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Summary

Rotational stress specifically increases the formation of spontaneous lung metastasis
in mice bearing Lewis lung carcinoma, without significantly modifying the growth of
primary tumor. The increase in metastasis number and volume caused by rotational
stress varies in magnitude with a highly significant circannual rhythm; the acrophase
approximately coincides with summer solstice. Rotational stress causes a significant
reduction in the number of CD3+ and CD4+ T-lymphocyte subsets in summer,
whereas in winter the number of CD3+ subset is significantly increased; the
CD4+/CD8+ ratio and the number of NK 1.1 antigen positive cells are not
significantly modified by rotational stress in both periods considered. The increase in
metastasis formation by rotational stress thus appears to negatively correlate with the
number of splenic CD3+ and CD4+ T-lymphocyte subsets. This seasonal behavior
occurs in spite of the control of light cycle, temperature and humidity in the animal
housing, suggesting the existence in the host of an endogenous oscillator with a
circannual period. These data indicate the opportunity to consider endogenous
rhythms within the host, as well as seasonal factors, in studies on stress and neuro-
immunomodulation in experimental oncology.
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Animal models are a valuable tool for investigating the effects of stress on cancer. The literature
on the effects of experimental stressors on tumor initiation and progression in laboratory animals is
abundant, and relevant reviews are available (1). Exposure to stress paradigms has in general
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been associated with variations in tumor incidence and growth in rodents. However, the data
reported indicate that variable results were obtained, and that stress may facilitate or inhibit tumor
growth, or else may have no discernible effect, depending on the type of stressor and timing of its
administration, as well as on the characteristics of the tumor-host system employed (1).

The specific effects of stress on the process of tumor metastasis appear to have been marginally
investigated, in spite of the clinical relevance of this phenomenon (2). Several experimental stress
paradigms, including rotational and restraint stress, electric foot shock and early weaning, caused a
significant and specific increase of pulmonary metastasis formation in mice bearing Lewis lung
carcinoma (3, 4). In mice subjected to rotational stress tumor metastatic dissemination was found
to be sensitive also to housing, as well as handling stress (3); the latter finding is an accord with
the results obtained by other Authors (5).

The systematic repetition of the experiments with rotational stress and Lewis lung carcinoma over
several years in our laboratory indicated that the magnitude of the increase in metastasis caused by
this stressor is highly variable, and appeared to display a seasonal trend. The aim of this paper has
been consequently that to retrospectively submit the data collected over a span of 4 years to a
rhythmometric analysis.

The mechanism by which stress may influence tumor incidence and progression, including
metastatic dissemination, has been proposed to consist in the modulation of antitumor immune
responses of the host via neuro-endocrine circuits (6, 7). T-lymphocyte and NK cell mediated
responses significantly participate in the control of the metastatic process (5-7) and display
rhythmic characteristics (8-12). Splenic CD3+, CD4+ and CD8+ antigen positive T-lymphocyte
subsets, as well as NK 1.1 positive cells, have been consequently determined in mice bearing
Lewis lung carcinoma, as a function of rotational stress application, in two different seasonal
periods. The results obtained are hereafter reported.

Methods

Animals, tumor transplantation and measurement. The animals used were female C57BL/6 and
CS57BL/6 X DBA/2 F1 (hereafier called BD2F1) mice weighing 18-20 g, purchased from Charles
River, Calco, Como, Italy. Lewis lung carcinoma, originally provided by the National Cancer
Institute, Bethesda, MD, USA, is maintained in C57BL/6 mice by subcutaneous injection in the
axillary region of 50 mm® of minced tumor tissue aseptically prepared from donors similarly
inoculated 2 weeks before. For experimental purposes, the tumor is propagated in BD2F1 mice by
intramuscular injection of a tumor cell suspension containing 10° viable tumor cells (3). Tumor
transplantation, as well as primary tumor volume and lung metastasis measurement (on day 14 and
at sacrifice on day 21 from tumor inoculation, respectively) were routinely performed as described
in detail elsewhere (13).

Animal housing and rotational stress. To reduce the uncontrolled stress from shipment and
housing, animals were kept in a protected environment for 2 weeks before each experiment and
throughout its duration (14, 15). To avoid overcrowding or isolation effects on tumor progression
(14-15), the animals were kept in groups of 5 in plastic cages measuring 27x21x14 cm with a
stainless steel grid cover (Techniplast Gazzada Srl, Buguggiate Varese, Italy). To minimize
acoustic, olfactory and visual communication the cages were kept in cabinets allowing laminar
airflow in between and placed in a room remote from the animals rooms; staff entrance was limited
to the supply of water and food. The light-dark cycle in the room was 12-12 hr, with an intensity
in the cages of approximately 5 lux. Temperature and relative humidity were constant at 20°C and
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60 respectively. Further Oetalls on ihe expenmenta) setfing have been reporied in 0eia)
elsewhere (3). Rotational stress was applied to the animals in the low stress environment by
spinning the cages at 45 rpm for 10 min. every hour from time of tumor inoculation until sacrifice
on day 21.

Rhythmometric analysis. The variables were analyzed for the effect of time in the year by one-way
ANOVA across 12 months consisting of 12 equal division of the year beginning January 1 (rather
than calendar months of unequal days). The least-squares fit of a I-year cosine was used to
quantify circannudl periodicity and determine rnytrn Charactensucs, using Jamuary 1oas the
acrophase reference. The rhythm characteristics estimated by the single and population-mean
cosinor procedures mchuded the mesor {middie value of the fitted cosine representing 2 1hythm
adjusted mean), the amplitude (the distance from the minimum and maximum of the fitted cosine
function), and the acrophase (time of peak value in the fitted cosine function). A p value for
TERHUL TR 22 AR, A U O, WA RTINSt 47 G, Cara, oS, andisuing kst
or not the cosine model accounted for a significantly greater proportion of the variability in the
time series when compared with the total variability around a flat line (the mean). Rhythm
detection was considered statistically significant when p<0.05. While the cosinor method involving
a single fitted period may not accurately represent the true characteristics of the actual time-
. dependent variations if asymmetries exist in a time series, the procedure is nevertheless useful for
chjectively assessing and quantifying periodicity selected a priori, in our case the year (16).

Measurement of splenic lymphocyte sub-populations. Tumor bearing mice were subjected to
rotational stress and were sacrificed as indicated in Table 2. Individual spleens were processed
immediatety after sacrifice by cervical distocation, each spleen was disapprepated and then passed
through a double Iayer of gauze to obtain a singie cell suspension. The cells were washed and T-
lymphocytes were separated from red blood celts by Ficoli-Hypaque centrifugation {Sigma, 5t
Louis, MO) (17). The final suspension of splenic T-lymphocytes was labeled with anti-mouse
monoclonal antibodies (moAb) using as staining medium PBS, pH 7.4, containing 0.5% BSA and
©.)% NaN;. Algoots of )T vidble céhs m DS mi o} sidwing medium, counied by rypanitue
@xODHON 1BSL, WETE INTHEEd T Tne Hark Son 30 1im w A7 wih SO ph of 1 aihemonk woid,
€D3 0.5 ug), D3 ) ugd TDB ) ug), WK 1) {2ug) {Pharmingen, San Diggo, TA). Stamed
cehs were examined using an EFICS fow uyiomeies {Coulfier, Miesmh, FLY, @ath amalyss consisied
of 10,000 events counted (18). Results for single color analysis are expressed as total number of
positive cells collected in the spleen of each animal.

Statistical analysis. Tabled values are group means + SD. Data were subjected to the appropriate
factorial ANOVAs assessing significance against an alfa-level p<0.05. When the individual effect
of the treatments and the interaction between the independent variables in a 2x2 Anova was
significant, the data were subjected to post hoc Tukey test for significance of the differences in the
mean values. All analyses were performed using standard procedures implemented in the Systat
package (SYSTAT Inc., Evanston, IL) (19).

Results

The data on the effects of rotational stress on the progression of Lewis lung carcinoma in mice
reported in Table 1 refer to a total of 19 separate experiments performed in different periods of the
year over a total of 4 years, the interval between successive time points along a single 1-year scale
is less than 2 months. The total population was composed of 126 non-stressed and 137 stressed
mice. The analysis by conventional statistics of the pooled data did not reveal significant effects of
rotational stress upon the growth of the primary tumor. On the contrary, in the stressed animals
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there is a highly significant increase in the number and volume of spontaneous pulmonary
metastasis. The dispersion of data is large, as indicated by their standard deviation and range, and
even larger in stressed mice than in non-stressed controls (Table 1). The cosinor analysis of the
data concerning the primary tumor volume and the formation of lung metastasis, expressed in
terms of their actual number or volume, does not reveal the existence of a significant circannual
rhythm, either in controls or in the animals subjected to rotational stress. However, when the
effects of the application of rotational stress are expressed as fractional increase of metastasis
number in.stressed mice over non-stressed controls, a highly significant time dependent cyclic
variation can be detected (p=0.00019). The rhythm adjusted mean corresponds to an increase of
128.5%, with an amplitude of 48.7 %. The acrophase (maximum percent change) was computed
at day 201, approximately coinciding with the summer solstice (Figure 1). Similar results were
obtained when the effects of rotational stress on metastasis volume were expressed as fractional
increase over non-stressed controls and were analyzed (circannual cosine function, p=0.00018).
The mesor corresponds to an increase over the relevant value of controls of 144.5%, with an
amplitude of 64.7%; the computed acrophase was at day 214.

The examination of T-lymphocyte subsets in the spleen of the animals show a significant effect of
stress, season and of their interaction on CD3+ subset as indicated by separate 2 x 2 ANOVAs,
F1.16=4.38, p=0.05; F(1,16=6.64, p=0.02 and F;15,=40.8, p<0.0001, respectively. The effects of
stress, season and of their interaction are significant also on CD4+ subset, F(1,16=8.03, p=0.01;
F1,16=9.86, p=0.006 and F(1,16=26.7, p<0.0001, respectively. On CD8+ subset, the interaction of
stress with season is significant, F; 1=20.0, p<0.0001, whereas the effects of stress and season
are significant on CD4+ / CD8+ ratio, F,5=6.04, p=0.03 and Fq,=21.5, p<0.0001,
respectively. For CD3+ T-lymphocyte subset the post hoc Tukey test indicates a significant
reduction by stress in summer, and a significant increase in winter, whereas for CD4+ a significant
reduction by stress in summer, accompanied by a non significant tendency to increase are observed
in winter. The 2 x 2 ANOVA shows an effect on NK cell number which is significant for season
only, F,16=4.66, p=0.05 (see Table 2).

TABLE 1.
Effects of Rotational Stress on Primary Tumor Growth and on the Formation of Spontaneous
Lung Metastasis in Mice Bearing Lewis Lung Carcinoma.

Primary tumor Metastasis
RS|{ n Volume (cm®) Number Volume (mm”)
MeantSD Median MeantSD Median MeantSD Median
Range Range Range
- | 126 | 2.53£1.49 2.34 28120 23 99.3171.6 82.0
0.032-7.28 0-99 0-294
+ | 137 | 2.74+137 2.36 36426 30 137+104° 114
0.21-7.55 2-132 1-495

RS: rotational stress
a, b: means significantly different from non-stressed controls, Student’s t test
a: p=0.012, b: p=0.002
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Chronogram of circannual variations in the mean (+SE) percent increase of metastasis
number in mice subjected to rotational stress in comparison with non stressed controls.
The time of each experiment is expressed in days starting from January 1st. The
sinusoidal dotted line corresponds to the function best fitting the experimental data
according to cosinor computation; the horizontal dotted line corresponds to Mesor
(mean value of the computed function. Rhythmometric parameters were: Mesor
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128.5+6.2, Amplitude 48.7+8.9, Acrophase —201.4+10.6, p=0.00019.

Discussion

715

Rotational stress, as originally devised by Riley et al , is a well defined experimental paradigm for
the application of a relatively mild stress to laboratory mice (15). In addition to the careful
characterization and standardization of this experimental procedure, it is worthy to note that its
use involves the control and reduction of housing stress (20), which is a neglected factor poten
tially contributing to the variability of the results obtained applying experimental stress paradigms
to laboratory animals (21). Rotational stress has been shown to facilitate the growth of 6C3HED
lymphosarcoma in C3H/He mice (20). More recently, it has been shown to specifically increase the
formation of lung metastasis in mice bearing Lewis lung carcinoma, having at the same time
negligible effects on the primary tumor (3).
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TABLE 2.
Effects of Rotational Stress on Splenic T-Lymphocyte Subpopulations in Mice Bearing
Lewis lung Carcinoma

Month | RS CD3+ CD4+ CD8+ |CD4+/CD8+ NK
July - | 502448 | 362447 13.842.2 2.740.7 4.0+1.1
+ | 308+3.7* | 209+14* 91409 2340.1 34405
December | - | 414473 | 324466 8.1+2.4 41408 43405
+ | 513+3.8° | 368+24 11.6+2.4 33405 4.6+0.7

Each value is the mean (£SD) obtained using groups of 10 mice which were implanted s.c.
with Lewis lung carcinoma on day 0, and were subjected to rotational stress (RS) on days
0-21. The animals were sacrificed on day 21, and the number (x10°%) of splenic T-
lymphocytes positive for CD3, CD4 and CD8 antigens, and of NK cells positive for
NK1.1 antigen, was determined by cytofluorimetric analysis. The experiment has been
performed in July and in December as indicated. The data were subjected to Anova, whose
results are indicated in the Results section. Means marked with the same letter are
significantly different, Tukey test, p<0.05.

The data presently reported, besides confirming the previous observations showing that rotational
stress increases the formation of spontaneous lung metastasis in mice bearing Lewis lung
carcinoma, additionally show that the magnitude of the increase in tumor pulmonary dissemination
varies sinusoidally following a circannual periodicity, being appreciably greater during summer and
smaller during winter.

The seasonality of the effects of rotational stress on metastasis is complemented by an analogous
seasonality of action of the stressor upon the number of splenic T-lymphocyte subsets. Indeed, the
larger increase in metastasis caused by rotational stress in July is accompanied by a significant
reduction in CD3+ and CD4+ T-lymphocyte subpopulations. Conversely, the reduction in
metastasis caused by rotational stress in December is concomitant with a significant increase in the
CD3+ subset.

This finding is consistent with the view that experimental stress may influence tumor metastatic
spread in mice by means of neuroendocrine modulation of antitumor immune responses of the host
involving T-lymphocyte effectors (5, 22). This finding is also in agreement with the reported
existence of circannual variations in immune functions of the host, as observed for many species
including mouse and man (8-12), and with the general enhancement observed during winter
conditions, and the ensuing short photoperiod, in several parameters of cell mediated immunity

(10).

Evidence has been provided that the pineal gland is essential for the regulation of photoperiodic
responses, and that its indolic hormone melatonin is responsible for transmitting day length
information (23). The amplitude of the nocturnal peak of melatonin is variable according to the
length of the night, and a clear night/day difference in fall and winter but not in spring and early
summer was correspondingly observed in the European hamster (24). It is interesting to note that
during the experiments reported here, the mice were continuously kept with a 12/12 light/dark
illumination cycle and with a constant temperature and humidity, starting with an acclimatization
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to these housing conditions for two weeks before undergoing any experimental procedure. In spiie
©f ine acthmanzanon 1o, and of the siZpiy of fhe honsing condinons, the ammals snowed
significant seasonal differences in the effects of rotational stress on the parameters considered. The
results here reported are thus consistent with the existence of endogenous, genetically
programmed rnythms in the circannual domain {235, 26). Moreover, the nocturnal urinary excretion
of melatonin was found to be sensitive to the application of rotational stress in BD2F1 mice (27).
Preliminary experiments suggest that the effects of rotational stress on nocturnal melatonin urinary
secretion may display seasonal effects, but require further examination and confirmation. As far as
a possible relationship between immune functions and melatonin is concerned, it is noteworthy that
melatonin activates monocytes, inducing cytotoxicity and IL-1 secretion after LPS treatment (28).
Moreover, melatonin also activates Th-1 lymphocytes, as observed for CD4+ but not CD8&+ cells,
via a possible nuclear-receptor mediated mechanism (29).

Glucocorticoids might also be responsible for the seasonality of the presently reported effects.
Corticosterone is the most representative glucocorticoid hormone of mice, and has well
documented immunoregulatory properties (20) together with seasonal changes of serum
concentration observed in male laboratory rats (30). Rotational stress indeed causes a greater
increase in plasma corticosterone in winter as compared with summer (unreported results).
However, it has to be noted that the administration of mitotane, an inhibitor of corticosterone
synthesis, did suppress the expected rise of serum steroid levels by rotational stress above base
level (which was not modified by the treatment), but did not significantly modify the effects of the
stressor on lung metastasis (31).

In conclusion, the results presently reported appear of interest for the seasonality encountered in
the effects of rotational stress on spontaneous metastasis of Lewis lung carcinoma in mice, for the
negative correlation found between metastasis formation and the number of splenic T-lymphocyte
subsets. The underlying mechanism(s) are not fully clarified at present and appear to require a
deeper elucidation. Moreover, the results obtained appear of value for their experimental
implications, indicating that usually neglected seasonal factors may be responsible for the
inconsistencies appearing in the literature on stress and cancer. Additionally, they may also be
pertinent for studies regarding in more general terms stress and neuroimmunomodulation,
suggesting the opportunity to standardize the experiments with regard to seasonal or endogenous
neuroendocrine rhythms. The seasonal effects on tumor metastasis presently reported do not
appear to be limited to Lewis lung carcinoma, and preliminary observations indicate that seasonal
dependent responses to stress occur also in mice bearing TLXS lymphoma or MCa mammary
carcinoma subjected to rotation or immobilization procedures. Further experimental work on the
effects of different stress paradigms on various tumor-host systems, in relation to
neuroimmunomodulation and seasonal factors appears of interest and needed, and is partially in
progress in the laboratory of the authors.
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