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ABSTRACT

Reactions against scale allografts in gulf killifish
were studied to examine circadian variation and
neuroendocrine regulation of immune function.

Although

xnelanophores in autografts remain viable indefinitely,
melanophores in scale allografts were broken down
predominantly at night (12-h scotophases) regardless of the
time of transplantation.

Daily treatment with hormones or

antagonists of neuroendocrine receptors altered the rhythm
of melanophore breakdown when administered at light onset
or light offset.

Daily rhythms of immune activity may be a

direct reflection of growth hormone levels and are
entrained by exogenous Cortisol treatment.

Daily

nonphotoperiodic environmental stimuli overrode
photoperiodic entrainment of immune activity.

Peak

melanophore breakdown occurred 0-12 h after daily handling
disturbances (tank-transfer) or the onset of daily
thermoperiods (from 20°C to 30°C for either 4 or 12 h
durations) and 12-24 h after daily single meal feeding,
irrespective of the phase relationship of these stimuli
with daily photoperiods.

Pretreatment with these stimuli

entrained endogenous 24-h immune activity rhythms in fish
held under constant environmental conditions, including
continuous light.

A general anesthetic, MS-222, prevented
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the entrainment of immune activity rhythms by handling
disturbances.
The length of time required to reject scale allografts
varied in gulf killifish exposed daily to 4-h
thermoperiods, disturbances, or single meals at different
intervals after light onset.

Scale allograft survival

times also varied in fish treated daily with hormones or
antagonists of neuroendocrine receptors.

Daily injections

of growth hormone at light onset and daily injections of
prolactin at either light onset or light offset decreased
scale allograft survival times whereas daily injections of
naloxone or propranolol at light offset prolonged scale
allograft survival times.

The results support the

hypothesis that interactions between circadian
neuroendocrine oscillations influence immune function in
gulf killifish.

v

INTRODUCTION

All eucaryotic cells exhibit circadian rhythms
(Takanishi, 1992).

These rhythms are endogenous in that

they persist in the absence of external time cues with
periods near 24 h.

To be of value to a multicellular

organism, cellular, tissue, and organismal rhythms must be
coordinated.

The coordination of daily rhythms in mammals

(Moore-Ede, 1983; Minors and Waterhouse, 1986; Rossenwasser
and Adler, 1986) as well as lower vertebrates (Ooka-Souda
and Kabasawa, 1988; Janik et al., 1990) is primarily
attributed to hypothalamic cells, called pacemakers or
oscillators.

Multiple pacemakers that are temporally

coupled to each other and influence other oscillators in a
hierarchical arrangement comprise the circadian timing
system of vertebrates.

The presence of a circadian timing

system has adaptive significance in allowing animals to
anticipate periodic environmental changes, such as
photoperiod, food availability, and the presence of
predators (Moore-Ede, 1986).
Circadian rhythms and their importance in regulating
physiology and behavior have been extensively studied in
gulf killifish (reviewed by Meier, 1984).

Based on the

observation that the phase relationships between daily
rhythms change relative to each other during a year, it is
believed that the annual cycle of gulf killifish is
controlled by an interaction of neuroendocrine oscillations
1
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and their expressions (e.g., hormones).

By mimicking the

seasonal changes of these oscillations with timed daily
injections of hormones or neurotransmitter-affecting drugs,
appropriate seasonal responses (i.e., reproductive,
metabolic, and behavioral) have been elicited.

Information

gained from studying gulf killifish has contributed to the
development of methods for treating human diseases such as
obesity and noninsulin dependent (type II) diabetes
mellitus (Cincotta et al., 1988; Cincotta and Meier,1989;
Meier et al., 1992).
The evidence that there is bidirectional communication
between the neuroendocrine and immune systems (Berczi,
1989; Blalock, 1989; Plata-Salaman, 1991; Goetzl and
Sreedharan, 1992) led to the idea that circadian
neuroendocrine oscillations may also be important in
regulating immune function.

Although the effects of

glucocorticoids on immune function have been known for some
time (Munck et al., 1984), prolactin and growth hormone are
also recognized as potent immunoregulators (Gala, 1991).
These hormones exhibit prominent daily rhythms in fish
(Leatherland et al., 1974; Spieler, 1979).
Seasonal variations of immune function are reported in
fish and other poikilotherms (Zapata et al., 1992);
however, daily variations in the immune system have only
been reported in mammals (Haus et al., 1983; Levi et al.,
1991) and chickens (Skwarlo-Sonta et al., 1987).

Nearly
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all hematologic and immunologic indices exhibit daily
variation in mammals.

In general, these rhythms are

organized within an animal so that immune function is
greatest during periods of locomotor inactivity (Levi et
aI., 1991).

Daily immunologic rhythms, a characteristic of

health, appear abnormal or are absent in disease states
such as AIDS (Malone et al., 1992).
Despite the wealth of information concerning circadian
neuroendocrine regulation of metabolism, reproduction, and
behavior in gulf killifish (Meier, 1984), nothing is known
about how this regulatory system might affect immune
function.

The present studies represent initial steps in

filling this gap of knowledge.

Scale transplantation, a

method first employed by Mori (1931), provides an objective
and reliable measure of immune function (Goss, 1961).
Immune reactions against scale allografts in fish appear
equivalent to reactions against skin allografts in mammals
(Botham et al., 1980; Stet and Egberts, 1991).

CHAPTER 1

A DAY-NIGHT RHYTHM OF IMMUNE ACTIVITY DURING SCALE
ALLOGRAFT REJECTION IN THE GULF KILLIFISH, FUNDULUS GRANDIS

4
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Introduction
Studies in mammals have shown that circadian rhythms
influence immune responses (Pownall and Knapp, 1980; Haus
et al., 1983; Levi et al., 1991).

The susceptibility of

mice to pneumococcal infection, for example, is greater in
animals challenged near light offset than in animals
challenged near light onset (Feigin et al., 1969).

Similar

studies in mice have demonstrated circadian rhythms of
immune responsiveness to tumor inoculations (Tsai et al.,
1979) and skin transplants (Halberg et al., 1974).

The

basis for these daily variations has not yet been clearly
defined and information on the possibility that circadian
rhythms of immune responses occur in lower vertebrates is
lacking.
The present study in teleost fish examines immune
responses against scale allografts, in which an objective
assessment of immune reactivity can be determined readily
(for photographs, see Goss, 1961).

The experiments were

undertaken to test for possible variations in immune
reactivity of fish during a day.

Materials and Methods
Animals.

Female gulf killifish, Fundulus arandis (5

to 20 grams), were obtained from a bait dealer in Louisiana
and acclimated to room temperature (24-26°C), 5%o water
salinity (Instant Ocean), and 12:12 light:dark cycles
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(light onset, 0900) for at least two weeks before use.

The

fish were fed commercial flake food (Tetramin) twice daily
during the photophase throughout the acclimation and
experimental periods.

Experimental groups were held in

separate 20-gallon aquaria that shared a common filtration
system.

Water temperature was monitored by computer and

fluctuated less than +0.5°C during an experiment.
Transplantation and assessment of graft survival.
Hosts and donors were anesthestized (0.02% tricaine in
seawater) for scale transplantations and for assessments of
graft survival.

Scale transplantation was performed under

a dissecting microscope by removing unpigmented ventral
scales from a recipient and replacing them with pigmented
lateral scales from a single donor.

Autografts were also

performed in experiment I but were discontinued in later
experiments to avoid additional injury to the hosts.
Scales were transplanted on the recipients in different
patterns to allow identification of individual fish and
types of grafts.. Allograft survival was measured from the
time of transplantation to the time when the stellate
appearances of all melanophores within a scale were no
longer visible under a dissecting microscope (Goss, 1961).
Immune activity was defined as the percent change in the
number of viable melanophores relative to the' initial
number.

9

Experimental design.

Transplants in all experiments

were made at light onset and light offset based on the
results of a pilot study which indicated that first set
allografts transplanted early in the light phase survive
longer than scales allografted late in the light phase.
Experiment I was done in August to determine whether first
set allografts transplanted at light offset are rejected
faster and whether they generate stronger memory responses
than first set allografts transplanted at light onset.
Four groups (9 fish/group) received first set allografts at
either light onset (Groups A and B) or light offset (Groups
C and D).

Second set transplants were performed 14 days

later at either light onset (Groups A and C) or light
offset (Groups B and D), so that the times when second set
tranplants were made in groups B and C were reversed
relative to first set transplants.

Fish were examined

daily for allograft rejection beginning at either light
onset or light offset 48 hours after first set transplants
and 24 hours after second set transplants.

First set

transplants consisted of four allografts and two
autografts.

Second set transplants consisted of four

allografts from the original donor and two third party
allografts.

Each donor and its three recipients were fin

clipped for identification.

Two of the twelve donors died

before the second set transplants, and the corresponding
recipients received six third party grafts.
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Experiment II was done in July using four groups of
eight fish to determine if the trauma of transplantation or
the disturbances of melanophore examination at different
times of day might indirectly affect the rate of allograft
rejection.

Each fish received three allografts at light

onset from one donor and three allografts from a different
donor either 12 hours earlier (Groups A and B) or 12 hours
later (Groups C and D).

Daily melanophore counts were then

made at either light onset (Groups A and C) or light offset
(Groups B and D) beginning 36 or 48 hours after the second
set of transplants.
Experiment III was done in March using two groups of
eight fish to determine whether differences in the survival
of allografts transplanted at light onset and light offset
might be the result of a daily rhythm of immune activity.
Six allografts were performed on each fish at either light
onset (Group A) or light offset (Group B).

Melanophore

counts for both groups were made every 12 hours starting at
light onset of the second day.
Data analysis.

Survival times of first set allografts

in experiments I and III were analyzed by one-way analysis
of variance.

specific and nonspecific (experiment I) and

morning- and evening-grafted (experiment II) scales were
treated as subunits to assess the significance of factors,
subunits, and interactions by two-way analysis of variance.
Experiment III was considered a repeated measures design

11

with time (days after grafting) and period (day or night)
as sub-plot effects and the time of grafting as a main-plot
effect; percent melanophore breakdown on the last day of
observation was not included (less than 5% of the total).
Results are presented as the mean + standard error of the
mean (SEM).

Results
In experiment I, first set allografts survived longer
(p<0.05) when transplanted at light onset compared with
light offset (Table l.i).

Second set transplants were

rejected faster than first set transplants and specific
second set transplants were rejected faster than
nonspecific second set transplants (p<0.05).

The time of

day when first set grafts were performed had no significant
effect on the survival of second set transplants (Groups A
and B compared with Groups C and D); both types of second
set allografts also survived longer (p<0.05) when
transplanted at light onset.

The number of melanophores in

each autograft did not change during the experiment.
In experiment II (Figure 1.1), survival of morninggrafted

scales (at light onset) was about 0.4 days longer

(p<0.001) than evening-grafted scales (at light offset).
The combined survival times of morning- and evening-grafted
scales were not affected by the order of transplantation or
the time of daily examinations.

However, the survival of

Table 1.1. A Comparison of Primary and Secondary Responses to Scale Allografts
Transplanted at Light Onset or Light Offset (Experiment I)."

Transplantation

2nd Set Survival

1st Set Survival

Time of

Groupb

Group

(specific)

(nonspecific)

A

4.58 ± 0.09(31)'

A

2.52 + 0.12(19)

3.33 ± 0.21(6)

B

4.60 ± 0.15(25)

C

2.60 + 0.16(10)

3.60 + 0.12(25)

Light Onset

C

4.26+0.14(27)

B

2.06 ± 0.06(18)

3.00 + 0.13(11)

D

4.33 + 0.14(18)

D

2.33 ± 0.17(9)

3.24 ± 0.16(17)

Light Offset

* Mean allograft survival (in days + SEM) for groups of nine fish.
b The times when second set transplants were made in groups B and C are reversed
relative to first set transplants.
c Values in parentheses indicate the number of intact transplants scored.
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Figure 1.1. Allograft survival in fish rejecting both morning- and evening-grafted
scales from separate donors (experiment II). Evening grafts were transplanted either
before (Groups A and B) or after (Groups C and D) morning grafts and examinations for
rejection were made at either light onset (Groups A and C) or light offset (Groups B
and D). Values above each bar are the number of intact transplants scored.

14

morning-grafted scales was shorter (p<0.05) when preceded
(Groups A and B) rather than followed (Groups C and D) by
evening transplants (4.83+0.10 versus 5.31+0.12 days,
respectively).

Apparently, reactions initiated against

allografts transplanted at light offset nonspecifically
enhanced reactions against allografts made 12 hours later.
Scales grafted at light offset were rejected faster in
77.8% of the fish (range, 57% - 100% for the four groups).
In experiment III (Figure 1.2), the percentage of
melanophores broken down was greater (p<0.001) during the
night than during the day whether the scales were
transplanted at light onset (Group A) or light offset
(Group B), and there was no significant difference between
the two groups.

The number of scales rejected (Figure 1.3)

and the percentage of melanophores broken down were 2-3
times greater during the night than during the day in both
groups of fish.

The difference in allograft survival

between fish receiving transplants at light onset
(4.53+0.11 days) and at light offset (4.18+0.10 days) was
similar to that of experiment I but the difference was not
statistically significant probably because of the smaller
sample sizes.
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Figure 1.2. Day-night variations of melanophore breakdown
in scales transplanted at (A) light onset or (B) light
offset (experiment III). The daily light-dark cycle is
represented by open (light) and hatched (dark) bars along
the ordinate.
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Figure 1.3. Day-night variations of rejection end-points
for scale allografts transplanted at (A) light onset or (B)
light offset (experiment III). The daily light-dark cycle
is represented by open (light) and hatched (dark) bars
along the ordinate.
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Discussion
The results indicate that immune activity against
scale allografts in the diurnally active gulf killifish is
2-3 times greater during the night than during the day.
This interval of increased immune activity, which occurs 12
hours later in scales transplanted at light onset compared
with those transplanted at light offset, probably accounts
for the 0.4 day difference in survival times of both
primary and secondary allografts.

Neither the trauma of

transplantation nor the disturbances and times of
examinations for rejection accounted for these differences
in allograft survival (experiment II).

The present study

is apparently the first demonstration of circadian immune
activity in a lower vertebrate.
Immune activity against renal allografts in humans is
also greater at night.

Based on the change from decreasing

plasma creatinine concentrations after successful renal
transplantation to increasing values after the onset of
rejection, the episode of rejection is most likely to occur
near 0600 hours (Knapp et al., 1979).

The early morning

incidence of renal allograft rejection in humans is
correlated with peaks in the numbers of circulating Thelper and T-cytotoxic lymphocytes (Ferec et al., 1986),
the principal mediators of graft rejection (Hall, 1991).
In addition, Cavallini et al. (1986) reported that a
sinusoidal infusion pattern of cyclosporine (an inhibitor
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of graft rejection) that peaked 2 hours before light onset
delayed allograft rejection in dogs more effectively than
other sinusoidal patterns or a flat one.
Allograft reactions in fish are initiated by genetic
disparity in a histocompatibility system that is similar to
the major histocompatibility system of mammals (Stet and
Egberts, 1991).

Mixed leukocyte reactions in catfish

(Miller et al., 1986; Vallejo et al., 1991) suggest that
the responding cells are lymphocytes which lack surface
immunoglobulins and proliferate in response to T cell
mitogens (Sizemore et al., 1984).

Our observation that

there is a rhythm in the initiation of allograft reactivity
(experiment II) is consonant with studies in humans in
which T lymphocyte receptor density (Levi et al., 1991) and
mitogen responses (Eskola et al., 1976) peaked in the early
morning or late evening, respectively.

Differences in the

initiation of immune reactivity against primary allografts
could also result from circadian differences in the rate of
graft revascularization, a process in fish that is
influenced by temperature and requires 1 day or longer
(Botham et al., 1980; Rijkers, 1982).
Nonspecific cytotoxic cells in fish, which are
functionally similar to mammalian natural killer cells
(Greenlee et al., 1991) and recognize cell surface
molecules other than histocompatibility antigens (JasoFriedmann et al., 1988), may also contribute to the immune
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activity rhythm that we observed.

Circulating numbers of

natural killer cells in humans and cytolytic activity of
natural killer cells in mice reached greatest levels near
the beginning of their daily locomotor activity periods
(Levi et al., 1991).

The substantial difference in

survival of first and nonspecific second set transplants
(Table 1.1) suggests that polymorphism in the
histocompatibility system was limited in the fish of this
study.

The mean rejection rates reported here for Fundulus

grandis appear to be equivalent to rejection rates of scale
allografts observed in Fundulus heteroclitus (Goss, 1961;
Cooper, 1964).
The circadian variation in immune activity reported
here may reflect rhythms of the neuroendocrine system.
Rhythms of circulating Cortisol and prolactin, for example,
have been observed in gulf killifish (and other fish) under
controlled laboratory conditions and in their natural
habitat (Spieler, 1979), and both hormones could impose
rhythms of immune activity.

Corticosteroids, which are

known to inhibit the production of many cytokines and to
reduce vascular permeability (Munck et al., 1984), are
correlated with the onset of locomotor activity in
vertebrates (Meier, 1975) and accordingly could inhibit
immune activity during the day in the diurnally active
killifish.

An inverse relationship between the rhythms of

endogenous corticosteroids and immune activities is
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generally observed in mammals (Pownall and Knapp, 1980;
Levi et al., 1991).

The circadian rhythm of prolactin in

rats is directly correlated with and accounts for the
rhythm of thymic ornithine decarboxylase activity
(Neidhart, 1989), a rate limiting step in cell growth,
proliferation, and differentiation.

Because higher

concentrations of plasma prolactin were observed during the
night in gulf killifish held under conditions similar to
those in the present study (Spieler, 1979), high nocturnal
levels could account for the greater nocturnal immune
activity.

Prolactin levels, as well as immune activity,

are also greater at night in humans (Franz, 1978).
The time of day when transplantation is performed
appears to cause only a small difference in the survival of
scale (present study) and skin (Halberg et al., 1974)
allografts.

Although small, this difference may be

biologically important.

Our difference of about 0.4 days

correlates well with the findings that mice survived 15
hours longer when challenged with fully virulent
pneumococci near light onset, compared with light offset
(Feigin et al., 1969).

On the other hand, 80% of the mice

survived challenges with attenuated pneumococci presented
near light onset whereas none survived identical challenges
near light offset (Feigin et al., 1969).

That is,

infections initiated at the beginning of a daily interval
of reduced immune responsiveness have a longer time to
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develop and ultimately overwhelm the host's response.

A

similar rationale may also explain why mice are more
susceptible to tumor formation when inoculated near light
offset compared with other times of day (Tsai et al.,
1979).
The demonstration of a circadian rhythm of immune
activity in a teleost fish, and the apparent similarities
with mammals, suggests that rhythmicity is a fundamental
attribute of the vertebrate immune system.

In addition to

an increasing awareness that neuroendocrine factors are
important in the regulation of immune function (Berczi,
1989; Blalock, 1989; Plata-Salaman, 1991), the circadian
organization and relationships that exists between these
systems also warrants attention.

The day-night differences

reported here suggest that important events during an
immune response may occur at restricted times of day.

CHAPTER 2

EFFECTS OF TIMED DAILY ADMINISTRATIONS OF HORMONES AND
ANTAGONISTS OF NEUROENDOCRINE RECEPTORS ON DAY-NIGHT
RHYTHMS OF IMMUNE ACTIVITY AGAINST SCALE ALLOGRAFTS
IN THE GULF KILLIFISH, FUNDULUS GRANDIS

22
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Introduction
Numerous studies indicate that the immune and
neuroendocrine systems of mammals are interconnected
(Blalock 1989; Goetzl and Sreedharan, 1992; Plata-Salamon,
1992).

Cells traditionally considered exclusive parts of

the immune system are now known to synthesize, release,
have receptors for, and respond to several neuroendocrine
factors.

Several cytokines originally described as

messengers between cells of the immune system are now known
to affect neuroendocrine tissues as well.

Relatively few

studies have addressed neuroendocrine-immune system
interactions in fish (Ndoye et al., 1991).
Both the neuroendocrine (Minors and Waterhouse, 1986;
Rosenwasser and Adler, 1986) and immune (Haus et al., 1983;
Levi et al., 1991) systems of vertebrates exhibit daily
rhythms; however, few studies have directly examined
whether these rhythms are linked.

The prominent daily

rhythm of immune activity against scale allografts in gulf
killifish (Nevid and Meier, 1993) provides a convenient
model to test whether daily variations in neural and
endocrine activity may influence or account for daily
rhythms of immune function.

Immune activity against scale

allografts, measured by melanophore breakdown, is 2 to 3
times greater at night than during the day.

In the present

study, we examine the influences of timed daily treatments
with hormones and antagonists of neuroendocrine receptors
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on the rhythm of immune activity against scale allografts
in gulf killifish.

Materials and Methods
Animal maintenance.

Female gulf killifish, Fundulus

grandis (average weight about 10 grams), were obtained from
a bait dealer in coastal Louisiana and acclimated in a
large holding tank to 24°C, 5%o water salinity (Instant
Ocean), and 12-h daily photoperiods (light onset, 0800 h)
for at least two weeks.

Commercial flake food (Tetramin)

was provided daily at random times during acclimation.

At

least one week before the start of an experiment, groups of
6 fish were transferred to separate 20-gallon aquaria and
fed twice daily (at light onset and light offset).

The

sides of each aquarium were painted black to shield the
fish from other activty.

Water in the aquaria was

circulated through a common filtration system and
temperature was maintained at 26+0.5°C using a thermostatic
mechanism.
Transplantation and assessment of graft survival.
Fish were transferred to aquarium water containing 0.022%
tricaine (MS-222; Sigma) for scale transplantations and for
assessments of graft survival.

This anesthetic prevents

reentrainment of immune activity rhythms by handling
disturbances (Nevid, Chapter 3).

Scale transplantation was

performed under a dissecting microscope by removing 6
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unpigmented ventral scales from a recipient and replacing
them with 6 pigmented lateral scales from a single donor.
Autografts have previously been shown to survive at least
28 days in fish kept at warm temperature (Nevid & Meier,
1993) and were not performed in the present study to avoid
additional injury to the hosts.

Scales were transplanted

onto the recipients in different patterns to allow
identification of individual fish.

Beginning at light

onset two days after transplantation, the number of viable
melanophores in each scale allograft was counted every 12 h
to assess percent change ea.ch day and night relative to the
initial number.

Allograft survival was measured from the

time of transplantation to the time when the stellate
appearances of all melanophores within a scale were no
longer visible under a dissecting microscope (Goss, 1961).
Study 1: Cortisol.

The effects of morning versus

evening Cortisol treatment on immune function in gulf
killifish held on 12-h photoperiods was examined in two
experiments, one with fish given Cortisol daily throughout
an experiment done in August and one with fish given
Cortisol for 3 days only prior to examinations of
melanophore breakdown in January.

Oral administrations of

Cortisol were prepared by dissolving 12 mg hydrocortisone
(Sigma) in 20 ml of 50% ethanol.

The alcohol-cortisol

mixture was sprayed on 15 g of food (Tetramin) and placed
under a vacuum hood to dry.

Control food was sprayed with
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50% ethanol only.

In both experiments, two groups of fish

(6 fish/group) were fed 0.45 g of cortisol/ethanol-treated
food (about 60 jug cortisol/fish/feeding) daily at either
light onset or light offset and ethanol-treated food at the
other time of day beginning 2 days before scale
transplantation.

Similar oral doses of Cortisol given to

salmon induce changes in plasma Cortisol concentrations
that are within normal physiologic ranges (Wiik et al.,
1989).

Control groups (6 fish/group) were fed ethanol-

treated food at both times of day.

Timed daily Cortisol

feeding began at light offset in the experiment examining
treatment throughout the allograft rejection period so that
each treated group received 2 cortisol-supplemented meals
prior to scale transplantation (performed at midday).

In

the experiment examining pretreatment, timed Cortisol
feeding began at light onset so that each treated group
received 3 cortisol-supplemented meals prior to daily
examinations of melanophore breakdown and then ethanoltreated food at both times of day for the remainder of the
experiment.

During the time when twice daily examinations

of melanophore breakdown were carried out, feed was
provided to fish about 10 minutes after they were returned
to their tanks and recovered from anesthesia.
Study 2: Prolactin and Growth Hormone.

An experiment

done in September compared the effects of morning versus
evening injections of ovine prolactin (gift from NIDDK and
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NHPP, Univ. of Maryland School of Medicine) on immune
function in gulf killifish maintained on 12-h daily
photoperiods.

Three groups of fish (6 fish/group) were

anesthetized (0.022% MS-222) for twice daily injections
beginning in the evening, 36 h before scales were
transplanted.

Each treated fish received 20 /zg prolactin

i.p. (in 0.02 ml 0.65% saline) in either the morning (light
onset) or the evening (light offset) and saline injections
(0.02 ml 0.65%) at the alternate time of day.

Control fish

received saline injections at both times of day.

During

twice daily examinations of melanophore breakdown,
injections were made just prior to returning each fish to
its tank from anesthesia.
The influence of ovine growth hormone (gift from NIDDK
and NHPP, Univ. of Maryland School of Medicine) on immune
activity was examined in two experiments, one with fish
maintained on 12-h daily photoperiods during January and
one with fish maintained under continuous light during
February.

In both experiments, groups of fish were

anesthetized for twice daily injections beginning in the
evening and scales were transplanted 36 h later just prior
to morning injections on that day.

Each treated fish

received i.p. injections of 20 ng growth hormone in either
the morning or the evening and saline at the other time of
day.

Control fish received saline injections at both times

of day as in the prolactin experiment.

In the continuous

28

light experiment, lights were left on beginning the night
before daily injections began.
Study 3: Pharmacologic Agents.

An experiment done in

August examined if cholinergic, /3-adrenergic, or opioid
mechanisms are associated with the nocturnal increases of
immune activity in gulf killifish.

Scale transplantation

was performed on four groups of fish (6 fish/group) at
midday and twice daily examinations of melanophore
breakdown began 2 days later at light onset.

Each fish

received intramuscular injections (0.02 ml in the
dorsolateral musculature) of 250 /xg atropine sulfate (a
cholinergic muscarinic receptor antagonist; Sigma), 250 ju.g
dl-propranolol hydrochloride (a /3-adrenergic receptor
antagonist; Sigma), 250 ng naloxone hydrochloride (an
opioid antagonist; Sigma), or saline carrier (0.65% NaCl)
immediately after each evening examination of melanophore
breakdown (injections began 2 days after scale
transplantation at light offset).

A second experiment done

in September was identical to the first experiment except
that daily injections were made immediately after each
morning examination of melanophore breakdown rather than
after each evening examination.
Data analysis.

Day-night variations of melanophore

breakdown and the effects of timed treatments were analyzed
separately by one-way analysis of variance in a repeated
measures design.

Percent melanophore breakdown on the last
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day of observation was not included if less than 5% of the
total.

At least 80% of the scale allografts remained

intact in each treatment group for observations of
melanophore breakdown.

Results are presented as the mean +

standard error of the mean (SEM).

Results
Study 1: Cortisol.

Day-night variations of

melanophore breakdown were observed in groups of fish fed
Cortisol daily at light onset (p<0.001) or light offset
(p<0.02), as well as in control fish (p<0.001) (Figure
2.1).

The phases of these rhythms differed (p<0.001) in

that melanophore breakdown was greater during the day in
fish fed Cortisol daily at light offset (64% total during
the day) and greater at night in fish fed Cortisol daily at
light onset (75% total at night) and in control fish (73%
total at night).

Allograft survival was shorter (p<0.05)

in fish fed Cortisol daily at light onset compared with
fish fed Cortisol daily at light offset.

Allograft

survival times were 4.9+0.2 days for morning-treated fish,
5.6+0.1 days for evening-treated fish, and 5.4+0.2 days for
control fish.
The influence of pretreating fish with timed Cortisol
meals for 3 days only prior to observations of melanophore
breakdown (Figure 2.2) was similar to treating fish with
timed daily Cortisol meals throughout the experiment
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Figure 2.1. The effects of timed daily Cortisol feeding on immune activity against
scale allografts in gulf killifish. Treated fish were fed cortisol-supplemented food
at either light onset or light offset and control food (alcohol-treated) at the other
time of day. Controls were fed control food at both times of day. Timed feedings
began two days before scale transplantation and were continued until all grafts were
rejected. The open bars along the ordinate depict 12-h daily photoperiods. Each
point represents mean+SEM.
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Figure 2.2. The influence of pretreatment with timed daily Cortisol feeding on
immune activity in gulf killifish. Pretreated groups received cortisol-supplemented
food for the 3 days prior to observations of melanophore breakdown and then control
food until all grafts were rejected.
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(Figure 2.1).

Day-night variations of melanophore

breakdown were observed in fish pretreated with Cortisol at
light onset (p<0.001) or light offset (p<0.05), as well as
in control fish (p<0.02).

The phases of these rhythms were

influenced by Cortisol pretreatment (p<0.01) in that
melanophore breakdown was greater during the day in fish
pretreated with Cortisol at light offset (59% total during
the day) and greater at night in control fish (62% total at
night) and in fish pretreated with Cortisol at light onset
(70% total at night).

Allograft survival times were

similar among the three groups: 5.3+0.2 days for fish
pretreated at light onset, 4.8+0.1 days for fish pretreated
at light offset, and 5.2+0.2 days for control fish.
Study 2: Prolactin and Growth Hormone.

A day-night

variation of melanophore breakdown was observed (p<0.001)
in saline-injected control fish but not in fish that
received prolactin injections at light onset or light
offset (Figure 2.3).

Total melanophore breakdown at night

was 68% for control fish compared with 52% and 55% for
morning- and evening-treated fish, respectively.

Rates of

melanophore breakdown were faster (p<0.001) in both of the
prolactin-treated groups compared with the control group.
Allograft survival times were 4.7+0.1 days for morningtreated fish, 4.6+0.1 days for evening-treated fish, and
5.8+0.2 days for saline-injected control fish.

Treatment
| | Saline

c
*
o
T>
X.
CO
©
v-

AM Prolactin
PM Prolactin

ffl

©

O
a
o
c
ja
a>
S
£.

72

84
96
108
120
Hours After Transplantation

Figure 2.3. The effects of timed daily prolactin injections on immune activity in
gulf killifish. Treated fish were injected with prolactin at either light onset or
light offset and saline at the other time of day. Controls were injected with saline
at both times of day. Daily injections began two days before scale transplantation
u
w
and were continued until all grafts were rejected.
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Day-night variations of melanophore breakdown were
observed (p<0.01) in fish injected daily with growth
hormone at light offset (68% total melanophore breakdown at
night) and in saline-injected control fish (67% total
melanophore breakdown at night) (Figure 2.4).

Total

melanophore breakdown during the day or night was about
equal in fish injected daily with growth hormone at light
onset (45% total at night); however, the rate of
melanophore breakdown was faster in this group compared
with either evening-treated fish (p<0.05) or control fish
(p<0.01).

Scale allograft survival times were 4.3+0.1 days

for morning-treated fish, 5.0+0.1 days for evening-treated
fish, and 5.4+0.2 days for saline-injected control fish.
Daily (i.e., circadian) variations of melanophore
breakdown persisted in fish transferred to continuous light
(saline-injected controls; Figure 2.5).

In contrast to

fish kept on 12-h daily photoperiods, daily variations were
also observed (p<0.001) in fish transferred to continuous
light and injected with growth hormone either in the
subjective morning (0800 h) or evening (2000 h) (Figure
2.5).

The phases of these rhythms differed (p<0.001),

however, in that melanophore breakdown was greater during
the subjective day in morning-treated fish (69% total
melanophore breakdown during the day) and greater during
the subjective night in evening-treated (67% total at
night) or control (68% total at night) fish.
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Figure 2.4. The effects of timed daily growth hormone injections on immune activity
in gulf killifish maintained on 12-h daily photoperiods. Treatments began two days
before scale transplantation and were continued until all grafts were rejected.
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Figure 2.5. The effects of timed daily growth hormone injections on immune activity
in gulf killifish maintained under continuous light. Fish were exposed to continuous
light beginning one day before the start of twice daily injections. Scale
transplantation was performed on the fourth day of continuous light and injections
were continued at 0800 and 2000 h until all grafts were rejected. Subjective days
(open bars) and subjective nights (speckled bars) are depicted along the ordinate.
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survival times were equivalent among the three groups:
5.5+0.1 days for morning-treated fish, 5.5+0.2 days for
evening-treated fish, and 5.6+0.1 days for saline-injected
control fish.
Study 3: Pharmacologic Agents.

Day-night variations

of melanophore breakdown were observed (p<0.001) in fish
injected with saline or atropine at light offset but not in
fish injected at that time with propranolol or naloxone
(Figure 2.6).

Total melanophore breakdown at night was 67%

for saline- or atropine-injected fish, 49% for propranololinjected fish, and 55% for naloxone-injected fish.
Allograft survival was longer (p<0.02) in fish that
received naloxone or propranolol compared with groups that
received atropine or saline.

Scale allograft survival

times for the four groups were: 5.6+0.1 days, naloxonetreated fish; 5.7+0.2 days, propranolol-treated fish;
5.0+0.1 days, atropine-treated fish; and 4.7+0.1 days,
saline-injected control fish.
In contrast to evening injections, day-night
variations of melanophore breakdown were observed in fish
given injections of naloxone (p<0.05) or propranolol
(p<0.001) at light onset and not significantly different in
fish given morning injections of atropine (Figure 2.7).
Total melanophore breakdown at night was 55% in atropinetreated fish compared with 62-67% in the other two groups.
Day-night variations in controls (p<0.05) were similar to
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Figure 2.6. The effects of evening injections of propranolol (/3-adrenergic
antagonist), naloxone (opioid receptor antagonist), or atropine (cholinergic
muscarinic receptor antagonist) on immune activity in gulf killifish. Daily
injections were made at the times of evening examinations of melanophore breakdown
beginning two days after scale transplantation.
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Figure 2.7. The effects of morning injections of propranolol, naloxone, or atropine
on immune activity in gulf killifish. Daily injections were made at the times of
morning examinations of melanophore breakdown beginning two days after scale
transplantation.
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previous studies (66% total melanophore breakdown at
night).

Allograft survival time was similar among all four

groups: 5.7+0.2 days, naloxone-treated fish; 5.4+0.2 days,
propranolol-treated fish; 5.5+0.2 days, atropine-treated
fish; and 5.8+0.1 days, saline-injected control fish.

Discussion
The results indicate that timed-daily administrations
of hormones and antagonists of neuroendocrine receptors can
influence day-night rhythms of immune activity in gulf
killfish.

Most of the treatments examined were only

effective when given at one time of day but not at another:
the two- to three-fold increase of melanophore breakdown in
scale allografts at night was altered by Cortisol,
propranolol (a /^-adrenergic antagonist) , or naloxone (an
/

opioid antagonist) administrations at light offset and by
growth hormone or atropine (a cholinergic muscarinic
antagonist) administrations at light onset.

In contrast,

daily injections of prolactin at either light onset or
light offset altered day-night rhythms of immune activity.
Timed daily Cortisol treatments may entrain a
circadian neuroendocrine oscillation that regulates the
rhythm of immune activity in gulf killifish.

Rhythms of

melanophore breakdown peaked 12-24 h after the time of
Cortisol feeding whether fish were treated with Cortisol
for 3 days only prior to daily observations of melanophore
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breakdown (Figure 2.2) or throughout the experiment (Figure
2.1).

Whereas large injected doses of corticosteroids (2

mg/fish) were required to prolong scale allograft survival
in a closely related species, Fundulus heteroclitus (Goss,
1961), no such effect was observed in the present study
using oral doses of Cortisol (60 /xg/fish) that may induce
changes of plasma Cortisol concentrations within normal
physiologic ranges (Wiik et al., 1989).

The contention

that separate neuroendocrine oscillations regulate daily
rhythms of immune function and circulating corticosteroid
levels is supported by the finding that these two rhythms
reentrain at different rates in mice after the daily lightdark cycle is inverted (Hayushi and Kikuchi, 1985),
suggesting that daily immunologic rhythms are not a direct
result of glucocorticoid rhythms.
The day-night rhythm of immune activity in gulf
killifish may be a direct reflection of circulating growth
hormone levels.

Melanophore breakdown in scale allografts

was 2 to 3 times greater 0-12 h after either morning or
evening injections of growth hormone in killifish kept
under continuous light (Figure 2.5).

Growth hormone

stimulates the generation of cytotoxic T lymphocytes in
vitro (Snow et al., 1981) and deficiencies of growth
hormone in vivo are associated with decreased immune
capability (Gala, 1991; Kelley, 1991) in mammals.
Consistent with the general finding that immune function is
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greater during periods of rest (Levi et al., 1991), daily
rhythms of growth hormone peak during the night in
diurnally active fish (Leatherland et al., 1974) and humans
(Takahashi et al., 1969), and during the day in nocturnally
active rats (Moberg et al., 1975).
Daily light-dark cycles influenced the response of
gulf killifish to morning injections of growth hormone.
Because the time required to reject scale allografts was
reduced by daily injections of growth hormone at the onset
of 12-h photoperiods (Figure 2.4), a photoperiod-entrained
peak of endogenous growth hormone at night may have still
been present in these fish that was not present in
similarly treated fish held under continuous light (Figure
2.5).

Daily light-dark cycles are proposed to directly

entrain a neuroendocrine pacemaker that regulates the daily
rhythm of growth hormone in mammals (Moore-Ede, 1983).
Alternatively, daily photoperiods entrain a second
neuroendocrine oscillation that regulates other daily
rhythms, such as Cortisol (Meier, 1984), that may not be
completely shifted by daily injections of growth hormone in
fish held on 12-h photoperiods.

An interaction between the

two neuroendocrine oscillations could alter the expression
of a daily rhythm of immune activity as well as the
survival of scale allografts.
Prolactin is a necessary progression factor in T
lymphocyte proliferation (Clevenger et al., 1992) and daily
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rhythms of thymocyte proliferation appear directly
correlated with a daily rhythm of prolactin in rats
(Neidhart, 1989).

Thus, prolactin may drive an early step

in a sequence of events (e.g., increasing the number of
precursors available for the generation of cytotoxic T
lymphocytes) that could have both enhanced scale allograft
rejection times and shifted a daily peak of melanophore
breakdown not detected by observations made at light onset
and light offset only (Figure 2.3).

Timed daily injections

of prolactin are reported to alter other immunologic
variables as well as the daily corticosteroid rhythm in
chickens (Skwarlo-Sonta et al., 1987).

Prolactin and

growth hormone increase somatomedin-C levels in male gulf
killifish (Emata, 1990) and somatomedins stimulate the
growth of human T lymphoblasts (Geffner et al., 1990);
however, daily rhythms of responsiveness to prolactin and
growth hormone in gulf killifish appeared similar with
regard to somatomedin-C levels (Emata, 1990) and dissimilar
with regard to scale allograft reactions (Figures 2.3 and
2.4).
Daily injections of atropine (a cholinergic muscarinic
receptor antagonist) only affected day-night rhythms of
immune activity when administered to gulf killifish at
light onset (Figures 2.6 and 2.7).

These results seem

surprising based on the evidence of neurotransmitter
receptors on fish leukocytes (Flory and Bayne, 1991) and
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the findings that the activation of muscarinic receptors on
rat lymphocytes in vitro enhances their ability to kill
allogeneic cells (Strom et al., 1973; Strom et al., 1981).
Although peak melanophore breakdown at night did not appear
to require muscarinic receptor activation at night in gulf
killifish, cholinergic mechanisms are important in
regulating the daily variation of corticosteroid
concentrations in gulf killifish (Srivastava and Meier,
1972; Meier and Srivastava, 1975).

The finding that a

morning injection of atropine prevents the daily rise of
Cortisol during the day in male gulf killifish (Meier and
Srivastava, 1975) may account for the altered rhythm of
melanophore breakdown in the present study with female gulf
killifish (Figure 2.7).
Daily injections of propranolol (an antagonist of /3adrenergic receptors) and naloxone (an antagonist of opioid
receptors) altered day-night rhythms of melanophore
breakdown and prolonged scale allograft survival only in
gulf killifish treated at light offset (Figures 2.6 and
2.7).

Although /3-adrenergic agonists and endogenous

opiates can stimulate the generation of mammalian cytotoxic
cells in vitro (Hellstrand et al., 1985; Hatfield et al.,
1986), opposing results have also been reported for similar
in vitro studies (Strom et al., 1973; Strom et al., 1981)
and in studies with fish (Faisal et al., 1989).

Adrenergic

agonists (i.e., ephedrine, isoproterenol, or salbutamol)

45

administered daily to gulf killifish at light onset,
beginning 2 days before scale transplantation, only
moderately increased melanophore breakdown during the day
(data not shown).

Although further studies are warranted,

these findings suggest that day-night rhythms of
melanophore breakdown in gulf killifish are not primarily a
result of daily rhythms of adrenergic activity.

The

finding in mice (a nocturnal animal) that an antagonist of
both a- and /3-adrenergic receptors (labetalol) is more
inhibitory for a cell-mediated immune response (graft
versus host reaction) when administered in the morning
(Radosevic-Stasic et al. , 1987) seems to support our
findings.

In addition, naloxone and opioid peptides

influence other daily rhythms in fish (Kavaliers, 1984).
The results of the present study support the
hypothesis that circadian neuroendocrine rhythms are linked
with daily rhythms of immune activity and the ability to
reject scale allografts in gulf killifish.

These findings

also demonstrate that observations of neuroendocrine-immune
interaction based on unspecified treatment and sampling
times during the day should be interpretted with caution.
Infectious agents, such as human immunodeficiency virus,
can disrupt or abolish daily hormonal rhythms in patients
(Villette et al. , 1990), suggesting a bidirectional
circadian organization between the neuroendocrine and
immune systems.

CHAPTER 3

ENTRAINMENT OF A CIRCADIAN RHYTHM OF IMMUNE ACTIVITY
IN A TELEOST FISH BY TIMED DAILY HANDLING,
TEMPERATURE CHANGES, AND FEEDING
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Introduction
Circadian rhythms affect the physiology and behavior
of all eucaryotes (Takahashi,1991).

These rhythms are

endogenous (in that they persist in organisms kept under
constant environmental conditions) and can be entrained
(phase set) by daily environmental stimuli (Biinning, 1973).
Although the daily light-dark cycle is generally the most
effective entraining stimulus, some rhythms are
preferentially entrained by other daily stimuli such as
time-restricted food availability (Boulos and Terman, 1980;
Boujard and Leatherland, 1992) or temperature fluctuation
(Underwood, 1985).

The presence of a circadian timing

system that can anticipate multiple environmental stimuli
has adaptive (Moore-Ede, 1986) as well as physiological
(Meier, 1984) significances for animals.
Evidence is accumulating that daily rhythms also
characterize immunologic processes (Levi et al, 1991).
Although the entrainment of immunologic rhythms by daily
photoperiods is generally recognized and known to be
important in constructing experimental protocols (Pownall
and Knapp, 1980) , possible entrainment by other types of
environmental stimuli has received little attention.

We

have previously reported a robust daily rhythm of immune
activity against scale allografts in gulf killifish that
peaks during the night (Nevid and Meier, 1993).

In the

present study we examine whether daily stimuli other than
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photoperiods can preferentially entrain immune activity
rhythms.

Materials and Methods
Animals.

Female gulf killifish, Fundulus crrandis (5

to 20 grams), were obtained from a bait dealer in coastal
Louisiana and acclimated in large holding tanks to 24°C, 5%o
water salinity (Instant Ocean), and 12-h daily photoperiods
(light onset, 0900 h) for at least two weeks before
experimentation.

Commercial flake food (Tetramin) was

provided at random times during acclimation and at specific
times of day during experimental periods.

Timed daily

handling and feeding experiments were done with fish held
in 20-gallon aquaria that shared a common filtration
system.

Water temperature in these studies was maintained

at 26+0.5°C or 20+0.5°C using a thermostatic mechanism.
Thermoperiod and continuous light experiments were done
with fish held in trays (containing 12 liters of water)
submerged in a water table maintained at 20+0.5°C.

Each

tray was supplied with an airstone and a 200-watt heater
calibrated to 30+l°C.

Each heater was connected to a

computer that served as either a timer or a thermostat
(26+0.5°C).

Water was heated to 30°C in about 60 minutes

and cooled to 20°C in 75-90 minutes.

Water was replaced at

the time of scale transplantation and every 3 6 h during
examinations for allograft survival.
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Transplantation and assessment of graft survival.
Transplantation was performed at midday in all experiments.
Fish were anesthetized with 0.022% tricaine (MS-222; Sigma)
in aquarium water for scale transplantations and for
assessments of graft survival.

Scale transplantation was

performed under a dissecting microscope by removing 6
unpigmented ventral scales from a recipient and replacing
them with 6 pigmented lateral scales from a single donor.
Autografts have previously been shown to survive at least
28 days in fish kept at warm temperature (Nevid and Meier,
1993) and were not performed in the present study to avoid
additional injury to the hosts.

Scales were transplanted

onto the recipients in different patterns to allow
identification of individual fish.

Immune activity was

assessed by counting the number of viable melanophores
within each scale every 12 h (beginning at 0900 h) to
determine the percentages of melanophore breakdown each day
and night.

Allograft survival was measured from the time

of transplantation to the time when the stellate
appearances of all melanophores within a scale were no
longer visible under a dissecting microscope (Goss, 1961).
Experiment 1.

The daily handling disturbance

consisted of netting unanesthetized fish and transferring
them to an adjacent tank.

Two groups (8 fish/group) were

handled daily at either light onset or light offset before
and during the observation period.

Scale transplantation
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was performed on the third day after each group had been
handled twice.

Observations for melanophore breakdown were

carried out in anesthetized fish beginning 2 days later for
fish kept at 26°C in August.

Previous studies indicated

that environmental signals do not entrain rhythms in
killifish treated with MS-222 (Nevid and Meier, 1993; see
also experiment 2).

During days of observations, morning

or evening disturbances were performed in recovered fish 15
minutes after they were returned to their tanks from
anesthesia.

Both groups were fed liberal amounts of food

near light onset and light offset throughout the
experiment.
Experiment 2.

Because fish are also netted and

disturbed for scale transplantation and allograft
examination, the effects of daily handling and anesthesia
on immune activity was further examined.

Two groups of

fish (6 fish/group) were transferred to pails of water
containing either 1.5 1 of aquarium water without MS-222 or
1.5 1 of aquarium water containing 330 mg MS-222 for 10 min
at light onset for 3 consecutive days prior to examinations
of melanophore breakdown.
was left undisturbed.

An additional group of 6 fish

Scale transplantation was performed

on the second day and examinations for melanophore
breakdown began on the fourth day for all three groups.
Fish were kept at 26°C and fed liberal amounts of food near
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light onset and light offset for an experiment done in
October.
Experiment 3.

Daily thermoperiods were provided by

raising water temperature from 20°C to 30°C for 4- or 12-h
durations.

Thermoperiods were initiated at either light

onset or light offset.

Scale transplantations were

performed on the third day of thermoperiod treatments.
Observations for melanophore breakdown began 2 days later
for the 2 groups (6 fish/group) exposed to 12-h daily
thermoperiods and for the 2 groups (6 fish/group) exposed
to 4-h daily thermoperiods.

Each group was fed liberal

amounts of food near light onset and light offset
throughout the study done in March.
Experiment 4.

Timed feeding groups (8 fish/group)

were fed 1.2 g of food (approximately 1.5% body
weight/fish) daily at either light onset or light offset.
Scale transplantation was performed on the third day after
each group had been fed two timed meals.

Observations for

melanophore breakdown began either 2 days later for an
experiment done at 26°C in June or 3 days later for an
experiment done at 20°C in July.

During days of

observations, morning or evening meals were given 15
minutes after the fish were returned to their tanks and
recovered from anesthesia.
Experiment 5.

Three groups of fish (6 fish/group)

were placed on continuous light in April and treated daily
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at 0930 h for 4 days with either a single meal, handling,
or exposure to 4-h thermoperiods.

Each stimulus was

administered as in the previous experiments and scale
transplantations were performed on either the first day
(thermoperiod group) or the third day (timed feeding and
handling disturbance groups) of continuous light.

Timed

stimuli were terminated after the fourth day and all fish
were kept at constant temperature (26°C or 20°C for
thermoperiod group) and continuous light without feeding
for the duration of the graft observation period.
Data analysis.

The effect of timed treatments on

percent melanophore breakdown and the presence of day-night
periodicity within individual groups were analyzed
separately by two-way analysis of variance in a repeated
measures design.

Data from the initial or final days of

observation were not included if less than 5% of the
melanophores were broken down.

At least 75% of the scale

transplants remained intact in each group for observations
of melanophore breakdown.

Results are presented as the

mean + standard error of the mean (SEM).

Results
Day-night rhythms of melanophore breakdown were
observed in both morning-handled (p<0.001) and eveninghandled (p<0.002) groups of fish (Experiment 1; Figure
3.1).

The phases of these rhythms were influenced by the
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timing of daily tank-transfer disturbances (p<0.001), so
that higher percentages of melanophore breakdown occurred
during the photophases for fish handled at light onset
(62%) and during the scotophases for fish handled at light
offset (66%).

Mean allograft survival times were not

different between the two groups (morning-handled:4.8+0.1
days; evening-handled: 4.5+0.1 days).
Day-night variations of melanophore breakdown were
also observed (p<0.001) in both groups handled daily at
light onset (one with and one without anesthesia) as well
as in an undisturbed group (Experiment 2; Figure 3.2).

The

time of day when melanophore breakdown increased was
different, however, among the three groups.

Total

melanophore breakdown was greater during the scotophases
for both handled-anesthetized (73%) and control (72%) fish
and during the photophases for handled-nonanesthetized fish
(62%).

The rate of melanophore breakdown (comparing total

melanophore breakdown each 24-h period) was slower (p<0.05)
in the handled-nonanesthetized group compared with
controls.

Mean allograft survival times were 5.5+0.1 days

for handled-nonanesthetized fish, 5.0+0.1 days for handledanesthetized fish, and 4.8+0.2 days for undisturbed fish.
Daily variations of melanophore breakdown were
observed (p<0.001) in each of the 4 thermoperiod groups
(Experiment 3; Figure 3.3).

The time of day when

melanophore breakdown increased was influenced by the time
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Figure 3.2. Effects of handling and MS-222 on day-night variations of immune
activity. Groups of fish were transferred to pails of water with or without MS-222
at light onset for 3 consecutive days or left undisturbed (control) prior to
observation.
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of thermoperiod onset (p<0.001).

Fish exposed to

thermoperiods initiated at light onset had higher total
melanophore breakdown during the photophases (4-h
thermoperiod group: 74%; 12-h thermoperiod group: 77%)
while fish exposed to thermoperiods initiated at light
offset had higher total melanophore breakdown during the
scotophases (4-h thermoperiod group: 81%; 12-h thermoperiod
group: 77%).

Mean allograft survival times in fish exposed

to 12-h thermoperiods (5.8±0.1 days for both groups) were
shorter (p<0.05) than in fish exposed to 4-h thermoperiods
(morning-initiated: 7.6+0.2 days, evening-initiated:
7.4+0.3 days).
A daily variation of melanophore breakdown was
observed in fish kept at 26°C and fed daily at light onset
only (p<0.001); day-night variations were not significant
in fish fed at light offset only (Experiment 4; Figure
3.4).

Melanophore breakdown during the day or night in the

2 groups was affected by the time of feeding (p<0.001).

In

contrast to daily handling and daily thermoperiods, immune
activity increased at intervals of 12-24 h after the time
of feeding.

Total melanophore breakdown during the

scotophases was 75% for fish fed at light onset compared
with 66% during the photophases for fish fed at light
offset.

Mean allograft survival times were not different

between the two groups (morning-fed:3.9+0.1 days; eveningfed:4.0+0.1 days).
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Figure 3.4. Day-night variations of immune activity in fish kept at 26°C and fed
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At 20°C, day-night rhythms of melanophore breakdown
were present (p<0.001) in both groups of time-fed fish.
The time of daily feeding affected the phase of the immune
activity rhythm (p<0.001) so that 80% of the melanophores
were broken down during the scotophases in morning-fed fish
compared with 76% during the photophases in evening-fed
fish (Experiment 4; Figure 3.5).

Mean allograft survival

times did not differ between the two groups (morningfed:8.2±0.3 days; evening-fed:8.0+0.2 days).
In fish held on continuous light and pretreated for 4
days with either single daily meals, daily handling
disturbances, or 4-h daily thermoperiods, circadian
variations of immune activity persisted (p<0.001)
thereafter in unfed fish kept on constant light and
temperature (Experiment 5; Figure 3.6).

The intervals of

increased immune activity occurred daily between 2100 and
0900 h for fish pretreated at 0930 h with single meal
feedings and between 0900 and 2100 h for fish pretreated at
0930 h with either tank-transfer disturbances or 4-h
thermoperiods.

Mean survival times of grafts were 4.0+0.1

days for fish pretreated with timed feeding, 4.6+0.1 days
for fish pretreated with timed handling disturbances, and
8.5+0.3 days for fish pretreated with 4-h daily
thermoperiods.
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Figure 3.5. Day-night variations of immune activity in fish kept at 20°C and fed
single meals daily at either light onset or light offset.
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Discussion
Immune activity against scale allografts is 2-3 times
greater at night than during the day (LD 12:12) in gulf
killifish kept at constant temperature and fed twice daily
(light onset and light offset) (Figure 3.2; Nevid and
Meier, 1993).

Several daily stimuli, however, can override

photoperiodic entrainment of immune activity in gulf
killifish.

Peak immune activity was observed 0-12 h after

daily handling disturbances or the onset of daily
thermoperiods and 12-24 h after the timing of single daily
meals irrespective of the relationships of these daily
signals with the light-dark cycle (Figure 3.7).
The daily variations of immune activity against scale
allografts are expressions of an endogenous circadian
oscillation.

Rhythms of immune activity persisted for at

least several days under constant environmental conditions
(Figure 3.6).

In addition, the phases of these rhythms

under constant conditions following pretreatment with daily
handling, temperature changes, or single meal feedings were
equivalent to those observed in animals treated
continuously with these daily stimuli and held under a LD
regimen (Figures 3.1, 3.3, and 3.4).
Allogeneic cells (e.g., melanophores) are broken down
primarily by activated T lymphocytes (Stet and Egberts,
1991; Rosenberg and Singer, 1992).

In humans, the numbers

of circulating T lymphocytes and their major subsets are
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50-100% greater near midnight compared with noon (Levi et
al., 1991) and renal allograft rejection has been
determined to peak during the night (Knapp et al., 1979).
Natural cytotoxic cells in fish (Stet and Egberts, 1991),
similar to natural killer cells in mammals (Morretta et
al., 1992), can also contribute to allograft rejection.
Daily rhythms of immune activity may be linked with
daily rhythms of growth hormone.

Consistent with the

findings that immune function is greater during periods of
rest (Levi et al., 1991), plasma concentrations of growth
hormone peak during the night in diurnally active fish
(Leatherland et al., 1974) and humans (Takahashi et al.,
1968), and during the day in nocturnally active rats
(Moberg et al., 1975).

Growth hormone stimulates the

generation of cytotoxic T lymphocytes in vitro (Snow et
al., 1981) and induces peak melanophore breakdown in scale
allografts 0-12 h after either morning or evening
injections in killifish held under continuous light (Nevid,
Chapter 2).

Immune activity against scale allografts is

also enhanced by timed daily injections of prolactin in
gulf killifish (Nevid, Chapter 2).
In contrast to growth hormone, daily rhythms of immune
activity appear inversely correlated with daily rhythms of
Cortisol.

Glucocorticoids reduce major histocompatability

complex class II antigen expression, redistribute T
lymphocytes from the blood to extravascular pools, and
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inhibit the production of cytokines that stimulate cellmediated immune processes (Dupont, 1988).

Daily

glucocorticoid rhythms, which rise in anticipation of
locomotor activity onset (Spieler, 1979; Minors and
Waterhouse, 1986), appear to be inversely correlated with
the number of circulating lymphocytes in nocturnally active
mice (Kawate et al., 1981) and diurnally active humans (Abo
et al., 1981).

Melanophore breakdown in scale allografts

peaks 12-24 h after oral administrations of Cortisol to
gulf killifish at light onset or light offset (Nevid,
Chapter 2).
Based on the positive and negative relationships of
growth hormone and glucocorticoids with immune function,
the occurrence of peak immune activity at intervals of 1224 h after the time of feeding might have been predicted
(Figures 3.4 and 3.5).

That is, plasma glucocorticoid

levels (and the onset of daily locomotor activity) peak
near the time of feeding in rodents (Boulos and Terman,
1980) and fish (Spieler and Noeske, 1984) whereas growth
hormone levels tend to peak 12 h after the time of feeding
in rats (Moberg et al., 1975).

Greater immune activity 12-

24 h after feeding may also be related to the minimal
levels of prolactin (an immunostimulatory hormone) observed
near the time of feeding in fish (Spieler et al., 1977) and
rodents (Bellinger et al., 1975).
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The finding that the daily peak of immune activity
occurred 0-12 h after daily handling (Figure 3.1) may be
surprising since disturbances are generally associated with
elevated glucocorticoid levels (Fries, 1986; Khansari et
al., 1990; Barton and Iwama, 1991).

Increased immune

activity shortly after disturbances, however, has been
reported by other investigators.

For example, the activity

of natural killer cells increases immediately after daily
restraint-stress in rats (Jain and Stevenson, 1991).

In

addition, the number of circulating T lymphocytes in humans
(Gabriel et al., 1992) and the mitogenic responses of T
lymphocytes in rats (Tharp and Preuss, 1991) increase
immediately following strenuous exercise.

The

immunostimulatory effect of disturbances may be linked with
the stress-induced increases of growth hormone and
prolactin (Kelley and Dantzer, 1991), which may predominate
over the immunosuppressive effects of glucocorticoids
(Sandi et al., 1992).

The finding that the daily rhythm of

corticosterone peaks near light onset one day after rats
are pretreated with daily restraint sessions near light
offset (Ottenweller et al., 1987) seems to support our
results in fish that circadian variations of immune
activity peaked 0-12 h after the time of preteatment with
daily disturbances (Figure 3.6).
Our previous study (Nevid and Meier, 1993) indicated
that immune activity peaks at night whether killifish are
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handled daily at light onset or light offset for scale
transplantation and examinations of allograft survival when
fish are anesthetized at these times.

Since killifish were

not completely anesthetized until about 3 minutes after
they were transferred to anesthetic, the present study
(Figures 3.1 and 3.2) suggests that entrainment activities
of daily disturbances required at least several minutes
from the initiation of the signal.

In teleosts, MS-222

appears to act primarily on the central nervous system
(Ryan, 1992) and has been shown to suppress physiologic
changes associated with disturbances (Morales et al.,
1990).
Our finding that daily disturbances entrain a
circadian rhythm of immune activity may explain some of the
apparent contradictions in the literature concerning stress
and immune function (Dantzer and Kelley, 1989; Kelley and
Dantzer, 1991).

Our results indicate that measuring immune

function at a single time-point following disturbances
could yield an increase, decrease, or no effect depending
on the time of day when measurements are made relative to
daily disturbances (Figures 3.1 and 3.2).

In addition, our

results seem to support the conclusion of others
(Ellsaesser and Clem, 1987; Maule and Schreck, 1990) that
stress-induced immunologic changes in fish are not a direct
result of elevated Cortisol levels.
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Immune activity also peaked 0-12 h after daily
temperature increases (from 20°C to 30°C) in fish exposed
to 12-h or 4-h daily thermoperiods (Figure 3.3).

On the

other hand, 12-h daily thermoperiods did not entrain the
circadian rhythm of immune activity when temperature was
increased from 24°C to 30°C (unpublished results).

The

possibility that a critical temperature (between 20°C and
24°C) must be crossed in order to provide an entraining
signal deserves further study.

A critical temperature

between about 20°C and 25°C is also reported to affect the
length of time required to reject scale allografts in
goldfish (Hildemann and Cooper, 1963).

Survival times of

scale allografts were greatly decreased when goldfish were
held at constant temperatures from 10°C to 20°C, whereas
only small decreases in allograft survival were observed in
fish held at 25°C to 32°C.

A critical temperature

threshold for growth hormone stimulation has also been
demonstrated in turtles (Licht et al., 1989; Licht et al.,
1990).

The longer allograft survival times observed in

fish kept at 20°C (Figure 3.5) compared with fish kept at
26°C (Figure 4), and in fish kept at 20°C for 20 h compared
with 12 h daily (Figure 3.3), are in agreement with the
general finding that low environmental temperatures
suppress immune function in poikilotherms (Wright et al.,
1978; Avtalion, 1981; Bly and Clem, 1992).
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The daily stimuli examined in this study have
previously been found to increase or decrease metabolic and
reproductive indices in several vertebrates depending on
the time of day when the stimuli are given (Meier et al.,
1973; Spieler et al., 1977; Noeske and Meier, 1977; Ferrell
and Meier, 1981; Weld and Meier, 1983; Weld and Meier,
1984).

The time-dependent effects of these stimuli were

explained as an interaction between two neuroendocrine
oscillations, one entrained by the daily light-dark cycle
and another entrained by non-photic stimuli (Meier, 1984).
The results of the present study demonstrate that an immune
activity rhythm can be entrained by several non-photic
daily stimuli that may override photoperiodic entrainment,
and the results of others (Holloway et al., 1979; Spieler
and Noeske, 1984; Weber and Spieler, 1987) indicate that
other rhythms (i.e., hormonal and behavioral) are
preferentially entrained by photoperiod.

Although the

timing of daily feeding, handling, and thermoperiods at
light onset or light offset did not affect the length of
time required to reject scale allografts in these shortterm studies, longer term studies are contemplated to test
for such an interaction on immune function.

CHAPTER 4

DAILY VARIATIONS IN THE EFFECTS OF THERMOPERIODS, FEEDING,
AND DISTURBANCES ON SCALE ALLOGRAFT SURVIVAL
IN THE GULF KILLIFISH, FUNDULUS GRANDIS
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Introduction
Several environmental stimuli can increase, decrease
or have no effect on physiologic indices in animals
depending on the time of day when the stimuli are given
(reviewed by Meier, 1984).

These physiologic changes may

be explained as an interaction between two circadian
neuroendocrine oscillations, one entrained by daily
photoperiods and another influenced by non-photic stimuli
(Meier, 1984).

Stimulatory or inhibitory phase

relationships between these oscillations occur in fish when
nonphotic environmental stimuli are administered daily at
different intervals after light onset.

In fish, the time-

dependent influences of daily thermoperiods, disturbances,
and feeding on gonadal growth, fat deposition, and body
growth are sufficiently large to be of value to fish
culturists (reviewed by Spieler, 1990).
Timed daily handling, thermoperiods, and feeding can
phase-set an endogenous daily rhythm of immune activity in
gulf killifish (Nevid, Chapter 3).

In this study, I

examine whether the length of time required to reject scale
allografts is altered in gulf killifish exposed to these
daily stimuli at different intervals after light onset.
Testicular weights were also determined to assess possible
relationships of timed treatments on immune capability and
gonadal growth.
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Materials and Methods
Animal maintenance.

Male gulf killifish, Fundulus

arandis (5 to 20 grams), were obtained from a bait dealer
in coastal Louisiana and acclimated in large holding tanks
to 24°C,

5%o

water salinity (Instant Ocean), and either 12-

h or 14-h daily photoperiods for at least two weeks before
experimentation.

Commercial flake food (Tetramin) was

provided at random times of day during acclimation.
Thermoperiod experiments were done with groups of fish held
in trays containing 12 liters of water.

Each tray was

submerged in a water table maintained at 20±0.5°C by a
thermostatic mechanism and each tray was supplied with an
airstone and a 2 00-watt heater set to bring water
temperature to 3 0±l°C.

Each heater was connected to a

computer that initiated 4-h daily thermoperiods at one of
six different times of day (0, 4, 8, 16, or 20 h after
light onset).

Water was heated to 30°C in about 60 minutes

and cooled to 20°C in 75-90 minutes.

Water was replaced

every other day during examinations for allograft survival.
Timed daily feeding and disturbance (net chasing)
experiments were done with fish held in lightproof wooden
aquaria in which the onsets of 12-h daily photoperiods were
staggered by 4-h intervals, so that daily single meal
feedings or disturbances given at one time of day occurred
at six different times relative to light onset.
circulated through a common filtration system and

Water was
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temperature was maintained at constant 24±0.5°C using a
thermostatic mechanism for the timed feeding and
disturbance experiments.
Transplantation and assessment of graft survival.
Fish were transferred to aquarium water containing 0.022%
tricaine (MS-222; Sigma) for scale transplantations and for
assessments of graft survival.

This anesthetic has been

shown to prevent entrainment of immune activity (Nevid,
Chapter 3) and suppress physiologic changes (Morales et
al., 1989) induced by handling disturbances in fish.

Scale

transplantation was performed under a dissecting microscope
by removing 6 unpigmented ventral scales from a recipient
and replacing them with 6 pigmented lateral scales from a
single donor.

Autografts have previously been shown to

survive at least 28 days in fish kept at warm temperature
(Nevid and Meier, 1993) and were not performed in the
present study to avoid additional injury to the hosts.
Scales were transplanted onto the recipients in different
patterns to allow identification of individual fish.
Allograft survival was measured from the time of
transplantation to the time when the stellate appearances
of all melanophores within a scale were no longer visible
under a dissecting microscope (Goss, 1961).
Gonadosomatic Index.

When all scale allografts were

rejected, feed was restricted for 24 h and the fish were
then killed by overanesthesia (MS-222) at midday.

Body and
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gonad weights were recorded to calculate a gonadosomatic
index (GSI=100 x gonad weight/body weight) for each fish.
Experimental protocol.

Daily thermoperiods were

administered by raising water temperature from 20°C to 30°C
for 4 h daily.

Eight fish at a time were transferred from

a large holding tank to a pail containing anesthetic for
scale transplantation and then distributed randomly and
equally among 8 groups.

Six timed-thermoperiod groups (6

fish/group) were treated with 4-h daily thermoperiods
initiated at different times of day (0, 4, 8, 12, 16, and
20 h after light onset) and two control groups (6
fish/group) were kept at constant cold (20°C) or constant
warm (30°C) temperatures.

Scale transplantations and daily

observations for scale allograft survival (beginning three
days after scale transplantation) were done early in the
photoperiod for an experiment done with fish maintained on
LD 14:10 during July and late in the photoperiod for an
experiment done with fish maintained on LD 12:12 during
February.

Fish in both experiments were fed twice daily

near light onset and light offset.
Six timed-feeding groups (6 fish/group) were fed 0.9
grams of food once daily (approximately 1.5% body weight).
Groups of fish were transferred to tanks subjected to one
of six different staggered photoperiods and allowed to
acclimate for 10 days before scale transplantation in
January.

Single daily meal feeding began at 1200 h on the
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eighth day, so that daily feeding occurred at six different
phase relationships relative to the daily photoperiods
(single meals at 0, 4, 8, 12, 16, and 20 h after light
onset).

A control group (6 fish) was fed liberal amounts

of food twice daily (at light onset and light offset) so
that it was available to them during most of the dayScale transplantations and daily observations for allograft
survival (beginning 4 days after transplantation) were made
in the evening.

Fish exposed to scotophases at the time of

scale transplantation or daily observation were kept in the
dark except for about 2-3 minutes when they were under
anesthesia.
Daily disturbances were administered by chasing the
fish with a net for 1 minute.

Six groups of fish (6

fish/group) were transferred to lightproof aquaria and
acclimated to staggered photoperiods for 10 days before
scale transplantation in March.

Daily disturbances began

at 2100 h on the eighth day, so that disturbances occurred
at six different phase relationships relative to .the daily
photoperiods (1, 5, 9, 13, 17, and 21 h after light onset).
An additional group was left undisturbed throughout the
experiment except during scale transplantation and
observations for allograft survival under anesthesia.
Scale transplantations and observations for allograft
rejection (beginning 4 days after transplantation) were
performed near 1200 h.

Fish exposed to scotophases at the
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time of scale transplantation or daily observation were
kept in the dark except for 2-3 minutes when they were
under anesthesia.

All fish were fed liberal amounts of

food twice daily so that it was available during most of
the day.
Data analysis.

Scale allograft survival times and

gonadosomatic indices were analyzed by one-way analysis of
variance in a completely random design.

Waller-Duncan

multiple range t-tests were used to further identify
differences among group means.

Differences at the 95%

confidence interval were considered significant.

At least

70% of the scale allografts remained intact throughout the
study in each treatment group for observations of
melanophore breakdown.

Results are presented as the mean ±

standard error of the mean (SEM).

Results
Water temperature directly influenced the rate of
allograft rejection.

Allograft survival time was about two

times longer in fish held at constant cold (20°C) compared
with constant warm (30°C) temperature in both July and
February.

Timed 4-h daily thermoperiods of 30°C also

affected allograft survival in fish maintained at 20°C and
LD 14:10 during July (Figure 4.1) or LD 12:12 during
February (Figure 4.2).

The daily pattern of scale

allograft survival times as a function of timed
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Figure 4.1. The effects of timed daily 4-h thermoperiods (from 20°C to 30°C) on
scale allograft survival times in gulf killifish maintained on 14-h daily
photoperiods during July. Groups of 6 fish were exposed to timed daily thermoperiods
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during February. Groups of 6 fish were exposed to timed daily thermoperiods
throughout the experiment beginning on the day of scale transplantation. Two groups
were exposed to constant cold (20°C) or warm (30°C) temperatures. The 12-hour daily
photoperiod is indicated by the open bar along the ordinate.
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thermoperiods was biphasic in both experiments.
Thermoperiods initiated at either 4 or 12 h after light
onset enhanced allograft rejection compared with all other
timed treatment groups in February (Figure 4.2).

In July,

thermoperiods initiated at either 0 or 12 h after light
onset enhanced allograft rejection compared with
thermoperiods initiated at 20 h after light onset whereas
thermoperiods initiated at 4 h after light onset delayed
allograft rejection compared with all other timed treatment
groups (Figure 4.1).

In July, allograft survival times in

fish receiving thermoperiods at 4 h or 12 h after light
onset were equivalent to allograft survival times in
control fish held at constant cold or warm temperatures,
respectively.
Allograft survival times also varied as a function of
timed daily feeding (Figure 4.3) and timed daily
disturbances (Figure 4.4).

Meal feeding at light onset

enhanced allograft rejection compared with meal feeding at
16 h after light onset.

Disturbances at 5 h after light

onset enhanced allograft rejection compared with
disturbances at 13 h after light onset.

Timed feeding and

timed disturbances did not significantly alter allograft
survival compared with the respective control fish.
GSIs were larger in fish held at constant cold
temperature compared with constant warm temperature in both
thermoperiod experiments (Table 4.1).

In February, GSIs
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Figure 4.3. The effects of timed daily feeding on scale allograft survival in gulf
killifish during January. Groups of 6 fish were fed a single meal (1.5% B.W.) or
liberal amounts of food twice daily throughout the experiment beginning two days
before scale transplantation.
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Figure 4.4. The effects of timed daily disturbances on scale allograft survival in
gulf killifish during March. Groups of 6 fish were chased daily with a net for one
minute throughout the experiment beginning two days before scale transplantation.
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Table 4.1. Variations of gonadosomatic indices in male gulf killifish, Fundulus grandis.
exposed to nonphotic daily stimuli at different intervals after light onset.
Type of Daily Stimulus
Time of
stimulus®

4-hour thermoperiods
(July)b
(February)b'c

Feeding0

Disturbances

0

1.055+0.186d

0.642+0.082

0.341+0.057

0.359+0.044

4

0.745+0.167

0.914+0.080

0.267+0.032

0.3 64+0.066

8

0.903+0.163

0.495+0.094

0.241+0.042

0.334+0.084

12

0.59 0+0.083

0.745+0.116

0.165+0.024

0.522+0.067

16

0.736+0.162

0.804+0.112

0.218+0.017

0.304+0.060

20

0.574+0.109

0.816+0.045

0.259+0.031

0.393+0.071

controls

0.857+0.049(20°C)

0.944+0.090(20°C)

0.392+0.040

0.470+0.031

0.488+0.148(30°C)

0.218+0.028(30°C)

"Hours after light onset.
bControl groups differ (p<0.05).
treatment groups differ (p<0.05).
dValues represent mean+SEM gonadosomatic index (100*gonad weight/body weight).
to
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were greater in fish treated with either constant cold or
with daily thermoperiods initiated at 4 h after light onset
compared with thermoperiods initiated at either 0 or 8 h
after light onset.

Constant warm temperature inhibited

GSIs compared with any of the thermoperiod treatments in
February and inhibited GSIs compared with daily
thermoperiods initiated only at light onset in July.
Variable gonadosomatic indices (GSIs) were observed in
fish treated with timed feeding (Table 4.1).

GSIs were

larger in fish fed single meals at light onset compared
with those fed single meals at 12 or 16 h after light
onset.

GSIs of control fish (fed twice daily) were larger

than those of all timed feeding groups, except the 0 h
group (light onset).

GSIs were not significantly different

among timed daily disturbance groups.

Discussion
The results of this study indicate that daily stimuli
have variable effects on the immune system of gulf
killifish as a function of the time of day when the stimuli
are given. Daily thermoperiods, meal feedings, and
disturbances at different intervals after light onset
altered allograft survival times in fish by 30% or more
among treatment groups.
Although daily observations of allograft survival
might also be expected to act as a timed stimulus (e.g.,
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disturbance), there was no such evidence in this study
where fish were anesthetized for observations.

Our

previous studies demonstrate that anesthetization prevents
the entrainment of immune activity rhythms by handling
disturbances (Nevid, Chapter 3) and handling under
anesthesia at different times of day does not influence
allograft survival times (Nevid and Meier, 1993).
Furthermore, in the present study, different rates of
allograft rejection were already apparent between some
groups by the first day of observation.
The present study confirms previous findings that
timed daily stimuli have variable influences on gonad
growth in fish.

Gonad weights are about twice as large in

fish provided daily thermoperiods (Spieler et al., 1977;
Weld and Meier, 1983), meals (Reynolds, 1977), or
disturbances (Meier and Horseman, 1977; Weld and Meier,
1984) at a most stimulatory time of day compared with a
most inhibitory one.

Although variations of gonad weights

were not statistically significant in the timed disturbance
experiment, the greater gonad weights in fish disturbed
daily at light offset (Table 4.1) appears similar to
previous findings in gulf killifish (Weld and Meier, 1984).
Responses of gulf killifish to timed daily stimuli are
influenced by an annual cycle (Weld and Meier, 1983; Weld
and Meier, 1984).

Daily thermoperiods or disturbances

provided early in the year have variable influences on
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gonad weights but not body fat stores, whereas daily
stimuli late in the year have variable influences on body
fat stores but not gonad weights.

Annual variations of

immune function that are reported in other poikilotherms
(Zapata et al., 1992) may explain the large variations of
allograft survival among thermoperiod-treated fish in July
(Figure 4.1) compared with February (Figure 4.2).

The

larger variations in the July thermoperiod experiment could
also be related to the longer photoperiod that these fish
were exposed to (Weld and Meier, 1984).
The relationships between immune capability and
gonadal growth were inconsistent in gulf killifish exposed
to different environmental conditions.

Constant warm

temperature enhanced allograft rejection and inhibited
gonadal growth compared with constant cold temperature.
Daily thermoperiods initiated at 4 h after light onset (in
February) and daily meal feeding at light onset, however,
enhanced both allograft rejection and gonadal growth.
Gonad and fat body weights are also not directly correlated
in lizards treated with timed daily thermoperiods (Ferrell
and Meier, 1981).

Thus, immune capability and

reproduction, and perhaps fat metabolism, may be influenced
differently by circadian mechanisms.
Temporal interactions of circadian neuroendocrine
mechanisms are thought to account for the variable
influences of timed stimuli on reproductive and metabolic
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conditions of gulf killifish (Meier, 1984).

According to

this model, the interaction between a neuroendocrine
oscillation entrained by photoperiod and another
oscillation influenced preferentially by a nonphotoperiodic
stimulus (temperature, feeding, or disturbance), can
produce variable reproductive and metabolic conditions
depending on their phase relationship.

Circadian

involvement was demonstrated in studies wherein animals
were subjected to 48- or 72-h "days" so that photoperiods
occur only once every 48 or 72 h (LD 12:36 or 12:60).
Daily thermoperiods or handling disturbances were offered
at one of many times relative to the photoperiod.

Under

this regimen, the daily pattern of reproductive and
metabolic responses of lizards (Ferrell and Meier, 1981)
and fish (Weld and Meier, 1983; Weld and Meier, 1984)
observed during the first 24 h, beginning at light onset,
is repeated in the dark on a circadian basis in animals
provided stimuli during the second and third 24 h period.
Cortisol and prolactin are thought to be individual
expressions of two separate oscillations entrained by
environmental stimuli, and timed injections of these
hormones in different phase relationships to each other
induce time-dependent increases or decreases in
reproductive and metabolic conditions indices (Meier,
1984).
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A similar rationale may explain the variable effects
of timed daily stimuli on immune capability that we
observed.

Daily thermoperiods, feeding, and disturbances

(tank-transfer "stress") all override photoperiodic
entrainment of daily rhythms of immune activity against
scale allografts in gulf killifish maintained on LD 12:12
(Nevid, Chapter 3).

Each of these stimuli apparently

entrain an endogenous circadian oscillation in fish since
immune activity rhythms, once entrained by these stimuli,
persist for several days in the same phase in the absence
of external cues.

Other hormonal and behavioral rhythms,

such as thyroxine (Spieler and Noeske, 1984), melatonin
(Holloway et al., 1979), egg-laying, and courtship (Weber
and Spieler, 1987) rhythms, appear tightly coupled to daily
photoperiods and are not reset by nonphotoperiodic daily
signals.

Accordingly, a change in the phase relationships

between endogenous rhythms entrained by nonphotoperiodic
signals and rhythms entrained by photoperiod may provide a
basis for the time-dependent effects of nonphotoperiodic
daily stimuli on immune capability.

Timed daily injections

of Cortisol and prolactin in different phase relationships,
in addition to producing variable reproductive and
metabolic conditions, also enhance or inhibit immune
function in mice (Cincotta and Meier, unpublished
observations).
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Differences in the time of day when daily
thermoperiods, feeding, or disturbances were most
stimulatory for allograft rejection may be explained by the
difference in phase these stimuli produce on a major
circadian neuroendocrine oscillation expressed by a rhythm
of immune activity.

Circadian rhythms of immune activity

in gulf killifish peak 12-24 h after daily feeding and 0-12
h after daily disturbances or the onset of 4-h daily
thermoperiods (Nevid, Chapter 3).

Such differences in

phase-entrainment by nonphotoperiodic stimuli produce
different temporal relationships with daily rhythms tightly
coupled to photoperiod and thereby could account for the
finding that allograft rejection was most stimulated by
timed feeding at light onset and by 4-h thermoperiods
initiated at 12 h after light onset (in both thermoperiod
experiments).

Daily disturbances caused faster rejection

when given 5 h after light onset, corresponding to a
stimulatory phase (4 h after light onset) for daily
thermoperiods during February.

Because both daily

increases and decreases of temperature, which occur with 4h thermoperiods, may act as entraining stimuli (Weld and
Meier, 1983), it seems noteworthy that biphasic patterns of
variability were observed in response to daily
thermoperiods but not in response to timed feedings or
disturbances.
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The influence of daily stimuli on immune function may
be of interest to fish culturists.

The present study

suggests that routine tasks, such as feeding and tank
cleaning, could be performed at certain times of day to
improve (or harm) fish health.

In addition, increasing

water temperature for just a short period of a day could
reduce heating costs and lessen the proliferation of
pathogens in constant warm water without compromising
immune defense mechanisms.

Improvement of immunity by

timed daily stimuli is comparable in effectiveness with
other methods.

The 30% or more reduction in allograft

survival achieved by appropiately timed daily stimuli
(present study) compares favorably with the reduction of
second set responses (both specific and nonspecific-third
party) by about 25% to 50% following exposure of gulf
killifish to first set allografts (Nevid and Meier, 1993).
In contrast to immunization, enhancement of immunity by
these stimuli has the advantage of not being antigen
specific and would be relatively easy to administer to
large numbers of fish.

Inasmuch as timed daily

disturbances and thermopulses produce time-dependent
effects on reproductive indices in other vertebrate classes
(Meier et al., 1973; DeSousa and Meier, unpublished
observations), it seems probable that environmental stimuli
may temporally influence immune capability in animals other
than gulf killifish as well.

SUMMARY

The results indicate that circadian neuroendocrine
rhythms influence immune function in gulf killifish.

Scale

allograft reactions were dramatically influenced by timed
daily administrations of hormones, antagonists of
neuroendocrine receptors, and by timed daily exposure to
environmental stimuli.

These findings parallel previous

studies examining the influence of circadian neuroendocrine
rhythms on the physiology and behavior of gulf killifish
(reviewed by Meier, 1984).
There is an endogenous daily rhythm of immune activity
that peaks at night in gulf killifish.

Because of this

rhythm, first set scale allografts transplanted at the
onset of 12-h daily photoperiods survived about 0.4 days
longer than scales transplanted at light offset.

Second

set scale allografts also survived about 0.4 days longer
when transplanted at light onset regardless of the time of
day when first set allografts were performed.

Day-night

rhythms of immune activity were unaffected when fish were
anesthetized at different times of day for scale
transplantation or daily examinations of melanophore
breakdown.
Day-night rhythms of immune activity in gulf killifish
may directly reflect circulating growth hormone levels.
Melanophore breakdown was greater 0-12 h after either
morning or evening injections of growth hormone in
90
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killifish held under continuous light.

Exogenous Cortisol

in feed phase-shifted the daily rhythm of melanophore
breakdown.

Peak melanophore breakdown occurred 12-24 h

after timed Cortisol administrations in gulf killifish held
on 12-h daily photoperiods whether treatments were
continued throughout observations of melanophore breakdown
or stopped prior to observations.

The expression of day-

night rhythms of immune activity required /^-adrenergic and
opioid receptor activation at night and cholinergic
muscarinic receptor activation during the day.
Hormones and antagonists of neuroendocrine receptors
also affected the length of time required to reject scale
allografts.

Daily injections of growth hormone at light

onset or prolactin at either light onset or light offset
enhanced the ability of gulf killifish to reject scale
allografts.

The ability of gulf killifish to reject scale

allografts was inhibited by daily injections of naloxone or
propranolol at light offset.
Day-night rhythms of immune activity were phaseshifted in gulf killifish exposed to nonphotic
environmental stimuli at light onset or light offset.
Melanophore breakdown was greatest 0-12 h after daily
disturbances or the onset of either 4- or 12-h
thermoperiods (from 20°C to 30°C) and 12-24 h after the
timing of single daily meals.

These stimuli may indirectly

affect immune activity by entraining the daily hormonal
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rhythms described above.

Once entrained by envirnomental

stimuli, rhythms of immune activity persisted for several
days under constant conditions.
The length of time required to reject scale allografts
varied as a function of the time of day when killifish were
exposed to daily thermoperiods, meal feeding, and
disturbances.

These findings suggest that the interaction

between two neuroendocrine oscillations influence immune
capability.

One of the oscillations is entrained by

nonphotoperiodic stimuli (temperature, feeding, or
disturbance) and sets the phase of a daily rhythm of immune
activity.

A second oscillation is entrained by daily

photoperiods and regulates other daily rhythms (e.g.,
hormonal and behavioral).

The temporal relationships

between the two oscillations can positively or negatively
influence immune activity.

The present studies indicate

that further investigation on the circadian neuroendocrine
regulation of immune function are warranted both in gulf
killifish and animals of.other vertebrate classes.
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