrence of

Iy ) .FHB“{ —Ei\{“ | o

. Chapter 4 . -
General Discussion

Deﬁelopmental rhythm reseéarch has focussed on the Interrelated

-

1ssues of physiological mechanisms, endogeny (Davis, 1981), and

. N
» . )

préﬁ;;allpostnatal maternal éynchronization (gee Chapter 1). The.
following discus§1on willl emphasize the contributions of the present
research to thesé issues. In addition, discusslons of the .
relatiéuahips between rhythm deyelopment and growth and implications
for human iesearch are 1ncluded.

Rhythm Development

Physiologiﬁal Hechanisms /

The present results supﬁort those from other atuJ;;s indicating

Ty .
circadian rhythmicity or synchronization during the early postnatal

-

period. The ‘partial effectiveness of feeding cycles in synchrouiziné
rat pups'-activit§ raises questions regard;ﬁg the physiological
mgchanisms underlying this type of synchronization; For ex;mp;e, are
the physiologicél mechanisms similar and/or related to those mediating .
LD sync;roniéation? in adult aniﬁ§1q<gfj:i::g entrains lo;ométo; : 3 \\\
. @ _ .

activity and hormone rhythmﬁ even! in the“absance of the TSN (¥rieger et ' )
) 5 '\/
al., 1977; Phillipgﬁ? Mikula, 1979). In addition, what factors (e.g,;& R

olfactory) are -important in medfating the occurrence of rhythms in the

hY . ’/\_\: -
presence of acute “"stressors” such as maternal separation (MRLﬁ group) _ ,
and accidental food deprivation (AR froups)?* /- -
. A\
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.Endogenz
Tﬁe congept of endogenous rhyghmicity implies that an org;nism

‘'will exhibit éhythms even after havifg been reared from conception in .

the absegce of external cyclic cues.’ “farlier 1nvéstigators*used the

occurrence of rhythms aftet prolonged LL or DD conditions from
¥ . .
conception and/or birth as evidence for the endogendus nature of

rhythms. However, from the present. studies and those of other

researchers, non-light cues which }emain rhythmic under LL or DD
' ’ .
.conditiona, such as mothé}-offapring interactions, appear to be

important to the expression of early rhythms. Attempts.to achieve

15

arrhythmicity during_th% prenatal period by lesioning the m ther's SCN ‘
N : .y '
have produced questignable results (eg., Honma et al,, 1984a) In the

case of successful-~SCN lééions, effectsﬂgn the offspring which may not

{

be related to the arrh&thmicity, such as g}owth, must always be
o

- p——
\

. -
congidered.

Maternal Factors and Synchronization

In the present studies synchronization, rather than entrainment,

to maternal and other environmental factors was émphasiiéd. 'The
definition.of entrainmeﬁt'is more restrictive. It implies that 1) the
éﬁtrained rh}t?m has a stable phase relationship with the zeit;eber(s),
- 2) when the zeitgeber is phase—shift;d.the entraingﬂ-rhythm phﬁae‘
shifts accordingly, apd 3) under constant conditiong the rﬁythm beginsg

to free runm ﬁith a relatively predictable period (Enright, 1981b).
] * . .

These'aspecta of entrainment were uoh‘directly inveatiggted in the”:

1 -

present research but results from studies on the plasma corticosterone

v
.

JL
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frﬁythms of blind rat pups suggest that matermal factors seryve as’
entraine;a of the offsprings’' rhythms (e.g., Takahashl et al., 1982).
With the artificial fearing procedure it was possible to study some of
the potential maternal and other environmental‘synchronizers iﬁ
igolation or in c;mbinatioq with each othem

Some of the AR pups synchronized their activity to the cyclic
feeding schedules suggesting that in the é;émal rearing situation the

~—

nursing rhythm may serve as an entrainer. Aspects of the nursing
situation other than temporal parameters should also be studied. These-
would include suckling experiences and feeding via an oral rather than

a gastric route. Environmental temperature, another factor partially

regulated by the mother during the earlj postnatal period, also

affected the activity levels of the ARLD-Temp pups but not necessarily
in a cyelic manner. The the}moregulatory abilities of rat pups change
dra@atically between birth and weaning. - As a reault,ﬁgﬁh enviromnmental o

temperature at which'thermoneutrality occurs would also change. 1In

.order to keep the environmental temperature as similar as possible

\ .

among the various groups (except for the ARLD-Temp group) the ) ////

temperature was kept constant throughout the day and across age. ‘More
. a . N

information is needed on the quantitative and qualitative aspects of

. g

maternal behavior and how hh. flucéghtidns influence rhythm

\ e
Jdevelopment. Also, the humidity in the room where the pups were tested -

t ' .
varied with the outside weather conditions. Further investigations on
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the effects of humidity on the activity of rat pups.would be useful.

Light—dark éycles also serve as synthonizers during the early
postnatal period. The appearance of group day-night differences at
weaning in the AR pups on LD cycles suggests that as the pups get older
light-dark cues may be md%é salient or potent synchronizers than, for
examp%é, feeding‘cycles or other maternal cues. In order to test this
possibiiity pups should be born to and reared by freerunning dams on DD

-

or dim LL. The pups could then be tested in the same way as the

" present MRLD group but under a DL cycle. .

-q

. Ope of thg\more interesting findings concerns an interaction
sbetween the LD cyéle and the feeding cycle. The AR pups oﬂ LD with
predominantly nocturnal feeding (ARLD—D@) showed less aynchronization
éf their activity than animals on only the LD/DL cycle (ARLD and ARDL)
or nocturnal feeding schedule (ARLL-DF). One \possible e#planation ia

that, since nursing is normally predominantly diurnal, the pups were

receiving‘discordant or incompatible cues when exposed to LD and j

‘nocturnal feeding. This possibility raises. several interesting

-~

questions:
1. Would the same thing occur if pupé were separated from

the mother soon after birth (e:g:, within 12 Q?s)? It

is possible that, in éﬁe present AR groups,

_syﬁchroﬁf&aq}on to the diurnal nursing rhythm occurred = .

duriﬁg the first 2 fo 3 postnatal days. This early ' ‘4

synchronization may have then hindered: subsequent
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synch:gg}qation ta the novel nocturnal feeding cycle.

Can the Si;cprdance occur with other maternal and - .

en%ifonment;l cues?’ Eor e;gmple; temperature

flﬁctuations, hormonal levels in the mother's milk,

olfactory cues, and tactile atiﬁulation may also be

involved}-

How does - this discordancgzaffect the “internal temppral-

order” among other biological rhythms (Moore-Ede &

Sulzman,‘19él)? "Internal t;mpqpal order" refers to

the synchrony among biclogical fhythms, For example,

the body temperature and plasma cortisol rhythms in

humanq_gre synchronlized to each other (Moore-Ede,

Sulzman & Fuller, 1982). sulzﬁan, Fuller, Hiles, and _' «

Moore-Ede (1978) found tﬁat conflicting 1igh£ and ?/

feeding temporal cues resulted in the dissocilation of

somé biologiéar'rhythms'in.adult monkeys . )

Does this early discordance affect later entrainment

to, fdr example, shifts fn the light cycle? If

disruptions are observed in the AR pups after weaning

it wﬁuld be of interest to determine the duration and

age range during'which maternal isolation is mbst

disruptive. Recent observations by Sasaki, Murak;mi

;hd Takahashi (1984) on the drinking rhythm in rats may

be relevant. Blind pups fostered after 10 days PN to a




~
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i
dam entrained to anmother light-cycle did not entrain to

the foster dam's rhythms whereas thode fostered before
' .
5 days PN did. Theéy suggested that there may be a 2

-

critical perjiod for postnatal maternal entrai see— .

also Reppert et al., 1984).

Related to question 4 above is the issue of ‘whe r the lack of

nofhal rhythmicity in the AR pups is due to the AR procedure (1.e.,

L L

surgical trauma, inadequaté nutrients) or,to the abgence of appfﬁpriate

rhythmic cuei during a critical ,period. One exggximeﬁt which would
B ".. /_.\ ' . .
-address this problem would bg to return the AR pups to the mother at

various timeéoafter the beginning_of maternal isolatiom. ‘Their rhythms
could then be studied 'bot:tb before ind after weaning..
- -

It was suggested earlier that the synchrbnizatioﬁ observed in

the’ MRLD group and gome of the AR pups cou%g ¢ due to prenatal

1

maternal factors. To address this problem the following exp%fiments‘
. - : . -

should be dane:
; . - . / .
1. Pups conceived to dams entrained to a LD cycle should
be fostered at birth to dams that are freerunning umder

DD or dim LL. The activity of these pups could be

recorded as in the MRLD groﬁp ﬁuc under dim LL or fbf’
conditions. Ihé phase of the pups' rhythms could éhén : ’//r
be determined and compared ﬁith those of nonfostered

pups .

2. AR pups born to LD-entrained dams should be reared and
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have thelr activity rgcorded under a DL cycle. They
could then be compafed.to,pups reared postnatallyron a
ﬁD cycle.

3. Ideally pupé should be reared soon.af:er birth (i.e.,
within-TQ}ﬁ§§) in maternal fsolation. This woul& be
difficuiﬁ éiven the present technique although .

-improyements ir the AR procedure, such as reducing the

sﬁrgiéal trauma, are possible.

Rhythm Development and Growth

In the present studies there was an association betweén rhythm
developmeﬁt,‘physical growth, and appropriate synchronizing cues. For
example, there was some evidence for a felationship between rhythmicity
in activity and body, spleen, and‘forebrain wéights. In addition, the
feeding schedule had some influence on physical growth. Heavier.
spleens and lighter livers in the AR pups were corrélated with a cyelic
feeding‘schedule and heavier forebrains were associated with a
predomfgantly diurnal féeding cycle. Nonme of these conditioms,
however, fuliy corrected the deviations from normal values. The role
of biological rhythms and extgrnal-synchronizers in regulating growth
andhmaintaining the health of animals is not weil known and should be
iﬁvestigated in more detail. Por example, Saito agd Noma (1980) found
that body weight gains in” young male rats were less followlaog an

adiurnal feeding.schedule. In addition, the abnormal metabolism of the

AR pups (Sonnenberg et al., 1982) and surgical trauma should also be

2
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considered as possible influenceé on rhythm development.

Prolonged'non;yclic environments, such as LL, DD, constant
temperature, humidity, etc., may also affect the health of an organism
{Ehret, Groh, and Meinert, 1978). TFor example, some rats kept under
long-term LL eventually lose their circadian rhythmicity although
.ultradian rhythms are still prominemt. Albers et al., (1981) found
that aftér prolonge& LL threé rats died ;nd it was noted that their
activity rhythms ;ere dominated by relatively short perigda (2.5 hrs)
about five days beforé death. Although highly speculative, omne
possibility is that the short rhythms were a precursor to poor health
which then ended in death. Desynchrony among a monkey's bioloéicai
rhythms was offered as an explanation for deterioratiné Health in a
weightlesé environment (Hahn, Hoshizaki & Adgy, 1971). 1In these
expefiments, of course, it is .difficult to sort out the cauaeéiqnd the
effects. More conclusive results come from experiments on monkeys withz
freerunning body temperature rhythms under LL. ?uller, Sulzman, and
Moore-Ede (1978) fouu& that, compared to LD-entrained animals, monkeys
on LL failled to regulate Eheir body temperatures normally when exposed
to cold for 5 hrs. The autho?g favored the possibility that, £n LL or
arrhythmic condicioné, the synchrony between the monkey's bioiogical
rhythms is lost and this somehow results in impaired thermoregulation.
Two of the AR groups in the present research were not 6niy reared in

maternal isolation. but they were exposed to constant light or dark and

constant temperatures during a period of rapid .postnatal growth. In
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addition to studying the poafweaning rhytgys of these AR pups, studies
on,.fof example, the -development of their thermoregulatory and immune
responses should be done. o '

O

fmg Implications for Human Infants

Regearch on the deveiopment of rhythms in infanta;-particularly
‘the ontogeny of sléep4wéke behavior, has a long histor&. It has not
_been until recently, ﬁowever, that more sophisticated tools were
developed for long~term monitoring and analyses of rhythm'dpta. Also,
‘Tecent data from other species on, foriéxample maternal synchronization
" and the rél;tionships between rhythms and health, should inspire the
examination of thé foles these factors ;lay in human development
(Andérs? 1982). Two related areaéﬁin ﬁeed of study are suggested in the
following discussio;.

The first area involves the need for more data on the role of

parental and other factors om the synchronization of infant rhythms

.
P

(Kleitman &.Engelmann, 1953). 'There is evidence suggesting that the
feediné an& care schedules msy influence an infant's activity rhythms
.(Sandef, Julia, Stechler & Burns, 1972; Sander et al., 1979) and
sleep—wake' patterns (Gabriel, Grote & Jonas, i981)- -Other factors sucy
as parental work andlsleep~schedu1;s, the regulation of lights
on—lights 6ff, and noise levels w;uld add to an understanding of what .
- early poatnatal(hynchronizing cues are availahle to, and effeqﬁive for,
. . -

the infant.

The second area arises from concerns surrounding the

Y
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enviromments of necnatal care units in hoapitals. Lawson, Daum, and
Turkewltz (1977) and Gottfried, Wallace-Lande, Shérman-Brown, King,
. Coen, and Hodgman (1981) found that infants 1n special or intensive
- care uuits-did not lack stimulation (i.e., auditory, visuﬁl, gectlle);
however, the stimulation was not well-patterned aﬁd factors such as
11ghting and noise were notldistributed in a diurnally rhythm;c manner.
Relationships between these/éactors and'ﬁﬁe 1nfant's early, as well as
later, development are not well documented. It is not unreasonable to
hypothesize that some of the differences observed between, for example,
predatdre and %ull—term infants' sleep—;tatee fﬁfchaelis, Parmelee,
Stefn & Haber, }97j) are related té the immediate environment of the
' hospital ward. A stressgful situation, such as a‘laboratbry setting,
-may disrupt day-night diffefences-in sleep—states of healthy infants ;;
(Sostek, Anders & Sostek, 1976). ‘ )

The possible aasociation between rhythmicity and hdalth is alsQ?
appllcablq to'humans. Benotti et al. (1976, cited in Moore—Ede &
- Sulzman, 1981).ob3erved.that fatty livers were avoided-ln adult’
patients fed intrafenously if the d%et was 1nfused.in a cyclic rather
than continuous manner. This‘codld also apply to infants kept an
intensive care wards whoimay need to be. fed intravenduslf. |

'smfz

The present data add to the growing literatnre on the
contributions of mother*offspring'%nteracgions to the ontogeny of
biolégical rhythms. It is tempting to postulate that maternal factors
such as the nursing rhytilm ané temperature regulation, in conjunction

{.

~
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with other factors such as LD cycles, not only provide the offspring
with'entraininé cues but also serve to maintain syﬁghrony among the
offepring's various biological rhythma.- It may not be sufficient thatq
the entraining dues are present but that they are present during
certain periods.of developﬁent and also have, for example, the
appropriate amplitude and phase rélétionships wiﬁh other cues. These‘
fagtors in turn may influencé the‘growth and health of the developing

organism. Similar questions should also be purahed in investigations

on human development.
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Appendix A
Feeding Schedules

Generally two pumps were used for infusing the diet. Hence,
there were é;b counterbalanced feeding schedules, arbitrarily labelled
here as "A" and "B." The letter "A" next to & time interval in the
following tables refers to a feediﬁg time for group "A" and a
nonfeeding time for group "B" (vice versa for "B" next to a time
interval).

Noncyclic Schedule- Lights were on from 0800 to 2000 hrs for pups on a

LD cycle except for the ARDL when they were on from 2000 to 0800 hrs.:

A 0815-0855 hrs B 2025-2105 hrs
B 0855-0930 A 2105-2135
A 0930-0955 B 2135-2215
B 0955-1020 4 2215-2300
A 1020-1105 B 2300-2335
B 1105-1130 A 2335-2400
# 1130-1205 B 2400-0030
B 1205-1230 A 0030-0100
A 1230-1305 B 0100-0130
B 1305-1345 A 0130-0155
A 1345-1420 B 0155-0225
B 1420-1455 A 0225-0250

“A 1455-1535, B 0250-0320
B 1535-1600 A 0320-0355
A 1600-1640 B 0355-0430
B 1640-1725 A 0430-0500
A 1725-1750 B 0500-0535
B 1750-1835 ° A 0535-0620
A 1835-1915 B 0620-0705
B 1915-1955 A 0705-0740
A 1955-2025 B 0740-0815
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Feeding (A)

Feeding (B) .

Total time 715 min
Average time 34.05
interval (sem) (1.53)
Number of:0B00-2000 hrs 10
intervals:2000-0800 hrs 11
Time interval (min) Frequency

25 9

30 8

35 11

T 40 8

45 6

Total %2

Cyclic schedule: The following schcdule was 'used for the ARLD-LF,

ARLD-DF, ARLL“LE, ARLL-DF, and ARLD-Temp groups. For most animals on
the LD cycles, 0800 to 2000 hrs was the light period. Some animals in

the ARLD-LF and ARLD-DF groups were on the reverse light cycle (lights

on from 2000 .to 0800 hrs).

0800 to 2000 hrs

rRrErePrdrd PP rE P>

0755-0840
0840-0905
0905-0950
0950-1020
1020-1100
1100-1130
1130-1215
1215-1240
1240-1320
1320-1345
1345-1425
1425-1450
1450-1535
1535-1555
1555-1635

- 1635-1700

1700-1745
1745-1810
1810-1855
1855-1915
1915-1955

hrs

725 min
34,52
{1.46)

10
11

2000 to 0800 hrs

HrEPEHPEPEPEDEDE > D>

1955-2040 hrs
2040-2105
2105-2150
2150-2220
2220~-2300
2300-2330
2330-0015
0015-0040
0040-0120
0120-0145
0145-0225
0225-0250
0250-0335
0335-+0355
0355-0435
0435-0500
0500-0545
0545-0610
0610-0655
0655-0715
0715-0755
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Feeding time (hrs) Percent'feeding from

Schedule 0800-2000 2000-0808 0800~2000hrs
)
A 470 min 250 min 65.3
B 250 min 470 min 34.7

Mean feeding interval of 12-hr period with most feeding=42.7 min. Mean

feeding interval of 12-hr period with least feeding=25.0 min. Total

feeding time=720 min.

Time interval (min) Frequenmcy

20 4
25 12
30 4
40 10
45 12

Total Y3
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Appendix B
Period and area calculations
from the autocorrelation analysis

Figure Bl represents an autocorrelation plot for one block or 3
dayé of data. 1In this case it is from animal NO in the mother-reared
group. The apcissa is the lag in hours and the ordinate is the
autocoé?biutd[u value. ?he dashed line represents the gignificance
level ét p=0.01. Lags between 20.0 and 28.0 hrs were examined for
significant autocorrelation valies. In the example, there are six
successive autocorrelation values between 23.25 and 24.50 hrs inclusive
which exceed the significance level- 0.1771, 0;1439, 0.4284, 0.6376,
0.2454, and 0.1669. The.peak formed by thes; values is referred to as
the "autocorrelation peak” in the text.

[hy

ﬂThe area value would be calculated as follows:

6
Area =~ I (r;-0.134) -
1=1

=(0.1771-0.134)+(0.1439-0.134)+...+(0.1669-0.134)

= (.9953
where "r;” is the auﬁocorrelaﬁion value and‘0.134 is £he significance
level. This is a conservative'estimnte of the area under the peak
{(hatched poftion) and gives an indication of the strength of the

rhythm.
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See

The weig%ted period, or tau, was calculated as follows:

Period = (L (r;-0.134)(p,))/Area
i=1

=((0.0431)(23.25)+..+(0.0329)(24.5))/0.9953
= 23.93 hrs
where "pi" is the lag of the "ith" autocorrelation value.
These calculations were done on each block which had signifiéant

autocorrelation peaks.
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The first number following the colon refers to the

autocorrelation block (0 = 26.5 to 28.5 days PC, etc.), the second

Appendix C

Autocorrelation data
for individval animals
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number.is the mean period, and the third number is the mean area of the

autoéorrelatiop.ﬁiak. Additional peaks are separated by semicolons. .

AR non-food deprivation peaks:

"Group/Rat
ARLﬁ-Temp
Tl-1 : &,
T5-3 7,
Tll-10: 2,
T8-11 : 2,
T8-8 2,
ARLD-LP

W5 : 10,
P2 : 10,
ARLD-DF"
Qlz  : 10,
10-9 : o0,
ARLL~LF
I-7 : 4,
ARLL-DF
B-13 : &,
H-11 : 6,

D-12 : 10,

%]
[
.
Lyt
- - e

0.0387

0.0006; 9, 24.7, 0.0305

0.0249

0.0467; 3, 25.7, 0.0103

0.0050

0.0149
.2, 0.0874

0.0017
0.0354

0.0147; 8, 27.2, 0.0206

0.0186; 7, 22.5, 0.0214.
0.0470;,7, 25.2, 0.0530; §, 23.5, 0.0135

0.0191




Gl
G3 '

Vo
U8
M7

ARDL
7(Apr):

ARLL
-+ 58
512

ARDD
0(Feb):
B(Jun):
11(")

AR food deprivation peaks:

—

: 10, 25.0, 0.0097 y

1, 27.2, 0.0036;
10, 24.0, 0.0095
3, 24.2, 0.0083;
4, 24.0, 0.0117;
5, 23.2, 0.0219:

0, 24.1, 0.0983;. 2, 24.0, 0.0042

8, 22.0, 0.0056
.5, 0.0260

1, 24.2, 0.0305
7, 25.2, 0.0044
7, 24.5, 0.0142

2, 24.0, 0.0298; 3, 24.0, 0.0344;

&, 24.9,
8, 23.7,

10, 21.5, 0.0314

Group/Rat
ARLD-Temp
T1l-1 5, 23.5, 0.0214
T5-0 1, 24.2, 0.0036;
T11-10: 7, 24.1, 0.0348;
T8-11 : 6, 23.0, 0.0151;
T8-8 0, 21.7, 0.0029;
10, 24.2, 0.0375
ARLD-LF
P7 1, 24.2, 0.1048;
W5 4, 24.5, 0.0137;
X4 2, 27.7, 0.0061;
p2 -0, 23.8, 0.0462;
G3 1, 24.2, 0.0152;
12-1 1, 24.7, 0.0371;
9-3 1, 23.9, 0.1288;
9, 25.7, 0.0079;
7-4 1, 22.0, 0.0147
Gl 0, 24.0, 0.0589
E6 0, 26.5, 0.0594;
G7 0, 24.1, 0.0199;

; 9, 23.7,

8, 24.2,

; 9, 26.0,

1, 22.7,

; 6, 23.2,
: 6, 23.0,
; 3, 20.0,
; 7, 25.1,
;5 2, 25.7,
; 2, 23.2,
; 5, 23.2,
; 10,.25.3, 0.0088

; 2, 22.8,
I, 24.0

0.0958
0.0019

0.0170

0.0008; 10, 23.1, 0.0739
0.0144;, 10, 24.2, 0.0310

0.0257;

0.0091

0.0106
0.0231
0.1140
0.0073;
0.0101;
0.0126;

0.0699
0.0161;

7, 24.0, 0.0622;

6, 26.2, 0.0012
, 25.5, 0.0504
,'25.7,.0.02?9;

o JRY =]

2, 20.9, 0.1154
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ARLD-DF

Qo0 : 6, 23.0, 0.0287

Y6 2, 23.4, 0.1809; 3, 23.2, 0.2541

Q12 0, 24.7, 0.0006; 1, 24.3, 0.1834; 4, 23.0, 0.1625
D1l 4, 26.2, 0.0086 '
ARLL~LF

52 : 4, 21.5, 0.0122

1-4 2, 25.4, 0.9948; 3, 24.4, 0.0657

F-1 2, 21.8, 0.1024; 3, 20.2, 0.0273; 6, 26.2, 0.0265;

7, 25.5, 0.0421 ‘ '

I-5 5, 22.5, 0.0477; 6, 22.5, 0.0426 -

ARLL-DF

H-13 : 3, 25.0, 0.0045 ’ -
ARLD .

E15 0, 23.7, 0.0210; 2, 23.5, 0.0026; 3, 23.5, 0.0018
F12 0, 24.0, 0.0511; 1, 22.8, 0.04l1; 2, 22.5, 0.0087;
_ 8, 24.5, 0.0018

VO 6, 20.0, 0.0255
. U8 5, 23.7, 0.0068; 6, 22.7, 0.0251 .

v4  : 5, 25.5, 0.0002; 6, 25.5, 0.0233; 7, 25.2, 0.0159
W9 : 7, 21.2, 0.0079; 8, 21.0, 0.0311; 9, 23.4, 0.0555
W0 . : 6, 28.0, 0.0028; 7, 24.0, 0.0292

W7 :. 7, 25.3, 0.0237 - _

ARDL . ¢
O(Apr): 3, 24.0, 0.0318; &4, 24.0, 0.0437; 5, 22.5, 0.0208 °
2(Apr): 4, 23.2, 0.0025

4(May): 3, 24.5, 0.0057; 9, 20.7, 0.0037

ARLL

10 : 5, 28.0, 0.0088

s12  : 10, 23.0, 0.0078

X2 : 6, 2%.5, 0.0036

ARDD &
3(Feb): , 26.0, 0.0357

5
4, 21.7, 0.0089

L1l /5, 23.7, 0.0367
0 ’

3

9

14 , 22.7, 0.0200; 5, 26.0, 0.0319
8(Jun): 3, 23.0, 0.0176; 8, 23.5, 0.001l1
9(Jun): 9, 23.7, 0.0076; 10, 23.7, 0.0395



*

MRLD autocorrelation peaks:

N12

NO |

N10

N2

N8

N6

N14

2, 24.0, 0.0050; 3, 24.1, 0.2766;
5, 24.1, 0.1222; 6, 23.9, 0.2493;
0.1285; 10, 25.2, 0.0064

0, 23.9, 0.6547; 1, 23.9, 0.9953;
3, 23.8, 0.3836; 4, 23.9, 0.0188;
0.3582; 7, 24.0, 0.1532; 8, 24.0,
24.2, 0.0638

1, 23.7, 0.1858; 2, 23.7, 0.0040;
4, 23.9, 0.1153; 5, 24.0, 0.1237;
0.2358; 8, 24.1, 0.1548; 9, 24.0,

¢ 1, 23.9, 0.395%; 2, 23.9, 0.4303;

4, 23.7, 0.2166; 5, 22.7, 0.0060;

. 0.2984; 8, 24.1, 0.1613; 9, 24.0,

0, 24.3, 0.3534; 3, 24.0, 0.0768;
5, 24.0, 0.0418; 6, 24.0, 0.0362;
0.1014; 10, 23.7, 0.1659

0, 23.8, 0.1764; .1, 23.9, 0.5639;
4, 23.7, 0.0367; 5, 24.0, 0.4937;

.0.2003; 8, 26.2, 0.0651; 9, 26.2,

0, 23.9, 0.6571; 1, 24.0, 0.3226;
3, 23.9, 0.2304; &4, 24.0, 0.0627;
0.1842; 7, 24.0, 0.2671; 8, 24.0,

144

4, 24.2, 0.3138;
7, 23 .9, 0.3296; 8, 23.9,

2, 23.9, 0.6652;
5, 24.3, 0.2483; 6, 24.2,
0.2208; 9, 24.1, 0.1188; 10,

3, 23.9, 0.1213;

6, 24 .1, 0.1512; 7, 24.2,
0.1415; 10, 23.9, 0.1326
3, 23.9, 0.3562;

6, 24.4, 0.0481; 7, 24.3,
0.2974; 10, 24.0, 0.2275
4, 24.0, 0.0629;

8, 25 .8, 0.1879; 9, 23.9,

2, 24.0, 0.0316;

6, 24 .1, 0.5967; 7, 24.1,
0.0189; 10, 23.9, 0:0573
2, 23.9, 0.1575;

5,24 .1, 0.1015; 6, 24.0,
0.0322; 10, 23.9, 0.0354

e
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Appendix D
Plots of 3-hr means over all days
for individual animals from each group’

Figures D1 to D10 are plots of the 3-hr means of activity for
individual rat pups. The dark horizontal bar represents the dark
period. For all figures, excluding Figure D8, the first 3-hr mean of
each-day represents activity from 2000 to 2300 hrs. For the ARDL pup
in Figure D8 the first 3-hr mean of each day is for activity occurring
from 0800 to 1100 hra. The mean periods (tau, in hrs) for each block
which had a significant auﬁocorrelation peak are also shown. An
asterisk next to the period signifies a food deprivation peak. The
details of each figure are as follows:

Figure D1. Rat NO of the MRLD group with a 12:12 LD cycle.

Figure D2. Rat T5-3 of the ARLD-Temp group with a 12:12 LD
cycle. This pup also received 65.3Z of its food
during the light period. The incubator
temperature was higheat during the light.

Figure D3. Rat W5 of the ARLD-LF group with a 12:12 LD cycle.
About 65.3Z of its food was delivered during the
light period.

Figure D4. Rat QL2 of the ARLD-DF group with a 12:12 LD
cycle. About 65.3% of its food was delivered
during the dark period. -

Figure D5. Rat I-7 of the ARLL-LF group on constant light.

About 65.3Z of the food was delivered during the
maternal light period (open bar).

Figure D6. Rat D~12 of the ARLL-DF group on constant light.

About 65.3% of the food was delivered during the
maternal dark period (open bar).

J?ﬁ



Figure D7.

Figure

Figure D9.

Figure

.The animais.in Figures_DB, D5, and D7 are missing data for 26.5

dafs.Pd} Also, the ordinate scale may differ among the figures.

DA8.

» -
D10.Rat gz;\;f the ARLL group on censtant light.

\

!

AN

cycle.

darkness.

AN

-

re

~

G

Rat #11 (March) of the ARDD group on constant

Rat G3| of the ARLD group with a 12:12 LD cycle.

Rat #7 [(May) of the ARDL group with a 12:12 DL

>
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Appendix E
Developmental indices and _
open—field behavior of AR rat pups -
In September and November, 1979, AR pups and their control
littermates ‘were tested .for the appearance of various developmental
indices and changes in their Bﬁen—field behavior. One of the reasons

behind this pilot study was to determine if there were behavioral

changes due to the abmormal. .rearing environment ({.e., maternal

isolation and the artificial diet) of the AR pups. Also, it was a good
“gpporé nity to compare the eféects.of an int;rmittént and continuous
feeding schedule on the behavior af.AR_pﬁps. | (C
o Methéds
Hooded rats were implanted with ga;t§ic cénnulas 3 days after
% \birth and reared in water bath incufators until 18 days PN. One group N
of AR pups (SeptemEZr) was fed continuously (CAR group). The November
group was fed ”intermi;tqgtly" (IAR group) such that they received 5 to
6.5 hrs of feeding timgiéuring the light period (0800 to 2000 hrs) and
9.5 to 11 hrs during the dark,period (2000 to 0800 hrs). The control
littermates remained with the dam. Initially, equal numbers of pups in
. the CAR grgﬁp‘were tested in the open-field on alternating days
bégiﬁning at 5 days PN. étarting on hay 11 they were tested randomly
every day wuntil 18 dayq PN. Pups in the IAR éroup were tested
randomly eﬁery day ffom 5 to 18 days.PN. ContrSI littermates from both.
groups were tféatéd similarly. - : s
A

The open-field area was a”clear, plagtic bréeding cage (29.2 cm °

P




N
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wide x 34.3 cn long x 17.1 cm deep) placed on the floor and marked off
in 12 equal squares with masking tape. The pup was placed in the
center of the cage and its activity was recorded for 2 min. Activity
measures included the amount of time spent grooming, number of lines
crossed, number of head réises, and the number of pivo£ing movements (a
pup will pivot its body in circles using a hindleg and the abdomen as
support). The agé; at which a straight crawl and walking on all four
legs appeared.were also recorded.

~0peu—field testing occurred after (CAR group) or before (IAR
group) weighing and checking for eye opening. .Erect pifnae were
checked daily frpm birth. Testiné took place between 0830 and 1230
hrs. ﬁue to moving, the testing rooms éeré different for the two

groups.r Dams were removed from the cage immediately be

remained.separaéed from the control liptermatee throughout testing.
Regsults -
Sample sizes varied daily mainly due to deaths so only general '
trends in the group means will be discussed. Group_meanp are -based on

11

As can be seen in Figure El, the intermittently fed AR pups

individual pup values.

consistently weighed more tham the continuously fed group except at 10,

13, 14, and 16 days PN.: During these days the tubings to the pump

~ became clogged and prevented delivery of the milk formula. There were -

" no deaths due to bloating in either AR group although many of the CAR

pups appeared bloated and undigested diet could be seen in their

stomachs and intestines. g

y—



Figure El.

Average daily body weights. for the mother-reared pups
(triangles, solid line; n = 7 to 1l1),

intermittently-fed AR (TIAR) pups (squareg; n = 5 to

~ 7), and the continuously-fed AR (CAR) pups (dashed

line; n = 2 to 6).
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, o
< The appearances of some developmental indices are given in Table

~ _,‘\r—/

El;-JRelativé to the mother-redred pups pinnae unfurling was delayed in
the CAR pups but not the IAR pups. The bups that were mogt delayed on
tﬁis meagure were ;hosé-animalé‘wéosé,pinnae ﬁére not unfurled on the
day of su;gary, éuggestiug that gurgical trauma may play a role. Eye
dpening was accelerated'by approximately 1 day in both AR groups.

Both AR groups started grooming at an earlier age and groomed

more -than the control pups until 12 days PN. (Figure E2). This tread

- was reverged after 12 days. Head raising was more frequent in the IAR

pups until 11 days PN and thereafter it was more frequent in the

control groups (Figure E3). The CAR pups conslstently had fewer head

‘raises than the IAR and control pups.

The number of lines c¢rossed were similar for the IAR and control

~ <

gfoupgd’until 15 days PN (Figure EAj. Thereafter, the control pups
were‘;ore.active. CAR pups had the lowest frequencies throughout the

testing period and were delayed in stqrting to crawl straight and walk
on all four iegs'(éqe Table ﬁl).

-Although both éon;rol and IAR pups showed decreasing frequencies
of pivoting between, 6 and 17 dayé PN, the IAR pups Had consistently
higher means thﬁn confrola (Figure'Eﬁ)i TheiCAﬁgpupa had low ﬁiﬁbting
frequencies between 7 and 9 days PN, theﬂ there‘waa a sharp increase in
plvoting at 12 days PR followeé by a decline aftér 14 daysa.

Qualitatively, both AR gfoup3'appeared more frantic and uncoordinated
i3] . '

in their pivoting. They-wohid often flop themselves on their backs




Table -E1 o

Mean age at appearance of
developmental indices

. Pinnae Crawling Eye

Group n? Unfurling Straight Opening

IAR: . 7 3.0 9.0 13.8
o - ST

CAR 56 9.4 13.5 - 14.3

Controls 11 3.4 8.5 15.1

Note. TIAR 1s the intermittently-fed and
artificially reared group and CAR 1is the
continuously-fed group.

8"n" is the mumber of individual animals.

f"




Figure E2.

Figure E3.

Figure E4.

Figure ES5.

Average time spent grooming (secs) for the control

(triangles, solid line), IAR (squares),- and CAR pups
[ &

(dashed line).
\.

Average number of head raises for the control
(triangles, solid line), TAR (aquarea), and CAR pups
(dashed line).

Avérage number of lines crossed for the control
(triangles, s0lid Iine), IAR (squares), and CAR :pups
(dashed line).

Average number of pivots for the control (triangles,
sclid line), IAR (squares), and CAR pups (dashed
line).
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-

whereas the control pups were more cautious and rarely fell over while
. B ;

plvoting. In addition, the AR pups exhibited whole body tremors which

lasted 2 to 3 sec.

. . - Discussion

Relative to the_continuougly fed AR pups the 1ntermittentiy fed
pups had fairly normal body weight gains and an absence of abdominal N
bloating (see Chapter. 2 for a more thorough discussion of "this
problem). . As with the.results Teported here, pinnae unfurling tends to
be delayed in undernmourished rat pups (Smart & Dobbing, 1971; Wehmer &
Jen, 1978). However, the obserﬁation that the most delayed pups were
those whose plnnae were not unfurled on the day of surgery implicates
su%gical trauma or some other factér, as well as malnutrition. The
premature eye opening seen in the AR pups was discussed in detail in
Chapter 2. B

The greater amounts of grooming seen in the AR pups up through

12 days PN are not teadily explained. Hofer (1973) observed that ..
l4~day old pups aeﬁarated from their dams for 18 hours groomed ﬁore
than non-separated pups during the first 5 min of open-fie;d testing.
Both AR groups in the presené study lacked the normal maternal grooming
" so it is unlikely that a single factor is responsible'for'this
behavior. Head-raising, a possible orientafion responge, is evi@eﬁt as
early as 4 days PN in rat pups (Bolles & Woods, 1964). fﬂ; effecga of
undernutrition ;ﬁ ;his reaponsel;re equivocal; some investigatbfé

-

repoft fewer (Smart &'DoBBing, 1971; Wehmer & Jen,- 1978) or more head
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raises (Altman et al., 1971) as a’rgsult of earI;ﬂ;BStnataL
undernutrition. Ags,and the severit%kjf undernut;ition may be-
important. Besides diefary factérs the 9R pups may be‘resﬁonding to
the presence of the cannula through the,skid on the back of the neck.

Pivoting behavior reaches a péak between 6 and 10 days of Ege
" and is then superseded by walking (Blanck et al.,1967).,  Severely and
b 4
mildly undernourihhéd rat pups do not pivoﬁ as frequently as well
. oourished pups, suggesting some type of retardation in locomotor
development (A}tman et al., 1971). The continuously fed Ai group in
the  presenit study also. had low'leqels of pivoting and was delayed in
starting to crawl straight, suggesting that their state of nutrition
may be a factor. Nutrition, however, may be sécondary to the bloating
which oqpurréd in this group. 1In congrast to the continuously fed
grouﬁ the intermittently fed AR pups had high amounts of pivoting”
during the f;rst 13 days of testing but they still crossed fewer
numbers of line& in the open—field than the control littermates. Diaz
et al. (1982a) alsc observed fewer lines grossed in AR pups dPring 5°
min of opén field testing. uSimilhr to these findings 1s the
observ;tionsthst fifteeﬁ—day old rat pups show high dmounts of activity
when isolated in an unfamiliar‘g?vironment {Campbell & Raskin, 1978).
| Pivoting behavior, rather than iine crossing, may predominate in the
IAR pups since théktypea of movements that are possible in the

-

artificial repring environment may be somewhat restricted.
.

In summary, the AR pups differ from mother-reared rats both

v g




152
beLaviorally and in the timing of some developmental indices such as
. ear unfurling and eye opening. Nutrition aﬁd the maternal isolation
nay bé important but other factors probably also contrihﬁte.to the
. observed differences. TIncluded among these factors are surgical
.trauma} environmental temperature differences, feeding schedules, and
the ;l.t;’I1nediate environment of the Bt_:Yl'Dan;T.! cups in the water bath”

»
incubators.
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Appendix F !

Development of day-night differences in
pineal N-acetylserotonin (NAS) levels
Several blochemicals in the pineal gland show strong circadian

rhythms including NAT, melatonin, and serotonin (Klein et al., 1981).

In addition, xfry low levels of illumination during the dark Buppqess

- 'NAT éctivity in qult rats {Minneman et al., 1974). Pineal NAS is the

immediate precuréor to melatonin and .is present in high levels during
the dark period. The'followiﬁg stuay was designéd.to examine the
develbpment.of day-night differénces in‘ﬁAS levels and age-related
effects of the suppressive capacity of different lede;;\;ET
| " R N
1l1lumination. . ' _ ulb
Methods

One to two—week pregnant hooded r#ts were obtained'froﬁ.Blue
Spruce Farms (Altamo;t, N.Y) in July, 1982 and placed on 12:12 LD
(lights on from 0600 to 1860 hra). One day ;fter birth (Day of, birth =
Day p) litters were gulled or crdas—qutere& such that there were 10 to
11 pups in each litter, about half.;ales and half females.

' At birth litters were aasigne&'fo one of 30 age x light.level-
grouﬁs. The six liéht levels were control dark, control light (88
14x), light level 1 (5.5 lux), light level 2 (1.4 lux), light level 3
(0.35 lux), and light level ﬁ (0.17 lux). Pups were killed by
decapitation-(guillotine or scalpel for younger ages) at 4, 6;;7,ﬂ10,

or 14/15 days of age. 1In égditipn, the dams were used as adult

-
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controls. - R’)

For thé‘control dark and the four light lévels (1 to 4) tﬁe
following procedure was used on' the day of. sacrifice: Three female and
three male ﬁups were placéd in separate compartments in a cardboard box
1 hr before dark onseb (about 1700 hrs) and sacrificed abont 3 hrs
later (be;ween 2000 EEEIEEBQ hrs). 1In the controlIdght ¢ nditipn pﬁps
'were.placed'in the box at 1300 hrs and sacrificed attggoo to 16;0 hrs.
~ The cardboard boxes were housed in compartments with Fhe appropriate'
lighting conditions. A 25W red light was used during the dark and the
lower intensity light levels. After decapitatisn the pineals were - (TT'
extracted within 1 to 2. 5~g}n placed in plastic wmini vials and frozen
on dry ice.’ They were then transferred to a storage freezer and kept -~
at -80 degrees C until assaying in SQmmer, 1983.

NAS assay - ’ —_
B A radioimgunoassay (RIA) procedure was used (Pang, Brown, q‘
Campbell, 19815. The frozen plueal was sonicated with 200 ul 9f
-ethanol for 30 sec and then washed with 800 1l ethanol. This was
centrifuged foy 4 min at'8000 rpm and the supernatant was then dried N
down in an e&acuator. " Two mls of fresh phosﬁhatelbuffer {pH 6. 5)'was
: addeé‘;nd the mixture was vortexed, then centrifuged for 20 min at 5000
rpm. Fifty pl of diluted tritiated NAS (approximatelyrzooo cpm) and’
:100 ul oﬁ'antisera were added to 400 ul of the pineal superuatant; “\\\\
After 40 hrs_of incubation at ﬁ.degreea C, B850 111 of concentrated

-

NH,S50, was, added. The samples;were then incubated at 4 degrees“C for 1
. / : . ,\_/\\__\” . -
hr, centriﬁugednﬁor 20 min atlisbo\;pm and the precipitate was
gseparated out. Five hundred fifty ul of deionized water was added to
ey Lo

s
-
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theﬁbrecipitate and then this mixture was vortexed. Five hundred ul _ !
. fj‘
was pipetted into scintillation vials. Five mls of scintillation

cocktall were added and~the'vials were capped, shakem® and counted (for
10 min each) in a scintillation counter. All samples were run in
TN )

duplicat;:‘ Five asgssays were done using the above brocedure.

" Results and Discussion

The number of pilcograms (pg) per plneal of NAS was based on a

standard curve obtained f?r each assay. Due to the relatively low
correlations between the actual amount and the calculated value
obtained for some of the i}andard cur¥es and the high variability

between the assays in the control serum samples the following results ‘
"should be viewed -as very preliminary. . =

Ty

fabie F1 shows the average amount of NAS (plcograms) at each age g&
and for each l%ght level. A aay—night difference is evident-at 4 day§“‘
PN but is not'p;onéunced until 10" days PN. ~This agrees somewhat witﬁ
the pron&unCed day—nigh£ differences in pineal NATlat Z days PN

(Eiliqpn et alr, 1972) and melatonin at 8 days PN {Tamarkin-et al.,
1980) in rat pups. There is mb consistent pattern to the amounts of

NAS observed under the four light levels. The values for the adult

animals were consiatently fgw, even in the control dark condition. The

reagons for this-.are unknown; aasay‘problems, the stress due to

' ) o a /o
handling the animals as well as other factors may be responsible.
[ . .



Table F1

N-acetylserotonin (NAS) levels
in pineal glands

Light Condition

T Age Control Control Level Level Level ngel f
4

(days) Dark’ Light 1 2 3
4 452.1°  310.5  641.5  439.2  553.0  365.9
(63.2) (60.0) (132.4) (130.0) (91.7)  (99.5)
6 , 657.8°  471.2  612.4  448.0  593.7  512.3
- (145.9) ~ (45.4) (143.8) (78.6) (11l6.5) (14.8) p
7 781.6  581.8  973.6 1005.5  674.7  705:3

(269.0) '(236.1) (205.9) (121.9) (163.4) (109.2)

0 1351.7 72.9 509-5 902.9  638.5 1090.7
(278.2) (36.2) (141:3) (125.7) (178.4) (212.6)

\
14f15 957.5 259.5 510.2, 588.4 615.0 558.5
(85.9) {57.7) (46.1) (217.7) (90.2) (146.6)

Adult 211.9  232.2  202.5  230.3 . 172.7 23\.0 - . __
(78.0)  (34.9)  (59.6) (51.1) (17.8)  (40Y3) 'f(fZD

o

: : 1
Note. Va represent the average amount of NAS (in
plcograms) 3¢ eals. Numbers iqfﬁarenthes\s are the
18.e.m. "Cottrol light" is the brightest and "Level 4" is the =

L. L

dimmest.






