
To define the congruence of human population distribution and P. falciparum
transmission we used spatially linked databases of human population, limits of malaria
risk andmalaria endemicity within a Geographic Information System (GIS) as outlined in
detail in Supplementary Information B. In brief, we first defined the spatial extent of
P. falciparum risk by using the mapped global limits of malaria risk provided by the
WHO22 and modified with contemporary descriptions of spatial risk used to inform
antimalarial chemoprophylaxis regimes in travellers22,23, to exclude the following:
countries with only P. vivax transmission, areas above anopheline vector-specific altitude
limits, and administrative areas defined as risk-free. These boundaries formed the limits
of P. falciparum risk and were overlaid on the only available global map of malaria
endemicity developed in 1968 (refs 6, 7). This map was part of a major synthesis of
historical records, documents and maps of malaria endemicity (using the hypoendemic
to holoendemic classifications) interpolated globally for malaria at the peak of its
assumed historical distribution. We have assumed that this endemicity map is consistent
with contemporary malaria risks in Africa, but development and intervention will have
substantially reduced malaria risk elsewhere11. Outside the African region we consider
the historical (1968) hyperendemic to holoendemic areas as contemporary (2002)
mesoendemic conditions, historically mesoendemic areas as hypoendemic, and
hypoendemic risk areas at their historical descriptions within the revised 2002 spatial
limits of risk.

Data from Gridded Population of the World (GPW3) version 3.0 beta (http://
sedac.ciesin.colombia.edu/gpw) were projected to 2002 by using national inter-censal
growth rates from the UN Population Prospects database (http://esa.un.org/unpp).
Population totals were extracted by country for those residing in hypoendemic,
mesoendemic and hyperendemic-to-holoendemic settings (Table 1, Fig. 2). These
population totals were further adjusted for the suppressive effects of urbanization on
malaria transmission24 by identifying all urban areas with populations of more than 1
million. Urban population totals within these pixels were reclassified to the risk class below
their original classification; thus, those located in hypoendemic areas were regarded as
being at no infection risk. Populations in 2002 residing in the different urban-adjusted,
P. falciparum endemicity risk zones are shown in Table 1. The endemicity-specific morbid
risks were then applied to populations within their respective endemicity classes to
estimate numbers of clinical events in 2002 (Table 2).
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Most plant species are resistant to most potential pathogens. It is
not known why most plant–microbe interactions do not lead to
disease, although recent work indicates that this basic disease
resistance is multi-factorial1,2. Here we show that the exudation
of root-derived antimicrobial metabolites by Arabidopsis
thaliana confers tissue-specific resistance to a wide range of
bacterial pathogens. However, a Pseudomonas syringae strain
that is both at least partly resistant to these compounds and
capable of blocking their synthesis/exudation is able to infect the
roots and cause disease. We also show that the ability of this
P. syringae strain to block antimicrobial exudation is dependent
on the type III secretory system.
Recent work has shown that the Gram-negative bacterial patho-

gen P. syringae pv. tomato strain DC3000 (Pst DC3000) infects
and colonizes A. thaliana roots, causing extensive necrosis and
ultimately killing the plants3. In contrast, seven other P. syringae
strains that were tested (P. syringae pv. phaseolicola strains NPS3121
and race 6 (PspNPS3121 and Psp rc6), P. syringae pv. glycinea strain
A29-2 race 4 (Psg A29-2), P. syringae pv. syringae strain B728a
(Pss B728a) and P. syringae pv. maculicola strains ES4326, M1 and
M4 (Psm ES4326, Psm M1 and Psm M4)) did not cause significant
root necrosis or plant mortality when inoculated into liquid
medium (Fig. 1a and Supplementary Fig. S1) or sterilized planting
mix (Figs 1b and 2a, and Supplementary Figs S2A and S3A) inwhich
Arabidopsis seedlings were growing. The seven non-pathogenic
P. syringae strains also colonized Arabidopsis roots relatively poorly
compared with Pst DC3000 (Fig. 2b and Supplementary Figs S3B
and S4). One of the non-pathogenic strains, Psp NPS3121, has
previously been described as an Arabidopsis ‘non-host’ pathogen
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because it does not cause disease in Arabidopsis leaves4. However,
even though Psm ES4326 and Psm M4 failed to cause disease in
either of the root infection assays described here, they are just as
virulent as Pst DC3000 when infiltrated into Arabidopsis leaves5–7.
Our previous studies showed that Arabidopsis roots exude

a variety of antimicrobial compounds8,9. To test whether these
compounds confer resistance to the seven non-pathogenic
P. syringae strains, we repeated the root pathogenicity assays in
the presence of activated charcoal, which adsorbs root-exuded
secondary compounds10,11. Figures 1c and 2a, b (and Supplementary
Figs S2A and S3A, B) show that disease symptoms, plant mortality
and root colonization increased markedly in plants inoculated with
the seven non-pathogenic P. syringae strains in the presence of
activated charcoal. Activated charcoal in the absence of the bacterial
strains was not toxic to Arabidopsis (Fig. 1c and Supplementary
Fig. S2A). Washing the activated charcoal off the roots restored
resistance to two non-pathogenic strains tested (Psp NPS3121 and
Psg A29-2; Supplementary Fig. S2B). Confocal scanning laser
microscopy analysis showed that Psp NPS3121 and Psg A29-2
efficiently colonized activated charcoal-treated roots (Supplemen-
tary Fig. S4). In contrast, Sinorhizobium meliloti, a well-character-
ized non-pathogenic soil bacterium, did not elicit any disease
symptoms in the presence of activated charcoal (Fig. 1b, c). These
results support the hypothesis that root exudates have a function in
rhizosphere-mediated resistance to specific bacterial pathogens.
We used high-performance liquid chromatography (HPLC)

to profile low-molecular-mass compounds in root exudates of
Arabidopsis seedlings that had been infected in vitro, to determine
whether there is a correlation between the exudation of antimicro-
bial compounds and resistance to particular P. syringae strains. The
kinetics of accumulation of a representative antimicrobial com-
pound (butanoic acid) in root exudates from plants infected with
Pst DC3000 (pathogenic) or Psp NPS3121 (representative non-
pathogenic strain) compared with non-infected plants is shown in
Fig. 3a. The kinetics of accumulation of nine additional antimicro-
bial compounds (see Table 1 and Supplementary Table S1) as
well as the entire chromatographic profiles of root exudates
after infection with a variety of P. syringae strains are shown in

Supplementary Figs S5–S7. The exudates from plants infected with
the non-pathogenic strains Psp NPS3121 and Psg A29-2 contained
more low-molecular-mass compounds than exudates from non-
infected plants. At later time points the exudates from plants
infected with Pst DC3000 contained even lower concentrations of
compounds than exudates from non-infected plants (Fig. 3a and
Supplementary Figs S5 and S6). Because the same compounds are
exuded by Arabidopsis roots in both the presence and absence of
bacterial infection, it is very unlikely that they are synthesized by the
P. syringae strains. Much higher concentrations of some of these
compounds (up to 800-fold higher for p-coumaric acid) were found
in the root exudates of plants inoculated with Psp N3121 and Psg
A29-2 than in the exudates of plants inoculated with Pst DC3000
(Supplementary Figs S5–S7; see Supplementary Fig. S7F).

We compared the bacteriostatic activity of total root exudates
isolated from non-infected plants to exudates isolated from plants
infected with PstDC3000, PspNPS3121 or PsgA29-2.We also tested
the growth inhibitory activity of a cocktail containing a mixture of
the ten identified compounds (Supplementary Table S1), as well as
the activity of each of the ten individual compounds. The root
exudates from non-infected plants had moderate bacteriostatic
activity against all seven of the non-pathogenic P. syringae strains
but did not show growth inhibition against PstDC3000 (Table 1 and
Supplementary Fig. S8). The root exudates elicited by Psp NPS3121
and Psg A29-2 had more bacteriostatic activity against the seven
non-pathogenic strains than the exudates from non-infected plants
(Table 1 and Supplementary Fig. S8). Pst DC3000 had a significant
amount of resistance to these latter exudates (Table 1 and Sup-
plementary Fig. S8). Similarly, the cocktail of the ten identified
compounds also had bacteriostatic activity against all of the non-
infectious strains but not against Pst DC3000 (Table 1 and Sup-
plementary Fig. S8). When tested individually, each of the ten
identified compounds, with the exception of ferulic acid, had a
differential bacteriostatic activity against the seven non-infectious
P. syringae strains (but not against Pst DC3000) at a concentration
similar to that found in the exudates of control plants not exposed
tomicrobes (Table 1 and Supplementary Fig. S8). The root exudates
from Arabidopsis plants infected with Pst DC3000 did not contain

  

   

Figure 1 Pathogenicity of various P. syringae pathovars against A. thaliana. Arabidopsis

plants grown in liquid medium (a), sterilized planting mix (b) or sterilized planting mix

supplemented with activated charcoal (30 mg per gram of planting mix) (c) were infected

with the indicated P. syringae strains. The appearances of disease symptoms on roots and

leaves infected with specific P. syringae strains are described in Supplementary Figs S1

and S2. In all cases, disease symptoms were photographed on the seventh day after

inoculation. Experiments were repeated twice, each experiment containing three

replicates of 20 plants each. Arrows indicate chlorosis and plant mortality.
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significant bacteriostatic activity against any of the P. syringae
strains used in this study (Table 1 and Supplementary Fig. S8).

These data suggest two potentially additive reasons why Pst
DC3000 is pathogenic in the root infection assays. First, very low
levels of antimicrobial compounds are exuded after infection with
Pst DC3000, possibly because DC3000 escapes detection by
the plant, blocks the synthesis or exudation of antimicrobials or
actively degrades them. Second, Pst DC3000 is relatively resistant
to the antimicrobial compounds, possibly because of inherent
resistance, active detoxification or potent efflux systems12.

It seems unlikely that PstDC3000 simply kills the root cells before
they can exude compounds. As shown in Fig. 3 and Supplementary
Figs S5–S7, significant amounts of the antimicrobial compounds
accumulate by 3 days after infection with the non-pathogenic strain
PspNPS3121, at about the time that necrotic lesions first appear on
the roots of plants infected with Pst DC3000.

We performed co-inoculation experiments with equal mixtures
of Pst DC3000 and Psp NPS3121 or Pst DC3000 and Psg A29-2
to determine whether Pst DC3000 actively blocks the synthesis
or exudation of antimicrobial compounds. In both cases the
mixed inoculum resulted in disease symptoms (Fig. 1a, b and

Supplementary Figs S1 and S2A), plant mortality (Fig. 2a and
Supplementary Fig. S3A), proliferation of both of the inoculating
P. syringae strains in the rhizosphere (Fig. 2b and Supplementary
Fig. S3B; data not shown), and a lack of antimicrobial compounds
in root exudates (Fig. 3a and Supplementary Figs S6 and S7). These
data suggest that Pst DC3000 either actively blocks the synthesis or
exudation of antimicrobials or actively degrades these compounds.
When root exudates or the ten individual compounds were tested

for their ability to inhibit the growth of amixture of PstDC3000 and
PspNPS3121 or PstDC3000 and Psg A29-2, strains PspNPS3121 or
Psg A29-2 were inhibited to levels that were similar to those when
tested without Pst DC3000, whereas Pst DC3000 was able to grow
(see Supplementary Methods; data not shown). This makes it
unlikely that Pst DC3000 is actively causing the degradation of
antimicrobial compounds in the exudates.
Additional experiments were performed to determine whether

the PstDC3000 type III secretion system (TTSS), which involves the
translocation of bacterial-encoded virulence factors directly into
host cells, has a function in blocking the synthesis or exudation of
antimicrobial compounds. The TTSS is encoded by hrp (for
hypersensitive response and pathogenesis) and hrc (for hypersensi-
tive response conserved) genes13 and is required for pathogenicity in
a variety of infection assays14. As shown in Fig. 3b and Supplemen-
tary Figs S5 and S6, Pst DC3000 hrcC and hrpL mutants elicited
profiles of compounds similar to those generated by Psp NPS3121
and Psg A29-2 inoculation. The HrcC protein is a structural
component of the TTSS machinery. The HrpL protein is required
for the transcription of hrcC and of most of the hrp genes as well as a
variety of type III effectors15,16 and virulence genes, including genes

Figure 3 Kinetics of accumulation of a representative antimicrobial compound (butanoic

acid) in Arabidopsis root exudates. a, b, Arabidopsis plants infected with Pst DC3000,

Psp NPS3121 (representative non-pathogenic strain), a mixture of Pst DC3000 and

Psp NPS3121, Pst DC3000 cor 2 or Pst DC3000 hrcC2 are compared with non-infected

plants on days 0, 3, 5 and 7 after inoculation. Data are the average of ten independent

experiments. Error bars indicate s.e.m. Two-way analysis of variance for each metabolite

concentration: F treatment=12.41; df ¼ 1,58; P , 0.001.

Figure 2 Activated charcoal enhances virulence of non-host pathogens. a, Plant mortality

at 7 days after infection. Two-way analysis of variance for plant mortality:

F treatment=14.12; df ¼ 1,56; P , 0.005. b, Growth of P. syringae in the rhizosphere.

Data are averages of two independent experiments. Experiments were conducted in

the presence (grey bars) and absence (black bars) of activated charcoal. In panel b for

the mixed inoculation treatment (Pst DC3000 þ Psp NPS3121), the group bars depict

c.f.u. numbers for Pst DC3000. The c.f.u. numbers for Psp NPS3121 in untreated and

activated charcoal treatment under the mixed inoculation regime were about 3.9 £ 105

and about 3.1 £ 105 bacteria per gram of roots respectively. Error bars indicate s.e.m.

Two-way analysis of variance for total bacterial counts: F treatment=12.56; df ¼ 1,38;

P , 0.001.
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involved in the biosynthesis of the phytotoxin coronatine17. How-
ever, a Pst DC3000 mutant deficient in coronatine production
elicited disease symptoms (Supplementary Fig. S1) and suppressed
the antimicrobial compounds in the root exudates similarly to Pst
DC3000 (Fig. 3b, Supplementary Figs S5–S7).Moreover, coronatine
at concentrations as high as 20 mgml21 in the liquid medium failed
to suppress—and in fact stimulated—the exudation of antimicro-
bial compounds (data not shown). These results suggest that the
TTSS and perhaps other virulence factors under HrpL control (but
not coronatine) are required for blocking the synthesis or exudation
of antimicrobial compounds.
The data in Table 1 and Supplementary Fig. S8 show that the hrcC

and hrpL mutants are more susceptible than their Pst DC3000
parent to the root exudates fromnon-infected plants as well as to the
exudates elicited by Psp NPS3121 and Psg 29-2. The hrcC and hrpL
mutants were also more susceptible to the cocktail of ten isolated
compounds and the individually administered compounds (Table 1,
Supplementary Fig. S8). These data suggest that the TTSS in
P. syringae is also important in conferring resistance to plant-
derived antibiotics.
Many studies have described the existence of preformed and

induced low-molecular-mass compounds referred to as phyto-
anticipins or phytoalexins, respectively, that have antimicrobial
activity18–22. Here we have shown that in addition to constitutive
active defences, infection of Arabidopsis with a variety of P. syringae
strains elicits the exudation of significantly higher concentrations of
these antimicrobials. The consequence of both the constitutive and
inducible production of antimicrobials is that Arabidopsis roots
are resistant to seven of eight diverse P. syringae strains tested.
However, the eighth strain, PstDC3000, is a potent Arabidopsis root
pathogen under our experimental conditions. In Pst DC3000, the
TTSS not only seems to block the exudation of antimicrobial
compounds but also confers at least partial resistance to these
compounds. How this occurs awaits further explanation. A note
of caution is that Pst DC3000 is not generally considered a genuine
root pathogen and that further studies are required to determine
whether our laboratory observations are relevant to natural habitats
where many microbes compete in the rhizosphere. Recently, in
results reminiscent of our study, Magnaporthe grisea, a fungal leaf
pathogen of rice, was also shown to be capable of infecting rice
roots23.
It therefore seems that Pst DC3000 has a fail-safe mechanism for

overcoming host defences. We suggest that because Pst DC3000 is
inherently more resistant to exuded antimicrobial compounds, it is

able to proliferate in the rhizosphere and to initiate a root infection.
This enables Pst DC3000 in a second step to block the further
production of antimicrobials by the translocation of type III
effectors into root cells. These findings might offer a general
explanation for the observation that very few bacterial pathogens
are able to cause disease on any particular host plant. A

Methods
Plant and bacterial strains, and growth conditions
Wild-type Arabidopsis thaliana ecotype Columbia (Col-0) seeds (Lehle Seeds) were
surface-sterilized with sodium hypochlorite (0.3% v/v) and germinated on solidified
Murashige and Skoog basal medium (MS)24 in a growth chamber at 25 8C. P. syringae pv.
tomato DC3000 (Pst DC3000)25, P. syringae pv. phaseolicola NPS3121 (Psp NPS3121)26,
P. syringae pv. glycinea 29-2 race 4 (Psg A29-2)25, P. syringae pv. phaseolicola race 6 (Psp
rc6)27, P. syringae pv. syringae B728a (Pss B728a)28 and P. syringae pv. maculicola strains
ES4326 (Psm ES4326)5, M1 (PsmM1)

6 and M4 (PsmM4)
7 have been described previously.

PstDC3000 hrpL2 and PstDC3000 hrcC2 (ref. 16) mutants were obtained from S.-Y. He.
Purified coronatine and a coronatine non-producing mutant of Pst DC3000 with Tn5
inserted in cfa-7 (ref. 29) (strain DB5A6) were obtained from C. Bender. Sinorhizobium
meliloti 1021 strain was obtained from A. M. Hirsch and was cultured in Luria–Bertani
(LB) medium.

Root pathogenicity assays in vitro and in planting mix
Arabidopsis seedlings 25 days old, growing in MS medium in 12-well tissue culture
plates (see above), were inoculated with P. syringae strains that had been grown to an
OD600 of 0.02–0.04 in LB medium at 28 8C to give an initial dose of about 2.5 £ 107

colony-forming units (c.f.u.) ml21. Twenty plants per treatment were used for the analysis
of disease symptoms andmortality rates. Pots of sterilized planting mix, each containing a
single 4-week-old Arabidopsis plant, were flooded with 10ml of a P. syringae or S. meliloti
culture grown to an OD600 of 0.2–0.4 in LBmedium at 28 8C to give an inoculum of about
108 to 5 £ 108 c.f.u. per gram of planting mix. Twenty plants per treatment were used for
the analysis of mortality rates.

In some experiments, activated charcoal (30mg per gram of planting mix; Merck) was
added to sterilized planting mix by mixing it with water (1.5 g in 5ml of water for 50 g of
planting mix) and pipetting the suspension around 4-week-old Arabidopsis rosettes.

Media extraction and HPLC analysis
Liquid medium samples from Arabidopsis plants grown in vitro with well-differentiated
roots were freeze-dried (Genesis 25LL; Virtis), extracted and analysed by HPLC as
described previously9.

Growth inhibition assays
Broth microdilution antimicrobial susceptibility testing was performed in accordance
with published methods of the National Committee for Clinical Laboratory Standards30.

Other protocols
Detailed protocols for growing Arabidopsis in liquid MS medium or in planting mix, for
performing the root pathogenicity assays in liquid or planting soil, for determining the
bacterial colonization of roots, for confocal microscopy, for activated charcoal
supplementation of planting mix, for HPLC analysis and for P. syringae growth inhibition
assays are provided in Supplementary Methods.

Table 1 Bacteriostatic activities of total root exudates and secondary metabolites isolated from Arabidopsis root exudates

Compounds Bacterial growth inhibition (%)

Pst DC3000 Psp NPS3121 Psg A29-2 Pst DC3000 hrcC2

...................................................................................................................................................................................................................................................................................................................................................................

Total root exudates (Untreated) 1.52 ^ 0.07 84.51 ^ 2.52 74.61 ^ 4.83 19.22 ^ 1.24
Total root exudates (Pst DC3000) 1.54 ^ 0.09 2.13 ^ 0.09 1.82 ^ 0.02 1.41 ^ 0.022
Total root exudates (Psp NS3121) 7.13 ^ 0.15 91.24 ^ 2.81 81.91 ^ 3.52 36.91 ^ 3.91
Total root exudates (Psg A29-2) 8.91 ^ 0.21 95.31 ^ 4.12 83.21 ^ 4.83 41.82 ^ 2.14
Cocktail of compounds listed below 0.82 ^ 0.03 78.93 ^ 8.94 69.12 ^ 7.14 34.91 ^ 4.04
1. Butanoic acid 0.74 ^ 0.02 46.91 ^ 8.02 48.14 ^ 12.13 17.12 ^ 3.91
2. trans-Cinnamic acid 0.41 ^ 0.01 44.21 ^ 8.24 22.21 ^ 9.13 31.64 ^ 4.23
3. o-Coumaric acid 0.33 ^ 0.05 51.21 ^ 7.14 41.31 ^ 3.81 9.83 ^ 1.94
4. p-Coumaric acid 0.12 ^ 0.03 18.12 ^ 4.03 18.24 ^ 2.14 16.91 ^ 3.82
5. 3-Indolepropanoic acid 0.63 ^ 0.04 89.14 ^ 11.01 4.13 ^ 0.02 28.84 ^ 5.21
6. Ferulic acid 0.14 ^ 0.04 0 0 14.81 ^ 4.12
7. Vanillic acid 0.21 ^ 0.04 1.23 ^ 0.04 46.61 ^ 5.12 11.53 ^ 1.52
8. Methyl p-hydroxybenzoate 0.94 ^ 0.04 21.23 ^ 6.12 7.11 ^ 1.14 18.91 ^ 2.90
9. p-Hydroxybenzamide 0.73 ^ 0.07 91.14 ^ 3.41 6.41 ^ 1.22 21.84 ^ 1.93
10. Syringic acid 1.71 ^ 0.08 19.21 ^ 6.32 3.21 ^ 0.03 19.82 ^ 1.82
...................................................................................................................................................................................................................................................................................................................................................................

Net bacterial growth was calculated by subtracting the final OD600 from the initial OD600 readings after 24 h of incubation. Percentage inhibition was calculated from net bacterial growth based on OD600

readings by the following formula: 100 £ [(untreated 2 treated)/untreated]. Results are means ^ s.e.m. for five independent experiments with five replicates each. Two-way analysis of variance for
percentage inhibition: F treatment=13.23; df ¼ 1,41; P , 0.005. The concentration of antimicrobial compounds in all the treatments approximates the biological concentration of the same compounds
(see Supplementary Figs S5–S7) in uninfectedArabidopsis root exudates. A complementary graph with all the non-pathogenicP. syringae strains is provided in Fig. 3 and Supplementary Figs S5–S7.
The compounds numbered 1–10 here are referred to by these numbers in Supplementary Table S1 and Supplementary Figs S5–S7.
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In the neocortex, each neuron receives thousands of synaptic
inputs distributed across an extensive dendritic tree. Although
postsynaptic processing of each input is known to depend on its
dendritic location1–8, it is unclear whether activity-dependent
synaptic modification is also location-dependent. Here we report
that both the magnitude and the temporal specificity of spike-
timing-dependent synaptic modification9–17 vary along the apical
dendrite of rat cortical layer 2/3 pyramidal neurons. At the distal
dendrite, the magnitude of long-term potentiation is smaller, and
the window of pre-/postsynaptic spike interval for long-term
depression (LTD) is broader. The spike-timing window for LTD
correlates with the window of action potential-induced suppres-
sion of NMDA (N-methyl-D-aspartate) receptors; this correlation
applies to both their dendritic location-dependence and pharma-
cological properties. Presynaptic stimulation with partial block-
ade of NMDA receptors induced LTD and occluded further
induction of spike-timing-dependent LTD, suggesting that
NMDA receptor suppression underlies LTD induction. Compu-
ter simulation studies showed that the dendritic inhomogeneity
of spike-timing-dependent synaptic modification leads to differ-
ential input selection at distal and proximal dendrites according
to the temporal characteristics of presynaptic spike trains. Such
location-dependent tuning of inputs, together with the dendritic
heterogeneity of postsynaptic processing, could enhance the
computational capacity of cortical pyramidal neurons.
Whole-cell recordings were made from layer 2/3 pyramidal

neurons in rat cortical slices14. To activate synapses selectively at
each dendritic location, two extracellular stimulating electrodes
were placed ,10 mm away from the apical dendrite, one ,50 mm
from the soma (‘proximal’) and one .100mm from the soma
(‘distal’, Fig. 1a). Both electrodes reliably evoked excitatory post-
synaptic potentials (EPSPs) from separate populations of synapses,
as indicated by linear EPSP summation3,7 (Fig. 1b) and the absence
of paired-pulse depression between the inputs. To induce long-term
synaptic modification, postsynaptic action potentials (APs) were
paired with presynaptic stimulation of one input (60 pairs, 0.2Hz).
At the paired input, pre ! post pairing (presynaptic stimulation
followed by postsynaptic stimulation) induced long-term poten-
tiation (LTP) and post ! pre pairing (postsynaptic stimulation
followed by presynaptic stimulation) induced long-term depression
(LTD) (Fig. 1c), consistent with spike-timing-dependent plasticity
(STDP) of these synapses14. Interestingly, there are quantitative
differences in the temporal window for proximal and distal inputs
(Fig. 1d). Although the magnitude of LTP was smaller distally than
proximally, the main difference was in the width of the LTD
window, with the distal window markedly broader than the proxi-
mal window. In particular, with a pre-/postsynaptic spike interval of
2100 , Dt , 250ms (Fig. 1d, dotted box), LTD was absent at
proximal synapses (21.9 ^ 2.7%, n ¼ 8; P . 0.2, t-test), but was
still observed at distal synapses (222.6 ^ 3.4%, n ¼ 13,
P , 0.00001). This difference in the LTD window was also found
with the GABAA receptor antagonist picrotoxin (10 mM) in the bath
(see Supplementary Fig. 1).
Induction of LTP by pre ! post pairing may depend on supra-

linear summation of EPSPs and back-propagating APs9,15,18. The
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