
bauri23,24, although a recent reappraisal of the evidence suggests that
claims of cannibalistic feeding by Coelophysis may be unsubstan-
tiated. Juvenile Coelophysis bones traditionally interpreted as an
ingested meal may lie stratigraphically at least partially below the rib
cage of the proposed cannibal (as opposed to within), and the
volume of the purportedly ingested material may exceed reasonable
estimates of stomach capacity25. Cannibalism has also been tenta-
tively proposed for Late Cretaceous tyrannosaurids on the basis of
the occurrence of tooth marks on tyrannosaurid bone. However,
multiple tyrannosaurid taxa with morphologically indistinguish-
able teeth occur in the same unit that yields the tooth-marked
bones, so the evidence is equivocal8. Other claims of dinosaur
cannibalism are largely anecdotal26. Thus, Majungatholus atopus at
the very least joins Coelophysis bauri as a dinosaur cannibal, and (on
present evidence) may in fact be the only theropod dinosaur with
demonstrable cannibalistic tendencies. A

Received 14 November 2002; accepted 17 February 2003; doi:10.1038/nature01532.

1. Chin, K., Tokaryk, T. T., Erickson, G. M. & Calk, L. C. A king-sized theropod coprolite. Nature 393,

680–682 (1998).

2. Erickson, G. M. et al. Bite-force estimation for Tyrannosaurus rex from tooth-marked bones. Nature

382, 706–708 (1996).

3. Rayfield, E. J. et al. Cranial design and function in a large theropod dinosaur. Nature 409, 1033–1037

(2001).

4. Farlow, J. O. A consideration of the trophic dynamics of a Late Cretaceous large-dinosaur community

(Oldman Formation). Ecology 57, 841–857 (1976).

5. Farlow, J. O., Brinkman, D. L., Abler, W. L. & Currie, P. J. Size, shape and serration density of theropod

dinosaur lateral teeth. Mod. Geol. 16, 161–198 (1991).

6. Maxwell, W. D. & Ostrom, J. H. Taphonomy and paleobiological implications of Tenontosaurus-

Deinonychus associations. J. Vert. Paleontol. 15, 707–712 (1995).

7. Varricchio, D. J. Gut contents from a Cretaceous tyrannosaurid: implications for theropod digestive

tracts. J. Paleontol. 75, 401–406 (2001).

8. Jacobsen, A. R. Feeding behaviour of carnivorous dinosaurs as determined by tooth marks on

dinosaur bones. Hist. Biol. 13, 17–26 (1998).

9. Fiorillo, A. R. Prey bone utilization by predatory dinosaurs. Palaeogeogr. Palaeoclimatol. Palaeoecol.

88, 157–166 (1991).

10. Hunt, A. P., Meyer, C. A., Lockley, M. G. & Lucas, S. G. Archaeology, toothmarks and sauropod

dinosaur taphonomy. Gaia 10, 225–231 (1994).

11. Sampson, S. D. et al. Predatory dinosaur remains from Madagascar: Implications for the Cretaceous

biogeography of Gondwana. Science 280, 1048–1051 (1998).

12. Rogers, R. R., Hartman, J. H. & Krause, D. W. Stratigraphic analysis of Upper Cretaceous rocks in the

Mahajanga Basin, Madagascar: Implications for ancient and modern faunas. J. Geol. 108, 275–301

(2000).

13. Krause, D. W. et al. The Late Cretaceous vertebrate fauna of Madagascar: Implications for Gondwanan

paleobiogeography. GSA Today 9, 1–7 (1999).

14. Carrano, M. T., Sampson, S. D. & Forster, C. A. The osteology of Masiakasaurus knopfleri, a small

abelisauroid (Dinosauria: Theropoda) from the Late Cretaceous of Madagascar. J. Vert. Paleontol. 22,

510–534 (2002).

15. Curry Rogers, K. A. & Forster, C. A. The last of the dinosaur titans: a new sauropod from Madagascar.

Nature 412, 530–534 (2001).

16. Buffetaut, E. & Taquet, P. Un nouveau Crocodilien mésosuchien dans le Campanien de Madagascar:

Trematochampsa oblita, n. sp. Bull. Soc. Géol. Fr. 21, 183–188 (1979).
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Memory is believed to depend on activity-dependent changes in
the strength of synapses1. In part, this view is based on evidence
that the efficacy of synapses can be enhanced or depressed
depending on the timing of pre- and postsynaptic activity2–5.
However, when such plastic synapses are incorporated into
neural network models, stability problems may develop because
the potentiation or depression of synapses increases the like-
lihood that they will be further strengthened or weakened6. Here
we report biological evidence for a homeostatic mechanism that
reconciles the apparently opposite requirements of plasticity and
stability. We show that, in intercalated neurons of the amygdala,
activity-dependent potentiation or depression of particular
glutamatergic inputs leads to opposite changes in the strength
of inputs ending at other dendritic sites. As a result, little change
in total synaptic weight occurs, even though the relative strength
of inputs is modified. Furthermore, hetero- but not homosynap-
tic alterations are blocked by intracellular dialysis of drugs that
prevent Ca21 release from intracellular stores. Thus, in inter-
calated neurons at least, inverse heterosynaptic plasticity tends to
compensate for homosynaptic long-term potentiation and
depression, thus stabilizing total synaptic weight.

To control runaway synapses, many neural network models use
normalization algorithms where activity modifies the relative
strength of inputs while conserving total synaptic weights or overall
neuronal activity7. Although these algorithms do not pretend to
biophysical realism, they imply the existence of an intracellular
signalling system that would render synapses ‘aware’ of each other
or of mean neuronal activity. Here, we tested whether synaptic
normalization is operative when particular inputs to a given neuron
are subjected to stimulation protocols producing long-term
depression (LTD) and long-term potentiation (LTP). For methodo-
logical reasons that will become clear below, these experiments were
performed in intercalated (ITC) neurons of the amygdala8. ITC cells
are spiny GABA (g-aminobutyric acid) neurons located between
the basolateral amygdala (BLA) and the central nucleus (Fig. 1A,
grey ovals). They receive topographically organized glutamatergic
inputs from the BLA.

To activate different groups of BLA axons converging on single
ITC cells, an array of closely spaced (,150 mm) stimulating electro-
des (Fig. 1A, black dots) was positioned in the BLA. Below,
stimulation sites are given arbitrary numbers that increase as their
position shifts lateromedially. To assess the selectivity of this
stimulation method, we tested whether responses evoked in ITC
cells (n ¼ 9) from different BLA sites occluded each other. Stimuli
were delivered at each BLA site independently (Fig. 1Ba, top) or two
at a time (Fig. 1Ba, bottom). The amplitude of excitatory post-
synaptic currents (EPSCs) evoked by paired stimuli, normalized to
that observed following summation of responses evoked by single
stimuli, was plotted as a function of the interval between paired
stimulation sites (Fig. 1Bb). Response occlusion was seen only with
neighbouring sites (paired t-test, P , 0.05), suggesting that this
stimulation method was relatively selective.

The BLA sites that evoked the largest responses were always
located at the same mediolateral level as the recorded soma. This
suggested that there is a correspondence between the mediolateral
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position of BLA stimulation sites, and where activated axons end on
ITC cells. To test this, excitatory postsynaptic potentials (EPSPs)
evoked by different BLA sites (Fig. 1Ca, b) were recorded in nine
ITC cells. Data obtained from different cells were aligned to the BLA
site evoking the largest response (termed site 0 in Fig. 1) and
averaged. Average EPSP rise times (open circles) and amplitudes
(filled triangles), respectively, increased and decreased as the dis-
tance between the stimulation site and recorded soma increased
(Fig. 1Cc). Moreover, plotting EPSP rise times against their ampli-
tudes (Fig. 1Cd) revealed an inverse correlation between these two
variables (r ¼ 0.9; P , 0.05), suggesting that there is a an orderly
spatial relationship between the position of BLA stimulation
sites and where activated axons end on ITC cells9. Thus, ITC cells

are ideally suited to study the heterosynaptic effects of activity-
dependent plasticity.

Low- and high-frequency BLA stimuli (LFS, HFS) are known to,
respectively, produce homosynaptic NMDA (N-methyl-D-aspar-
tate)-dependent LTD and LTP in ITC cells8. To determine whether
LFS and HFS also produce inverse heterosynaptic modifications,
electrical stimuli were delivered sequentially at all effective BLA sites
before (15 min) and after (40 min) applying LFS or HFS at one site
(termed site 0 in Figs 2–4).

LFS produced a significant depression of responses evoked from
the induction site in 14 out of 17 cells (t-tests, P , 0.05). In
contrast, responses elicited from many heterosynaptic sites were
potentiated (LFS effect versus stimulation sites, F ¼ 7.9, d.f. ¼ 14,
P , 0.05). The effect of LFS on the response profile of a representa-
tive cell is shown in Fig. 2Aa,b (control, filled squares; 26–40 min
post-LFS, open squares) and Fig. 2Ba. Figure 2Bb depicts the time
course of changes in normalized response amplitude for all sites that
reached significance (24, 23, 22 and 5; t-tests, P , 0.05, stepwise
Bonferroni correction10). Note that the heterosynaptic potentiation
was already apparent at the end of LFS. The same results were
obtained averaging results from all cells with a significant homo-
synaptic LTD (Fig. 2Ac, Bc; LFS effect versus stimulation sites,
F ¼ 3.84, d.f. ¼ 4, P , 0.05). In Fig. 2Ac, the heterosynaptic
potentiation was significant at sites 2, 4 and 5 (paired t-tests,

Figure 1 Experimental approach. A, Coronal slice of the amygdala. Stimulating electrode

array (dots) used to activate BLA afferents to ITC cells (grey ovals). B, Occlusion test.

Ba, BLA stimuli applied one (top row) or two (bottom row) at a time. Numbers indicate

relative position of stimulation sites (lateromedially). Bb, EPSCs evoked by paired stimuli,

normalized to amplitude of summed responses, plotted as a function of interval between

stimulation sites. Ca, Examples of evoked EPSPs. Cb, EPSP 0 and 23 after scaling to

match amplitude. Cc, Plot of EPSP amplitude and rise time versus stimulation site.

Cd, Plot of EPSP amplitude versus rise time. Central n., central nucleus of the amygdala;

D, dorsal; GLU, glutamatergic; L, lateral; M, medial; V, ventral.

 
 

Figure 2 LTD induction produces heterosynaptic LTP. Aa, EPSP amplitudes as a function

of stimulation site before/after LFS at site 0. Ab, Difference between pre- and post-LFS

response profiles for same cell. Ac, As in Ab but average of all cells (n ¼ 14).

Ba, Examples of EPSPs evoked from sites 0 and 5 before/after LTD induction. Same cell

as in Aa, b. Bb, Time course of changes in response amplitude for same cell. Bc, As in Bb

but for all cells combined. In Bb, c, empty circles represent responses evoked from site 0.

Filled triangles represent responses evoked from heterosynaptic sites that showed

significant potentiation. Avg, average.
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P , 0.05). Similar results were obtained irrespective of the medio-
lateral location of the induction site relative to the recorded cell.

Application of the NMDA glutamate receptor antagonist AP-5
(D(2)-2-amino-5-phosphonopentanoic acid; 100 mM) before
(3 min) and during LTD induction blocked the homo- and hetero-
synaptic effects of LFS (LFS effect versus stimulation sites, F ¼ 0.11,
d.f. ¼ 5, P . 0.05, n ¼ 9; see Supplementary Information). Simi-
larly, when recorded cells were dialysed with the calcium chelator
BAPTA (1,2-bis(2-aminophenoxy)ethane-N,N,N

0
,N

0
-tetraacetic

acid; 50 mM), LFS did not change response amplitudes at homo-
and heterosynaptic sites (LFS effect versus stimulation sites,
F ¼ 0.27, d.f. ¼ 5, P . 0.05, n ¼ 7; see Supplementary Infor-
mation).

If inverse heterosynaptic changes constitute a mechanism for
stabilizing total synaptic weights, then LTP induction should
produce heterosynaptic depression. HFS produced homosynaptic
LTP in 13 out of 27 cells (t-tests, P , 0.05). Heterosynaptic
depression was seen only in cells with homosynaptic LTP induction.
The response profile of a representative cell before and after HFS is
shown in Fig. 3Aa, b (stimulation sites versus HFS effect, F ¼ 12.58,
d.f. ¼ 10, P , 0.05) and Fig. 3Ba. Post-hoc t-tests revealed that
responses evoked from sites 0 and 1 were significantly enhanced,
whereas those elicited from sites 4 and 6 were depressed (P , 0.05).

In contrast to the rapid appearance of heterosynaptic effects in LTD
experiments, inverse heterosynaptic changes developed gradually
after LTP induction (Fig. 3Bb).

Similar results were obtained after averaging results from cells
with a significant homosynaptic LTP (Fig. 3Ac, HFS effects versus
stimulation sites, F ¼ 2.53, d.f. ¼ 5, P , 0.05). Note that responses
evoked from heterosynaptic sites adjacent to site 0 were potentiated,
whereas those elicited by distant ones (sites 3–8) were depressed
(t-tests, P , 0.05). The appearance of LTP at sites contiguous to site
0 might reflect the imperfect selectivity of our LTP induction
protocol.

Homosynaptic LTP and heterosynaptic LTD did not develop
when AP-5 (100 mM) was applied before (3 min) and during HFS
(n ¼ 13; HFS effect versus stimulation sites, F ¼ 0.04, d.f. ¼ 5,
P . 0.05; see Supplementary Information). Moreover, intracellular
dialysis of ITC cells with BAPTA (50 mM, n ¼ 7) blocked the homo-
and heterosynaptic effects of HFS (HFS effect versus stimulation
sites, F ¼ 0.15, d.f. ¼ 5, P . 0.05; see Supplementary Infor-
mation).

To determine whether heterosynaptic depression reflected a time-
dependent phenomenon unrelated to LTP induction, we tested
whether it could be reversed. To this end, five ITC neurons with
successful LTP induction were subjected to LFS of BLA site 0, 40 min

Figure 3 LTP induction produces heterosynaptic LTD. Aa, EPSC amplitudes as a function

of stimulation site before/after HFS at site 0. Ab, Difference between pre- and post-LFS

response profiles for same cell. Ac, As in Ab but average of all cells (n ¼ 13).

Ba, Examples of EPSCs evoked from sites 0 and 4 before/after LTD induction. Same cell

as in Aa, b. Bb, Time course of changes in response amplitude for same cell. Bc, As in Bb

but for all cells combined. In Bb, c, open circles represent responses evoked from site 0.

Filled triangles represent responses evoked from heterosynaptic sites that showed

significant depression.

Figure 4 Ca2þ release from intracellular stores is required for the conservation of total

synaptic weight. Effects of ruthenium red (RR) and cyclopiazonic acid (CPA) on homo- and

heterosynaptic changes produced by LFS (A, Ca) and HFS (B, Cb). (Aa, Ba) Time course

of changes in response amplitudes. (Ab, Bb) Response profile in control (filled circles) and

RR/CPA experiments (empty circles). Ca, b, For each tested cells, responses evoked from

all BLA sites were summed, normalized and used to compute a population average.

Cc, Correlation between homo- and heterosynaptic plasticity in control conditions for a

subset of cells recorded in the middle of the stimulating electrode array.
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post-HFS (Fig. 3Bc). This treatment not only produced a homo-
synaptic depotentiation (open circles), but abolished heterosynap-
tic alterations (filled triangles, t-tests, P . 0.05). Moreover,
repetitive supra-threshold (0.2 nA; 2 ms) current pulses (four trains
of ten pulses at 100 Hz) in the absence of BLA stimuli (n ¼ 5) did
not affect the amplitude of BLA-evoked responses (see Supplemen-
tary Information).

A critical issue is to determine whether the above phenomena
depended on plastic events that occurred in the BLA or at BLA–ITC
synapses. We reasoned that the former possibility would seem
unlikely if manipulations that affected only the recorded cell
abolished hetero- but not homosynaptic changes. To examine
this, we tested intracellular dialysis of drugs known to interfere
with Ca2þ release from intracellular stores. This idea was based on
evidence that Ca2þ entering through NMDA receptors can evoke
Ca2þ-induced Ca2þ release11,12, and that propagating waves of such
release regulate heterosynaptic changes in other cell types13. Thus,
cyclopiazonic acid (n ¼ 10; 1 mM), a Ca2þ-ATPase inhibitor14, or
ruthenium red (n ¼ 15; 20 mM), an antagonist of ryanodine recep-
tors15, were added to the pipette solution. Results obtained with
both drugs will be pooled below, because they yielded qualitatively
identical results (see Supplementary Information).

Cyclopiazonic acid and ruthenium red had no effect on control
response amplitudes (n ¼ 25), but they increased the likelihood
that HFS would produce homosynaptic LTP (8 out of 9 cells; Fisher
test, P , 0.05). In contrast, the incidence of successful homo-
synaptic LTD was not significantly modified by cyclopiazonic acid
and ruthenium red (10 of 16 cells; Fisher test, P . 0.05). Below, we
consider only data from cells with successful induction of homo-
synaptic LTD or LTP.

Response modifications produced by LFS and HFS in experi-
ments with ruthenium red or cyclopiazonic acid differed signifi-
cantly from those seen in control conditions (LFS, F ¼ 17.6, d.f. ¼
4, P , 0.05; HFS, F ¼ 12.8, d.f. ¼ 4, P , 0.05). Yet, the amount of
homosynaptic depression (Fig. 4A) or potentiation (Fig. 4B) was
the same (t-tests, P . 0.05). The main difference resided in the
heterosynaptic effects of LFS (Fig. 4A) and HFS (Fig. 4B). The
heterosynaptic potentiation seen at sites 2–5 in control LFS exper-
iments was abolished (Fig. 4Ab; P . 0.05). In LTP experiments, the
heterosynaptic depression seen at sites 3–5 in control conditions
was replaced by a potentiation (P , 0.05).

The normalization hypothesis stipulates that activity-dependent
synaptic plasticity is achieved by relative changes in synaptic
strengths with no overall modification in total synaptic weight.
Because measuring total synaptic weight is experimentally impos-
sible, we tested this idea by examining how summed responses were
affected by LTD and LTP induction. To this end, amplitudes of
responses evoked from all effective BLA sites were added. Results
from each cell were then normalized to control values, and a
population average was computed. Whereas LFS had no effect on
summed responses in control conditions (Fig. 4Ca, filled dia-
monds), it produced a persistent depression with ruthenium red
or cyclopiazonic acid (Fig. 4Ca, open symbols). In control LTP
experiments, HFS first increased summed responses, but they
returned to initial levels in ,20 min (Fig. 4Cb, filled symbols).
However, this time-dependent decay did not take place with
ruthenium red or cyclopiazonic acid (Fig. 4Cb, open symbols).
Finally, a significant inverse correlation was found between homo-
and heterosynaptic plasticity in control conditions (Fig. 4Cc;
r ¼ 20.8; P , 0.05).

Our results suggest that activity-dependent enhancement or
depression of particular inputs to ITC neurons is accompanied by
inverse modifications at heterosynaptic sites, thus contributing to
the stabilization of total synaptic weight. Although heterosynaptic
LTD has been observed in other structures following LTP16–19 or LTD
induction13,20, to the best of our knowledge, there has been no report
of heterosynaptic LTP following LTD induction.

Consistent with studies in CA1 pyramidal neurons21–23, our
results suggest that Ca2þ entry through NMDA receptors is essential
for homosynaptic LTD and LTP induction in ITC cells. This is
indicated by the prevention of homosynaptic LTP and LTD by
application of AP-5 during induction, or by dialysis of ITC cells with
BAPTA. However, these treatments also abolished the heterosynap-
tic effects of LFS and HFS, suggesting that homo- and hetero-
synaptic changes are causally related, or that they constitute parallel
processes triggered by the same factor.

Surprisingly, drugs interfering with Ca2þ-induced Ca2þ release
abolished the heterosynaptic, but not the homosynaptic, effects of
HFS and LFS. It may seem paradoxical that Ca2þ-induced Ca2þ

release could lead to heterosynaptic LTD and LTP. At present, it is
believed that homosynaptic LTP requires large rises in intracellular
Ca2þ concentration ([Ca2þ]i), whereas lower [Ca2þ]i rises lead to
homosynaptic LTD. Although our results are consistent with this
view at homosynaptic sites, we also show that Ca2þ-induced Ca2þ

release can produce either heterosynaptic LTD or LTP, depending on
homosynaptic stimulation parameters. The crucial question then is
how do unstimulated inputs detect the stimulation frequency at the
stimulated pathway? We suggest that [Ca2þ]i transients evoked at
heterosynaptic sites vary depending on the stimulation frequency at
homosynaptic sites. In cases of homosynaptic LTP, it is likely that,
besides Ca2þ-induced Ca2þ release, propagating action potentials
were also evoked, leading to the activation of voltage-gated Ca2þ

channels. In contrast, when homosynaptic LTD was induced,
spiking did not occur and, presumably, only Ca2þ-induced Ca2þ

release was evoked. This suggests that an entirely different logic links
local variations in [Ca2þ]i and plasticity in the absence of synaptic
activity. Indeed, our results imply that a higher [Ca2þ]i leads to
depression of inactive inputs, whereas [Ca2þ]i transients of lower
magnitude, presumably as produced by Ca2þ-induced Ca2þ release
alone, produce a potentiation of inactive synapses.

In this context, it should be mentioned that besides differences in
[Ca2þ]i, HFS and LFS probably produced differences in the sub-
cellular distribution of Ca2þ ions. We surmise that these variations
ultimately affect the phosphorylation/dephosphorylation24,25 or the
insertion/removal rate of glutamate receptor subunits26, leading to
spatially heterogeneous effects on glutamate-mediated synaptic
transmission. However, other possibilities, such as the differential
modulation of transmitter release or of postsynaptic voltage-
dependent conductances, should not be overlooked.

The homeostatic mechanism that we report here adds to the
growing list of processes implicated in the regulation of plastic
synapses6. Although inverse homo- versus heterosynaptic plasticity
is reminiscent of synaptic scaling27, these two mechanisms operate
on different timescales (minutes versus days). At present, it is
unclear whether inverse homo- versus heterosynaptic plasticity
could stabilize total synaptic weight if ITC neurons were challenged
with more realistic, spatially distributed activation patterns. Finally,
this homeostatic mechanism might coexist with other regulatory
processes, such as spike-timing-based hebbian plasticity2–5,28 or
synaptic redistribution29,30.

In conclusion, our results suggest that, in ITC neurons, LTP and
LTD are not local events engaging a limited group of synapses, but
are cell-wide phenomena in which the distribution of synaptic
weights is constantly updated, each synapse being affected by the
fate of other, distant inputs. A

Methods
Coronal slices of the amygdala were obtained from guinea-pigs (3–5 weeks old) as
previously described8. After a 1-h recovery period, slices were transferred to a chamber
perfused with a warm (32 8C), oxygenated artificial cerebrospinal fluid containing (in
mM) 126 NaCl, 2.5 KCl, 1.25 NaH2PO4, 1 MgCl2, 2 CaCl2, 26 NaHCO3 and 10 glucose.
Current- or voltage-clamp recordings were obtained under visual control with borosilicate
pipettes filled with a solution containing (in mM) 130 potassium gluconate, 10 N-2-
hydroxyethylpiperazine-N

0
-2-ethanesulphonic acid, 10 KCl, 2 MgCl2, 2 ATP-Mg and

0.2 GTP-tris(hydroxy-methyl)aminomethane. pH was adjusted to 7.2 and osmolarity to
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280–290 mosM. This Letter includes only results from neurons with a resting potential

negative to 270 mV and input resistance .400 MQ. Moreover, these recordings remained

stable for .1 h with a low (,10 MQ) and invariant series resistance (,10% variation).

Picrotoxin (100 mM) was present at all times. Homosynaptic LTD was induced with LFS of

BLA inputs at 0.5 Hz for 10 min. Homosynaptic LTP was induced with HFS paired to

postsynaptic depolarization. HFS consisted of four series of ten trains separated by 0.3 s,

each train consisting of ten shocks at 100 Hz. Postsynaptic depolarization was achieved by

applying short (2 ms) depolarizing current pulses (0.2 nA) timed so that BLA-evoked

EPSPs would occur just before or during current-evoked spikes. The stimulation

frequency in the control and post-treatment epochs was adjusted so that all effective BLA

sites could be stimulated in one minute. Statistical tests always involved comparisons

between 15 responses from control period and the post-LFS or HFS epoch (acquired

26–40 min after LTD or LTP induction). Statistical significance of the changes was assessed

by computing two-way repeated-measures analysis of variance (ANOVA) and post-hoc t-

tests with stepwise modification of the significance level (P , 0.05) for multiple

comparisons10.
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Genetically encoded antibiotic peptides are evolutionarily
ancient and widespread effector molecules of immune
defence1–3. Mammalian defensins, one subset of such peptides,
have been implicated in the antimicrobial defence capacity of
phagocytic leukocytes and various epithelial cells4, but direct
evidence of the magnitude of their in vivo effects have not been
clearly demonstrated. Paneth cells, specialized epithelia of the
small intestinal crypt, secrete abundant a-defensins and other
antimicrobial polypeptides5,6 including human defensin 5
(HD-5; also known as DEFA5)7–9. Although antibiotic activity
of HD-5 has been demonstrated in vitro9,10, functional studies of
HD-5 biology have been limited by the lack of in vivo models. To
study the in vivo role of HD-5, we developed a transgenic mouse
model using a 2.9-kilobase HD-5 minigene containing two HD-5
exons and 1.4 kilobases of 5 0 -flanking sequence. Here we show
that HD-5 expression in these mice is specific to Paneth cells and
reflects endogenous enteric defensin gene expression. The sto-
rage and processing of transgenic HD-5 also matches that
observed in humans. HD-5 transgenic mice were markedly
resistant to oral challenge with virulent Salmonella typhimur-
ium. These findings provide support for a critical in vivo role of
epithelial-derived defensins in mammalian host defence.

Paneth cells reside in invaginations of the wall of the intestine
called crypts of Lieberkühn, and are distributed along the length of
the small intestine but are most abundant in the jejunum and
ileum6,11. In addition to a-defensins (termed cryptdins in mice),
Paneth cells synthesize and secrete other antimicrobial polypep-
tides, including lysosyme and secretory group II phospholipase A2
(refs 6, 11). In humans, Paneth cells express two a-defensins named
HD-5 and HD-6 (refs 7, 12). The release by Paneth cells of an array
of antimicrobials is thought to contribute to host defence of the
small intestine by influencing the composition and controlling the
numbers of microbes in the crypt and lumen6,11; however, in vivo
data supporting this hypothesis are limited13.
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