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Martin, Lynn B., 2nd, Kristen J. Navara, Zachary M. Weil, and
Randy J. Nelson. Immunological memory is compromised by food
restriction in deer mice Peromyscus maniculatus. Am J Physiol Regul
Integr Comp Physiol 292: R316–R320, 2007. First published August
10, 2006; doi:10.1152/ajpregu.00386.2006.—The immune system
protects organisms against infection, but this protection presumably
comes at a cost. Here, we asked whether food restriction would
compromise the ability of an organism to generate an immune re-
sponse on reexposure to an antigen, which would represent a func-
tional cost of immunological memory. Immunological memory is
generated when B and T lymphocytes sensitive to components of
pathogens (i.e., antigens) proliferate after exposure and persist in
circulation to hinder reinfection. To test the possibility that B cell
memory, the component of the immune system responsible for anti-
body production, is expensive to maintain, secondary antibody pro-
duction against a novel protein [keyhole limpet hemocyanin (KLH)]
was compared in food-restricted and ad libitum-fed male deer mice
(Peromyscus maniculatus). To determine whether compromised sec-
ondary antibody production was solely due to elevated corticosterone
independent of resource availability, some food-restricted and ad
libitum-fed mice were subjected to unpredictable, chronic (2 h/day)
restraint. Mice fed 70% of their ad libitum diet 2 wk after primary
antigen challenge produced �95% less IgG against KLH after a
second antigen challenge than mice fed ad libitum, even though all
mice were fed ad libitum during the secondary antibody response
period. Restraint had no effect on secondary IgG production in
response to KLH, and corticosterone concentrations 1 day after food
restriction did not differ between food-restricted and ad libitum-fed
mice. Together, these data imply that secondary antibody responses
and the benefits of immunological memory are energetically costly in
this species.
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THE IMMUNE SYSTEM EXISTS PREDOMINANTLY to protect organisms
against infection. Such goals are achieved via a multitude of
active and passive processes, each mediated by different, but
often interconnected, networks of cells and tissues. Activation
of many of these processes is expensive (3, 18, 22), even in the
absence of infection. Indeed, induction of various immune
responses can elevate metabolic rate (4, 12, 25, 31), alter
reproductive behavior (1, 2, 38), and depress somatic and
reproductive growth (10, 23, 35). One issue that is yet to be
resolved, however, is whether the costs of using the immune
system are comparable in type and degree to the cost of
maintaining the system (18).

Attempts to detect maintenance costs of immune defense
have been rare, perhaps because of the diffuse nature of the

immune system. In chickens (Gallus gallus), it has been
estimated that immune cells comprise �1% of adult body mass
and that the amount of lysine, a critical amino acid necessary
to maintain the immune system of young birds, is �3% of the
whole body requirements (19). Moreover, administration of
cyclophosphamide, an immunosuppressant, to white-footed
mice (Peromyscus leucopus) reduced circulating lymphocyte
levels by �200% but had no effect on metabolic rate, which
presumably would have decreased if the cost of maintaining
lymphocytes was significant (7). Finally, basal metabolic rates
were higher, rather than lower, in genetically engineered mice
lacking T and B lymphocytes than in normal mice (36), which
suggests further that the maintenance costs of lymphocytes in
mice are low.

Collectively, these results imply that the costs of immuno-
logical maintenance may be modest. One component of im-
munological maintenance that has yet to garner attention but
may be sufficiently costly as to be compromised in certain
contexts is immunological memory. Immunological memory is
produced in part by B cells, the major constituents of the
humoral immune system. These cells combat infection, pre-
dominantly by producing small soluble proteins (i.e., antibod-
ies) that recognize foreign proteins (i.e., antigens) and inacti-
vate them directly or target them for destruction by other
immunological mediators (16). On exposure, antibodies are
rapidly generated, and these antibodies, as well as the B cells
that produce them, remain in circulation for long periods of
time. On subsequent exposures to encountered antigens, highly
specific antibodies are generated rapidly, which allows organ-
isms to mount more rapid and targeted control of infections
than on primary encounters.

Several aspects of the antibody production process suggest that
this defense, and particularly secondary responses, might be more
expensive than is appreciated. 1) Antibodies consist of protein and
are typically produced and maintained in large quantities after
antigen exposure. 2) Maintenance of immunological memory is
achieved via low-level ongoing proliferation of memory B cells
(16, 18), which would consume resources and, presumably, re-
quire energy. 3) Once immunological memory is generated, mem-
ory B cells actively prevent activation of subsequent primary
responses to prevent generation of less specific antibodies. This
phenomenon perhaps represents an effort to conserve resources
for more effective defenses. 4) Although mild food restriction
enhances many aspects of immune activity, it hampers B cell- and
T cell-mediated antigen recall in the few experiments that have
considered these measures (32).
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