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Abstract Antimicrobial peptides (AMPs) are an evolu-

tionarily conserved component of the innate immune

system of many species. The brain is an immunologically

privileged organ but can produce a robust immune

response against pathogens and cell debris, promoting

rapid and efficient clearance. AMPs may be critically

involved in the innate immune system of the brain. Though

the mechanisms of AMPs’ action in the brain still need

further elucidation, many studies have shown that AMPs

are multifunctional molecules in the brain. In addition to

antimicrobial action, they take part in congenital and

adaptive immune reactions (immunoregulation), function

as signaling molecules in tissue repair, inflammation and

other important processes through different mechanisms,

and they might, in addition, become diagnostic markers of

brain disease.
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Abbreviations

AMPs Antimicrobial peptides

BBB Blood–brain barrier

CNS Central nervous system

PRRs Pattern-recognition receptors

PAMPs Pathogen-associated molecular patterns

NODs Nucleotide-binding oligomerization

domain proteins

TLR Toll-like receptor

HBD Human b defensin

HNP Human a-defensin

HD-5 Human a-defensin 5

LPS Lipopolysaccharide

IL Interleukin

TNF Tumor necrosis factor

CRAMP Cathelicidin-related antimicrobial peptide

LL-37 Human cathelicidin

hCAP18 Human cathelicidin antimicrobial protein

rCRAMP Rat CRAMP

NAMPs Neuro-antimicrobial peptides

PMNs Polymorphonuclear leukocytes

PEA Proenkephalin A

NK1 Neurokinin-1

NPY Neuropeptide Y

BRPs Bombesin-related peptides family

DCD Dermcidin

AD Alzheimer’s disease

PD Parkinson’s disease

PKC Protein kinase C

Introduction

Infectious agents threaten every organism. Therefore, nat-

ural defense systems are vital to organisms surviving in

heterogeneous conditions and environments. Antimicrobial

peptides (AMPs), which are either induced at the time of

infection or released from stores in secretory cells, are an

important group of molecules involved in the first line of
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defense (Bulet et al. 2004). AMPs are found in most classes

of living organisms and contribute significantly to the

innate host defense by rapidly inhibiting microbial prolif-

eration. The brain is protected against invading pathogens

by the blood-brain barrier (BBB) and meninges, and also

by its own innate defense system. AMPs are a part of the

innate immune system, and may also have important

functions in the brain. AMPs, such as defensins, cathelic-

idins, or dermcidin (DCD), have all been shown to be

expressed in the human brain (Zasloff 2002). However, the

occurrence of AMPs in the central nervous system (CNS)

has received only limited attention. Better understanding of

these molecules will shed further light on the mechanisms

responsible for brain diseases.

The Immune Defense of the Brain

Innate immunity is a first line of defense of the human

organism, which is constantly exposed to a large variety of

pathogenic microorganisms and their products. Comple-

ment proteins, lectins, chemokines, cytokines, and AMPs

are now considered a fundamental component of the innate

immune system (Radek and Gallo 2007).

Although shielded by the BBB, the brain mounts robust

and effective immune responses in a unique way (Galea

et al. 2007; Nguyen et al. 2002) (Fig. 1). The BBB regulates

the passage of molecules and cells into the brain and is

largely impermeable to large and hydrophilic molecules as

well as most bacteria and viruses. So, the brain is well

protected from invading pathogens compared to other

tissues, and infection of the brain is a relatively rare clinical

phenomenon (Kim 2003). Innate immunity of the brain is a

constitutive component of the CNS and acts as a first line

of defense in a coordinated network against infection

(Nguyen et al. 2002). CNS-resident cells, such as microglia,

astrocytes and even neurons, are major contributors to

the cellular innate immune system of the brain, sensing

pathogens and launching an innate immune response (Falsig

et al. 2008). Further, leukocytes, such as neutrophils,

Fig. 1 The immune defense of the brain. a The brain is well

protected from invading pathogens by the blood–brain barrier;

b CNS-resident cells, microglia, astrocytes and neurons, are major

contributors to the cellular innate immune system of the brain,

sensing pathogens and launching an innate immune response;

c peripheral immune cells can migrate into the brain under certain

conditions; d many receptors associated with the detection of

pathogens and the initiation of an immune response at the periphery

are also expressed by brain cells, which display an array of receptors

involved in innate immunity, including PRRs and components of the

complement system; e both infiltrating immune cells and resident

cells of the brain can produce a diverse arsenal of host defense

effector molecules, such as cytokines, chemokines and AMPs, which

recruit cells of the adaptive immune system and inhibit microbial

growth and invasion
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macrophages, T and B and natural killer cells, are major

contributors to inflammation of the brain. Peripheral

immune cells can migrate into the brain and affect the

course of CNS diseases and are major contributors to

neuropathological processes (Aravalli et al. 2007; Becher

et al. 2006; Simard et al. 2006). There are several distinct

routes of leukocyte entry into the CNS, which are funda-

mental to normal physiology, immunopathology and host

defense (Ransohoff et al. 2003). Microglia communicate

reciprocally with astrocytes, endothelial cells and CNS-

infiltrating immune cells (Hanisch 2002). It has also been

suggested that neurons participate in the immune defense of

the CNS by signaling to microglia (Polazzi and Contestabile

2002).

Many receptors associated with the detection of patho-

gens and the initiation of an immune response at the

periphery are also expressed by brain cells, which display

an array of receptors involved in innate immunity,

including Toll-like receptors (TLRs), nucleotide-binding

oligomerization domain proteins (NOD), double-stranded

RNA-dependent protein kinase, scavenger receptors,

mannose receptor and components of the complement

system (Farina et al. 2007).

Notably, the recognition of infectious non-self is medi-

ated in part by a limited number of germline-encoded

pattern-recognition receptors (PRRs), such as TLRs or

NODs. PRRs are a group of evolutionarily conserved

receptor families capable of detecting the presence of

infection by recognizing specific microorganism-derived

biomolecules, the so-called pathogen-associated molecular

patterns (PAMPs), such as lipopolysaccharide (LPS) or

peptidoglycan. The release of PAMPs during an infection

provides a ‘‘danger signal’’ and triggers the defensive

innate immune response (Akira and Takeda 2004; Barton

and Medzhitov 2003). The recognition of components

specific to the pathogen by PRRs is a characteristic of the

innate immune system. The expression of PRRs is found in

various immune and non-immune cell types of the CNS.

Microglial cells express an extensive repertoire of PRRs

and act as sentinels, surveying the CNS for possible dam-

age or infection. Astrocytes are the most abundant cell type

in the brain, and they are capable of launching a strong

supportive innate immune response. Recent findings

showed that both astrocytes and, surprisingly, even neurons

express PRRs. Activation of these receptors leads to a

functional response, indicating that cells in the brain are

capable of initiating a primary innate immune response

against CNS-invading pathogens.

Both infiltrating immune cells and resident cells of the

brain, such as neurons, astrocytes, and microglia, can

produce a diverse arsenal of host defense effector mole-

cules, such as cytokines, chemokines and small molecules,

which recruit cells of the adaptive immunity and inhibit

microbial growth and invasion (Braff and Gallo 2006;

Brandenburg et al. 2008). Prominent among these mole-

cules are the AMPs, which are capable of killing a wide

range of bacterial, fungal, and viral pathogens (Hancock

and Sahl 2006; Hirsch et al. 2008).

For many years, attention was focused on adaptive

immunity as the main antimicrobial defense system. The

discovery of AMPs changed this point of view. The pro-

duction of a large variety of natural nontoxic AMPs from

both plants and animals is attracting increasing attention,

and it has become apparent that AMPs are an essential

component of the innate immune system of multicellular

organisms (Ganz 2003). More recently, studies have

detected AMPs in the brain (Bergman et al. 2005). This

indicates that AMPs may also be involved in the innate

immune system of the brain. However, the occurrence of

AMPs in the brain has received only limited attention.

What are AMPs?

AMPs are a major component of the innate immune

response towards pathogen infections. Multicellular

organisms are permanently exposed to potentially patho-

genic microorganisms. Innate immunity forms the first line

of defense against infection by these microorganisms.

AMPs are evolutionarily ancient weapons and are known

as evolutionarily conserved essential components of con-

genital immunity, which is the principal natural defense

system for the majority of living organisms. They are found

among all classes of life ranging from prokaryotes to

humans (Beisswenger and Bals 2005; Lai and Gallo 2009;

Radek and Gallo 2007; Zaiou 2007; Zhang and Falla 2009).

AMPs were first isolated in the 1980s (Boman 1995). Up to

now, a very large number of AMPs have been isolated from

nature and thousands of synthetic variants produced. AMPs

from plants and animals now number in the hundreds

(Radek and Gallo 2007; Steiner et al. 2009). For a regularly

updated list of AMPs, see the website: http://aps.unmc.edu/

AP/main.php (Radek and Gallo 2007).

AMPs are a diverse group of small (6–100 amino acids)

molecules and include defensins, cathelicidins, DCD,

hepcidin, neuropeptides, peptide hormones and many other

proven and putative peptides. AMPs are very heteroge-

neous in length, sequence and structure. The diversity of

AMPs discovered is so great that it is difficult to categorize

them except broadly on the basis of their secondary

structure (Hoskin and Ramamoorthy 2008). Among most

classes of AMPs, a common structure can be observed,

with domains of hydrophobic and cationic amino acids

spatially arranged into an amphipathic design, which

facilitates interaction with bacterial membranes (Brogden

2005; Brogden et al. 2003; van ‘t Hof et al. 2001). All the
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studies suggest that AMPs are employed as part of a

synergistic arsenal of molecules that defends against

exogenous microbes.

AMPs are produced by many tissues and cell types, with

phagocytic and epithelial cells as the predominant source.

In humans and other mammals, peptide concentrations

from these cells increase significantly following infection

or injury (Brogden et al. 2005).

There is now increasing evidence that AMPs are

multifunctional molecules of fundamental importance in

host defense (Radek and Gallo 2007). AMPs have a broad

range of biological properties: an increasing number of

studies have shown that AMPs, which are toxic to bac-

teria but not to normal mammalian cells, have a broad but

not identical spectrum of antimicrobial activity against

Gram-positive and Gram-negative bacteria, yeasts, fungi,

enveloped viruses and even tumor cells (Allaker 2008;

Chan et al. 2006). The growing problem of resistance to

conventional antibiotics is a global public health problem

and the need for new antibiotics has stimulated interest

in the development of AMPs as human therapeutics (Bals

2000). Several AMPs have already entered pre-clinical

and clinical trials to promote wound healing and for the

treatment of cystic fibrosis, catheter site infections,

acne, and patients undergoing stem cell transplantation

(Koczulla and Bals 2003; Lee and Herzog 2009; Mader

and Hoskin 2006). Many AMPs kill microbes by mem-

brane-targeting, pore-forming mechanisms difficult to

escape (Hancock and Sahl 2006; Rotem and Mor 2009;

Sang and Blecha 2008).

Although originally characterized as natural antimicro-

bial agents, it is now appreciated that these peptides also

can modify host inflammatory responses. This includes

effects on innate immune cells, including neutrophils and

epithelial cells, and in those cells that bridge the innate and

adaptive immune systems, including monocytes, macro-

phages and other antigen-presenting cells. These peptides

modify cellular functions such as chemotaxis, apoptosis,

gene transcription and cytokine production. In addition,

they have roles in the stimulation of wound healing,

angiogenesis, homeostasis, and proliferation. They have

anticancer properties and preserve a balance between pro-

teases and protease inhibitors (Brogden et al. 2005; De

Smet and Contreras 2005; Hancock and Diamond 2000;

Zasloff 2002).

AMPs in the Brain

Many studies have detected mRNAs of AMPs in the brain

(Becher et al. 2006; Bergman et al. 2005; Maxwell et al.

2003; Ostergaard et al. 2009; Simard et al. 2006). Peptides

identified early were defensins and cathelicidin (Zasloff

2002). Defensins and cathelicidin are two major families

and can serve as excellent examples of the potential

function of AMPs in brain defense. Surprisingly, several

neuropeptides in the brain are very similar to AMPs in their

amino acid composition, amphipathic design, cationic

charge and size. Their antimicrobial activities suggest they

may also be directly involved in innate defense of the

brain. Here we will discuss several AMPs of the brain

(Table 1), which include the cathelicidins (hCAP-18/LL-

37), the defensins, neuropeptides, hepcidin and DCD.

Defensins

Defensins are members of an evolutionarily old family of

cysteine-rich peptides, widely distributed in nature and

found in vertebrates and invertebrates. On the basis of size

and pattern of disulfide bonding, mammalian defensins

are classified into three classes: a-, b- and h-defensins, with

the majority of research focused on the first two classes

(Menendez and Brett Finlay 2007). Up to now, five

different human a-defensin genes and six different human

a-defensin molecules have been described (HNP-1, HNP-2,

HNP-3, HNP-4, HD-5 and HD-6) (Mallow et al. 1996;

Schneider et al. 2005; Skalicky et al. 1994; Yamasaki and

Gallo 2008). Over the past years, six human b-defensins

(HBD) have been identified (HBD-1, HBD-2, HBD-3,

HBD-4, HBD-5 and HBD-6) (Duits et al. 2002; Fang et al.

2003; Liu et al. 2002; Pazgiera et al. 2006; Weinberg et al.

1998).

Defensins are found in neutrophils, epithelial cells, cer-

tain macrophage populations and Paneth cells of the small

intestine (Schluesener and Meyermann 1995; Yang et al.

2002). Recent studies have demonstrated defensin mRNA

in the CNS of many species (Bergman et al. 2006; Chen et al.

2006; Giuliani et al. 2007; Maxwell et al. 2003; Ostergaard

et al. 2009). Transcripts of the bovine defensin tracheal

antimicrobial peptide and lingual antimicrobial peptide

have been detected in brain by in situ hybridization. The

mRNA was present in the meninges, throughout the cortex

and in Purkinje cells of the cerebellum (Stolzenberg et al.

1997). HBD-1 mRNA has been found in human, mouse, rat,

cow and pig brain (Hao et al. 2001; Hiratsuka et al. 2001;

Huttner et al. 1997; Stolzenberg et al. 1997; Zhang et al.

1998). HBD1 mRNA is produced by astrocytes, microglia

and meningeal fibroblasts, but not neurons, whereas HBD2

mRNA production is inducible and is detected in astrocytes

only after incubation with LPS, interleukin (IL)-1b or tumor

necrosis factor (TNF) (Bergman et al. 2005). However,

HBD-1 or HBD-2 was not detected in neurons (Hao et al.

2001). The transcript of HBD-1 is also present in the choroid

plexus (Nakayama et al. 1999; Stolzenberg et al. 1997),

which produces cerebrospinal fluid.
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Defensins act as a first line of defense against invading

pathogens (Kapetanovic and Cavaillon 2007; Klotman and

Chang 2006; Zhu 2008). Recent studies have shown that

some defensins stimulate human keratinocytes to express

IL-6 and IL-10 and chemokines, which act as a link

between innate and adaptive immune responses (Niyonsaba

et al. 2007). Some defensins are specific, potent chemoat-

tractants for monocytes and dendritic cells, and may

function as a regulator in inflammation (Bowdish et al.

2006).

Cathelicidins

Cathelicidins are the second largest family of AMPs in

mammals (Chromek et al. 2006; Iimura et al. 2005;

Schauber and Gallo 2009; Zanetti 2005). Cathelicidins are

characterized by an evolutionarily conserved amino-ter-

minal cathepsin L N-terminal domain, called the cathelin

domain. The cathelin-like prodomain is named for its

similarity to the cystatin family of cysteine protease

inhibitors and shows approximately 60% sequence identity

between species (Lehrer and Ganz 2002). Humans and rats

have one cathelicidin gene each in their genomes. These

are the mouse CRAMP (cathelicidin related anti-microbial

peptide) and the human cathelicidin LL-37 (Agerberth

et al. 1995; Cowland et al. 1995; Schauber and Gallo

2008). Mouse CRAMP and human LL-37 peptides share

only 67% homology. Human cathelicidin is often referred

to by one of its peptide forms (LL-37) or the nomenclature

assigned to its precursor protein (hCAP18 or CRAMP)

(Pestonjamasp et al. 2001). This peptide is derived by

extracellular proteolysis from the C-terminal end of the

human CAP18 protein (hCAP18). LL-37/hCAP18 is a

small peptide of 37 amino acids starting with two leucine

residues. LL-37/hCAP-18 is found at high concentrations

in its unprocessed form in the granules of neutrophils and is

processed upon degranulation and release. It is also pro-

duced by epithelial cells and is found in a number of tissues

and body fluids (Hase et al. 2003; Murakami et al. 2002a,

b, 2005; Nijnik and Hancock 2009). The upregulation of

human cathelicidin hCAP-18/LL-37 expression upon the

Table 1 Antimicrobial peptides in the brain

Peptides Localization of expression in

CNS

Identified function in CNS References

Defensins Meninges, cortex, cerebellum,

choroid plexus

Antimicrobial, immunomodulatory,

signaling molecules

[Chen et al. 2006; Giuliani et al. 2007; Hao et al.

2001; Hiratsuka et al. 2001; Huttner et al.

1997; Maxwell et al. 2003; Nakayama et al.

1999; Ostergaard et al. 2009; Zhang et al.

1998]

Cathelicidins

(CRAMP/LL-37)

Blood–brain barrier, meninges,

hippocampus, striatum,

olfactory bulb, cerebellum,

spinal cord

Antimicrobial, immunomodulatory,

signaling molecule

[Bals et al. 1998; Bergman et al. 2005; Bergman

et al. 2006]

NAMPs

Proenkephalin A Hippocampus, thalamus,

brainstem, spinal cord

Antimicrobial, immunomodulatory,

signaling molecule

[Behar et al. 1994; Metz-Boutigue et al. 2003;

Salzet and Tasiemski 2001]

Neurokinin-1 Throughout the CNS Antimicrobial, immunomodulatory,

signaling molecule

[Hansen et al. 2006; Lundy et al. 2008; Scholzen

et al. 1998]

Neuropeptide Y Throughout the CNS Antimicrobial, immunomodulatory,

signaling molecule

[Benarroch 2009; Hansen et al. 2006; Lee and

Herzog 2009; Wu et al. 2003]

Bombesin Hypothalamus, olfactory bulb,

dentate gyrus, the solitary

tract of the hindbrain

Antimicrobial, immunomodulatory,

signaling molecule

[Brogden et al. 2005; El Karim et al. 2008; Li

et al. 2006; Moody and Merali 2004]

Other AMPs

Dermcidin Pons, midbrain hypothalamus,

paracentral gyrus

Antimicrobial, immunomodulatory,

antitumor, signaling molecule

[Cunningham et al. 2002; Lai et al. 2005; Porter

et al. 2003; Schittek et al. 2001; Wang et al.

2003]

Hepcidin Olfactory bulb, cortex,

hippocampus, amygdala,

thalamus, mesencephalon,

cerebellum, pons, spinal

cord, striatum

Antimicrobial, immunomodulatory,

signaling molecule, regulator of

iron homeostasis

[Dringen et al. 2007; Hänninen et al. 2009;

Jeyakumar et al. 2009; Nemeth et al. 2004;

Wang et al. 2008; Zechel et al. 2006]

AMPs antimicrobial peptides, CNS central nervous system, CRAMP cathelicidin-related antimicrobial peptide, NAMPs neuro-antimicrobial

peptides
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reception of inflammatory stimuli has been reported pre-

viously (Van Wetering et al. 2005).

Cathelicidin mRNA has been detected in the brain by

dot–blot hybridization (Bals et al. 1998). Cellular locali-

zation and possible functions of LL-37 at this location

remain to be determined. Recently, rCRAMP mRNA was

detected in the rat CNS with a distinct regional distribution

(Bergman et al. 2005), notably in the olfactory bulb, cer-

ebellum, medulla oblongata and spinal cord. Moreover, the

transcript of rCRAMP has been detected in primary cul-

tures from hippocampus, striatum, cerebellum and spinal

cord, as shown by RT-PCR and Southern blot. In addition,

the rCRAMP peptide exhibits in vitro activity against the

neuropathogenic bacterium Neisseria meningitidis and the

induction of CRAMP in rat endothelial cells of the BBB

and in cells of the meninges after meningococcal infection

has been described (Bergman et al. 2006). Another study

showed that a homologue of the human LL-37 is expressed

in rat astrocytes and microglia after incubation with dif-

ferent bacterial components (Brandenburg et al. 2008).

Taken together, these data suggest that cathelicidin

rCRAMP may play a role in the innate immunity of the

CNS.

Neuro-antimicrobial peptides

Many neuropeptides share similar characteristics with

AMPs in their amino acid composition, amphipathic

design, cationic charge, and size, which facilitate their

deposition into the aqueous space between the target

membrane and within the nerve terminal and respective

receptor. This shared property of amphipathicity led to

discovery of the antimicrobial activities of many neuro-

peptides. The term ‘‘NAMPs’’ (neuro-antimicrobial

peptides) can be coined as an AMP derived from neuro-

peptides, molecules that mediate communication between

the nervous and immune system. Although in its infancy,

recent developments in the neuroimmunology field support

the notion that both the brain and peripheral nervous sys-

tem directly influence the activity of the innate and

adaptive immune system. The inclusion of neuropeptides in

the armamentarium of AMPs extends the known mecha-

nisms by which the nervous system contributes to innate

immune defense. Several peptides with neural or neuro-

endocrine signaling functions have been shown to have

potent antimicrobial activity (Brogden et al. 2005). Fur-

thermore, they are widely distributed not only in endocrine,

neuroendocrine and nerve cells but also in immune cells.

Chromofungin and enkelytin are released from polymor-

phonuclear leukocytes (PMNs), suggesting that they might

act locally at sites of infection as defensive molecules.

Their liberation from cells indicates that these peptides

probably play a role in the processes of inflammatory and

immune responses. The following section describes several

neuropeptides that act as AMPs in addition to their origi-

nally identified function.

Proenkephalin A

Proenkephalin A (PEA) is expressed at specific sites in the

brain and certain cells of the adrenal medulla and the

immune system. It is the precursor of the enkephalin opioid

peptides and is proteolytically processed to yield Met-

enkephalin, Leu-enkephalin, enkelytin and other PEA-

derived peptides, such as peptide B (Metz-Boutigue et al.

2003; Salzet and Tasiemski 2001). Enkelytin is a major

PEA-derived peptide and is active against gram-positive

bacteria including Staphylococcus aureus in the micro-

molar range. Antimicrobial PEA-derived peptides have

been identified in numerous bovine and rabbit infectious

fluids and in secretions of stimulated polynuclear neutro-

phils, and it has been shown that, after administration of

LPS, PEA mRNA increases rapidly in rat monocytes and

macrophages in lymph nodes and in chromaffin cells of the

adrenal medulla (Behar et al. 1994; El Karim et al. 2008;

Hansen et al. 2006). These findings indicate that PEA-

derived peptides are involved in the process of host defense

and establish communication between the neuroendocrine

and the immune system (Brogden et al. 2005).

Neurokinin-1

Neurokinin-1 (NK1; also known as substance P) is widely

distributed throughout the peripheral and CNS. Like other

AMPs, NK1 has a cationic amphipathic secondary struc-

ture and probably shares a common mechanism of

antimicrobial activity. NK1 is present in a subpopulation of

unmyelinated, sensory nociceptive neurons (C-type fibers)

that transmit pain messages from mucosa subjected to

chemical irritants, heat, cold or other noxious stimuli

(Lundy and Linden 2004). Stimulated NK1-immunoreac-

tive nerves release NK1, which can rapidly induce a variety

of local defensive responses, inhibiting the growth of local

microorganisms (El Karim et al. 2008; Hansen et al. 2006).

In patients affected by periodontitis, the concentration of

NK1 is substantially increased in gingival crevicular fluid

of disease-affected teeth compared with healthy sites

(Lundy and Linden 2004). In the skin, NK1 induces

rounding of endothelial cells, capillary leakage and vaso-

dilatation, chemotaxis of neutrophils and macrophages,
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proliferation of keratinocytes and fibroblasts, mast cell

degranulation, and the expression of various adhesion

proteins by local endothelial, epithelial and inflammatory

cells (El Karim et al. 2008; Scholzen et al. 1998).

Neuropeptide Y

Neuropeptide Y (NPY) contains 36 amino acids and is the

most ubiquitously expressed peptide in the mammalian

central and peripheral nervous system (Lee and Herzog

2009). In the brain, NPY has a number of functions in

mammalian physiology. It is a sympathetic co-transmitter

released preferentially during intense or prolonged stress

and has been implicated in diverse processes such as

feeding, behavior and metabolism (Wu et al. 2003). Apart

from its role as a hormone and neurotransmitter, NPY

may also play a role in innate immunity. It has been

shown that NPY is a potent antifungal peptide against

Candida albicans in vitro (Vouldoukis et al. 1996). NPY

mRNA has been found in non-neuronal cells, such as

sustentacular and olfactory ensheathing cells (Benarroch

2009; Wu et al. 2003), and thus may create a local

antimicrobial barrier discouraging microbial invasion

along the axonal tract and suppressing a need for the

assistance of tissue destructive inflammatory cells in the

clearance of microbes.

Bombesin

Bombesins constitute a large family of neuropeptides

mediating a variety of biological activities in the gastro-

intestinal (GI) tract and CNS of mammals, including

contraction of smooth muscle, secretion of other GI hor-

mones, processing of memory, enhancement of cell

proliferation, and regulation of central homeostatic

mechanisms (appetite and feeding behavior, thermoregu-

lation) (Baranowska 2009; Li et al. 2006; Moody and

Merali 2004). Proline-rich bombesin (PR-bombesin)

(originally isolated from Chinese red belly toad, Bombina

maxima) is a 16-amino acid peptide member of the

bombesin-related peptides (BRPs) family. BRPs are pro-

duced by neurons of the central and peripheral nervous

system, and many other neuroendocrine cell types

(Moody and Merali 2004). PR-bombesin, like substance P

and NPY, might also have direct effects on invading

microbes (Li et al. 2006). These antimicrobial activities

add a further dimension to the immunomodulatory roles

of neuropeptides in inflammatory and immune responses.

This discovery suggests that the nervous system might use

these peptides as anti-infective agents by delivering them

rapidly and precisely to innervated sites (Brogden et al.

2005; El Karim et al. 2008).

Other AMPs of the Brain

In addition to cathelicidins, defensins and neuropeptides,

many other new AMPs, such as DCD or hepcidin, have

been found in the brain. DCD is a gene encoding an anionic

AMP and shares no homology with any other known AMPs

(Schittek et al. 2001; Senyürek et al. 2009). DCD is most

highly expressed in sweat glands of the skin (Schittek et al.

2001), as well as in breast tissue and in the CNS. A high

level of expression was detected in the pons of the brain. In

xenograft experiments in rat brains, Cunningham et al.

reported that mouse cells stably overexpressing DCD were

not immunosuppressed and exhibited substantial invasion

and migration from the lesion/injection site into white

matter tracts and along blood vessels of the forebrain and

thalamus of the host (Cunningham et al. 2002). While the

detailed molecular characteristics of DCD require further

clarification, it has been demonstrated that DCD may

function as an antibiotic peptide in the skin, diffusible

survival evasion peptide in the brain or cancer cachectic

factor in patients with pancreatic, breast, lung, and ovarian

cancer, and malignant melanoma (Cunningham et al. 2002;

Niyonsaba et al. 2009; Porter et al. 2003; Schittek et al.

2001; Wang et al. 2003).

Hepcidin, formerly named liver-expressed antimicrobial

peptide, plays a major role in innate immunity and the

maintenance of the body iron status. A typical pattern of

six to eight conserved cysteines involved in disulphide

bridges has been found in all vertebrate hepcidins (Ganz

2006; Oates 2007). Iron serves as an essential trace element

for all body tissues, including the CNS. Iron deficiency as

well as iron overload is known to cause damage to the

mammalian brain, so the maintenance of iron homeostasis

is crucial. It is important to note that hemochromatosis may

represent a risk factor for Alzheimer’s disease (AD),

indicating that imbalances in iron homeostasis of the brain

contribute to neurodegenerative processes (Jeyakumar

et al. 2009; Zechel et al. 2006). Studies have shown a

widespread distribution of hepcidin mRNA in different

brain areas, including the olfactory bulb, amygdala, thala-

mus, hypothalamus, mesencephalon, cerebellum, pons,

spinal cord, and in dorsal root ganglia of the peripheral

nervous system (Hänninen et al. 2009; Zechel et al. 2006).

The hepcidin protein is expressed by neurons and glia cells

(Brandenburg et al. 2008; Dringen et al. 2007; Jeyakumar

et al. 2009). Recent data have provided further evidence for

the existence of hepcidin mRNA in the brain, including the

cortex, substantia nigra, hippocampus and other regions,

and LPS induced a significant increase in abundance of

hepcidin mRNA and protein in the cortex and substantia

nigra, but not in the hippocampus and striatum, indicating a

regionally specific regulatory effect of LPS on hepcidin

gene expression (Wang et al. 2008).
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Role of AMPs in the Brain

As AMP research has proliferated, the known repertoire of

biological roles of AMPs has expanded to include a num-

ber of other functions. In addition to their broad-spectrum

antimicrobial, antifungal and antiviral activities, studies

have now provided compelling evidence for their

involvement in the complex network of immune responses

and inflammatory diseases, thereby influencing diverse

processes, including cytokine release, chemotaxis, signal-

ing, mitogenesis, angiogenesis, wound repair, cell

migration and adaptive immune induction (Allaker 2008;

Kamysz et al. 2003; Koczulla et al. 2003; Shaykhiev et al.

2005; Zanetti 2004). All of this indicates that AMPs are

multifunctional molecules of fundamental importance in

host defense. Here we will review the roles of AMPs in the

brain. These include: antimicrobial activity through dif-

ferent mechanisms, immunomodulatory activities linking

innate to adaptive immune responses, and chemokine-like

signaling activity (see Fig. 2), such as the interaction of

b-defensins with certain chemokine receptors.

Antimicrobial Activity of AMPs in the Brain

AMPs have both direct and indirect antimicrobial activity

contributing to brain defense against infection (Bergman

et al. 2005; Brandenburg et al. 2008; Jeyakumar et al.

2009; Ostergaard et al. 2009). In the very few instances in

which patients have been demonstrated to have defective

host defense peptide expression, these individuals suffer

from frequent infections. Inflammatory bowel diseases are

characterized by localized deficiencies of antibacterial

peptides and the defect in the expression and/or function of

defensins could give rise to an increase in frequency and

severity of colonic Crohn’s disease (Fellermann et al. 2003;

Ramasundara et al. 2009; Wehkamp et al. 2007).

CRAMP of the brain is active against the CNS pathogen

Neisseria meningitidis and the peptide contributes to the

known antibacterial activity of rat brain peptide/protein

extracts. CRAMP is induced in endothelial cells of the

BBB and in cells of the leptomeninges after meningococcal

infection. CRAMP knockout mice were more susceptible

to meningococcal infection at the blood brain barrier than

Fig. 2 Roles of antimicrobial

peptides in the brain. AMPs are

multifunctional molecules of

fundamental importance in host

defense. When the brain is

challenged by injury, infection

or stress, AMPs are released

from various cell types and

exert effects such as:

antimicrobial activity, which

can protect the brain from

pathogens in infectious

diseases; immunomodulatory

activities, which can mediate

and modulate immuno-

inflammatory responses in

inflammatory diseases of the

brain; and chemokine-like

signaling activity, which can

modify nerve impulse activity

and influence TLR signaling

and recruitment of astrocytes to

infective sites through different

mechanisms, including cytokine

release, chemotaxis, signaling,

mitogenesis, angiogenesis,

wound repair, cell migration or

induction of adaptive immunity
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wild-type mice. Moreover, results from in vivo experi-

ments in mice demonstrated that CRAMP inhibits bacterial

growth in blood, liver, and spleen early in meningococcal

sepsis (Bergman et al. 2005; 2006). HBD-2 mRNA was

detected in astrocyte cultures treated by LPS, suggesting

that defensins may play a role in host defense against

bacterial CNS pathogenesis (Hao et al. 2001). Moreover,

the antimicrobial activity of synthetic hepcidin has been

demonstrated and hepcidin might be involved in processes

of iron homeostasis in the brain (Krause et al. 2000).

Recently, several peptides with neural or neuroendocrine

signaling functions have been shown to have potent anti-

microbial activity (Brogden 2005). Direct antimicrobial

activity of some neuropeptides, such as substance P and

NPY, against a range of micro-organisms, has been dem-

onstrated (Hansen et al. 2006; Lundy et al. 2008). Synthetic

and recombinant DCD-1 peptide also exhibits antimicro-

bial activities against a wide range of microbial pathogens

(Lai et al. 2005). These discoveries suggest that the brain

might use these peptides as anti-infective agents (Li et al.

2006). The continuous use of chemical antibiotics has led

to the appearance of multiresistant bacterial strains all over

the world. Several human pathogens are now becoming

resistant to a number of clinically significant antibiotics,

causing a crisis in the treatment and management of

infectious diseases and resulting in higher mortality.

Therefore, it is imperative to search for alternatives to

traditional antibiotics (Marshall and Arenas 2003; Cohen

2000). AMPs from various natural sources as well as novel

synthetic antibacterial peptides represent a promising

family of antibiotics that have stimulated research and

clinical interest as new therapeutic options for infections

caused by multidrug-resistant bacteria (Zaiou 2007).

Immunomodulatory Activity of AMPs in the Brain

AMPs have immunomodulatory activities, linking innate to

adaptive immune responses. Inflammation is generally

beneficial to the organism in limiting the survival and

proliferation of invading pathogens, and promoting tissue

survival, repair and recovery. The brain has distinctive

features and is uniquely sensitive to inflammation.

Inflammation in the brain is regularly seen in trauma,

ischemia, infection, degeneration, and malignancy. Recent

evidence suggests that inflammation and immune function

in the brain may play a considerable role in the progression

of many brain diseases, such as infections, e.g. meningitis,

measles, cerebral malaria or multiple sclerosis (Brown and

Hancock 2006; Selsted and Ouellete 2005; Yang et al.

2007; Schikorski et al. 2008; Scapini et al. 2000).

Defensins are small, cationic, cyclic peptides that are

abundantly stored in granules of neutrophils and are

modulators of immune function. They induce chemotactic

activity in neutrophils and chemokinetic activity in mac-

rophages. Neutrophils are a prominent immunologic

infiltrate of ischemic lesions in vivo. There is striking

evidence that the infiltration of activated PMNs into the

injured parenchyma plays an important role in the pathol-

ogy of cerebral ischemia. Neutrophils are an essential part

of the innate immune system. Their cytoplasm contains

granules and secretory vesicles that can release a wide

range of microbicidal effector molecules, including AMPs,

proteinases and others (Faurschou and Borregaard 2003).

Neutrophils are not observed in the normal nervous system

but are found in significant numbers at the site of injury in

peripheral nerves (Zuo et al. 2003). Schluesener showed

that defensins, constituting up to 5% of the total cellular

protein of human neutrophils, are associated with neutro-

phil activation, such as morphological alterations and

migration through the BBB (Schluesener and Meyermann

1995). Other studies have also shown that defensins stim-

ulate mast cell degranulation, leading to locally increased

vascular permeability, neutrophil accumulation and

induction of epithelial synthesis of the potent neutrophil

chemokine IL-8. Local inflammatory cascades can be fur-

ther amplified by the stimulatory effects of neutrophil

defensins on the production of macrophage proinflamma-

tory cytokines, such as TNF and IL-1-b, and through the

inhibition of IL-10 production (Chaly et al. 2000; Welling

et al. 1998).

It is generally accepted that iron accumulates in specific

brain areas which are preferentially targeted in neurode-

generative diseases such as AD and Parkinson’s disease

(PD) (Zecca et al. 2004) (Qian and Wang 1998). In PD,

iron has been suggested to contribute to oxidative stress

(Bush 2000), and, therefore, has been considered as an

important factor in the pathogenesis of PD. Hepcidin is

distributed widely throughout the brain and spinal cord,

suggesting an essential role for hepcidin in iron metabolism

of the CNS. LPS induced a significant increase in the

hepcidin mRNA and protein in the cortex and substantia

nigra, but not in hippocampus and striatum, indicating a

regionally specific regulation.

Neuropeptides are widely distributed throughout the

brain. In addition to their role in inflammation, for example

in initiating and sustaining neurogenic inflammation

(Hökfelt et al. 2003), neuropeptides have also been impli-

cated in immune regulation (Bost 2004). A growing body

of evidence now supports a role for neuropeptides in

modulation of the immune response through direct AMP-

like actions (Brogden et al. 2005). DCD, which was iso-

lated from oxidatively stressed neural cell lines, promotes

neural cell survival under oxidative conditions. Using serial

analysis of gene expression, DCD was identified as a

candidate oncogene of breast cancer (Porter et al. 2003).
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There is a growing body of evidence suggesting that the

immunomodulatory properties of these small, naturally

occurring molecules might be harnessed for development

as novel therapeutic agents. Further scrutiny of the bio-

chemical and regulatory mechanisms of AMPs might lead

to novel alternative approaches to the treatment of human

brain disorders.

Signaling of AMPs in the Brain

The role of peptides as signaling molecules in the nervous

system has been studied for more than 30 years. AMPs are

involved in immune response modulation, not only through

their antimicrobial activities, but also as signaling mole-

cules (Salzet 2002). Notably, defensins are increasingly

recognized as signaling molecules in adaptive immunity

(De Leeuw and Lu 2007). Human defensins are potent

inhibitors of protein kinase C (PKC), whereas they have

little or no effect on the activity of myosin light chain

kinase and protein kinase A (Charp et al. 1988). The

specificity of kinase inhibition supports the notion that

defensins are involved in particular signaling pathways

(Kamysz et al. 2003).

The human homologue of rat CRAMP, LL-37, has the

capacity to act as a chemokine, attracting immune cells via

formyl peptide receptor like-1 (Niyonsaba et al. 2002; De

Yang et al. 2000). Interestingly, this receptor is expressed by

astrocytes. Thus, CRAMP could hypothetically function as a

signaling molecule, recruiting astrocytes to a site of infection

or injury. Furthermore, rabbit defensin has been reported to

act as an agonist of slow sodium receptors on the membrane

of rat spinal ganglion neurons, suggesting that this AMP can

modify nerve impulse activity (Bergman et al. 2005). LL-37

was shown to influence TLR signaling in immune cells

through interaction with the cellular membrane and epider-

mal growth factor receptor transactivation to increase

intracellular Ca?? mobilization. Cathelicidin peptides

increase cell migration and secretion of chemokines and

other signaling molecules from activated cells (Schauber and

Gallo 2008). Another AMP, the neutrophil granule derived

peptide cap37 (cationic antimicrobial protein of 37 kDa),

can also act as a signaling molecule, causing the upregulation

of PKC activity (Pereira et al. 1996).

The functions of neuropeptides range from neurotrans-

mitter to growth factor. They are present in glial cells, are

hormones in the endocrine system, and messengers of the

immune system. Much evidence indicates that neuropep-

tides are of particular importance when the nervous system

is challenged (by stress, injury, or drug abuse) (Wu et al.

2003; Moody and Merali 2004). This evidence demon-

strates that NAMPs have the potential to be involved in

many stages of a proinflammatory response as signaling

molecules and play a more general role in the strategy of

immune protection.

Concluding remarks

Research in the field of AMPs has developed over the past

years. AMPs with multifaceted activities represent excep-

tional candidates for the development of novel therapeutic

agents to inhibit microbial pathogenesis and to modulate

host immune responses, and they might become diagnostic

markers. AMPs may offer a solution to the problem of drug

resistance and hold promise for development of new ther-

apeutic agents. Furthermore, elucidation of the basic

molecular structure and regulation of AMPs will increase

knowledge of their involvement in shaping the innate

immune response of the brain, provide new insights into

the intrinsic capacity of the brain to face pathogenic insults,

and facilitate the identification of molecular targets for

therapeutic interventions in a variety of immune-mediated

pathogenic processes, such as neuroinflammatory and

neurodegenerative diseases.
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