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Continuous darkness and continuous light induce structural
changes in the rat thymus
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ABSTRACT

It is known that neuroendocrine responses to environmental stimuli, such as light, can influence immune
responses through the pineal gland. It is also known that periods of constant darkness and constant light
cause stimulation and inhibition of melatonin secretion from the pineal gland, successively. In this study, we
provide experimental evidence that changes in the rhythm of the photoperiod have considerable effects on
thymic structure of the rat. Male albino Wistar rats were divided into 3 groups. Group 1 rats were kept in a
dark room, group 2 in a room under a bright artificial light and group 3 (control) animals were exposed to
a 12:12 h light: dark cycle. All animals were killed after 4 wk. In group 1, thymus weight increased by
315 %, the increase in volume affecting the medulla (cortex 190%, medulla 655 %). The absolute number of
epithelial cells and lymphocytes increased both in the cortex and medulla. Thymic cortical epithelial cells
were hypertrophied and contained numerous large clear vesicles. Perivascular spaces were enlarged. In group
2 thymus weight decreased by 53 %, the reduction in volume affecting mainly the cortex (cortex 61 %,
medulla 27 %). The absolute numbers of cortical epithelial cells and lymphocytes were decreased, and
pyknotic lymphocyte nuclei were frequent both in the cortex and medulla. It is concluded that constant
darkness causes hypertrophy and increased cellularity of the thymus, while constant light causes involution
of the thymus and death of lymphocytes. These changes possibly reflect the well known immunostimulatory
effects of melatonin acting directly or indirectly, on the thymic lymphocytes and epithelial cells.
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INTRODUCTION

There is a close relationship between the neuroendo-
crine responses to environmental stimuli and immune
responses. These neuroendocrine responses have been
shown to influence liability to infection, autoimmune
disease and malignancy (Ader, 1981; Plotnikoff et al.
1986).
Environmental stimuli such as light and tempera-

ture are transduced into neuroendocrine signals by the
cyclic circadian synthesis and release of melatonin by
the pineal gland (Axelrod et al. 1982; Brown & Niles,
1982; Reiter, 1984) and alterations of the circadian
rhythm of its release have been associated with anxiety
states and other affective disorders, and malignancy
(Birau, 1981; Brown & Niles, 1982). Stimulation of
synthesis and secretion of melatonin was found to
take place during a period of continuous darkness,

while inhibition of synthesis and secretion was shown
to occur during a period of continuous light
(Wurtman, 1967; Kinson & Peat, 1971; Shirama et al.
1982; for review, see Erlich & Apuzzo, 1985).

In addition to the pineal gland, it has been
demonstrated that many of the photoperiodic re-
sponses are mediated through the hypophyseal-
pituitary-endocrine axis in the hamster (Yellon &
Goldman, 1984; Duncan et al. 1985; Vitale et al.
1985) and the rat (Takahashi et al. 1971).
There are relatively few studies on a possible

connection between the pineal gland and the lympho-
poietic system (Jankovic et al. 1970). Mice kept for 3
generations under constant environmental light do
not grow normally and show marked atrophy of the
thymolymphatic system (Maestroni & Pierpaoli, 1981)
and permanent light causes a significant depression of
humoral and cell-mediated immune responses in this
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species (Maestroni & Pierpaoli, 1981). When mela-
tonin is administered in a circadian fashion to normal
adult mice, it has powerful immuno-augmenting
properties (Maestroni et al. 1987a, b).

In this study the effect of permanent darkness and
permanent light on thymic histology was tested.

MATERIALS AND METHODS

Male albino Wistar rats, aged 4-5 wk, were main-
tained in wire-mesh cages, 2 rats per cage, under
controlled conditions and were fed a regular diet and
water ad libitum. The ambient temperature was kept
at 24 + 2 'C. The rats were divided into 3 experimental
groups, each comprising 6 rats. The 1st group was
kept in a dark room for a period of 4 wk, the 2nd
under a bright artificial light for 4 wk, and the 3rd in
the animal house where the photoperiod was day-
light:darkness 12: 12 h (light 06.00-18.00 h).

Animals were killed by ether anaesthesia between
10.00 and 12.00 h. The thymus was removed, dissected
free from adjacent connective tissue, and weighed.
Taken randomly, one lobe was fixed in Bouin's fluid
and embedded in paraffin wax; serial sections (5 gm)
were stained with haematoxylin and eosin. Three
sections were taken from each lobe, 1 from the centre
and 2 from the periphery and used for stereological
analysis. The other lobe was cut into small fragments,
fixed for 2 h in 4% glutaraldehyde, rinsed, and
postfixed for 1 h in 1 % osmium tetroxide. All
solutions were buffered in 0.12 M phosphate buffer at
pH 7.4 containing 0.5 M CaCl2. The pieces were
dehydrated in graded solutions of acetone, embedded
in Epon-812, and 1 gim sections cut with an LKB
14800 microtome and stained with toluidine blue
(Bancroft & Stevens, 1982). These sections, 2 from
each lobe, were used for stereological and mor-
phological analyses.
Thymic volume was obtained by dividing thymic

weight by 1.1, the assumed value for the density of
thymic tissue (Scheiff et al. 1977). The stereological
analysis was performed on a light microscope
equipped for point counting with a Zeiss Integrating
Micrometer-disk Turret I. The percentage of thymic
cortex and medulla was calculated in paraffin sections
by counting the number of points overlying each area.
Absolute volumes ofcortex and medulla were deduced
from this percentage (Weibel et al. 1966). No
estimation for fixation constants before and after
fixation was performed, since tissue pieces were small
and all fixatives and solutions were adjusted to
isotonicity (Anderson, 1982).
The number of epithelial cells and lymphocytes per

mm2 were calculated by counting their nuclei in Epon
sections using the following formula:

Ai = pi V3 z2
2

where Ai represents in mm2 the part of total section
area belonging to the tissue component i (cortex or
medulla), pi the number of points overlying this
component, and Z the equivalent in mm of the
distance between 2 points on the test system. Multi-
nucleate epithelial cells were rare thus they were not
considered in the calculations. Cell numbers per mm3
(numerical density) were calculated according to the
following equation:

Na
Nv = (D + t) (Weibel, 1979),

where Nv represents the number of nuclei per mm3,
Na the number of their profiles per mm2, D their mean
equivalent diameter, and t the section thickness. For
both epithelial cells and lymphocytes, the mean
equivalent diameter had to be approximated by
considering the largest profiles as equatorial sections
of nuclei, all of which were assumed to be spherical
and of the same size. This approximation was allowed
since the size and shape of the nuclei did not change
in the light or dark groups in comparison with the
controls; the error was thus the same in all groups.
The absolute number of each cell type was calculated
by multiplying the number of cells per mm3 by the
volume of the corresponding thymic region.
The use of an integral test system and sections of

thickness less than the diameter of counted nuclei has
been shown to provide for unbiased estimates of
absolute numbers of cells (Sterio, 1984).

Statistical analysis

The results were evaluated statistically by the analysis
of variance. When this was significant, Tukey's test
(Honestly Significant Difference test, HSD; Daniel,
1978) was performed to localise the significance
between the dark and light groups and the control
group.

RESULTS

Stereology

Overall body weight was not affected by the dark or
light periods (Table 1).

Continuous dark. The thymus underwent marked
enlargement that resulted at the end of the dark
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Table 1. The effect of dark and light periods on body and
thymus weight in rats (mean+S.E.M.)

Controls Dark Light

Body weight (g) 283 + 8.7 290+ 3.4 284+ 3.9
Thymus weight (mg) 365 +26.9 1515 ±29.7 172 +28.8*

* P < 0.01 vs control; d.f. = 2/15.
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Table 2. The effect ofdark and light periods on the percentage
and absolute volume of cortical and medullary regions of the
rat thymus (mean+ S.E.M.)

Controls Dark Light

Cortex
% 72.9 + 1.1 50.8 ± 5.2** 60.0 + 2.7**
Volume (mm3) 242+25 700 + 27** 93.9 + 26**

Medulla
% 27.1 + 1.1 49.5 + 5.2** 39.9 + 2.7**
Volume (mm3) 89.9 + 25 679 + 27** 62.5 + 26

** P < 0.01 vs control; d.f. = 2/15.

401 % in the cortex and by 1029% in the medulla; the
greater increment in the medulla was related to the
higher volume gain (Fig. 1 a). Absolute lymphocytes
numbers underwent a significant rise (P < 0.01 vs
control) both in the cortex (1 14%) and in the medulla
(641 %) (Fig. 1 b).

Continuous light. The thymus underwent involution
that resulted at the end of the light period in a weight
loss of 53% (Table 1). The reduction in volume was
greater in the cortex (61 %) than in the medulla (27 %)
(Table 2). With the reduction in volume the absolute
number of epithelial cells decreased by 84% in the
cortex and by 19% in the medulla. (Fig. 1 a). The
absolute numbers of lymphocytes decreased by 69%
in the cortex and by 13 % in the medulla (Fig. 1 b).

Morphology

Stereological analysis demonstrated changes at the
histological and ultrastructural levels.

I

Cortex Medulla

Fig. 1. (a) Absolute number of epithelial cells. (b) Absolute number
of lymphocytes. Solid bars, controls; open bars, continuous
darkness; hatched bars, continuous light. Values represent means

S.D. * P < 0.05 vs control; ** P < 0.01 vs control; d.f. = 2/39.

period in a weight gain of 315% (Table 1). The 2
regions of the thymus were not affected to the same

extent (Table 2), the increase in volume being greater
in the medulla (655 %) than in the cortex (190%).
The absolute number of epithelial cells increased by
t0

Continuous dark. There was a marked increase in
the thickness of the medulla, and epithelial cells were
more numerous both in the cortex and the medulla.
Cortical epithelial cells were of increased size; clear
vesicles which are normally present but difficult to
discern with the light microscope were easily seen,
filling the cytoplasm (Fig. 2b). No modification was
seen in the medullary epithelial cells and, as in control
animals, they did not contain clear vesicles (Fig. 3 b).
Mitotic figures were seen frequently in epithelial cells
both in the cortex and the medulla. The perivascular
connective tissue spaces were enlarged (Fig. 2b).
Pyknotic lymphocyte nuclei, which are normally
abundant in the cortex, were rare.

Continuous light. Cortical lymphocytes were less
numerous and pyknotic lymphocyte nuclei were more
frequent (Fig. 2 c). In the medulla, the spaces between
the epithelial cells contained more closely arranged
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Fig. 2. Thymic cortex, 1 gm sections, toluidine blue stain, x 1000. (a) Control. (b) Continuous darkness. Arrows, hypertrophied epithelial
cells containing enlarged clear vesicles; arrowheads, enlarged perivascular spaces. (c) Continuous light. Arrows, pyknotic lymphocyte nuclei.

lymphocytes and pyknotic lymphocyte nuclei, which
are normally absent from the medulla, were frequent
(Fig. 3c).

DISCUSSION

It is known that melatonin is continuously synthesised
and secreted during a period of continuous darkness,
and that its synthesis and secretion are inhibited

during a period of continuous light, provided that the
light is a bright artificial light (Wurtman, 1967;
Kinson & Peat, 1971; Shirama et al. 1982; for a
review, see Erlich & Apuzzo, 1985). The changes in
thymic structure observed in the present work may
thus be related, directly or indirectly, to changes in
melatonin levels during continuous darkness and
continuous light.
Only scant experimental findings exist on a possible
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Fig. 3. Thymic medulla, 1 gm sections, toluidine blue stain, x 1000. (a) Control. (b) Continuous darkness. (c) Continuous light. Arrows,
pyknotic lymphocyte nuclei.

relationship between the pineal gland and the lympho-
poeitic system (Jankovic et al. 1970). It has been
demonstrated that exogenous melatonin enhanced
antibody production through an increase in spleen
cellularity (Maestroni et al. 1987a) and that when
normal nonstressed mice were injected with sheep red
blood cells, an injection of melatonin led to increase in
antibody production without thymic enlargement
(Maestroni et al. 1987b). It was also reported that

mice kept for 3 generations under constant environ-
mental light did not grow normally and had marked
atrophy of the thymolymphatic system (Maestroni &
Pierpaoli, 1981). In addition, the immune reactivity
and circulating lymphocytes were shown to fluctuate
according to a circadian rhythm (Fernandes et al.
1976; Abo et al. 1981; Kawate et al. 1981).
During continuous darkness, the large thymic

weight gain seen in this study can be explained both
10-2
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by the increase in the number of lymphocytes and
epithelial cells and by the hypertrophy of the cortical
epithelial cells.
The increase in the absolute number of epithelial

cells, both in the cortex and medulla, may be explained
by the action of melatonin on these cells. Melatonin
may (1) increase mitotic activity, as evidenced by the
frequent observation of mitotic figures of epithelial
cells in the cortex and medulla, and (2) increase the
secretory activity of cortical epithelial cells, since the
clear vesicles, which are considered as the mor-
phological expression of the secretory activity of these
cells (Clark, 1966, 1968; Bennett, 1978) increased in
number and size. The increase in the number of
lymphocytes may be due to the action of melatonin
either (1) directly on cortical lymphocytes, increasing
their mitotic activity and decreasing their death rate,
as was evidenced by the rare findings of pyknotic
nuclei in the cortex and medulla or (2) indirectly
through its action on cortical epithelial cells.

Maestroni et al. (1988) demonstrated that the
drastic involution of the thymus induced by acute
stress could be countered by exogenous melatonin.
However, melatonin produced reconstitution of the
thymic medulla and not the cortex, indicating that
melatonin exerts its activity on the thymic medulla
containing mature T lymphocytes (Maestroni et al.
1988). Similarly, our results showed that during
continuous darkness greater weight gain occurred in
the medulla. This may indicate that the effect of
melatonin on the thymus is mainly exerted on the
medulla.

During the period of permanent light, the large
thymic weight loss may be attributed to the decrease
in number of lymphocytes and epithelial cells. The
decrease in the number of lymphocytes may be due to
an increased rate of their destruction (as evidenced by
increase in the number of pyknotic nuclei) and/or a
decreased rate of production.

It is widely known that acute stress and corti-
costerone or ACTH administration cause a rapid but
transient involution of the lymphatic organs, es-
pecially the thymus (Dougherty, 1952; Weaver, 1955;
Bloodworth et al. 1975; Kalland et al. 1978).
Exogenous melatonin, through opioid peptides, has
been shown to antagonise the immunosuppressive
effect of acute stress, corticosterone and cyclophos-
phamide (Maestroni et al. 1987a, 1988). It has also
been reported that acute stress during day time
enhances the nocturnal surge of melatonin (Lynch &
Deng, 1985).
Our results show that during continuous light, the

greater weight loss was mainly in the cortex. This

involution is similar to that induced by the administra-
tion of sex hormones, corticosteroids and by stress,
when the weight loss is mainly in the cortex
which contains the bulk of lymphocytes (Sobhon &
Jirasattham, 1974; Simpson et al. 1975; Kalland et al.
1978).

It is possible that inhibition of melatonin synthesis
and release during a period of continuous light
removes its antagonising effect on steroids, whether
adrenal or gonadal; consequently these hormones,
when unopposed, produce destructive actions on the
thymus.
A variety of clinical and experimental models have

shown that melatonin has important immuno-
regulatory functions (Blask, 1984; for a review, see
Erlich & Apuzzo, 1985). These effects were shown to
be exerted through opioid peptides (Maestroni et al.
1987a, b). Furthermore, it was reported that certain
endogenous opioid peptides, namely B-endorphin,
had direct effects on the cells of the immune system,
namely the proliferative activity of lymphocytes
(Gilman et al. 1982; McCain et al. 1982; Plotnikoff&
Miller 1983; Heijnen et al. 1987).
The cellular targets for the melatonin-opioid action

are still unknown. However, it has recently been
reported that antigen-activated T cells must be
considered as the possible targets (Wybran, 1986).
The previous and present findings allow the

following proposal: changes in thymic histology
during darkness and light may be attributed to direct
effect of melatonin on the thymus, or indirect effects
of the neurohormone via opioid peptides. These
findings may have important physiological and/or
immunotherapeutic implications.
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