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It is often stated that impaired immune functions in the aged underlie their greater susceptibility to infec-
tions. Indeed, in many experimental settings, T-cell responses in aged mice have been shown to be deficient
compared with those from young adults. Nonetheless, there are very few examples where a greater susceptibility
to infection in aged mice has been demonstrated to result from impaired T-cell function. The clinical impor-
tance of understanding the basis for increased susceptibility to infection that accompanies advanced age dic-
tates a need for experimental models with which to study the effect that aging has on immunological resistance
to infection. This study was undertaken to investigate whether aged mice were less resistant than young adult
control mice to infection with the fungus Cryptococcus neoformans. After a primary intravenous challenge with
yeast, aged mice died sooner and developed higher organ burdens of yeast than did young adults. Deficient in
vitro responses were observed in T cells from aged mice; however, greater susceptibility to intravenous infection
appeared not to result from less effective T-cell-dependent resistance in vivo. In fact, T-cell-replete aged mice
were more susceptible to intravenous cryptococcal infection than were T-cell-depleted young adults. Further-
more, aged mice were as resistant to primary pulmonary challenge with Cryptococcus as were young adults.
Similarly, vaccinated aged mice were as resistant to rechallenge as were young adult counterparts. Therefore,
despite demonstrably deficient in vitro responses of T cells from aged mice, their T-cell-dependent resistance
to C. neoformans is as effective as that of young adults.

Immune function is widely reported to decline with age. De-
fects in humoral immunity (6, 7, 13), especially in the ability to
generate particular antibody isotypes (3), in macrophage func-
tion (10, 11), and most frequently in T-cell function have been
reported. T cells of aged mice are reported to be deficient in
production of interleukin-2 (IL-2) (31, 37, 48), IL-3 (7), IL-4
(18), and IL-10 (29). CD41 T-cell populations in aged mice are
reported to be skewed toward a preponderance of cells dis-
playing activation markers, such as CD45RBlo, presumably as
the result of in increase with age in the proportion of memory
T cells (12, 14, 29, 48).

Cryptococcus neoformans is a ubiquitous opportunistic fun-
gal pathogen which if inhaled typically causes a mild pulmo-
nary infection in immunocompetent individuals. In individuals
with deficiencies in cellular immunity, yeast cells disseminate
from the primary site of infection and seed distant sites, most
notably the brain. Proliferation in the brain causes a potentially
life-threatening meningoencephalitis (28, 35, 43). Curiously,
although it is well established that resistance to C. neoformans
infection is largely mediated by T cells (15, 16, 20, 21, 36–38)
and T-cell-derived cytokines (1, 8, 9, 17, 19, 26, 30, 32, 33, 41),
and the aging are widely reported to suffer declining T-cell
function, the aging population has not been reported to be at
greater risk of suffering cryptococcal disease than are young
adults. This might be due to lifestyle differences between the
elderly and young adults, decreased opportunity of becoming
infected, or compensatory increases in innate resistance mech-
anisms in the elderly, but there are few data to support these
hypotheses. It is more likely that the reported T-cell deficien-

cies of the elderly, which have been the focus of much research,
are so subtle as to be without functional consequence in terms
of real susceptibility to many infectious agents. The present
study was undertaken to investigate whether, absent differ-
ences in exposure to infectious agent (C. neoformans) and/or
lifestyle differences, deficient T-cell function rendered aged
mice less resistant to cryptococcal infection than their young
adult counterparts.

In the murine model, it has been shown that both CD41 and
CD81 T cells are required for control and eventual clearance
of yeast from the lungs (15, 16, 20, 21, 36–38), and CD41 T
cells are required to limit both dissemination of yeast cells from
the lungs (15) and further proliferation once the cells are es-
tablished in foci of infection in the brain (16). Additionally, the
cytokines tumor necrosis factor (TNF) (1, 8, 9, 30), gamma
interferon (1, 8, 17, 26, 32, 41), and granulocyte-macrophage
colony-stimulating factor (8, 9) have been implicated in resis-
tance to C. neoformans infection.

We hypothesized that if important functional deficiencies
exist in T cells or T-cell-derived cytokines of aged mice, then
aged mice should have greater difficulty than identically housed
and fed young adult mice in resisting an equivalent dose of
C. neoformans. Such a finding would provide an important
model system with which to study the effects of age-related
impairment in T-cell function in resistance to infection. How-
ever, we report here that despite greater susceptibility to in-
travenous infection with C. neoformans in aged mice, the evi-
dence does not implicate deficient T-cell responses as a cause.

MATERIALS AND METHODS

Mice. Aged (22 to 24 months old) and young adult (2 to 3 months old) (A/J 3
C57BL/6J)F1 (abbreviated AB6F1) mice and (C57BL/6J 3 DBA/2J)F1 (abbre-
viated B6D2F1) mice were used in this study. The choice of strains was dictated
by their availability as aged mice from the Animal Breeding Facility of the Tru-
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deau Institute. Mice were maintained under conventional husbandry conditions
and were free of common pathogens, as evidenced by periodic serological testing
performed by the Research Animal Diagnostic and Investigative Laboratory,
University of Missouri, Columbia. Mice received commercially prepared chow
and acidified water ad libitum. Aged mice were checked for a healthy appearance
(sleek fur, no evidence of wasting, and normal gait and feeding behavior) before
inclusion in experiments. Additionally, all that had visible tumors at necropsy
were excluded from experimental results.

C. neoformans. The mildly virulent serotype A strain 184 (40) was maintained
on Sabouraud-dextrose agar (SDA) slants at 26°C. Fresh slants were prepared
from one of these slants every 2 weeks. At approximately 6-month intervals, fresh
working stocks were initiated from seed stocks maintained in long-term storage
at 4°C in distilled water.

Inocula were prepared by seeding yeast cells onto SDA slants. Yeast cells
grown for 24 h from slants were inoculated in Sabdex broth and grown at 37°C
for 24 h. Log-phase suspensions were pelleted, washed, and resuspended in
phosphate-buffered saline (PBS) to the desired concentration. Mice were inoc-
ulated intratracheally with 106 strain 184 yeast cells as described previously (15)
and intravenously with 2 3 104 cells via the retro-orbital sinus (2). In each
experiment, the number of viable organisms inoculated was verified by plating on
SDA.

Enumeration of yeast cells from infected mouse organs. Mice were killed by
CO2 asphyxiation. Organs were extensively homogenized by agitating action of a
motor-driven sterile chilled Teflon pestle inserted in a large glass test tube
containing the whole organ in sterile PBS. All organs of the same type (for
example, all brains) were submitted to the same number of strokes of the pestle;
that number was chosen because it was sufficient to give a suspension of homo-
geneous appearance. After serial dilution from neat to 1025, a sample of each
dilution was plated on SDA plates. After 48 h at 28°C, discrete, circular single
colonies were enumerated on the appropriate plate quadrant, i.e., a quadrant
containing between 20 and 200 colonies.

Flow cytometry. Splenocytes were suspended to 5 3 107 cells/ml in PBS–1%
bovine serum albumin, and 50-ml aliquots were incubated with fluorescein iso-
thiocyanate-conjugated anti-CD4 monoclonal antibody (MAb) (GK1.5; Ameri-
can Type Culture Collection catalog no. TIB 207) and with biotinylated anti-
CD45RB (clone 16A; PharMingen, San Diego, Calif.) for 1 h at 4°C. Cells were
pelleted, washed once, and then incubated in 50 ml of streptavidin-conjugated
phycoerythrin in PBS–1% bovine serum albumin for 1 h at 4°C. Cells were
washed and resuspended in sheath buffer for flow cytometric analysis using a
FACStar with LYSIS II software (Becton Dickinson, San Jose, Calif.). Samples
were gated on lymphocytes by forward scatter/side scatter characteristics. Five
thousand events per sample were collected.

Generation of TXB mice. T-cell-deficient (thymectomized, irradiated [TXB])
mice were prepared by thymectomizing females at 4 weeks of age, lethally
irradiating them (1,000 rads) 1 week later, and the following day giving them 107

syngeneic bone marrow cells (24). Mice were rested for 7 weeks and then given
1 mg of MAb GK1.5 and 1 mg of MAb TIB 210 (American Type Culture
Collection) intraperitoneally, to deplete CD41 and CD81 T cells, respectively.
Mice were infected with 2 3 104 C. neoformans 184 cells 24 h after administration
of MAbs. T-cell ablation was checked in these mice by flow cytometric analysis
of splenocytes of mice killed at 12 days of infection.

IL-2 assay. Briefly, spleen cells were obtained from mice 12 days after intra-
venous infection with strain 184 yeast cells and placed in culture with concanava-
lin A (5 mg/ml) for 48 h. Supernatants were harvested and assayed for IL-2 based
on their ability to stimulate the proliferation of NK.3 cells in culture (45). NK.3
cells cultures were supplemented either with dilutions of a known standard of
IL-2 (X63-IL2 supernatant; the gift of S. Swain) or sample supernatants for 24 h
and then pulsed with [3H]thymidine overnight. Incorporation of thymidine by
NK.3 cells supplemented with supernatants from aged spleen cell cultures was
compared to incorporation when supernatant from young adult spleen cell cul-
ture was used.

Skin grafting. Skin grafting was performed as described previously (23). Each
female mouse received one graft of female syngeneic tail skin and two test grafts
of male tail skin. The condition of the grafts was monitored visually with the aid
of a 103 magnifying eyepiece. Grafts were scored for the condition of the epi-
thelium, pigmentation, and hair at regular intervals for 40 days. Graft survival
time was recorded as the time taken for the test graft to differ irreversibly from
that of the syngeneic control grafts on the same group of recipients.

Histology. Brains were sagittally bisected, and half of each organ was plated to
enumerate yeast cells. The other half was fixed in 10% neutral buffered formalin.
Tissues were dehydrated and embedded in paraffin. Sections were stained with
hematoxylin and eosin. For histopathologic observations, four to five serial sag-
ittal sections of brain taken adjacent to the midline were examined for each
animal. The source (young adult or aged) of the particular sections was unknown
to the pathologist who assessed the intensity of the mononuclear cell response.

Statistics. Numbers (log10) of yeast CFU are expressed as the mean 6 stan-
dard deviation. Data were analyzed by Student’s t test. Data from survival studies
were analyzed by the log rank test. In all statistical analyses, significance was
defined by a P value of ,0.05.

RESULTS

Greater susceptibility of aged mice than of young adult mice
to systemic cryptococcal infection. To compare the capabilities
of aged and young adult mice to resist cryptococcal infection,
the following experiment was performed. Ten 24-month-old
male AB6F1 mice and 10 AB6F1 young adults were infected
intravenously with 2 3 104 strain 184 yeast cells. Five mice per
group were killed at 10 days of infection, and the brain and
lung yeast burdens of the two groups were compared. There
was no difference in log10 CFU between the two groups (young
adult, 4.02 6 0.51; aged, 4.12 6 0.46) in the lungs. Addition-
ally, there was no difference in brain yeast burdens (6.79 6 0.17
[young adult] and 6.85 6 0.28 [aged] log10 CFU). Similar
results were obtained at day 14 of infection. There were no
gross differences in the appearance of the aged and young
adult mice. Both groups appeared healthy, exhibiting sleek fur,
no hydrocephaly, and normal movement. There was no differ-
ence in log10 CFU between the two groups (young adult,
3.74 6 0.33; aged, 4.48 6 0.84) in the lungs. Brain yeast bur-
dens did not differ between the two groups (6.95 6 0.13 [young
adult] and 6.92 6 0.21 [aged] log10 CFU). Note that in all cases
examined, the numbers of yeast CFU in the lungs were far
lower than in brains. Similar results were obtained with fe-
males when brains of young adults and aged mice were exam-
ined at 7 days of infection. However, in this experiment, an
additional 10 AB6F1 mice from each group were allowed to
progress to morbidity or mortality (Fig. 1). Aged mice all died
by 28 days of infection, while 50% of these hybrid young mice
survived until the experiment was terminated at 52 days. (In
our experience with several inbred strains of mice, intravenous
infection at this dose level results in death in 28 to 35 days, with
approximately 108 organisms present in the brain.)

FIG. 1. Survival of young adult and aged mice after intravenous infection
with C. neoformans. Ten AB6F1 female young adult and nine female AB6F1 aged
mice were infected with 2 3 104 strain 184 yeast cells given intravenously. The
two groups differed significantly in median time to death (log rank test, P , 0.05).
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A similar experiment was performed with 14 aged and 15
young adult male B6D2F1 mice. Brain and lung yeast burdens
did not differ between the two groups at days 7 and 11 of in-
fection (data not shown). Yet all of the four remaining aged
mice died between days 20 and 26 of infection, while all of the
five remaining young adult mice survived until the experiment
was terminated at 67 days of infection.

Although aged mice do not survive as long as young adults
after intravenous infection, they die with lower brain burdens
than do young adults. Inbred young adult mice infected sys-
temically with a lethal inoculum of C. neoformans exhibit a
profound meningoencephalitis. Typically, brain yeast burdens
are .108, and histological examination of brain tissue shows
severe necrosis and edema (16, 39, 43). Moribund C. neofor-
mans-infected mice have marked loss of appetite and weight
and exhibit hydrocephaly. It is therefore widely believed that
the central nervous system involvement proves lethal for the
mouse.

Since brain burdens were identical in aged and young adult
AB6F1 and B6D2F1 mice at early time points after infection in
the experiments described above, we wondered if there were
different yeast burdens in other organs. Due to considerations
of availability, the following experiment was performed in
B6D2F1 mice. Mice were infected intravenously with 2 3 104

yeast cells, and at day 10 of infection, yeast CFU were com-
pared in liver, lungs, kidney, spleen, and brain (Table 1). No
significant differences were found. At day 13, one of five re-
maining aged mice was found dead in the cage, and the re-
maining four mice appeared moribund (ruffled fur, hydroceph-
aly, and ataxia). Young adult controls looked relatively healthy
(sleek fur and normal movement). All remaining mice were
therefore killed on day 14, and their organs were harvested.
Yeast burdens were significantly higher in brains and livers of
aged mice than in those of young adult controls (Table 1).
Numbers of yeast cells in brains of moribund aged mice were
about fourfold lower (7.40 6 0.03 log10 CFU [n 5 4]) than
those expected for moribund young adult mice, who typi-
cally die with yeast brain burdens greater than 8.00 log10
CFU. Brains of moribund aged mice appeared mushy, with
obvious evidence of cerebral hemorrhage and hydrocephaly, as
is usual with moribund young adult mice that die with crypto-
coccal meningoencephalitis. Aged mice experienced ataxia,
also typical of moribund young adult mice.

These data suggest that although aged and young adult mice
appear to control yeast proliferation equally well at early time
points after infection, aged mice die more quickly after infec-
tion than do young adult controls. Moreover, only when aged
mice were killed very shortly before they would have died of
cryptococcal infection were yeast burdens higher in some or-
gans. Additionally, aged mice died with fewer yeast cells in

their brains than typically are found in moribund young adult
mice.

In a separate experiment, yeast cells were enumerated in the
brains of moribund AB6F1 aged mice (7.37 6 0.45 log10 CFU
[n 5 3]) and, when they became moribund, in the brains of
young adult controls (8.28 6 0.15 log10 CFU [n 5 8]), and
tissue samples from the two groups were compared. Histolog-
ical examination revealed that both sets of mice had space-
occupying lesions in the brain. It appeared that young adult
mice had a slightly greater degree of inflammatory infiltrate of
host defense cells in perivascular areas than did aged mice;
however, we did not know whether the magnitude of the dif-
ference was significant or whether the greater degree of in-
flammation would be protective or deleterious.

In vitro responses of T cells of aged, C. neoformans-infected
mice. Hypothesizing that differences in T-cell function might
cause the inferior resistance capabilities of intravenously in-
fected aged mice, we undertook the following experiments.
Four aged and four young adult AB6F1 mice were given 2 3
104 strain 184 organisms intravenously. At 12 days of infection,
mice were killed and splenocyte suspensions were prepared.
Aliquots of splenocytes were analyzed by flow cytometry to
characterize subpopulations of splenic T cells. There was no
significant difference in numbers of CD41 or CD81 T cells in
aged and young adult mice. However, the fraction of CD41 T
cells that were CD45RBlo was significantly higher for aged
mice (0.542 6 0.063) than for young adult mice (0.255 6
0.064). This result is consistent with the findings of others (12,
14, 29, 31) who have reported that CD41 T-cell populations in
aged mice are skewed toward a higher proportion of cells
bearing markers of previous antigen experience.

An aliquot of the splenocyte suspension from each mouse
was also placed in culture, and concanavalin A-stimulated IL-2
production was measured. Consistent with reports on other
experimental systems (47, 48), splenocytes from young adult
mice produced significantly more IL-2 upon stimulation than
did splenocytes from aged mice (data not shown).

T-cell-depleted young adult mice are more resistant to in-
travenous C. neoformans infection than are T-cell-intact aged
mice. Having demonstrated differences in aged and young
adult mice in resistance to intravenous cryptococcal infection
and correlative differences in vitro in T-cell phenotype and
function, we sought to establish a causal link between the ob-
servations. If the defective resistance of the aged mice was
caused by their T-cell deficiency, ablating the T-cell compart-
ment of young adult mice ought to render them as susceptible
as or more susceptible than T-cell-intact aged mice to intrave-
nous C. neoformans infection. The following experiment was
performed with B6D2F1 mice, due to considerations of avail-
ability. Twenty young adult B6D2F1 female mice were thymec-

TABLE 1. C. neoformans 184 yeast burdens in the organs of aged and young adult B6D2F1 mice after intravenous infection

Mice
Log10 CFU/organ (mean 6 SD)a

Liver Lung Kidney Spleen Brain

10 days
Aged 3.69 6 0.31 2.69 6 0.76 3.08 6 1.45 2.49 6 0.70 5.97 6 0.92
Young adult 3.15 6 0.39 1.94 6 0.46 2.36 6 0.46 2.00 6 0.35 5.49 6 0.61

14 days
Aged 4.98 6 1.12 3.07 6 0.78 3.97 6 0.84 3.85 6 1.85 7.40 6 0.03
Young adult 3.65 6 0.47* 2.18 6 0.69 2.43 6 1.10 2.27 6 0.65 6.16 6 0.76*

a Female mice were given 2 3 104 strain 184 yeast cells intravenously. Groups of mice were killed at 10 and 14 days of infection. For aged mice, n 5 4; for young
adults, n 5 5. p, differs significantly from aged group (P , 0.05).
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tomized, irradiated, and treated with MAbs to deplete CD41

and CD81 T cells. Fifteen nonirradiated, thymus-intact young
adult controls received isotype-matched MAbs, as did 15 non-
irradiated, thymus-intact aged mice. The efficacy of the T-cell
ablation in the MAb-treated young adult TXB mice was checked
by flow cytometry. On average, spleens of treated young adult
mice had (9.62 6 2.80) 3 104 CD41 T cells and (2.00 6 2.85)
3 104 CD81 T cells, while spleens of young adult controls had
(1.22 6 1.21) 3 107 CD41 T cells and (7.60 6 0.86) 3 106

CD81 T cells. Therefore, CD41 T-cell depletion was .99%
complete in the treated mice, and CD81 T-cell depletion was
.97% complete. T-cell ablation was also checked by compar-
ing the abilities to reject male skin grafts in five of the young
adult TXB females (no grafts rejected within 40 days) and in
five untreated young female adult controls (grafts rejected by
days 22, 22, 26, 26, and 32). This result confirmed that T-cell
function of the TXB mice was significantly impaired, as ability
to reject allografts is T-cell dependent (4).

The 15 remaining T-cell-ablated young adult mice, along with
the 15 young adult controls and 15 aged controls, were infected
intravenously with 2 3 104 C. neoformans 184 cells. Twelve
days after infection, five mice from each treatment group were
killed and yeast cells were enumerated in lungs, kidneys,
brains, and livers (Table 2). T-cell-ablated young adult mice
had significantly higher kidney yeast burdens than did aged
mice. No other differences in organ burden were found be-
tween aged and T-cell-ablated young adult mice. T-cell-intact
young adult mice had significantly fewer yeast cells in their
brains than did aged or T-cell-ablated young adult mice. The
remaining 10 mice from each treatment group were allowed to
progress to morbidity or mortality. Both T-cell-ablated young
adult mice and T-cell-intact young adult controls lived signif-
icantly longer than did aged mice (Fig. 2). The fact that young
adult mice depleted of T cells are more resistant to intravenous
C. neoformans infection than are T-cell-intact aged mice ar-
gues against the hypothesis that the decreased resistance ob-
served in aged mice is caused by diminished or defective T-cell
function.

Aged mice and young adult mice have comparable numbers
of yeast cells in their lungs and brains after pulmonary inoc-
ulation with C. neoformans. To further examine T-cell function
in aged mice, we investigated whether clearance of C. neofor-
mans from the lungs of intratracheally infected mice, which is
dependent on intact CD81 and CD41 T-cell function (15, 16,
20, 21, 36–38), was impaired in aged mice. Aged and young
adult AB6F1 mice were inoculated with 106 strain 184 yeast
cells, and lung and brain yeast burdens were monitored for 8

weeks (Fig. 3). No significant differences were found in lung
yeast burdens at 1, 2, or 4 weeks of infection. By 8 weeks, two
of four young adult mice had cleared yeast from their lungs, as
had two of three remaining aged mice. Low numbers of yeast
cells were detected in the lungs of two young adult mice (1.95
and 1.95 log10 CFU) and one aged mouse (3.15 log10 CFU). In
brains, no yeast cells were detected in either group at 1 or 2
weeks of infection (data not shown). By 4 weeks, one of five
mice in each group had detectable yeast cells in the brain
(young adult, 3.56; aged, 5.12). Similar results were found at 8
weeks. From these data, we conclude that aged mice are as
efficient as young adult mice at controlling yeast proliferation
in the lungs and containing yeast cells in the lungs after a

TABLE 2. Yeast burdens in the organs of young adult TXB,
young adult, and aged B6D2F1 mice after

intravenous C. neoformans infection

Groupa
Log10 CFUs/organ (mean 6 SD)b

Lung Liver Kidney Brain

A 2.85 6 1.34 3.68 6 1.55 4.26 6 0.56‡ 7.24 6 0.25‡
B 2.33 6 0.78 3.38 6 0.66 3.22 6 0.43* 6.28 6 0.33*
C 3.60 6 0.81 4.20 6 0.67‡ 5.14 6 0.28*‡ 7.23 6 0.16‡

a Group A, aged female B6D2F1 mice given 2 mg of control MAb LTF-2
intraperitoneally 24 h prior to intravenous infection with 2 3 104 strain 184 yeast
cells; group B, young adult female B6D2F1 mice given control antibody and
infected as above; group C, young adult female B6D2F1 TXB mice given 1 mg of
anti-CD4 MAb and 1 mg of anti-CD8 MAb intraperitoneally 24 h prior to
intravenous infection as above. Mice were killed at 12 days of infection.

b n 5 5 mice/group. p, differs significantly from group A (P , 0.05); ‡, differs
significantly from group B (P , 0.05).

FIG. 2. Survival of young adult, aged, and young adult TXB mice after
intravenous infection with C. neoformans. Female B6D2F1 mice were infected as
for Fig. 1. Young TXB mice survived significantly longer (log rank test, P , 0.05)
than aged T-cell-intact mice (n 5 10 for aged and young adult mice; n 5 9 for
young TXB mice).

FIG. 3. Lung yeast burdens in young adult and aged mice after intratracheal
instillation of C. neoformans. Young adult and aged AB6F1 female mice received
106 strain 184 yeast cells intratracheally. Mice were killed at 1, 2, 4, and 8 weeks
of infection, and yeast cells were enumerated. Data are the means 6 standard
deviations (n 5 5 mice/group except for 8 weeks, where n 5 4 for young adult
mice and n 5 3 for aged mice). There were no significant differences between the
two groups (Student’s t test, P , 0.05).
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primary intratracheal infection, functions reported to be de-
pendent on CD81 and CD41 T cells (15, 16, 20, 21, 36–38).

Aged mice express effective acquired resistance to C. neofor-
mans in their brains and lungs. Experiments from this labo-
ratory have demonstrated that mice vaccinated by an intra-
tracheal instillation of 106 strain 184 yeast cells exhibit an
acquired resistance to intravenous cryptococcal challenge that
allows them to survive an ordinarily lethal inoculation and
sterilize their brains by 12 to 16 weeks after intravenous chal-
lenge. Resistance is measurable by 7 days of infection, when
vaccinated mice have approximately 10- to 100-fold fewer yeast
in their brains. Moreover, this resistance is CD41 T-cell de-
pendent (16). To investigate whether aged mice could express
effective acquired resistance to C. neoformans, we vaccinated
young adult and aged B6D2F1 mice as described above. Ten
weeks later, 7 of 10 surviving aged vaccinated mice and 10
young adult vaccinated mice, along with age-matched naive
controls, were administered an intravenous challenge of 2 3
104 strain 184 yeast cells. Four aged vaccinated mice and five
mice from each of the other groups were killed 10 days after
the challenge infection, and brain and lung yeast CFU were
enumerated (Fig. 4). Note that unvaccinated aged mice had
higher lung burdens of yeast cells than unvaccinated young
adult mice in this experiment. However, the resistance ex-
pressed by vaccinated aged mice was, if anything, more effec-
tive than the resistance expressed by vaccinated young adult
mice.

The remaining aged and young adult mice were killed 52 days
after intravenous infections, and brain yeast cells were enu-
merated. A single CFU was found in one young adult mouse;
no yeast cells were detected in other young adult mice or in
aged mice.

The long-term efficacy of vaccination was retested in AB6F1
mice, by recording survival of vaccinated and unvaccinated
young adult and aged mice after challenge. Again, vaccination

offered effective long-term protection of both aged and young
adult mice against an ordinarily lethal inoculum of C. neofor-
mans. Four of four aged mice survived for 50 days after intra-
venous challenge. Of these mice, three had no detectable yeast
cells in their brains and one had a single CFU. These data
suggest that T-cell-mediated immunity against C. neoformans
is as effective in aged mice as in young adults.

DISCUSSION

We have shown that young adult F1 hybrid mice survive sig-
nificantly longer than aged counterparts after systemic C. neo-
formans infection and in some cases even survive an inoculum
that kills the aged mice. Burdens of yeast in livers and brains
were higher in moribund aged B6D2F1 mice than in simulta-
neously killed young adult mice that were not moribund, but
there were no significant differences observed between the
groups in any organ examined at earlier time points in either
B6D2F1 or AB6F1 mice. Although the kinetics of infection in
several experiments differed considerably, with aged mice dy-
ing between 13 and 28 days of infection and young adult mice
surviving significantly longer in every case, higher organ yeast
burdens were observed in aged mice only when the organs
sampled were harvested from moribund mice. These data sug-
gest that aged and young adult mice did not significantly differ
in innate resistance mechanisms that would operate prior to
the induction of specific immunity.

In the majority of previous studies testing T-cell function in
aged mice, immune function was measured by various in vitro
or ex vivo assays; these have not generally been correlated with
resistance to experimental infection in vivo in mice of different
ages. A notable exception is a study showing that aged mice are
markedly inferior to young adults in controlling proliferation
of the parasite Trypanosoma musculi and in clearing infection
with that organism (3). However, a later study showed that the
T-cell defects identified in vitro were more severe in aged
C57BL/6 mice, which handle T. musculari infection more effi-
ciently than aged animals of another strain with less severe
T-cell deficiencies (48). The authors hypothesize that a more
robust natural (nonimmune) resistance to T. musculari infec-
tion in C57BL/6 mice is responsible for this discrepancy. Sim-
ilarly, although both the ability to generate circulating antibody
and delayed-type hypersensitivity responses were found to be
depressed in aged mice sensitized by exposure to mouse thy-
roglobulin or thyroid extract, aged mice developed autoim-
mune disease as intense as that observed in young adult coun-
terparts (44). The authors suggest these paradoxical results
might be explained by the observation that the aged thyroid
tissue itself may be more susceptible to tissue damage.

Similarly, we describe three lines of evidence that indicate
that although concanavalin A-stimulated production of IL-2
was deficient and proportions of antigen-experienced T cells
were higher in the spleens of aged mice than in those of young
adults, these differences were not causally related to the in-
creased susceptibility of aged mice to intravenous cryptococcal
infection. First, young adult mice that lacked T cells were more
resistant to intravenous cryptococcal infection than T-cell-in-
tact aged mice, as measured by longer survival time of the
T-cell-ablated young adult mice than of aged mice. Second,
intratracheally vaccinated aged mice were shown to be as ca-
pable of controlling, sequestering, and eventually eradicating
yeast from their lungs as young adult counterparts. These
events are widely believed to be mediated by CD81 and CD41

T cells (1, 16, 20, 21, 36–38). Third, aged and young adult mice
that had been vaccinated by a sublethal intratracheal infection
were equally resistant to a subsequently delivered intravenous

FIG. 4. Acquired immunity to C. neoformans in young adult and aged mice.
Female B6D2F1 young adult and aged mice were vaccinated by intratracheal
instillation of 106 strain 184 yeast cells. After 10 weeks, five young adult mice and
four aged mice, along with age-matched naive controls, received 2 3 104 yeast
cells intravenously. Mice were killed at 10 days of infection, and yeast cells were
enumerated in brains and lungs. Data are the means 6 standard deviations for
five mice except for aged, vaccinated mice (n 5 4). Differences in yeast burdens
between naive and immune brains and lungs are significant (P , 0.05) both for
the young adult and aged mice.
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challenge, and acquired resistance to cryptococcal infection is
CD41 T-cell dependent (16).

These data suggest that the increased vulnerability of the
aged mice to severe systemic involvement may reflect age-re-
lated physiological changes that are not related to cell-me-
diated immunity per se. Cryptococcus-specific T-cell-mediated
immunity is apparently quite robust in aged mice, since vacci-
nated aged mice express impressive resistance to intravenous
cryptococcal infection by 10 days after the challenge and even-
tually eradicate yeast from their brains.

It is striking that despite the extensive evidence from in vitro
studies that T-cell functions in aged mice are impaired, it is
difficult to find conclusive evidence that impairments are re-
sponsible for reduced resistance to infection in vivo. For ex-
ample, aged mice were found to have effective acquired im-
munity to Listeria monocytogenes as well as a normal capacity
for generating T-cell-mediated resistance to primary infection
(34). Despite a greater susceptibility to a primary Toxoplasma
gondii infection, aged mice evinced no impaired resistance to
rechallenge with T. gondii once vaccinated (11), nor could ev-
idence be found that aged mice suffered from deficiencies in
innate immunological mechanisms of resistance to T. gondii
(25) that would explain their greater susceptibility. In the pres-
ent study, we find that aged mice are as resistant to primary
pulmonary challenge with C. neoformans as are young adults
and, once vaccinated by intratracheal inoculation of yeast, dis-
play excellent acquired immune resistance to an intravenous
challenge infection. Only if mice were given a primary intra-
venous challenge with yeast was it revealed that aged mice
were more susceptible to infection. Nonetheless, aged mice
died with brain yeast burdens considerably lower than brain
yeast burdens in moribund young adult mice, although these
differences were not statistically significant. It would appear
that differences in T-cell function between aged and young
adult individuals measured in vitro do not correspond to func-
tional deficiency in host response to Cryptococcus infection in
vivo.

It is intriguing to speculate as to the cause of the accelerated
death of aged mice after the rather unphysiological primary
intravenous instillation of yeast cells. In the course of perform-
ing this study, we experienced significant difficulty in predicting
the time of death of aged mice, finding cages of dead mice that
had not appeared so gravely ill upon inspection 24 h previ-
ously. This swift onset of fatality may be an important clue,
along with the relatively low brain yeast burdens of moribund
aged mice, to important physiological differences between
aged and young adult mice that result in the earlier death of
the aged mice. Differences in the fibrinolytic systems of aging
rats have been documented (22). Also, aged rats are more sus-
ceptible to endotoxic shock than young adult rats (27) and have
elevated levels of IL-6 in response to bacterial lipopolysaccha-
ride (44) and elevated expression of TNF in some tissues (5).
Studies are planned to investigate the potential role of differ-
ences in IL-6 and TNF responses between aged and young
adult mice. It is quite possible, however, that the shortened sur-
vival time of the aged mice after intravenous infection is not
causally related to any immunological parameter but rather
lies in some nonimmunological difference between aged and
young adult animals.

These results, along with those of other laboratories (44, 48),
indicate the need for a combination of in vitro and in vivo
approaches by investigators in immunology and other biomed-
ical disciplines if we are to understand the basis for the in-
creased vulnerability of the aged to grave infections.
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