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Multicellular organisms utilize a battery of extracellular and cellular mechanisms to defend against micro-
bial infiltration. Among the armamentarium used by the small intestine to defend against microbial invasion
are antimicrobial peptides called defensins. We previously have shown that gut barrier function is impaired
following hemorrhagic shock, resulting in translocation of bacteria or endotoxin. Using a rat model, we
examined the effect of hemorrhagic shock on a-defensin expression. We utilized the anchored reverse tran-
scriptase PCR strategy to isolate a rat enteric defensin cDNA. The cDNA is 406 bases in length and encodes
a putative prepro-enteric defensin that we have named rat defensin 5 (RD-5). RD-5 expression is restricted to
the small intestine and is specifically localized by in situ hybridization to the Paneth cells. A 10-fold increase
in its steady state levels was observed in the distal intestine immediately after the termination of shock. This
is the first study to show that enteric defensins are inducible following injury. We suggest that enteric defensins
may contribute to the complex and integrated barrier function of the intestinal mucosal surface.

The mucosal epithelium of the mammalian small intestine is
a complex tissue composed of enterocytes, goblet cells, en-
teroendocrine cells, and Paneth cells. These cells arise from a
common progenitor functionally anchored near the base of the
small intestine and are perpetually renewed throughout life
(12–14). Although the principal physiological function of this
epithelial surface is nutrient absorption, it also forms a major
barrier between the body and the environment of the lumen.
Multiple defense mechanisms have been identified, which pro-
tect the villus epithelium from damage by prokaryotic organ-
isms and viruses, thus averting potentially damaging inflamma-
tory responses and the attachment of foreign microbes to its
surface (9). These multiple defense mechanisms are the result
of a combination of the anatomical design of the small intes-
tine and the chemical armamentarium of the local and circu-
lating cells. However, under adverse conditions such as hem-
orrhagic shock or injury, normal intestinal microbiota can cross
this mucosal barrier and infect mesenteric lymph nodes and
systemic organs in a process termed bacterial translocation (1,
4, 5).

Paneth cells have been suggested to be responsible for the
defense of intestinal crypts from potential pathogens. They are
located at the base of the crypts of Lieberkuhn throughout the
small intestine and proximal colon, but they are most abundant
in the ileum (16). These cells contain eosinophilic granules and
possess ultrastructural features consistent with a secretory cell
morphology (54). An array of known antimicrobial proteins,
such as lysozyme (4, 39), tumor necrosis factor alpha (TNF-a)
(19), a-1 antitrypsin (28), defensins/cryptdins (10, 18, 34, 36),
and type II phospholipase A2 (15, 31, 42, 52), have been lo-
calized to these cells, suggesting that they may function to
modulate the intestinal microbiota and the stem cell microen-
vironment, as well as contributing to the maintenance of mu-
cosal barrier function.

a-Defensins are a family of small cationic antimicrobial and
cytotoxic peptides that contain 29 to 35 amino acid residues,
including 6 invariant cysteine residues whose intramolecular
disulfide bonds cyclize and stabilize them in a complex folded
triple-stranded b-sheet configuration (48, 49, 51). They possess
a broad array of microbicidal activity in vitro against bacteria
(12, 22, 40, 50), fungi (12), and enveloped viruses (23) and are
highly abundant in neutrophils. Enteric defensins/cryptdins are
homologs of myeloid defensins (18, 35, 38, 50). They contain
eight conserved residues that include six cysteines whose di-
sulfide bonding is characteristic of the family (22, 48). Enteric
defensins also possess extended N termini compared to my-
eloid defensins (50). They are secreted and appear to function
in the extracellular milieu rather than intracellularly (10, 46,
50). A second family of defensins, called b-defensins, differ
from classical or a-defensins in their anatomic location and in
some structural characteristics, notably the order in which their
conserved cysteines are joined (8).

Here we describe the cloning of a rat enteric a-defensin
cDNA whose expression is increased following hemorrhagic
shock. We localized this defensin to the Paneth cells at the
base of the crypts of Lieberkuhn. Our findings support the
hypothesis that enteric defensins play a role in the defense of
the intestinal mucosal epithelium and that the Paneth cell is a
key cellular component that contributes to the barrier function
of the intestinal mucosal surface.

MATERIALS AND METHODS

Animal preparation. Animals were subjected to hemorrhagic shock as previ-
ously described (21). Briefly, male Sprague-Dawley rats were anesthetized with
an intraperitoneal injection of 60 mg of ketamine mixed with 7.5 mg of xyla-
zine/kg of body weight. A 1-cm incision was made, and the common femoral
artery (proximal to the inferior epigastric) was catheterized. The catheter was
connected to a swivel harness to allow the rat unrestrained activity. Animals were
allowed to recover for 24 h. The following day animals were bled to a mean
arterial pressure of 30 mm Hg. Shock was ended when 60% of the initial shed
blood volume was returned. Animals were sacrificed either immediately or 2 or
24 h following termination of shock. At the time of sacrifice the small intestines
were excised, rinsed with ice-cold normal saline, and cut into proximal, middle,
and distal segments, corresponding to the duodenum, jejunum, and ileum, re-
spectively. All tissue was flash frozen and stored at 280°C. (Animal procedures
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were conducted in accordance with National Institutes of Health guidelines and
were approved by the New Jersey Medical School animal care committee.)

RNA analysis. Total RNA was prepared from rat intestinal tissue by using the
single-step guanidinium-acid phenol protocol of Chomczynski and Sacchi (3).
Briefly, tissues were homogenized in denaturing solution containing 4 M guani-
dinium thiocyanate and 0.5% 2-mercaptoethanol. Homogenates were mixed with
sodium acetate (pH 4), phenol, and chloroform-isoamyl alcohol and centrifuged,
and the aqueous phase containing the RNA was saved. RNA was precipitated
with isopropanol, washed with 70% ethanol, and dissolved in diethylpyrocarbon-
ate-treated water. RNA concentrations were determined spectrophotometri-

cally. Ethidium bromide staining was used initially to verify RNA integrity and
uniform sample loading.

Anchored reverse transcriptase PCR analysis. One microgram of total cellular
RNA isolated from untreated rat small intestines was reverse transcribed by
using the 39 RACE (rapid amplification of cDNA ends) System (GIBCO/BRL)
according to the manufacturer’s instructions. Part of the resulting cDNA was
used as the template in PCR, using the universal adapter primer (59CUACUA
CUACUAGGCCACGCGTCGACTAGTAC39) as the anchor and the gene-
specific primer MD-1s (59CTCGCAGCCATGAAGAAACTAGTCCT39). PCR
cycling conditions consisted of 30 cycles of 1 min at 95°C, 1 min at 60°C, and 1

FIG. 1. (A) Nucleotide sequence of RD-5 cDNA and deduced sequence of the encoded immature protein. The consensus sequences for the start of translation and
polyadenylation addition are in boldface and underlined. The putative methionine codon is in italics. The conserved cysteines characteristic of defensins are boxed. The
predicted mature peptide of 35 amino acid residues is in italics and underlined. The nucleotide sequence is numbered on the right. The predicted amino acid sequence
is numbered on the left. (B) Comparison of amino acid sequences of RD-5, mouse cryptdins 15 and 3, HD-5, rat neutrophil defensins 1 and 4, and the invariable
consensus found in all a-defensins. The characteristic six conserved cysteines are indicated by solid boxes, while the three other invariant residues (arginine 6, glutamic
acid 14, and glycine 18) are indicated by dashed boxes. The exact amino terminus of the putative mature RD-5 peptide cannot be predicted with certainty; therefore,
several residues of the putative precursor peptide immediately proximal to the first cysteine are shown in lowercase.
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min at 72°C. The reaction mixtures were then incubated for an additional 7 min
at 72°C before being placed at 4°C. PCR products were purified by glass milk
adsorption (BIO101, La Jolla, Calif.), incubated in a standard fill-in reaction with
T4 DNA polymerase (GIBCO/BRL), and subcloned into a BlueScript vector
(Stratagene). Purified plasmid DNA was sequenced by using the dideoxy termi-
nation method (45) with Sequenase (U.S. Biochemical). Sequences were com-
pared with the GenBank database (MacVector; IBI, New Haven, Conn.) for
similarity to known sequences.

Slot blot and Northern analyses. For slot blot analysis, RNA samples (5 mg)
were mixed with denaturing solution (203 SSC [13 SSC is 0.15 M NaCl plus
0.015 M sodium citrate]–formaldehyde) and heated for 15 min at 65°C, and each
sample was applied to MagnaGraph nylon transfer membranes by using a Vacu-
Slot-VS blotting apparatus (ABN; American Bionetics, Inc., Hayward, Calif.).

Filters were hybridized overnight at 55°C in 63 NET (13 NET is 0.15 M NaCl,
1 mM EDTA, and 15 mM Tris, pH 8.0)–53 Denhardt solution–0.1% sodium
dodecyl sulfate (SDS)–250 mg of yeast tRNA per ml containing [32P]kinase-
labeled oligonucleotide probe RCA4A (59GTGTTTTTGGGGTAGGTTCAGC
TTGGACCTGTAGGGCCAGCAGGACAAGGGCAG39). Membranes were
washed at room temperature in 63 NET–0.5% SDS, and the final high-strin-
gency wash was in 63 NET–0.5% SDS for 10 min at the hybridization temper-
ature. The filters were imaged with a PhosphorImager (Molecular Dynamics,
Sunnyvale, Calif.). Membranes were stripped and rehybridized with an 18S
ribosomal cDNA for normalization.

Total RNAs (5 mg) isolated from various organs were fractionated on an
agarose-formaldehyde gel, transferred to nylon membranes, and hybridized in
53 SSC–53 Denhardt solution–0.1% SDS–100 mg of denatured salmon sperm
DNA per ml at 65°C. Membranes were washed twice in 13 SSC–0.1% SDS at
room temperature, and the final high-stringency wash was done in 0.53 SSC–
0.1% SDS for 30 min at 65°C.

A 406-bp cDNA probe (16D11-1) generated by 39 RACE from rat intestinal
RNA and cloned in our laboratory was labeled with [a-32P]dCTP by using
random-primed synthesis to a specific activity of .109 cpm/mg of DNA. A 4.3-kb
18S ribosomal cDNA was used as a loading control. Filters were imaged with a
PhosphorImager.

In situ hybridization. In situ hybridization was performed by the protocol of
Young et al. (57). The oligonucleotide RCA4A probe was end labeled with 33P
and added to hybridization buffer composed of 50% formamide, 43 SSC, 500 mg
of sheared single-stranded DNA per ml, 250 mg of yeast tRNA per ml 13
Denhardt solution, and 10% dextran sulfate. Forty-five microliters of hybridiza-
tion buffer containing 106 cpm was applied to the slides, to which coverslips were
added and placed in humidified chambers for 18 h at 37°C. After hybridization,
the slides were placed in 13 SSC to remove the coverslips and hybridization
buffer. The highest-stringency wash was conducted at 55°C in 13 SSC for 1 h.

Control slides were treated with RNase prior to hybridization. The slides were
dipped in Kodak NTB 3 photographic emulsion, dried, and stored at 4°C. Fol-
lowing 4 days of exposure, the slides were developed with Kodak D-19 developer
and stained with hematoxylin and eosin. Photographs were taken under bright-
field optics.

Statistical methods. Results are reported as means 6 standard errors of the
means. Data were analyzed by using the Student t test for comparison to control
tissue. Significance is assigned for P , 0.05.

Nucleotide sequence accession number. The nucleotide sequence of the RD-5
cDNA has been submitted to GenBank under accession no. AF115768.

RESULTS

Isolation of RD-5. Previous studies by us and others have
demonstrated that the immune response of the gut is sup-
pressed following hemorrhagic shock, resulting in the translo-
cation of bacteria or endotoxin (5, 6, 43). We therefore exam-
ined the effect of hemorrhagic shock on defensin expression in
a rat model (47). We initially hybridized rat intestinal RNA to
the mouse cryptdin 1 cDNA, kindly provided by Andre Ouel-
lette (University of California, Irvine), and observed a signal
corresponding to a size (0.75 kb) similar to that observed in the
mouse (data not shown). To obtain a rat cDNA probe specific
for the study of the induction of an enteric defensin gene(s) of
the rat intestine during stress (hemorrhagic shock), we used an
anchored reverse transcriptase PCR strategy to facilitate direct
sequence analysis of rat intestinal RNA. Taking advantage of
the high degree of sequence conservation in the 59 regions of
defensin mRNAs (18), we designed a gene-specific primer
based on the mouse sequence capable of amplifying defensin-
related cDNA. PCR products from these reactions were sub-
cloned, and three independent clones were analyzed. All three
clones were identical. As shown in Fig. 1A, the rat cDNA is
composed of 406 nucleotides and possesses a typical polyade-
nylation recognition signal 11 nucleotides upstream of the
poly(A) tail. The major open reading frame encodes a putative
93-amino-acid prepro-enteric defensin. A predicted 35-amino-
acid mature peptide by comparison to other known enteric
defensins is encoded starting at nucleotide 183. Comparison of
the amino acid sequence of the predicted mature peptide (Fig.
1B) revealed greater identity and homology to mouse cryptdins
than to rat neutrophil defensins, i.e., 48% identity and 65%
homology to mouse cryptdin 15, 45% identity and 62% homol-
ogy to mouse cryptdin 3, but only approximately 40% identity
and 50% homology to rat neutrophil defensins 1 to 4 and to
RIP-3, a rat neutrophil defensin isolated from the rat intestine
(42). Comparison to the human defensin 5 (HD-5) precursor
showed only 36% identity and 49% homology. The DNA cor-
responding to NH2 terminus of the predicted sequence con-
tains the initiating methionine codon (CAGCCATGA) in an
appropriate context for translation initiation (20). The putative
prepropeptide has all of the structural features common to the
numerous preprodefensins described to date (11, 18, 30, 34),
and we call this sequence rat defensin 5 (RD-5). Database
searches yielded no significant sequence similarity other than
to known defensins.

Tissue distribution of expression. The tissue distribution
was determined by probing RNAs isolated from rat heart, liver,
spleen, kidney, small intestine, large intestine, and colon with
the RD-5 cDNA. A single transcript of approximately 700
bases was detected only in the small intestine, while the other
tissues were negative (Fig. 2).

Localization of RD-5 mRNA. Cellular localization of the
RD-5 message was determined by in situ hybridization. Tissue
sections of adult rat small intestine were probed with the 33P-
labeled antisense oligonucleotide RCA4A. A strong signal was
observed with the antisense oligonucleotide probe in epithelial
cells at the base of the crypts in sections of normal adult ileum

FIG. 2. Tissue distribution of RD-5 expression. RNA samples (5 mg/lane)
from the indicated adult rat tissues were electrophoresed, blotted, and hybrid-
ized with the RD-5 cDNA. A single band of approximately 700 nucleotides is
observed only in the small intestine. Ethidium bromide staining of 18S rRNA
demonstrating integrity and equality of loadings is shown in the bottom panel.
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(Fig. 3A and C). No signal was observed in parallel sections of
tissue first treated with RNase prior to hybridization with
RCA4A (Fig. 3B and D). In sections of ileum subjected to
hemorrhagic shock, a strong signal was associated only with
Paneth cells (data not shown). This indicates that the increased
mRNA level is not due to other cell sources.

Expression of RD-5 following hemorrhagic shock. Total cel-
lular RNA was prepared from the ilea of control and experi-
mental animals. The controls consisted of untreated and sham-
shocked rats. Sham-shocked animals were included to control

for possible effects resulting from the surgical placement of the
cannular. Shocked animals were bled to a mean arterial pres-
sure of 30 mm Hg and maintained at this pressure until 60% of
their shed blood was returned (approximately 2.5 h). Animals
were sacrificed either immediately or 2 or 24 h after termina-
tion of shock. Each group included two to seven rats. Total
RNA isolated from the ileum was analyzed by slot blot analy-
sis, using the oligonucleotide probe RCA4A under high-strin-
gency conditions. These conditions are designed to differenti-
ate between highly homologous defensin family members (2).

FIG. 3. Detection of RD-5 mRNA in crypt cells of the adult rat small intestine by in situ hybridization. (A) Rat ileum hybridized with [33P]dATP-labeled RCA4A
antisense oligonucleotide. Sections were counterstained with hematoxylin and eosin. The arrow indicates silver grains over a Paneth cell in the crypts. Magnification,
3200. (B) Serial section hybridized as for panel A except that the tissue was pretreated with RNase. (C and D) Selected regions shown in panels A and B, respectively.
Magnification, 3400.
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As seen in Fig. 4A, RD-5 mRNA steady-state levels in the
ileum immediately after shock increase approximately 10-fold
compared to those in control ileum. Steady-state levels by 24 h
after shock appear to return to baseline levels.

DISCUSSION
In the present study we describe RD-5, a new member of the

rat a-defensin gene family. In situ hybridization experiments
indicate that the RD-5 mRNA is localized to the Paneth cells,
found at the base of the small intestinal crypts. The predicted
peptide from the RD-5 cDNA sequence indicates that RD-5
exists as a possible 93-amino-acid precursor molecule with a
structure similar to that reported for murine cryptdins/de-
fensins. The deduced prepropeptide has a highly conserved
sequence at the amino terminus, similar to those of previously
described defensins (12, 18, 30, 49). By comparison to pub-

lished defensin peptide sequences, a motif of six cysteines and
three other invariant residues characteristic of mature defensin
peptides is found at the carboxy-terminal end (Fig. 1B). (The
exact amino terminus of the putative mature RD-5 peptide
cannot be predicted with certainty.) The predicted primary
structure of the prepropeptide derived from the RD-5 cDNA
sequence shows significant similarity to those of previously
described defensins (12, 18, 30, 49), supporting its potential
role as an antimicrobial molecule in the rat intestine.

The RD-5 mRNA, like other a-defensin-encoding mRNAs,
has a restricted tissue distribution. An abundant mRNA is
detected only in the small intestine (Fig. 2). The observed
expression of RD-5 mRNA in the control intestine suggests a
baseline level of constitutive expression. As stated above, RD-5
is localized solely to the Paneth cells located at the base of the
crypts of Lieberkuhn by in situ hybridization (Fig. 3).

The factor(s) that controls the tissue-specific and regulated
expression of mammalian a-defensins is not known. We have
previously shown that loss of intestinal barrier function is as-
sociated with our hemorrhagic shock model, as evidenced by
translocation of bacteria or bacterial products such as endo-
toxin (43). Also associated with hemorrhagic shock are in-
creased levels of proinflammatory mediators, in particular in-
terleukin-6, interleukin-1, and TNF-a, which are known to
have multiple cellular effects (7, 17, 55). Our results are the
first to directly demonstrate that enteric defensins are induc-
ible following injury. By comparison, Salzman and coworkers
(44), using image analysis, have indirectly shown increased
expression of human enteric defensins in necrotizing entero-
colitis. These data, together with ours, suggest that enteric
defensins can be induced by some exogenous signal, such as
that provided by hemorrhage or necrotizing enterocolitis.

In contrast to shorter-lived myeloid cells, whose defensin
expression is uninducible, Paneth cells are long-lived and met-
abolically active. The Paneth cells of germfree and convention-
ally reared mice and rats are reported to degranulate in re-
sponse to oral administration of bacteria (46). However, the
molecular signals that modulate Paneth cell responses to these
stimuli are unknown (38). Hence, it is not unreasonable to
assume that Paneth cells should be able to respond to these
signals in an inducible manner as observed in our shock model.
Paneth cells are found throughout the small intestine and
proximal colon but are especially abundant in the region of the
ileum (16). In fact, since the discovery that Paneth cells contain
lysozyme and secrete it apically into the intestinal lumen, they
have been implicated as effectors of mucosal barrier function
(4, 39). More recently, a human a-defensin has been localized
to their granules (41). These secretory cells also export numer-
ous other host defense products, such as phospholipase A2 (15,
31, 42, 52), TNF-a (19), secretory immunoglobulin A (47), and
matrilysin (37), implicating these cells in the mucosal defense
against potential pathogens. Antimicrobial activity has been
shown for murine cryptdins/defensins (10, 36) and a recombi-
nant human defensin (rHD-5) (40). Hence, the continual re-
lease of these molecules by Paneth cells probably influences
the crypt microenvironment (38).

The exact physiological role of enteric defensins is not en-
tirely clear at this time. However, by analogy to neutrophils,
the possibility that enteric defensins and these other numerous
Paneth cell bioactive molecules can interact is a plausible hy-
pothesis, since a-defensins and several other neutrophil gran-
ule components have been shown to synergize when combined
(25, 26, 56).

A variety of nonmicrobicidal activities have also been as-
cribed to individual neutrophil a-defensins, leading to the
speculation that Paneth cell defensins may also exhibit func-

FIG. 4. (A) Effect of hemorrhagic shock on the level of RD-5 mRNA in the
ileum of the rat small intestine. The histogram shows a quantitative representa-
tion of hybridization signals obtained from volume analysis of PhosphorImager
data. Results are expressed in arbitrary units after normalization to the 18S
rRNA signal. Abbreviations: IPS, immediately postshock; 2P, 2 h postshock; 24P,
24 h postshock. Error bars are standard errors of the means; the asterisk indi-
cates statistical significance. (B) Representative Northern blot showing induction
of RD-5. RNA samples (5 mg/lane) from control ileum (lanes 1 and 2) and ileum
immediately after shock (lanes 3 and 4) were electrophoresed and blotted, and
blots were hybridized with the RD-5 cDNA.
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tions other than their antimicrobial roles. Neutrophil defensins
have been reported to be chemotactic for monocytes (53), to
be mitogenic (29), to modulate cell volume in intestinal en-
terocytes (27), to reduce monolayer integrity in cultured cells
(32), and to be cytotoxic to mammalian cells at high concen-
trations (26, 33). In contrast, rHD-5 lacks mitogenic activity
and shows limited and no cytotoxic activity against two human
intestinal cell lines (40). However, two mouse cryptdins/de-
fensins have been recently shown to induce epithelial cell chlo-
ride secretion by formation of an ion conductance channel
(24), suggesting that these peptides may be multifunctional.

RD-5’s predicted structural similarities to other known de-
fensins support its probable role as an antimicrobial molecule
in the rat small intestine. However, due to the high degree of
homology to mouse cryptdin 3, we speculate that RD-5 may
also be multifunctional.
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