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Abstract. Adrenalectomy predisposed the C3HeB/FeJ Mouse to tumor from a low dose 
of tumor cells, derived from a C3H spontaneous mammary adenocarcinoma. Sham 
surgery had a similar effect. In contrast, ovariectomized females, intact females, and 
male mice did not allow the low dose of cells to develop into a tumor. In order to better 
understand the role of hormones on the immune system controlling tumor growth, normal 
C3HeB/FeJ mice were studied for the effect of corticosterone or estradiol on splenic 
lymphocyte surface antigen expression. Adrenalectomy and ovariectomy caused a 
decrease in the percentage of all T cell subclasses and an increase in absolute numbers 
of immunoglobulin-bearing cells. Reconstitution of ovariectomized mice with estradiol 
did not significantly alter lymphocyte cell surface antigen expression. In contrast, 
injection of corticosterone into adrenalectomized mice brought these values to normal. 
Further study on normal mice placed on a 12:12-hr lightdark schedule showed that the 
hours after lights on (HALO) had a significant effect (analysis of variance) on body 
temperature, percentage of splenic B cells, T pan, T helper and T suppressor cells, and 
absolute numbers of T pan cells. Brain dehydroepiandrosterone sulfate correlated 
positively with T pan lymphocytes, but showed no significant effect on HALO. In contrast, 
body temperature showed a strong circadian rhythm (P c 0.001). In addition, the 
presentation of estrus was circadian rhythmic (P = 0.003) with 58% of mice in estrus at 
16 HALO and only 8% at 4 HALO. Multiple regression analysis revealed body temperature 
was strongly associated with absolute numbers of splenic T lymphocytes and their 
subsets, as well as percentage of B lymphocytes, Thy 1.2-, and Lyt-2-bearing cells. 
Similarly, HALO and estrous cycle stage were associated with percentage of T helper 
cells. The data showed that body temperature and hormones were associated with the 
cell surface antigens on lymphocytes and suggest that they affect lymphocyte 
function. [P.S E B M. 1992, VoI 1991 

his laboratory found earlier that the timing within 
the estrous cycle at which an estrogen receptor- T bearing mammary adenocarcinoma was re- 
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moved by surgical resection amected the metastatic 
potential of that tumor in the C3HeB/FeJ mouse (1). 
If surgery was within a day before ovulation. 40% of 
the mice were free of metastases as compared with 16% 
if surgery was carried out on the days following ovula- 
tion ( 1 ) .  The data suggested that differences in hormone 
concentrations were responsible for the different out- 
comes of surgery in so far as metastases were concerned. 
These findings have been studied in the human by 
other investigators. Premenopausal women who under- 
went breast cancer surgery at about midmenstrual cycle 
were only one fourth as likely to relapse and die as 
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compared with those operated upon during the week 
preceding or following menstruation (2). In a separate 
study, overall1 and recurrence-free survival was greatly 
reduced in women when the operation was 3-12 days 
after their last menstrual period (3). These reports deal- 
ing with 44 and 249 women, respectively, are seemingly 
at variance with a study of 81 patients, in which those 
who underwent surgery near menstruation did not ap- 
pear to survive longer than those operated on at mid- 
cycle (4). 

Another group of investigators reported a lack of 
statisticall significance for 245 women in international 
breast cancer treatment trials (5). Several factors could 
account for ithe different findings: The human studies 
were all retrospective and studied heterogeneous pop- 
ulations. No information was given on the therapy the 
patients had received. In addition, there was no men- 
tion of the tlLme of day (which would reflect different 
hormone concentrations) at which surgery was per- 
formed. 

In order to better define the interplay of rhythms 
in factors that influence the immune response, a study 
was undertaken in the mouse model using a circadian 
approach. Because it has been shown that the timing of 
circadian rhythms in mice was reset by manipulation 
of the lighting regimen along the 24-hr scale (6), we 
were ablle t s  design an experiment to work at one 
convenient time. Six boxes were set on six different 
regimens of onset of light with darkness alternating at 
12-hr inl.ervals ( 12: 12-hr 1ight:dark). With a study car- 
ried out undler such conditions, we have reported a 
marked circadian rhythm of the percentage and the 
absolute numbers of the major classes of splenic lym- 
phocytes and of serum corticosterone concentrations in 
the C3HeB/E:eJ mouse (7). The purpose of the present 
investigation was to expand this work by studying the 
relationship of body core temperature and hormones 
to splenilc lymphocyte subsets and on the expression of 
a primaiy mammary adenocarcinoma in the mouse. 
Our approach was 4-fold: (i) The effect of hormones on 
the growth of a primary mammary adenocarcinoma 
was studied in male and female mice, some untreated, 
others sham (operated, ovariectomized, or adrenalecto- 
mized. (ii) The effect of corticosterone and estradiol on 
splenic cell surface antigen expression was studied in 
female adrenalectomized and ovariectomized mice, re- 
spectively. (iii) The dynamics of body temperature, 
brain dlehydroepiandrosterone sulfate (DHEA-S), 
serum corticosterone, serum estradiol, and the splenic 
cell surface amtigens were studied, in addition to the 
circadian presentation of the estrous cycle. (iv) Hor- 
monal, thermal and antigenic associations were ana- 
lyzed by multiple regression. 

Materials and Methods 
Mice. Male and female C3HeB/FeJ mice, 3-5 

weeks old, were purchased from Jackson Laboratories, 

Bar Harbor, ME, and quarantined for 2 weeks prior to 
placement on experiment. Male mice, two per cage, 
were housed in cages adjacent to those housing females; 
the latter were housed four per cage. Following surgery, 
animals were singly housed. All animals had laboratory 
chow and tap water (saline for adrenalectomized ani- 
mals) ad libitum. Carbon dioxide anesthesia was used 
prior to exsanguination from the retroorbital plexus. 
Sera were stored at -70°C prior to hormone analysis. 

Surgery. Female mice were adrenalectomized or 
ovariectomized under anesthesia with Ketamine (75 
mg/kg) and Ace Promazine (10 mg/kg). Completeness 
of ablation was verified by necropsy. The surgical study 
relating to splenic cell surface antigen expression was 
carried out in September 1989. The surgical study 
involving tumor was conducted in June 1990, and 
observations for tumor growth continued for 4 months. 

Tumor. A mammary adenocarcinoma that arose 
in a female C3H mouse and that was repeatedly carried 
by subcutaneous transplantation in female C3HeB/FeJ 
mice was used. Cells were isolated from a tumor ap- 
proximately 10 mm in diameter, minced with scissors, 
and suspended in Medium 199 (Gibco Laboratories, 
Grand Island, N Y )  supplemented with penicillin (50 
units/ml) and streptomycin (50 pg/ml). Cell viability 
was assessed by trypan blue dye exclusion. Transplan- 
tation was accomplished by subcutaneous injection of 
2 x lo5 viable cells suspended in 0.1 ml of medium 
into the left hind leg at the base of the tibia. 

Circadian Study. This study was conducted during 
the summer of 1989. Six boxes, 2 X 2 X 2 feet, were 
constructed of particle board with the advice of Dr. L. 
E. Scheving. Shielding from outside light was verified 
by the use of photographic film. For determination of 
the circadian rhythms and the estrous cycle, 12 females 
and six males were housed per box. Each box had a 
timer to set a schedule of light and darkness alternating 
at 12-hr intervals. Onset of light was staggered by 4 hr 
between the six boxes. Time is referred to as hours after 
lights on (HALO). One half of the females were sacri- 
ficed by exsanguination on Day 27 and the remainder 
on Day 28. Three of the boxes were placed in each of 
two rooms with opposite 12: 12-hr 1ight:dark cycles. The 
boxes were thus opened either in light or darkness at 
one time, with the HALO simulating a 24-hr day. Cages 
were cleaned once a week on the same day of the week. 

Estrous Cycle. After standardization for at least 2 
weeks in the boxes, a vaginal smear of each female 
mouse was taken daily, followed by the rectal temper- 
ature. Smears were fixed in absolute methanol and 
stained with hematoxylin and eosin. Relative numbers 
of cornified, nucleated epithelial, and polymorphonu- 
clear cells were scored 0 to 3+. Stage of the cycle was 
assigned to published criteria (8, 9). 

Lymphocyte Surface Antigen Determination. 
Spleens were aseptically removed and single cell sus- 
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pensions were prepared in (No. 330-1420; Gibco) (pH 
7.6) plus 0.1 % NaN3. Lymphocyte cell surface antigens 
were identified using an Epics V flow cytometer 
equipped with a 488-nm argon laser (Coulter Electron- 
ics, Hialeah, FL). Cells were stained with antibodies 
conjugated with fluorescein isothiocyanate; monoclo- 
nal antibodies to Thy 1.2 (T pan), L3T4 (T helper), and 
Lyt 2 (T suppressor) were purchased from Becton Dick- 
enson, Mountain View, CA. F(ab’)2 goat antimouse 
immunoglobulins (Zymed, South San Francisco, CA) 
were used to identify B cells. Exclusion of propidium 
iodide (Sigma, St. Louis, MO) determined cell viability; 
only viable cells were analyzed. 

Hormones. Radioimmunoassay was used to quan- 
tify serum concentrations of corticosterone and estra- 
diol (Radioassay Laboratory, ICN Biomedical. Inc., 
Plainview, NY) and DHEA-S in the brains (Pharmak- 
ologisches Institut der Universitat Heidelberg, Heidel- 
berg, Germany). Adrenalectomized or ovariectomized 
mice were given corticosterone ( 100 pg/injection 
Sigma) or estradiol (5 pg/injection; Sigma) or vehicle 
(sesame oil; Sigma) by subcutaneous injection 24 and 
48 hr prior to identification of splenic cell surface 
antigens. 

Statistics. The least squares fit of a 24-hr cosine 
curve with the precaution of the cosinor method (10) 
was used to assess rhythmicity of cell surface antigen 
expression and hormone concentrations. Multiple 
regression analysis. chi-square, and Pearson product- 
moment correlations were also used. Where appropri- 
ate, data were transformed to logarithms, logits, or 
cosines prior to analysis. Analysis of variance was fol- 
lowed by post hoc comparisons of groups using Stu- 
dent’s t test. 

Results 
Effect of Hormonal Ablation on Tumor Growth. 

The influence of corticosterone and estradiol on the 
ability of a primary mammary adenocarcinoma to grow 
was studied in several groups indicated in Figure 1 .  
Each group was divided into two subgroups: one re- 
ceived 2 x lo5 and the other 2 x 1 O3 viable tumor cells. 
Mice were observed for tumor growth for 4 months. 
Some animals of each group did not develop palpable 
tumors. All groups that received the high dose had 
tumor incidence (60439%). Intact animals that received 
the low dose of tumor cells did not develop tumors, 
nor did ovariectomized females. In sharp contrast, ad- 
renalectomized or sham-operated females developed 
tumors whether the dose was high or low. 

Effect of Corticosterone and Estradiol on 
Splenic Lymphocyte Subsets. Corticosterone and es- 
tradiol versus splenic lymphocyte subsets were studied 
in female mice not inoculated with tumor (Fig. 2). The 
animals were surgically altered by adrenalectomy or 
ovariectomy. The effect of surgery was reflected in 

lowered concentrations of the respective hormones. The 
groups were divided into two; one group received injec- 
tions of corticosterone or estradiol, while the other 
received oil only. Splenic cell surface antigens were 
identified by flow cytometry; the whole population of 
T cells was identified by fluorescein isothiocyanate- 
conjugated antisera to Thy 1.2, T helper cells by anti- 
L3T4, and T cytotoxic cells by anti-Lyt2. B lympho- 
cytes were identified by antisera to immunoglobulin. 
Serum concentrations of estradiol and corticosterone 
were measured by radioimmunoassay. The percentage 
of splenic cell surface antigens for each of the T cell 
antigens was lowered in contrast to B cells, which were 
unaffected. The percentage of T cell antigens in splen- 
ocytes from ovariectomized mice injected with estradiol 
were not restored to that of normal mice. Adrenalec- 
tomized mice given corticosterone had elevated per- 
centages of each, with Thy 1.2 being brought to normal 
levels. The absolute numbers presented a different 
picture (data not shown). Numbers of Ig-bearing lym- 
phocytes increased in surgically altered mice, with no 
increase of any of the T antigens. Again, estradiol 
injection in ovariectomized animals did not affect the 
numbers significantly. However, injection of corticos- 
terone in adrenalectomized animals brought numbers 
of B lymphocytes to normal levels. 

Body Temperature, Concentration of Brain 
DHEA-S, Serum Corticosterone, Serum Estradiol, 
and Splenic Cell Surface Antigen Expression. Twelve 
mice were placed in each of six boxes with the lights on 
for 12:24 hr, with light onset staggered between boxes 
by 4 hr. Mice were anesthetized with carbon dioxide 
and exsanguinated. Their spleens and brains were re- 
moved. Splenic cell surface antigen expression was 
measured by flow cytometry. Brains were immediately 
frozen in liquid nitrogen, and subsequently homoge- 
nized in acetone and evaporated to dryness prior to 
radioimmunoassay for DHEA-S. The data for body 
temperature, hormones, and splenic cell surface antigen 
expression were mapped (Figs. 3 and 4). The circadian 
aspects of corticosterone and cell surface antigens have 
been reported previously (7). When the body tempera- 
tures of the 72 animals were tested for a circadian 
rhythm by the least squares fit of a 24-hr cosine curve, 
a strong circadian rhythm was revealed ( P  < 0.001). In 
contrast, the assumption of no circadian rhythm could 
not be rejected for concentration of DHEA-S in the 
brains. Analysis of variance for differences among the 
means at each HALO time revealed significant differ- 
ences for body temperature, percentage of each cell 
subset. and absolute numbers of Thy 1.2-bearing cells. 
Concentration of brain DHEA-S was found to be pos- 
itively correlated with absolute numbers of Thy 1.2- 
bearing cells ( P  < 0.05). 
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Circadian Mouse Brain DHEA-S Rhythm 
and Estral Stage 

Single Cosinor Analyses 

P 

For 4 in degrees 366 s24 hours 

N PR Mesor+-SE Amplitude* I Acrophase (a) 
0.005 
0.011 

A Proestrus 
B Metestrus 

12 70 8.06 0.45 2.98(1.06 4.92) -3420(-302 -14) 
25 34 8.26 0.54 2.45(0.53 4. ) -209'(-155 -263) 

P = Probability of Hypothesis: Amplitude=O; N=Number of Observations 
PR = Percent Rhythm (percentage of variability accounted for by cosine curve) 

Conservative 95% confidence limits (parentheses) derived from cosinor ellipse 

Figure 1. Effect of hormones on growtih of a primary mammary adenocarcinoma. Mice were adrenalectomized or ovariectomized. Immediately 
after surgery, the animals were injected with 2,000 (Lo dose) or 200,000 (Hi dose) viable tumor cells in the left hind leg at the ankle and 
observed for tumor development for 4 months. P-value, chi-square. 

Estrous Cycle Stage Incidence as a Function of 
HALO Time, In order to determine that the mice were 
undergoing regular estrous cycling, the body tempera- 
ture and vaginal smear from each mouse were recorded 
daily for 17 days prior to sacrifice. The series of vaginal 
smears was also used to determine the phase of the 
estrous cycle at the time of .the lymphocyte study. 
Presentation of estrus was found to be circadian 
rhythmic (Table I). Fifty-eight percent of the animals 
were in estrus when tested at 16 HALO (early dark/ 

activity span), while only one out of the 12 mice (8.3%) 
was in estrus at 4 HALO (early light/sleep span) 
(rhythm detection significant at P -= 0.003 from fit of 
24-hr cosine). Similarly, more mice were in metestrus 
or diestrus when sampled in the light span as compared 
with the dark span (rhythm detection significant at P = 
0,010 from fit of 24-hr cosine). Large circadian varia- 
tions and the unequal distribution of animals in each 
estrus stage at each circadian stage undoubtedly ob- 
scured any effect of estrous stage in the analyses. 
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Estral Mouse Brain DHEA-S Rhythm 
and Circadian Stage 

Single Cosinor Anabses &* \ O ABC 

\ \ \ \ \  

For @ in degrees: 3600 = Estral Cycle 

Key I P 1 N I PR IMesor+-SE 

A 0400 Halo 
B 0800 Halo 
‘21200 Halo 

0.085 12 42 7.02 0.71 
0.099 11 45 8.05 0.65 
0.045 12 50 7.32 0.76 

Amplitude* I Acrophasea) 1 

P = Probability of Hypothesis: Amplitude=O; N=Number of Observations 
PR = Percent Rhythm (percentage of variability accounted for by cosine curve) 
* Conservative 95% confidence limits (parentheses) derived from cosinor ellipse 

Figure 2. Percentage of splenic cell surface antigens in surgically altered mice. Mice were ovariectomized (OX) or adrenalectomized (AX). One 
week later, groups were injected subcutaneously with oil or hormone 24 hr and 48 hr prior to identification of splenic cell surface antigens (10 
mice/group). Two animals per group were injected only at -24 hr. Statistics: 

Group Thy 1.2 L3T4 Lyt2 IgG 
Normal vs O X  + Oil 0.01 2’ 0.001 0.005 NS 

O X  + E2 0.004 0.0001 0.001 0.029 
AX + Oil 0.001 0.001 0.0001 NS 
AX + Cort NS 0.001 0.004 NS 

O X  + Oil vs O X  + E2 NS NS NS NS 
AX + Oil NS NS NS NS 
AX + Cort NS NS NS NS 

O X  + E2 vs AX + Oil NS NS 0.022 NS 
AX + Cort NS NS NS NS 

AX + Oil vs AX + Cort 0.038 NS 0.012 NS 

’ P-values, Student’s t test. Abbreviations: E2,  estradiol, 5 pg/mouse; cort, corticosterone, 1 OOpg/mouse. 
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Relative Influence of Body Temperature and 
Hormones on Ilymphocyte Subsets. Multiple regres- 
sion served to analyze the data set for the relative 
association of fluctuations in body temperature, serum 
corticosterone, serum estradiol, brain DHEA-S, HALO, 
and estrous cycle stage with the expression of cell 
surface antigens. Body temperature was outstanding in 
association with the percentage of Thy 1.2, Lyt2, and 
Ig-bearing cells, with HALO and estrous cycle stage also 
associated with percentage of L3T4-bearing cells. Body 
temperature was associated with absolute numbers of 
Thy 1.2, Lyt2, and L3T4. Significance levels ranged 
from 0.00005 to 0.002. 
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Discussion 
The body temperature association with the per- 

centage and absolute numbers of splenic lymphocyte 
subsets is noteworthy. An intimate association of body 
temperature arid the immune response has long at- 
tracted attention. Since the first quarter of this century, 
it has been known that fever can help cure certain 
diseases. Indeed, Dr. Julius Wagner-Jauregg won the 
Nobel Prize for Physiology and Medicine in 1927 for 
his treatment of dementia paralytica with malaria vac- 
cine. Perhaps some beneficial effect of fever lies in its 
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modulation of the immune response in addition to any 
direct effect of killing microorganisms. In the current 
study, the temperature fluctuation was only that within 
the circadian and estrous cycles of normal mice, and 
clearly did not include a fever. Nonetheless, very strong 
correlations were found with every cell subset studied. 

It has been reported that in the human the T helper 
to T suppressor cell ratio undergoes a rhythm similar 
to that of the menstrual cycle (1 1). The current study 
did not support that result. No correlation between 
percentage or absolute number of lymphocyte subsets 
occurred with phases of the estrous cycle. However, the 
interplay of the hormones with the estrous cycle and 
cell surface antigen expression was suggested. In addi- 
tion, there were other findings similar to those in the 
human: The body temperature increased after ovula- 
tion (data not shown), similar to the pattern of body 
temperature in the human during the menstrual cycle 
(12). Also, the body temperature was increased during 
the active phase (dark span), similar to the human, in 
whom the body temperature is higher during the active 
phase (usually the light span). 

In the present circadian study, not only did tem- 
perature explain a significant proportion of lymphocyte 
subsets, both percentages and absolute numbers, but 
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Brain Dehydroepiandrosterone sulfate (DHEA-S) correlates 
positively with number of T-helpers (L3T4) 

15 - 
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9 -  
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3 -  

120 170 220 270 320 370 420 

T-helpers (Number) 

Figure 4. Chronograms of percentages and absolute numbers of splenic lymphocyte subsets: B cells, T pan, T helper, and T suppressor cells. 
Following the removal of the brain, the spleen of each animal was aseptically removed, brought to a single cell suspension, and stained for 
lymphocyte subsets using fluorescein isothiocyanate-conjugated antisera specific for each subset. Subsets were determined by flow cytornetry. 

Table I. Estrous Stage Incidence vs Circadian Stage for C3HeB/FeJ Female Mice 

Time 
(hr after lights on in LD 12:12)" 

Proestrus 
Estrus 
Metestrus 
Diestrus 

12 1 (8.33) 4 (33.33) 4 (33.33) 2 (16.67) 0 (0.00) 1 (8.33) 0.041 
25 3 (25.00) 1 (8.33) 3 (25.00) 6 (50.00) 7 (58.33) 5 (41.67) 0.003 
25 5 (41.67) 6 (50.00) 3 (25.00) 4 (33.33) 3 (25.00) 4 (33.33) 0.267 
10 3 (25.00) 1 (8.33) 2 (16.67) 0 (0.00) 2 (16.67) 2 (16.67) 0.422 

Proestrus and estrus 37 4 (33.33) 5 (41.67) 7 (58.33) 8 (66.67) 7 (58.33) 6 (50.00) 0.010 
Metestrus and diestrus 35 8 (66.67) 7 (58.33) 5 (41.67) 4 (33.33) 5 (41.67) 6 (50.00) 0.010 

Twelve mice per timepoint (total = 72). 
' P-value derived from zero-amplitude test by least squares fit of a 24-hr cosine. 

HALO and estrous cycle stage also contributed, affect- 
ing percentage of T helper cells. The corticosterone 
concentrations were higher than expected, probably due 
to the stress imposed by the method of anesthetization 
and bleeding (from the retroorbital plexus). In future 
experiments, greater care should be taken to ameliorate 
stress when studying stress-related hormones. 

It should be noted that it is unclear whether the 
statistically associated parameters are causally linked. 

It is entirely possible that they were simply parallel 
outcomes of multiple regulatory phenomena influenced 
similarly by circadian rhythms. To address this issue, 
the surgical experiments were performed. They showed 
that ovariectomy and adrenalectomy have an effect on 
immunity. Ovariectomy and adrenalectomy lowered 
percentages of splenic T lymphocyte subsets and in- 
creased absolute numbers of B lymphocytes. The dif- 
ference in pattern of expression between percentages 
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and absolute numbers of lymphocytes may relate to the 
changing numbers of cells in the spleen due to the 
recirculation of lymphocytes. The total number of 
splenocytes was not constant at each HALO. But, un- 
like the percentages of subsets, the total number did 
not display a circadian rhythm. Therefore, lymphocytes 
without T or B cell antigens must also fluctuate. Other 
lymphocyte subsets in addition to T and B cells should 
be studied in the model, particularly natural killer cells 
that would be heavily involved in prevention of a low 
dose of tumior cells from growing in a naive animal. 

Another effector is DHEA-S, which has a negative 
correlation with risk of developing breast cancer (1 3) .  
In the present study, DHEA-S in the brain correlated 
positively with absolute numbers of T pan cells, sup- 
porting the association of low levels of DHEA-S with 
risk of developing breast cancer, using the logic that the 
T cells help to prevent the tumor from growing. The 
data also support the recent finding that dietary DHEA 
inhibited rat mammary gland chemical carcinogenesis 
(14). 

Treatment of ovariectomized animals with estra- 
diol did not statistically influence the percentage or 
absolute number of the T lymphocyte subsets in con- 
trast to treatment of adrenalectomized mice with cor- 
ticosterone. The latter animals had percentages of T 
lymphocyte subsets that were comparable to those of 
intact animals. In addition, these animals had similar 
absolute numbers of B cells. Surgery itself may have 
elevated corticosterone in the ovariectomized animals. 
The effects of corticosterone on cell surface antigens 
were prominent, and imply that corticosterone is inti- 
mately involved with the immune response, since cell 
surface antigens reflect cell function ( 15). 

In addition, the present experiment involving sur- 
gically altered mice in which high and low numbers of 
mammary adenocarcinoma cells were injected supports 
the role of corticosterone and estradiol in the immune 
response. The mice were injected with tumor immedi- 
ately following surgery. All groups of mice inoculated 
with the high dose of tumor cells developed tumor. In 
contrast, there was a marked difference among the 
groups receiving the small dose of cells. For intact and 
ovariectomi;ced females and intact male mice, the 
smaller inoculum of mammary adenocarcinoma cells 
failed to develop into a tumor. In adrenalectomized 
animals and sham-operated females, the tumor devel- 
oped from the low as well as the high dose. In surgically 
stressed animals with normal or low corticosterone, 
immunosuppression occurred and the low dose of tu- 
mor cells grew, in contrast to surgically stressed animals 
with low estradiol, in which the immune response was 
intact and the tumor did not grow. What matters may 
well be the timing and relative concentrations of the 
hormones, rather than merely the dose of tumor cells. 
Hormones were thus shown to affect nonspecific mech- 

anisms of prevention of tumor growth, because the 
mice had not been exposed to the tumor before. In the 
prior study ( l ) ,  hormones were shown to affect metas- 
tasis subsequent to surgical removal of the tumor. In 
that study, specific cytotoxicity was probably involved 
because the mice had had the tumor for a sufficient 
period of time for sensitization to occur. 

These data clearly show the interplay of body tem- 
perature, hormone concentration, and immunity, as 
shown by lymphocyte surface antigen expression and 
the ability to reject low doses of tumor. The parameter 
with the strongest correlation with cell surface antigen 
expression was body temperature, a finding that invites 
greater scrutiny. In the case of corticosterone, a casual 
association was proved with respect to expression of 
Thy 1.2. For the other associations, one must use 
caution in extending an association to imply that a 
change in one caused a change in the other. 

These findings should be helpful in designing pro- 
spective studies in the human to help define the best 
milieu for surgical intervention in attempts to cure 
breast cancer. Further work will be required to extend 
the findings to other types of tumors or to manipulation 
of the immune system. 

This work was supported by Grant 1161 from IIT Research 
Institute and US. Public Health Service Grants GM 1398 1 and HLB 
40650. 
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Does Aging Affect Liver Microtubules? (43378) 
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Abstract. Microtubules are essential for many cell processes, e.g., ligand-receptor 
endocytosis and the vectorial movement of endosomes. The cytoskeleton, particularly 
microtubules, may undergo age-related changes that are reflected in cell dysfunctions. 
For example, the translocation of 1251-lgA-containing vesicles from the sinusoidal surface 
to the pericanalicular cytoplasm is reduced ( ~ 4 0 % )  in old versus young rats. Electron 
microscopic analysis demonstrated that the concentration of microtubule profiles in 
young animals is within 10-20% of that in old rats. The relative concentration of 
polymerized tubulin declines >70% by 12 months of age, but the total tubulin content 
remains unchanged until later, i.e., declining 50% by 24 months. Concomitant increases 
occur in the free fractions of microtubule-associated proteins (MAP), i.e., MAP, and 
heat-stable MAPS. These fractions are not associated with polymerized tubulin. The 
declines in total and polymerized tubulin, together with the increases in the MAPS’ free 
fractions, may be indicative of fewer and/or shorter microtubules. These data lend 
credence to the supposition that aging is accompanied by perturbations of microtubule 
functions that ultimately are expressed as biomarkers characteristic of aging. 
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ytoplasnnic microtubules are essential for a vari- 
ety of cellular processes, including ligand-recep- C tor endocytosis and the subsequent vectorial 

movement of ligand-containing vesicles destined for 
secretion or de:gradation (see Ref. 1 for a review). The 
maintenance of these functions depends on a stable 
polymer to monomer tubulin ratio, an autoregulated 
process (2-4). Caron et al. (5) have shown that the 
autoregulation of tubulin synthesis and the processing 
of endocytosed. ligands are sensitive to small changes in 
this critical ratio. Since tubulin constitutes approxi- 
mately 1 % of the total hepatic protein composition and 
aging is accompanied by shifts in the synthesis and 
intracellular concentrations of numerous hepatic pro- 
teins, age-associated changes in the rate of tubulin 
synthesis or in the tubulin polymer to monomer ratio 
may contribute to concomitant alterations in microtu- 
bule-dependent functions (6; see Ref. 7 for a review). 

There is some evidence that the cytoskeletal sys- 
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tem, particularly microtubules, undergoes age-related 
changes that are reflected in cellular dysfunctions (8). 
In rat hepatocytes, for example, the transport of IgA 
and anticholera toxin IgA antibodies from the blood to 
the bile declines up to 6-fold between 3 and 25 months 
of age (9, 10). The hepatocellular translocation of vesi- 
cles containing endocytosed IgA and another glycopro- 
tein, horseradish peroxidase, is significantly impaired, 
60% and 40%, respectively, in rats pretreated with the 
microtubule depolymerizing agent, colchicine (3, 4). A 
similar decline (>40%) in the translocation of IgA-laden 
vesicles occurs in untreated rat hepatocytes as a func- 
tion of aging alone (9). Microtubule integrity may be 
essential for the transport of newly synthesized IgA 
receptor (secretory component), a nonrecycled glyco- 
protein, to the hepatocyte plasma membrane (4). Inter- 
estingly, a 4-fold loss of IgA receptors from hepatocyte 
plasma membranes accompanies aging in the rat (1 1). 
Since endocytosed IgA does not get transported to the 
bile canaliculus in old rats, the number of IgA receptors 
is diminished in these animals, and colchicine elicits a 
similar decline in the hepatobiliary transport of IgA in 
young rats, we speculated that aging may be accom- 
panied by microtubule dysfunction, e.g., reduced tub- 
ulin synthesis, altered tubulin polymer to monomer 
ratio that culminates in impaired cell function(s). Since 
microtubule associated proteins (MAPS) are essential 
to optimal microtubule function, changes in the quality 
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or quantity of these components may also contribute 
to an age-related dissociation of the cytoskeleton. The 
present study describes results from a correlated struc- 
tural and biochemical analysis of rat hepatocyte micro- 
tubules as a function of aging. 

Methods 
Animals. Male Fischer 344 (CDF) rats, aged 3-6 

months (young). 12- 16 months (mature). and 24-30 
months (old; 4 0 %  survivorship), obtained from the 
National Institute on Aging colony (Harlan Industries, 
Inc., Indianapolis, IN), were used throughout the study. 
The animals were maintained under bamer conditions 
and fed laboratory chow and water ad libitum in ac- 
cordance with the guidelines of the Committee on Care 
and Use of Laboratory Animals of the Institute of 
Laboratory Animal Resources. All of the rats were 
subjected to a 12-hr fast prior to sacrifice to minimize 
the hepatic content of glycogen, which interferes with 
morphologic and biochemical analyses. 

Electron Microscopic Analysis. Six young and six 
old animals were anesthetized with sodium pentobar- 
bital, their livers were perfused via the hepatic portal 
vein with 2.7% glutaraldehyde and 0.8% paraformal- 
dehyde in 0.2 M sodium bicarbonate, buffer, and the 
tissue was prepared for electron microscopic examina- 
tion ( 12). Six tissue blocks, three from Zone 1 and three 
from Zone 3, were selected from each of the animals, 
and five electron micrographs per tissue block were 
taken and enlarged to a final magnification of ~45 ,000 .  
The photographic fields were chosen according to an 
unbiased, systematic sampling procedure which re- 
quired that the grid squares be covered with hepatocyte 
cytoplasm, two sides of the field be defined by grid bars, 
and the field be devoid of nuclear profiles. This sam- 
pling yielded 180 micrographs/age group and a total of 
360 fields for analysis. Each micrograph was reviewed 
and every identifiable microtubule profile, regardless of 
length, was scored, as was each peroxisome in the same 
field. Peroxisomes were selected as the internal stand- 
ard, since previous quantitative analysis demonstrated 
that the relative volume of this organelle compartment 
remains unchanged during aging in Fischer 344 rats 
( 1  2). The data were expressed as the number of micro- 
tubule and peroxisome profiles per unit area of hepa- 
tocyte cytoplasm (five photographic fields) and as the 
ratio of microtubule to peroxisome profiles. 

Quantitative Analysis of Tubulin and MAPS. To- 
tal and free tubulin as well as MAPS concentrations 
were determined in high-speed supernatants prepared 
from liver as described previously (13). Livers were 
homogenized in 2 vol (w/v) of Mes buffer (100 m M  2- 
[N-morpholino]ethanesulfonic acid, 0.5 mM MgC12, 
and 1.0 mM EGTA) with or without 4 M glycerol. 
Homogenates were centrifuged for 60 min at 100,000 

g and the resultant supernatants were used to measure 
free (with glycerol) and total (without glycerol) tubulin. 

Mouse monoclonal anti-a-tubulin and mouse 
monoclonal anti-p-tubulin antibodies of known speci- 
ficities (Amersham) were used to quantitate a- and p- 
tubulin, respectively (14). MAPl content of the super- 
natants was measured using a monoclonal anti-MAP, 
antibody (clone HM-1; Sigma), which reacts with MAPl 
only. MAP2 and tau were measured with a polyclonal 
rabbit anti-MAPS antibody (Sigma), which reacts only 
with these heat-stable MAPS. Biotinylated goat anti- 
mouse IgG and biotinylated goat antirabbit IgG were 
supplied by Cappel. The specificities of the antibodies 
were assessed by Western blot analysis (data not 
shown). 

The relative amounts of a- and p-tubulin, MAPl, 
MAP2, and tau were determined by enzyme-linked 
immunosorbent assay. Microtiter plates were coated 
with serially diluted liver supernatants. Plates were 
incubated with a 1 / 1000 dilution of anti-a-tubulin, 
anti-p-tubulin, anti-MAP,, or anti-MAPS mouse 
antibody. Wells were reacted with biotinylated goat 
antimouse IgG or biotinylated goat antirabbit IgG, 
avidin-conjugated horseradish peroxidase (Vector), and 
ortho-phenylenediamine (Zymed). The reaction prod- 
uct was stopped with 2 N sulfuric acid and the absorb- 
ance was measured at 490 nm. Since tubulin is a highly 
conserved protein, bovine brain tubulin purified ac- 
cording to the method of Sloboda et al. (1 5) was used 
as a tubulin standard. Standard curves were established 
for a- and P-tubulin using the corresponding monoclo- 
nal antibody. Liver tubulin values were calculated from 
the linear portion of the standard curves and are the 
result of the addition of a- and 6-tubulin concentra- 
tions. 

Results 
A reassessment of stereologic and quantitative au- 

toradiographic data generated in a previous study dem- 
onstrated that the translocation of '251-IgA-containing 
endocytic vesicles from the hepatocyte sinusoidal sur- 
face to the bile canaliculus is reduced by at least 40% 
in old versus young rats (9). This reduction reflects 
differences in vesicle movement or number rather than 
in '"I-IgA autoradiographic grain density, since vesicles 
in young and old rats contained 29% and 26%, respec- 
tively, of the total grains counted in the hepatocytes. 

Neither the morphologic appearance nor the rela- 
tive concentration of hepatocyte microtubule profiles, 
i.e., the number per uniform area of hepatocyte cyto- 
plasm, changed appreciably between 6 and 30 months 
of age (Table I). The microtubule profile densities esti- 
mated in young and old rats were within 10% of each 
other. The number of peroxisomes in the same photo- 
graphic fields was similar in both age groups, i.e., within 
15%. Furthermore, expression of the microtubule pro- 
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Table 1. Effect of Aging on the Number of Rat 
Hepatocvte Microtubule and Peroxisome Profiles" 

Age Micrlotubules Peroxisomes Microtubules/ 
(mos) (no./unit area)b (no./unit area) peroxisomes 

~~ ~ 

6 2.8 k 1.9 13.3 -t 2.7 0.21 
30 3.1 & 1.8 11.1 k 3.4 0.28 

a Values represent the means of six rats (180 photographic fields) t 
SD. 

Data expressed (3s the number of organelle profiles per unit area of 
hepatocyte cytoplasm; a unit area constitutes the cytoplasmic area 
included within five photographic fields at a final magnification of 
~45,000. 

files relative to the number of peroxisomes yielded 
similar ratios in young and old animals, 0.21 and 0.28, 
respectively. 

On the other hand, biochemical analysis revealed 
several age-rela ted changes in the concentrations of liver 
tubulin and MAPS (Table 11). Increasing age is accom- 
panied by a shift in the free to total ( a  and p)  tubulin 
ratio, i.e., a 2-fold increase in mature and old animals 
in comparison to young rats. The free tubulin fraction 
constitutes 45570 of the total tubulin pool in young rats, 
but this fractialn increases to 85% and 88% in mature 
and old animals, respectively. This shift is not due to a 
unilateral increase in the free tubulin fraction, but 
appears to be a consequence of an increase in the free 
tubulin content in mature rats and a decline in the total 
tubulin content of old animals. The hepatic content of 
polymerized a- and P-tubulin exhibits a decline from 
2.6 to 0.7 to 0.3 mg/g liver in 3-, 12-, and 24-month- 
old rats, respectively. While a concomitant change in 
the total MAP1 concentration appears to be inconse- 
quential, there is a >3-fold increase in the free fraction 
(Table 11). A more pronounced shift occurs in the heat- 
stable MAPS, i.e., MAP2 and tau. The concentration of 
total heat-stable MAPS declines >40%, whereas the 
corresponding free fraction(s) increases nearly 2-fold 
with increasing, age. 
Discussion 

Circumstantial evidence from several laboratories, 
including our own, suggests that microtubule dysfunc- 

tion accompanies aging (1 6; see Ref. 8 for a review). 
Quantitative electron microscopic autoradiographic 
data from a previous study suggested that the microtu- 
bule-dependent movement of IgA-containing vesicles 
from the sinusoidal surface of hepatocytes to the bile 
canalicular membrane was impaired in rats with in- 
creasing age (9). The distribution of radiolabeled IgA 
to endocytic vesicles was similar in young and old rats, 
thus eliminating differences in grain density as a possi- 
ble explanation. While we cannot exclude the possibil- 
ity of an age-related shift in the number of endocytic 
vesicles, the nonpericanalicular cytoplasmic compart- 
ments in both age groups contained equal numbers of 
autoradiographic grains, suggesting that the endosome 
population is reasonably stable during aging. An alter- 
native explanation is that the nonpericanalicular vesicle 
pool is saturated in young and old animals and, thus, 
the difference in the pericanalicular cytoplasm is a 
reflection of reduced translocation alone. 

On the basis of these data, a correlated structural 
and biochemical analysis appeared to be a logical ap- 
proach to the question of whether or not aging compro- 
mises hepatic microtubules. The mean number of mi- 
crotubule profiles per unit area of hepatocyte cytoplasm 
was reasonably consistent, regardless of animal age. 
Since the volume density of the peroxisome compart- 
ment is unaffected by aging in the Fischer rat, it pro- 
vides an excellent internal standard to compare shifts 
in the density of other organelles, e.g., microtubules 
(1 2). The absence of a significant shift in the hepatocyte 
microtubule to peroxisome profile ratio suggests that if 
aging affects microtubule function, correlated morpho- 
logic changes are more subtle. This probably reflects 
the low frequency of microtubule profiles observed in 
both age groups and the relatively small sample of liver 
tissue examined. 

The age-related decline in total tubulin concentra- 
tions, as well as the increase in the free to total tubulin 
ratio, may be indicative of fewer intact microtubules. 
A shift in the latter parameter may go undetected in a 
morphologic analysis, since microtubule length cannot 

Table II. Effect of Aging on the Concentrations of Rat Liver Tubulin (0 and p) and Microtubule-Associated 
Proteins (MAP, and Heat-Stable MAPS)" 

Tubulinb MAP'" Heat-stable MAPS" Age 
(mas) Total Free Total Free Total Free 

(mg/g liver) (Titer-1) (Titer-1) 

3-4 4.7 k 0.8 2.1 k 0.5 9.5 k 2.5 3.8 k 1.0 22 * 6 17 k 5.2 
12-1 4 4.8 k 1.0 4.1 k 2.5 6.0 & 1.4 7.0 -t 1.3 18.5 k 4.5 32 & 0.5d 
24-25 2.4 k 0.3" 2.1 & 0.4 8.8 & 2.1 13 k l .gd 14.6 k 0.6d 32 k 0.5d 

a Values reflect the means t SD of four animals. 
a- and P-tubulin measured by enzyme-linked immunosorbent assay using bovine brain tubulin as standard. 
MAPS concentrations expressed as mean reciprocal titers (Titer-'). 
Denotes significant difference versus young values (P < 0.05). 

* Denotes Significant difference versus young and mature values (P < 0.05). 
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be estimated accurately due to differences in organelle 
diameter relative to section thickness and the random 
orientation of the cytoskeletal elements in the plane of 
section. Small changes in this index may impair func- 
tion, but remain morphologically undetectable. A dim- 
inution of microtubule number and length may com- 
promise the vectorial movement of endocytic vesicles. 
Caron et al. ( 5 )  reported that very low doses of col- 
cemid, e.g., ~ 0 . 5  mM, markedly inhibited the process- 
ing of endocytosed ligands in cultured rat hepatocytes 
( 5 ) .  These data suggest that the vesicle translocating 
function of microtubules is extremely sensitive to tub- 
ulin polymer levels. 

The marked loss of polymerized tubulin between 
3 and 12 months of age (75%),  followed by an addi- 
tional 12% decline between 12 and 24 months, corre- 
lates reasonably well with concomitant reductions of 
85% and 3% in the hepatobiliary transport of IgA in 
mature and old rats, respectively (9). The large decline 
in mature rats seems to be due primarily to an increase 
in free or unpolymerized tubulin, whereas the later 
reduction in total tubulin content has only a minimal 
impact on polymerized tubulin. Clearly, aging appears 
to affect hepatic microtubules by two separate and 
sequential events, namely an increase in the free to total 
tubulin ratio and a decline in the total tubulin content, 
both of which contribute, albeit differentially, to a 
diminution of polymerized tubulin levels. The effect of 
aging on the free to total MAPS ratio is universal, i.e., 
a gradual, yet substantial, increase in MAP, and heat- 
stable MAPS (MAP2 and tau). This shift to the free 
state may reflect a decrease in the affinity of MAPS for 
tubulin polymer and/or the concentration of polymer- 
ized tubulin. Factors that may contribute to reduced 
MAPS-tubulin binding include, but are not limited to, 
reduced dephosphorylation of MAPS or posttransla- 
tional modifications to polymerized tubulin ( 1  7). Age- 
related alterations in the capacity to phosphorylate or 
dephosphorylate a gene product are not without prec- 
edent ( 1  8). Furthermore, since MAPS directly affect 
monomer-polymer equilibrium by promoting tubulin 
assembly in vitro (14) and possibly in vivo ( 19), the loss 
of MAPS-tubulin affinity may also reduce the relative 
amount of tubulin assembled in old animals. Since we 
have shown that the in situ concentration of hepatocyte 
smooth-surfaced endoplasmic reticulum and the yield 
of hepatic microsomes decline substantially during ag- 
ing in rats, we do not suspect that the age-related 
changes in polymerized tubulin and MAPS reflect con- 
comitant differences in the binding of these moieties to 
membranes during isolation (20, 21). Since liver cells 
from old rats contain less membrane than those from 
young animals, we suggest that less. not more, tubulin 
or MAPS would be lost to recovery with increasing age. 
Our data lend credence to the supposition extended by 
Rao and Cohen (8) that aging may be accompanied by 
perturbations of microtubule function(s) which, in turn, 

contribute to the expression of biomarkers charactens- 
tic of normal aging (8). Subsequent studies will focus 
on the effects of aging on the synthesis and turnover of 
tubulin, as well as on its capacity to polymerize. 
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