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The perception of brain–immune interactions has dramatically
changed over the past decade. Current neuroimmunology has
moved from classic studies focusing on how immune cells can
damage the brain into a field acknowledging that the immune sys-
tem plays a key role in maintaining the brain and in supporting its
plasticity. Such a redefinition of this field is manifested by studies
focused on understanding how innate and adaptive immune re-
sponses contribute to the brain’s functionality, and how to boost
or modify these activities, rather than fully suppressing them, in
the treatment of multiple pathologies including Alzheimer’s dis-
ease, Parkinson’s disease, multiple sclerosis, age-related dementia,
mental dysfunction and other neurological diseases in which local
inflammation is often involved.

For decades, the central nervous system (CNS) was considered
to be an autonomous unit, nourished by the blood and shielded
from circulating immune cells and from pathogens and toxins orig-
inating from the circulation. In addition, it was commonly accepted
that the healthy brain operates optimally when no immune cells
are present. This assumption developed because of the way in
which the blood-brain-barrier and the blood-cerebrospinal barri-
ers were viewed, the concept of CNS tissue as immune privileged,
and the assumed linkage between brain pathologies and inflamma-
tion. At that time, it was believed that the brain has no need for
assistance from peripheral immune cells in support of its mainte-
nance and repair, and that brain inflammation is a sign of infiltra-
tion of immune cells that should be mitigated. Based on these
assumptions, attempts were made to arrest immune activity as
an approach for treating all brain pathologies.

Over the years, it became clear that resident innate immune
cells, known as microglia, are activated in response to acute or
chronic neurodegeneration. Yet, today, the debate still rages: is
microglial activation a sign of malfunction that contributes to the
disease, or are activated microglia a sign of an unsuccessful and
insufficient attempt at disease resolution? moreover, since infil-
trating blood macrophages are indistinguishable from activated
microglia, their activity was also viewed as detrimental. A decade
of experimental evidence has shown that in contrast to these initial
assumptions: (a) circulating immune cells (CD4+ T cells) recogniz-
ing brain antigens support brain plasticity in health and disease.
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We introduced and named this concept, ‘‘protective autoimmu-
nity’’, proposing that T cells recognizing self-antigens defend
against internal threats, in analogy to T cells recognizing non-self
antigens that fight external threats (Moalem et al., 1999; Schwartz
and Kipnis, 2002). (b) Infiltrating blood-derived macrophages in
the form of ‘alternatively-activated’ macrophages (M-2 and mye-
loid-derived suppressor cells) are locally required to heal the trau-
matized or diseased brain (Derecki et al., 2011; Rapalino et al.,
1998; Shechter et al., 2009). (c) Most acute and chronic neurode-
generative diseases include a local inflammatory component,
though systemic anti-inflammatory compounds fail to arrest neur-
oinflammation (Schwartz and Shechter, 2010b). Yet, in several
neurodegenerative conditions, depletion of circulating immune
cells exacerbates the disease process (Beers et al., 2008; Chiu
et al., 2008; Kipnis et al., 2002). Finally (d) immune cells can pass
the brain-cerebrospinal-barrier and gain access to the healthy
brain without entering the parenchyma (Ransohoff et al., 2003).
These findings and others, such as the requirement for CD4+ cells
for facial motoneuron survival following injury (Jones et al.,
2005), have led to a new model that suggests both the central
and peripheral nervous system is critically dependent on circulat-
ing immune cells. These cells are selected to populate meningeal
areas of the choroid plexus and the cerebrospinal fluid (Derecki
et al., 2010a,b; Schwartz and Schechter, 2010), which are integral
compartments that help maintain proper functioning of the brain.
Malfunction of such cells can impact cognitive performance
(Brynskikh et al., 2008; Derecki et al., 2010a,b; Kipnis et al.,
2006; Kipnis et al., 2004; Ziv et al., 2006), resilience to stress
(Cardon et al., 2010; Cohen et al., 2006; Lewitus et al., 2008), emer-
gence of developmental neuropsychological disorders (Cardon
et al., 2010), and the onset and progression of neurodegenerative
diseases (Schwartz and Shechter, 2010a). The concept of ‘‘protec-
tive autoimmunity’’ unifies our perception of the role of immune
cells in the healthy brain. It does so by establishing a physiological
connection between these immune cells and protective immunity,
on the one hand, and pathologies of the brain resulting from an
overwhelming or insufficient immune response on the other.

According to this new understanding, the role of T cells is not
restricted to a single T cell population. Instead, the participating
T cells encompass CD4+ T cells recognizing self-antigens and are
not restricted to Th1, Th2 or Treg cell population. Likewise, innate
immune cells are not restricted to a single population, as they in-
clude activated microglia and infiltrating monocytes. These cells
promote healing as long as their activity is appropriately regulated

http://dx.doi.org/10.1016/j.bbi.2010.12.015
mailto:Michal.schwartz@weizmann.ac.il
mailto:kipnis@ virginia.edu
mailto:kipnis@ virginia.edu
http://dx.doi.org/10.1016/j.bbi.2010.12.015
http://www.sciencedirect.com/science/journal/08891591
http://www.elsevier.com/locate/ybrbi


M. Schwartz, J. Kipnis / Brain, Behavior, and Immunity 25 (2011) 817–819 819
References

Al Nimer, F., Beyeen, A.D., Lindblom, R., Strom, M., Aeinehband, S., Lidman, O., Piehl,
F., 2011. Both MHC and non-MHC genes regulate inflammation and T-cell
response after traumatic brain injury. Brain Behav. Immun. 25, 981–990.

Ashwood, P., Krakowiak, P., Hertz-Picciotto, I., Hansen, R., Pessah, I.N., Van de Water,
J., 2011. Altered T cell responses in children with autism. Brain Behav. Immun.
25, 840–849.

Beers, D., Zhao, W., Liao, B., Kano, O., Wang, J., Huang, A., Appel, S., Henkel, J.S., 2010.
Neuroinflammation modulates distinct regional and temporal clinical
responses in ALS mice. Brain Behav. Immun. In Press.

Beers, D.R., Henkel, J.S., Zhao, W., Wang, J., Appel, S.H., 2008. CD4+ T cells support
glial neuroprotection, slow disease progression, and modify glial morphology in
an animal model of inherited ALS. Proc. Natl. Acad. Sci. USA 105, 15558–15563.

Ben Menachem-Zidon, O., Avital, A., Ben-Menahem, Y., Goshen, I., Kreisel, T.,
Shmueli, E.M., Segal, M., Ben Hur, T., Yirmiya, R., 2011. Astrocytes support
hippocampal-dependent memory and long-term potentiation via interleukin-1
signaling. Brain Behav. Immun. 25, 1008–1016.

Brynskikh, A., Warren, T., Zhu, J., Kipnis, J., 2008. Adaptive immunity affects learning
behavior in mice. Brain Behav. Immun. 22, 861–869.

Butts, C.L., Jones, Y.L., Lim, J.K., Salter, C.E., Belyavskaya, E., Sternberg, E.M., 2011.
Tissue expression of steroid hormone receptors is associated with differential
immune responsiveness. Brain Behav. Immun. 25, 1000–1007.

Cardon, M., Ron-Harel, N., Cohen, H., Lewitus, G.M., Schwartz, M., 2010.
Dysregulation of kisspeptin and neurogenesis at adolescence link inborn
immune deficits to the late onset of abnormal sensorimotor gating in
congenital psychological disorders. Mol. Psychiatry 15, 415–425.

Chiu, I.M., Chen, A., Zheng, Y., Kosaras, B., Tsiftsoglou, S.A., Vartanian, T.K., Brown Jr.,
R.H., Carroll, M.C., 2008. T lymphocytes potentiate endogenous neuroprotective
inflammation in a mouse model of ALS. Proc. Natl. Acad. Sci. USA 105, 17913–
17918.

Cohen, H., Ziv, Y., Cardon, M., Kaplan, Z., Matar, M.A., Gidron, Y., Schwartz, M.,
Kipnis, J., 2006. Maladaptation to mental stress mitigated by the adaptive
immune system via depletion of naturally occurring regulatory CD4+CD25+
cells. J. Neurobiol.

Derecki, N.C., Cardani, A.N., Yang, C.H., Quinnies, K.M., Crihfield, A., Lynch, K.R.,
Kipnis, J., 2010a. Regulation of learning and memory by meningeal immunity: a
key role for IL-4. J. Exp. Med. 207, 1067–1080.

Derecki, N.C., Privman, E., Kipnis, J., 2010b. Rett syndrome and other autism
spectrum disorders – brain diseases of immune malfunction? Mol. Psychiatry
15, 355–363.

Derecki, N.C., Quinnies, K.M., Kipnis, J., 2011. Alternatively activated myeloid (M2)
cells enhance cognitive function in immune compromised mice. Brain Behav.
Immun. 25, 379–385.

Fuchtbauer, L., Groth-Rasmussen, M., Holm, T.H., Lobner, M., Toft-Hansen, H.,
Khorooshi, R., Owens, T., 2011. Angiotensin II type 1 receptor (AT1) signaling in
astrocytes regulates synaptic degeneration-induced leukocyte entry to the
central nervous system. Brain Behav. Immun. 25, 897–904.

Jones, K.J., Serpe, C.J., Byram, S.C., Deboy, C.A., Sanders, V.M., 2005. Role of the
immune system in the maintenance of mouse facial motoneuron viability after
nerve injury. Brain Behav. Immun. 19, 12–19.

Kipnis, J., Cardon, M., Strous, R.D., Schwartz, M., 2006. Loss of autoimmune T cells
correlates with brain diseases: possible implications for schizophrenia? Trends
Mol. Med. 12, 107–112.

Kipnis, J., Cohen, H., Cardon, M., Ziv, Y., Schwartz, M., 2004. T cell deficiency leads to
cognitive dysfunction: implications for therapeutic vaccination for
schizophrenia and other psychiatric conditions. Proc. Natl. Acad. Sci. USA 101,
8180–8185.

Kipnis, J., Derecki, N.C., Yang, C., Scrable, H., 2008. Immunity and cognition: what do
age-related dementia, HIV-dementia and ‘chemo–brain’ have in common?
Trends Immunol. 29, 455–463.

Kipnis, J., Mizrahi, T., Hauben, E., Shaked, I., Shevach, E., Schwartz, M., 2002.
Neuroprotective autoimmunity: naturally occurring CD4+CD25+ regulatory T
cells suppress the ability to withstand injury to the central nervous system.
Proc. Natl. Acad. Sci. USA 99, 15620–15625.

Kong, W., Yen, J.H., Ganea, D., 2011. Docosahexaenoic acid prevents dendritic cell
maturation, inhibits antigen-specific Th1/Th17 differentiation and suppresses
experimental autoimmune encephalomyelitis. Brain Behav. Immun. 25, 872–
882.

Kroenke, M.A., Segal, B.M., 2011. IL-23 modulated myelin-specific T cells induce EAE
via an IFNgamma driven, IL-17 independent pathway. Brain Behav. Immun. 25,
932–937.

Lewitus, G.M., Cohen, H., Schwartz, M., 2008. Reducing post-traumatic anxiety by
immunization. Brain Behav. Immun. 22, 1108–1114.

Mandal, M., Marzouk, A.C., Donnelly, R., Ponzio, N.M., 2011. Maternal immune
stimulation during pregnancy affects adaptive immunity in offspring to
promote development of TH17 cells. Brain Behav. Immun. 25, 863–871.
McPherson, C.A., Aoyama, M., Harry, G.J., 2011. Interleukin (IL)-1 and IL-6 regulation
of neural progenitor cell proliferation with hippocampal injury: differential
regulatory pathways in the subgranular zone (SGZ) of the adolescent and
mature mouse brain. Brain Behav. Immun. 25, 850–862.

Miller, A.H., 2010. Depression and immunity: a role for T cells? Brain Behav. Immun.
24, 1–8.

Moalem, G., Leibowitz-Amit, R., Yoles, E., Mor, F., Cohen, I.R., Schwartz, M., 1999.
Autoimmune T cells protect neurons from secondary degeneration after central
nervous system axotomy. Nat. Med. 5, 49–55.

Ploix, C.C., Noor, S., Crane, J., Masek, K., Carter, W., Lo, D.D., Wilson, E.H., Carson, M.J.,
2011. CNS-derived CCL21 is both sufficient to drive homeostatic CD4+ T cell
proliferation and necessary for efficient CD4+ T cell migration into the CNS
parenchyma following toxoplasma gondii infection. Brain Behav. Immun. 25,
883–896.

Rainey-Barger, E.K., Rumble, J.M., Lalor, S.J., Esen, N., Segal, B.M., Irani, D.N., 2011.
The lymphoid chemokine, CXCL13, is dispensable for the initial recruitment of B
cells to the acutely inflamed central nervous system. Brain Behav. Immun. 25,
922–931.

Ransohoff, R.M., Kivisakk, P., Kidd, G., 2003. Three or more routes for leukocyte
migration into the central nervous system. Nat. Rev. Immunol. 3, 569–581.

Rapalino, O., Lazarov-Spiegler, O., Agranov, E., Velan, G.J., Yoles, E., Fraidakis, M.,
Solomon, A., Gepstein, R., Katz, A., Belkin, M., Hadani, M., Schwartz, M., 1998.
Implantation of stimulated homologous macrophages results in partial recovery
of paraplegic rats. Nat. Med. 4, 814–821.

Regen, T., van Rossum, D., Scheffel, J., Kastriti, M.E., Revelo, N.H., Prinz, M., Bruck, W.,
Hanisch, U.K., 2011. CD14 and TRIF govern distinct responsiveness and
responses in mouse microglial TLR4 challenges by structural variants of LPS.
Brain Behav. Immun. 25, 957–970.

Ron-Harel, N., Schwartz, M., 2009. Immune senescence and brain aging: can
rejuvenation of immunity reverse memory loss? Trends Neurosci. 32, 367–375.

Ron-Harel, N., Segev, Y., Lewitus, G.M., Cardon, M., Ziv, Y., Netanely, D., Jacob-Hirsch,
J., Amariglio, N., Rechavi, G., Domany, E., Schwartz, M., 2008. Age-dependent
spatial memory loss can be partially restored by immune activation.
Rejuvenation Res. 11, 903–913.

Rossi, S., Muzio, L., De Chiara, V., Grasselli, G., Musella, A., Musumeci, G., Mandolesi,
G., De Ceglia, R., Maida, S., Biffi, E., Pedrocchi, A., Menegon, A., Bernardi, G.,
Furlan, R., Martino, G., Centonze, D., 2011. Impaired striatal GABA transmission
in experimental autoimmune encephalomyelitis. Brain Behav Immun. 25, 947–
956.

Schwartz, M., Kipnis, J., 2002. Autoimmunity on alert: naturally occurring
regulatory CD4(+)CD25(+) T cells as part of the evolutionary compromise
between a ‘need’ and a ‘risk’. Trends Immunol. 23, 530–534.

Schwartz, M., Shechter, R., 2010a. Protective autoimmunity functions by
intracranial immunosurveillance to support the mind: the missing link
between health and disease. Mol. Psychiatry 15, 342–354.

Schwartz, M., Shechter, R., 2010b. Systemic inflammatory cells fight off
neurodegenerative disease. Nat. Rev. Neurol. 6, 405–410.

Shechter, R., London, A., Varol, C., Raposo, C., Cusimano, M., Yovel, G., Rolls, A., Mack,
M., Pluchino, S., Martino, G., Jung, S., Schwartz, M., 2009. Infiltrating blood-
derived macrophages are vital cells playing an anti-inflammatory role in
recovery from spinal cord injury in mice. PLoS Med. 6, e1000113.

Sokolowski, J.D., Nobles, S.L., Heffron, D.S., Park, D., Ravichandran, K.S., Mandell,
J.W., 2011. Brain-specific angiogenesis inhibitor-1 expression in astrocytes and
neurons: implications for its dual function as an apoptotic engulfment receptor.
Brain Behav. Immun. 25, 915–921.

Starossom, S.C., Imitola, J., Wang, Y., Cao, L., Khoury, S.J., 2011. Subventricular zone
microglia transcriptional networks. Brain Behav. Immun. 25, 991–999.

Vidlak, D., Mariani, M.M., Aldrich, A., Liu, S., Kielian, T., 2011. Roles of Toll-like
receptor 2 (TLR2) and superantigens on adaptive immune responses during CNS
staphylococcal infection. Brain Behav. Immun. 25, 905–914.

Weiss, R., Lifshitz, V., Frenkel, D., 2011. TGF-beta1 affects endothelial cell interaction
with macrophages and T cells leading to the development of cerebrovascular
amyloidosis. Brain Behav. Immun. 25, 1017–1024.

Wolf, S.A., Melnik, A., Kempermann, G., 2011. Physical exercise increases adult
neurogenesis and telomerase activity, and improves behavioral deficits in a
mouse model of schizophrenia. Brain Behav. Immun. 25, 971–980.

Woodruff, R.T., Schorpp, K.M., Lawrenczyk, A.J., Chakraborty, T., Kusnecov, A.W.,
2011. Effects of acute and repeated administration of staphylococcal
enterotoxin A on Morris water maze learning, corticosterone and
hippocampal IL-1beta and TNFalpha. Brain Behav. Immun. 25, 938–946.

Xin, J., Wainwright, D.A., Mesnard, N.A., Serpe, C.J., Sanders, V.M., Jones, K.J., 2011.
IL-10 within the CNS is necessary for CD4(+) T cells to mediate neuroprotection.
Brain Behav. Immun. 25, 820–829.

Ziv, Y., Ron, N., Butovsky, O., Landa, G., Sudai, E., Greenberg, N., Cohen, H., Kipnis, J.,
Schwartz, M., 2006. Immune cells contribute to the maintenance of
neurogenesis and spatial learning abilities in adulthood. Nat. Neurosci. 9,
268–275.


	A conceptual revolution in the relationships between the brain and immunity
	Conflict of interest
	Acknowledgments
	References


