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SUMMARY

, Enhancement of the immune functions and extension of the mean life expectancy
were successfully performed in aging mice by sequential multiple grafting of syngeneic
newborn thymus., In the first experiment, 2-month-old female C57BL/6 mice were
grafted with either syngeneic newborn thymus or newborn spleen every 2 months, 5 or
6 times. A significant enhancement of T cell dependent immune functions were observed
in the group sequentially grafted with newborn thymus, in comparison to that grafted
with multiple sequential newborn spleen or with a single newborn thymus and that
without a graft. In the second experiment, the same sequential grafting protocol was
performed in middle aged mice at monthly interval for 4-5 consecutive months and the
immune functions and survival rate were compared between the experimental and control
groups. The immune functions were only partially rejuvenated, but an extension of the
mean remaining life expectancy was observed in the experimental group (312 % 38 days)
as compared with control (214 £ 42 days), although maximal life-span was the same in
both groups (1100 days).
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INTRODUCTION

The thymus starts to involute at around puberty in humans and animals [1,2]. Since
the thymic involution precedes or occurs together with the onset of age-related decline
of T cell-dependent immune responses, it has been suspected to be partly responsible for
the decline. There are two essential thymic functions; i.e. one is production and peri-
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pheralization of T cells, which occurs during late embryonic and early growth phases of
life [3.4] and the other is production of thymic hormones, which also peaks at the early
growth phase of life, declines rapidly but persists at low level thereafter throughout the
life [5.6].

Most of the T cells leaving the neonatal thymus appear to be tunctionally immature
and undergo final functional maturation in the peripheral lymphoid tissues [7.8]. This
functional maturation of T cells are believed to occur partly under the influence of
thymic hormone. This view is supported by two types of experiments: i.e. one is that
adult thymectomy in mice accelerates the decline of T cell dependent immune responses
[9,10] and decreases the longevity [11], and the other is that grafting of newborn
thymus can substantially restore the activity of T cell immune tunction of old mice
[12]. In the latter case, the restoration of the T cell dependent immune functions is due
partly to the recruitment of T cells by the grafted thymus and partly to the hormones
secreted by the grafted thymus.

Based on these observations and an earlier observation that the in situ host thymus
undergoes involution in an orderly pattern independent of that of the graftt [13]. the
present study was carried out to determine the effectiveness of sequential, multiple
thymus grafts on T cell-dependent and immunological activities and on the life expec-
tancy starting at 2 and 18 months of age, respectively.

MATERIALS AND METHODS

Mice

Female (C57BL/6NCij X DBA/2NCrj)F1 (hereafter referred to as BDFI) mice and
female CS7BL/6NCrj were purchased from Charles River Japan Inc. and used in the
present study.

Experimental protocol

In the first experiment, 2-month-old female C57BL/6 mice were intraperitoneally
grafted with either one lobe of syngeneic newborn thymus or spleen under anesthesia by
Nembutal every 2 months, 5 or 6 times in total. Assessment of the immunological func-
tions were performed at the age of 11 months and 14 months, respectively, and the
results were compared with four kinds of control: 3-month-old intact mice, age-matched
intact mice, age-matched mice with a single grafting of newborn thymus performed
1 month before the assessment, and age-matched mice which received newborn spleen
every 2 months, 5 or 6 times in total, starting at 2 months of age. Each group consisted
of 8—10 mice.

In the second experiment, the same thymus grafting protocol was performed in middle
aged mice, at monthly intervals for 4—5 consecutive months, and the immune functions
and survival rate were compared between the experimental (newborn thymus gratting)
and control (newborn spleen grafting) groups.
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Mitogenic response

Assays were performed in microplates (Falcon Microtest III, 3072) as previously re-
ported [14]. Briefly, 5 X 10° cells in 0.2 ml of RPMI 1640, supplemented with 5% fetal
bovine serum and kanamycin (0.06 mg/ml), were stimulated with optimum doses of
either PHA (1 ug; Wellcome Reagent Ltd., England) or LPS (1 ug; £. Coli: 0111:B4,
Difco Lab., Detroit). The plates were incubated at 37°C in 5% CO, in air atmosphere for
66 h, then 0.25 uCi of [*H]thymidine (spec. act. 5.0 Ci/mmol) in 0.005 m] was added,
and 2 h later the cells were harvested and processed for beta scintillation counting
(LS-250, Beckman).

Anti-SRBC response

Four days after the mice were injected intraperitoneally with 1 ml of 1% SRBC
(2 X 10®), their spleen cells were assessed for the number of antibody forming cells per
spleen by the DPFC assay of Plotz et al. [15].

Cell mediated cytolytic T lymphocytes response (CTL )

Five million spleen cells from C57BL/6 (H-2b) were co-cultured in quadruplicate with
an equal number of preirradiated (1500R) spleen cells from C3H (H-2X) mice in a total
volume of 2 ml of RPMI 1640 medium supplemented with 5 X107 M 2-mercapto-
ethanol, 0.06 mg/ml kanamycin and 10% fetal bovine serum in multiwell plates (24 wells,
Corning 25820). The plates were cultured at 37°C in 5% CO, in air atmosphere for 5
days, and the cells were harvested and processed for their cytolytic activity according to
the method of Cerottini er al. [16] as previously described [14].

Mixed lymphocytes reaction (MLR)

One million spleen cells of C57BL/6 mice were co-cultured in microplate (96 wells,
Corning 25850) with an equal number of preirradiated (1500R) spleen cells from C3H
mice in a total volume of 0.2 ml of the RPMI 1640 medium. The plates were incubated
for 70 h, pulsed with 0.25 uCi of [°H]thymidine in 0.005 ml, and cells harvested 2 h
later and processed for beta scintillation counting. The stimulation index was obtained
by dividing the counts observed in stimulated cultures (experimental) by those obtained
in unstimulated cultures (control).

Enumeration of T cells

Spleen cells [10°] were smeared on a slide glass by Cytospin-II (Shandon, UK) at
500 rev./min for 5 min, fixed with acetone for 2 min, washed with phosphate buffered
saline (PBS, pH 7.4) and reacted with biotin conjugated monoclonal antibody to Thy-12
(Beckton Dickinson Monoclonal Center, Inc., CA). The slides were then washed with
PBS, reacted with avidin-FITC, washed with PBS and mounted with buffered glycerine
(PBS/glycerine = 1:9). The slides were observed under a fluorescent microscope (Zeiss,
F.R.G.).
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Statistics

Experimental values of immune responses were log-transformed and then the mean
value and 1 standard error of the mean were calculated as recommended by Gottlieb
[17]. Difference in mean values were assessed by using the Student’s z-test. The level
of significance in the difference of the life expectancy was assessed by the Wilcoxon
rank sum test.

RESULTS

Lffect of thymus grafting starting at young age
Two-month-old C57BL/6 female mice were intraperitoneally gratted with syngenejc

SEQUENTIAL MULTIPLE THYMUS GRAFTING
IN FEMALE C57BL/6 MICE
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Fig. 1. Anti-SRBC antibody response (DPFC/spleen) and activity of cytolytic T lymphocytes (ly tic
units/spleen) in female C57BL/6 mice, which had been grafted with either newborn thymus (experi-
mental group) or newborn spleen (control group) every 2 months, 5 times in total. The immunological
assessment was performed at the age of 11 months. Levels of anti-SRBC antibody response and
activity of cytolytic T lymphocytes in untreated control mice were 573,762 (710,311-463,463) and
568 (699-476) in 3-month-old mice, and 105,398 (176,023—63,758) and 224 (263-190) in 11-
month-old mice, respectively (numbers, indicated by geometric mean with range of standard error
of the mean in parentheses). Vertical bars, 1 standard error of the mean (S.E.M.). Fach group, com-
posed of 6 mice.
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newborn thymus every 2 months, and the immunological functions were assessed after
5 or 6 graftings, when mice were 11 or 14 months old, respectively.

At the first interval of immunological assessment (11 months old), two immunological
indices were compared (Fig. 1). In the experimental group with sequential graftings of
newborn thymus, about a 3.5-fold increase in anti-SRBC antibody response and a 2-fold
increase in CTL activity were observed, as compared with the control group receiving
newborn spleen graftings. No significant difference was observed in the body weight and
spleen weight between these groups.
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Fig. 2. Mitogenic response to phytohemagglutinin (PHA) and lipopolysaccharide .(LPS) in female
C57BL/6 mice grafted with newborn thymus every 2 months, 6 times in total starting at 2 months
of age (old with 6X thymus graftings). Immunological assessments were performed at 14 months
of age. The results were compared with four kinds of control groups: 3-month-old mice (young
untreated), 14-month-old age-matched mice (old untreated), 14-month-old mice which had been
grafted ‘'with newborn spleen every 2 months 6 times in total (old with 6X spleen graftings) and
14-month-old mice which had been grafted with a single newborn thymus, 2 months before the
assessment (old with 1X thymus grafting). Vertical bars, 1 S.E.M. Each group, composed of 6 mice.
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At the second interval of immunological assessment (14 months old), the experimental
group with 6 newborn thymus graftings was compared with 4 kinds of control: young
3-month-old intact mice, age-matched intact mice, age-matched mice with 6 newborn
spleen graftings, and age-matched mice with a single newborn thymus grafting performed
1 month before the assessment. As shown in Fig. 2, the PHA response of spleen cells of
the experimental group was significantly higher than those of three age-matched controls
(P <0.01-0.005) and approached that of young controls. However, no significant diffe-
rence was observed in the LPS response in all the groups. When assessing the activity of
cell-mediated cytolytic T lymphocytes (CTL) the highest response was observed in the
experimental group, as compared with young control as well as three age-matched
controls (P < 0.01-0.001) (Fig. 3). It is important to note that the level of the activity
of the experimental group with newborn thymus graftings was significantly higher than
the age-matched control with single grafting ot newborn thymus, in terms of PHA re-
sponse (Fig. 2) and CTL activity (Fig. 3).

It is also interesting to note that the weight of in situ host thymus in the experimental
group was 31.5 + 1.9 mg, which is not different from that of age-matched intact mice and
age-matched mice with 6 graftings of newbern spleen, 28.9 1.2 mg and 30.5 + 2.5 mg,

SEQUENTIAL MULTIPLE THYMUS GRAFTING
IN FEMALE C57BL/6 MICE
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Fig. 3. Activity of cytolytic T lymphocytes in female C57BL/6 mice grafted with newborn thymus
every 2 months, 6 times in total, starting at 2 months of age, in comparison to four kinds of con-
trols as described in Fig. 2. Immunological assessment was performed at 14 months of age. Vertical
bars, 1 S.E.M. Each group, composed of 6 mice.
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respectively (Table I). No significant difference was observed in body weight and total
splenic cell counts among these age-matched groups, regardless ot the treatment. The
percentage and absolute number of T cells in spleen decreased with advance of age in
CS7BL/6 mice. However, this decline could be restored to the level of young by sequen-
tial multiple grafting ot newborn thymus starting at 2 months ol age, but not by sequen-
tial grafting ot newborn spleens or by a single grafting ot newborn thymus (Table I).

Effect of thymus grafting starting at middle age

In this series of experiments, sequential multiple grafting of either newborn thymus
(experimental group) or spleen (control group) were performed in middle aged C57BL/6
and BDF1 female mice.

In C57BL/6 mice, the sequential graftings were performed every month, 4 times in
total, starting at 17 months and ending at 20 months of age, and the immunological
functions were assessed 1 month after the last treatment. As shown in Fig. 4, a significant
increase of immune response was observed only in PHA response showing about 30% of
young aduit level, not in anti-SRBC antibody response and mixed lymphocyte reactions
(MLR).

In BDF1 mice, the sequential graftings were performed every month, 5 times in total,
starting at 18 months and ending at 22 months of age, and the survival rate was observed
as shown in Fig. 5. The mean life expectancy from age of 18 months of the experimental
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Iig. 4. Effect of sequential multiple thymus grafting started at middle age on the immune functions.
17-month-old female C57BL/6 mice were grafted with either newborn thymus (experimental group.
hatched columns) or newborn spleen (open columns) every month for 4 consecutive months. The
immunological assessment was performed 1 month after the last treatment, The relative activity was
expressed as percentage of level of 3-month-old female mice. PHA, mitogenic response to phyto-
hemagglutinin. MLR, mixed lymphocytes reaction. Vertical bars, 1 S.E.M. Each group, composed of
6 mice.
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MULTIPLE SEQUENTIAL NEWBORN THYMUS GRAFTING IN FEMALE BDF1 MICE
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I'ig. 5. Comparison of survival rate between experimental (broken line) and control group (continous
line). Either newborn thymus (experimental) or newborn spleen (control) was grafted every month,
starting at 18 months of age (arrows), 5 times in total. Each group, composed of 15 mice. The mean
life expectancy starting at age 18 months of the experimental and control groups were 313 + 38 and
214 + 42 davs, respectively (P = 0.08).

group was 312 + 38 days, which is slightly longer than that ot control group, 214 £ 42
days (P = 0.08). However, there was only a marginal difference in the maximal life span
(about 1100 days) between two groups.

DISCUSSION

In normal mice, the thymus grows rapidly after birth and starts to involute at 4—
6 weeks of age [2]. Associated with this involution, the thymic activity to premote T cell
differentiation also starts to decline at around puberty [2,14]. Therefore, the main-
tenance of thymic function at the level of newborn and young adult level would appear
to be essential in preventing the age-related decline of T cell-dependent immune func-
tions, and the implantation of newborn thymus was revealed to be the most efficient way
to do this in mice {2,14].

In implanting thymus gland into mice, Metcalf [13] initially found that the greater
number of thymus glands grafted, the larger was the total thymic mass. Multiple thymus
grafting was then shown to be effective in restoring the immune functions of neonatally
thymectomized mice {18,19]. However, once immune functions reached a peak plateau
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level, additional thymus graft had no effect on enhancing the immune functions [20],
although the number of lymphocytes increased. Since all these thymus grafts undergo
involution at a fixed rate regardless of their number, e.g. 6 weeks in adult mice, it would
seem that sequential thymus grafting protocol would be very effective in preventing the
age-related decline of immune functions.

The present study revealed that the sequential multiple thymus grafting protocol,
when started at young age, is indeed very effective in significantly slowing the decline of
T cell-dependent immune functions, as judged by the anti-SRBC, CTL and PHA respon-
ses. In fact, the level of CTL activity was enhanced over the level of young adult mice.
These upward modulating effects were functionally associated with a significant increase
in the total number of T cells in the spleen. Such an increase of T cells could be ascribed
partly to the accumulation of T cells produced by each thymus grafts and partly to
enhanced proliferation of T cells in the peripheral lymphoid organs under the influence
of thymic hormones maintained at the level of young by sequential thymus gratting. The
fact that weight of in situ thymus was not affected by the sequential multiple thymus
grafting is consistent with the view that the growth and involution of the thymus is an
autonomous behaviour [13]. But when the same grafting protocol is started at middle
age, it is only partially effective in enhancing the decreased PHA response and totally
ineffective in restoring other immune functions such as anti-SRBC antibody response and
MLR. The findings are consistent with our previous report [12] that the combined
transplantation of both young bone marrow cells and newborn thymus was obligatory
for the restoration of immune functions of old mice.

However, it is encouraging that the sequential multiple thymus grafting starting at
middle age resulted in an extension of the mean remaining life expectancy. The change
in the maximal life span, however, was marginal. These results support the notion that
the maximal life span of these aging mice could be extended by starting the ‘sequential
thymus grafting at an earlier age and extending its period beyond 5 months as done here.
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