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ferns, grasses and saplings with few branches, so that g ! n 2 1=2 rather
than n-1/3, leading to lk ~ rk (refs 7, 15); and (6) constrictions in
tubes at petioles and perhaps at other branch junctions4,16. These
complications are expected to have small effects, because many
quantities, such as scaling exponents, effectively average out over
the whole plant.

The model quantitatively predicts how vessels must taper to
compensate for variation in total transport path length. This is
supported by measured changes in vessel radius and resistance
within and between plants4,11 and leads to a maximum height for
trees. An important consequence is that tapering ensures compar-
able xylem ¯ow to all leaves. Competition for light has apparently
led to a design that maximizes canopy height and simultaneously
minimizes tapering of vascular tubes. In a given environment with a
®xed pressure differential between air and soil, on average all xylem
tubes of all plants conduct water and nutrients at approximately the
same rate. This counterintuitive result provides the fundamental
basis for the recently demonstrated equivalence of resource use,
independent of plant size, across diverse ecosystems21.

The model shows that quarter-power allometric scaling laws,
which are well known in animals1, also apply to many characteristics
of plants2. There are many parallels: in both, metabolic rate scales as
M3/4, radius of trunk and aorta as M3/8, and size of and ¯uid velocity
in terminal vessels as M0. It seems that these scaling laws are nearly
universal in biology, and that they have their origins in common
geometric and hydrodynamic principles that govern the transport
of essential materials to support cellular metabolism. M
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Table 1 Predicted values of scaling exponents for physiological and anato-
mical variables of plant vascular systems.

Variable Plant mass Branch radius

Exponent
predicted

Symbol Symbol Exponent

Predicted Observed
.............................................................................................................................................................................

Number of leaves 3
4
(0.75) nL

0 nL
k 2 (2.00) 2.007 (ref.12)

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

Number of branches 3
4
(0.75) N0 Nk -2 (-2.00) -2.00 (ref. 6)

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

Number of tubes 3
4
(0.75) n0 nk 2 (2.00) n.d.

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

Branch length 1
4
(0.25) l0 lk

2
3
(0.67) 0.652 (ref. 6)

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

Branch radius 3
8
(0.375) r0

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

Area of conductive tissue 7
8
(0.875) ACT

0 ACT
k

7
3
(2.33) 2.13 (ref. 8)

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

Tube radius 1
16

(0.0625) a0 ak
1
6
(0.167) n.d.

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

Conductivity 1 (1.00) K0 Kk
8
3
(2.67) 2.63 (ref.12)

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

Leaf-speci®c conductivity 1
4
(0.25) L0 Lk

2
3
(0.67) 0.727 (ref.17)

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

Fluid ¯ow rate QÇ k 2 (2.00) n.d.
.............................................................................................................................................................................

Metabolic rate 3
4
(0.75) QÇ 0

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

Pressure gradient 2 1
4
(-0.25) DP0/l0 DPk/lk 2 2

3
(-0.67) n.d.

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

Fluid velocity 2 1
8
(-0.125) u0 uk 2 1

3
(-0.33) n.d.

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

Branch resistance 2 3
4
(-0.75) Z0 Zk 2 1

3
(-0.33) n.d.

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

Tree height 1
4
(0.25) h

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

Reproductive biomass 3
4
(0.75)

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

Total ¯uid volume 25
24

(1.0415)
.............................................................................................................................................................................

Values are given as a function of total plant mass, M, and branch radius, rk. For the latter
case, predictions are compared with measured values in the last column. References cited
do not quote con®dence levels, except for branch length, where they are given as 60.036.
Because botanists rarely report allometric scaling with mass, no values for observed
exponents are quoted. n.d., no data available.
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The co-evolutionary `arms race'1 is a widely accepted model for
the evolution of host±pathogen interactions. This model predicts
that variation for disease resistance will be transient, and that host
populations generally will be monomorphic at disease-resistance
(R-gene) loci. However, plant populations show considerable
polymorphism at R-gene loci involved in pathogen recognition2.
Here we have tested the arms-race model in Arabidopsis thaliana
by analysing sequences ¯anking Rpm1, a gene conferring the
ability to recognize Pseudomonas pathogens carrying AvrRpm1
or AvrB (ref. 3). We reject the arms-race hypothesis: resistance
and susceptibility alleles at this locus have co-existed for millions
of years. To account for the age of alleles and the relative levels
of polymorphism within allelic classes, we use coalescence theory
to model the long-term accumulation of nucleotide polymor-
phism in the context of the short-term ecological dynamics of
disease resistance. This analysis supports a `trench warfare'
hypothesis, in which advances and retreats of resistance-allele
frequency maintain variation for disease resistance as a dynamic
polymorphism4,5.

Arabidopsis thaliana exhibits a disease-resistance polymorphism
in which susceptible individuals are completely lacking Rpm1 (refs
3, 6). The presence of Rpm1 homologues in Brassica6 and the closely



© 1999 Macmillan Magazines Ltd

letters to nature

668 NATURE | VOL 400 | 12 AUGUST 1999 | www.nature.com

related species Arabidopsis (or Arabis)7 lyrata indicates that the
polymorphism arose through deletion of Rpm1 in an Arabidopsis
ancestor. A sample of 26 A. thaliana accessions (Table 1), randomly
chosen from throughout the species' geographic range, yields an
Rpm1 resistance-allele frequency of 0.52 (s:e: � 0:098). Dip tests8

challenging plants with transgenic pathogen strains con®rm that
Rpm1 presence confers recognition of AvrRpm1 and disease resis-
tance. Thus, variation at Rpm1 affects disease-resistance phenotype,
with both resistant and susceptible individuals distributed across
the range of A. thaliana.

We used population genetic theory to formulate testable predic-
tions arising from the arms-race hypothesis. Speci®cally, continual
selective turnover of alleles is a hallmark of this model9, and theory
for selective sweeps10 predicts that resistance alleles should be young
and nearly identical in sequence to susceptibility alleles. In contrast,
long-lived variation for resistance is an alternative outcome of
ecological models of gene-for-gene interactions11,12, and theory for
balanced polymorphism13 predicts old resistance and susceptibility
alleles that differ substantially in DNA sequence, especially near the
site under selection. These alternative hypotheses make opposing
predictions about variation among alleles, and they can be distin-
guished by testing data against a null model of neutral molecular
evolution14.

To carry out this test, we characterized variability among resis-
tance and susceptibility alleles in our accession sample (Table 1)
by sequencing 1,710 base pairs (bp) 59 and 948 bp 39 of the Rpm1
deletion `junction'. Figure 1 shows the genealogy of the junction
region, giving relationships among the 27 A. thaliana alleles and one
allele from the outgroup species A. lyrata. This genealogy differs
signi®cantly from a neutral genealogy in that too many of the
changes fall on the branches separating the two allelic classes relative
to those within allelic classes (Tajima's D (ref. 15) � 3:06,
P , 0:001). Furthermore, sliding-window analysis of allelic and
species divergence across the junction region (Fig. 2) shows a
dramatic peak of polymorphism that is centred at the site of the
Rpm1 disease-resistance polymorphism and that decays on both

sides. The ratio of polymorphism to divergence is signi®cantly
heterogenous across the junction region compared to neutral
expectations (Runs test16, P , 0:005), owing to the peak of poly-
morphism associated with Rpm1. At the junction, divergence
between resistance and susceptibility alleles reaches 11.8%, approxi-
mately equal to the 10.5% average divergence between A. thaliana
and A. lyrata, and similar to species divergence for synonymous and
noncoding sites at other loci17±20. At a substitution rate of 6 3 10 2 9

per site per year21, this level of divergence indicates that the Rpm1
polymorphism arose around 9.8 million years (Myr) ago.

Having rejected neutrality based on the Tajima's D and Runs tests,
we can entertain two alternatives to natural selection maintaining
resistance and susceptibility alleles. One possibility is that many
nucleotide changes occurred in the same mutational event as the
Rpm1 deletion. If this were true then the point mutations should
be associated with the susceptibility allele. However, there are
similar numbers of changes on the resistance and susceptibility
lineages (Fig. 1, x2

1df � 0:44). Even if many point mutations
occurred on both alleles in the individual suffering the Rpm1
deletion of one allele, it is highly improbable that this particular
undeleted resistance allele would have come to replace all other
resistance alleles in the species.

A second alternative is that resistance and susceptibility alleles
originated 9.8 Myr ago in a geographically subdivided population
and have persisted in separate subpopulations until the recent past.
Under this scenario, a signature of haplotypic divergence should be

Table 1 Accession sample Rpm1 genotypes and phenotypes

Accession Origin Genotype Phenotype
vs. AvrRpm1

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

Bur-0 Ireland Rpm1/Rpm1 resistance
Ct-0 Italy Rpm1/Rpm1 resistance
D2-9* N. Carolina, USA Rpm1/Rpm1 resistance
GR-24* Michigan, USA Rpm1/Rpm1 resistance
Kas-1 India Rpm1/Rpm1 resistance
Lc-0 Scotland Rpm1/Rpm1 resistance
Lip-0 Poland Rpm1/Rpm1 resistance
NFC-10* England Rpm1/Rpm1 n.d.
Pog-0 British Columbia, Canada Rpm1/Rpm1 resistance
Tamm-07* Finland Rpm1/Rpm1 n.d.
Tsu-0 Japan Rpm1/Rpm1 resistance
WL2-2* N. Carolina, USA Rpm1/Rpm1 resistance
Wu-0 Germany Rpm1/Rpm1 resistance
Kz-13* Kazakistan Rpm1/rpm1 resistance
AB-27* Indiana, USA rpm1/rpm1 disease
Ang-0 Belgium rpm1/rpm1 disease
Bla-2 Spain rpm1/rpm1 disease
C3-8* N. Carolina, USA rpm1/rpm1 disease
Co-1 Portugal rpm1/rpm1 disease
Cvi-0 Cape Verdi Island rpm1/rpm1 disease
FM-17* New York, USA rpm1/rpm1 disease
HS-12* Massachusetts, USA rpm1/rpm1 disease
Mt-0 Libya rpm1/rpm1 disease
RF-4* Indiana, USA rpm1/rpm1 n.d.
UP-14* Michigan, USA rpm1/rpm1 disease
Zu-0 Switzerland rpm1/rpm1 disease
.............................................................................................................................................................................

Genotypes are presence or absence of Rpm1 determined by PCR. Both alleles of Kz-13
were included in population genetic analyses on the assumption that heterozygosity
resulted from recent outcrossing, so the 26 accession random sample includes 27 alleles.
The observed resistance-allele frequency 0.52 is not sensitive to accessions' source, ®eld
collected (asterisks) versus stock centre, or geographic origin. Phenotypes after innocula-
tion with Pseudomonas syringae DC3000 with AvrRpm1 (see Methods) are resistance,
disease or not determined (n.d.). All lines (except NFC-10, Tamm-07 and RF-4, which were
not tested) exhibited disease when challenged with the control strain, DC3000 without
AvrRpm1.

Bur-0 (R)

D2-9 (R)

NFC-10 (R)

WL2-2 (R)(R)

Wu-0 (R)
Kz-13 (R)

Pog-0 (R)
Ct-1 (R)

Tsu-0 (R)

GR-24 (R)
Lc-0 (R)

1
1

1

1

1
1

1
1

1, r2

1

39 (44, r1)

25

Tamm-07  (R)

Kas-1  (R)
Lip-0  (R)

18 (13, r1)

1, r1

r2

1, r2

Co-1 (S)
Ang-0 (S)

AB-27 (S)
Bla-2 (S)
C3-8 (S)
Cvi-0 (S)

FM-17 (S)
HS-12 (S)
Kz-13 (S)
Mt-0 (S)
RF-4 (S)
UP-14 (S)
Zu-0 (S)

1

1

1

A. lyrata  (R)
128

Figure 1Genealogyof the Rpm1 junction region. Alleles arenamed byaccession,

with Rpm1 genotypes resistance (R) or susceptibility (S) in parentheses. This tree

is one of ®fteen most parsimonious trees, which differ in the branching within the

R allelic class. The divergence between two clusters of R alleles is attributable to a

recombination event (r1) between R and S alleles at the 59 end of the sequenced

region, involving 18 polymorphic sites (13 and 5 placed on the R and S lineages,

respectively). Numbers above branches re¯ect a placement of nucleotide

mutations taking into account two inferred recombination events, r1 (above)

and r2 within the R allelic class. In assuming that mutations shared by non-

recombinant R alleles (Bur-0 cluster) are differences between R and S alleles

rather than within the R allelic class, this placement affects only the results of our

intraclass polymorphisms analysis and is conservative.
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present across the genome. Our own coalescence simulations of
subdivided populations (see Methods) ®nd that the con®guration
of polymorphism at Rpm1 is inconsistent with a subdivision
explanation. Although the haplotypes corresponding to the two
Rpm1 allelic classes extend across the sequenced region, poly-
morphic sites are too clustered within the region. Thus, the Rpm1
sequence data reject the arms-race hypothesis in favour of an
alternative that leads to the selective maintenance of variation for
disease resistance.

Although the arms-race hypothesis cannot explain the divergence
between resistance and susceptibility alleles, a succession of posi-
tively selected resistance alleles is still possible. We examined
divergence between A. lyrata and resistant A. thaliana accession
Col-0 (ref. 3) across the entire Rpm1 coding sequence to look for
an accelerated amino-acid substitution rate indicative of positive
selection14. On the contrary, amino-acid replacements have accu-
mulated at a much slower rate than synonymous changes22

(Ka � 0:028 and K s � 0:13). In addition, the 55 amino-acid sub-
stitutions between the two species are scattered throughout the
coding sequence rather than being associated with the leucine-rich
repeat region, the putative pathogen-recognition domain2,3 (x2

1df �

0:11). Selectively driven turnover of resistance alleles does not
appear to be important in RPM1 protein evolution.

Our data indicate, therefore, that the two alleles at Rpm1
represent a long-lived polymorphism maintained by natural selec-
tion rather than the result of a co-evolutionary arms race. How does
selection act to maintain this polymorphism? Because an Rpm1-null
allele confers susceptibility, ecological trade-offs for allelic resistance
speci®cities cannot apply here. Heterozygote advantage is also ruled
out by A. thaliana's extremely low outcrossing rate23. Maintenance
of this polymorphism therefore requires a balance between selection
for disease resistance and a cost of resistance in the absence of the
pathogen24, and further requires temporal or geographic variation
in selection.

Indeed, variability within allelic classes at Rpm1 suggests tem-
poral variation in selection. For a long-lived polymorphism main-
tained by natural selection at a constant frequency, the number of
linked neutral segregating sites within an allelic class is expected to
be proportional to its frequency13. However, resistance alleles of
Rpm1 segregate for ten times as many polymorphisms as do
susceptibility alleles (30 versus 3), despite the fact that both alleles
are approximately equally frequent. Excluding intraclass poly-
morphisms that may have arisen by rare recombination events
between allelic classes (Fig. 1), we conservatively estimate that
resistance and susceptibility allelic classes have 12 and 3 intraclass
polymorphisms, respectively. Under a model of balancing selection

at a constant frequency (see Methods), these numbers of intraclass
polymorphisms are expected for a resistance-allele frequency of
0.81, a signi®cantly higher value than our worldwide estimate of
0.52. Furthermore, the resistance allelic class contains too many of
the intraclass polymorphisms for a parametric Rpm1 allele fre-
quency of 0.52 (P � 0:0377). The data therefore indicate that the
frequency of resistance at Rpm1 may have ¯uctuated over time.

Temporal variation arises in host±pathogen interactions because
disease spread is more likely when the frequency of resistance is low.
This frequency-dependent selection can lead to the periodic recur-
rence of severe epidemics, causing the frequency of resistance to
cycle11,12. To determine whether frequency-dependent epidemics
can account for the Rpm1 population genetic data, we constructed
and analysed a model describing an A. thaliana±Pseudomonas
interaction. Our model differs from previous models in allowing
Pseudomonas to survive between epidemics in nonpathogenic
populations25. Figure 3 shows model results leading to long-lived
polymorphism and long-period cycles in the frequency of resis-
tance. The cycles attain the observed resistance-allele frequency and
give rise to the observed variability within allelic classes. Our data
are consistent with a model in which variation for disease resistance
is maintained by frequency-dependent selection, and thus provide,
to our knowledge, the ®rst empirical evidence for dynamical
polymorphism, a phenomenon that Hamilton and co-workers5,12

have argued is likely to be widespread and important in the
evolution of sex. Because in this model epidemics alternate with
periods of high host resistance, leading to ceaseless advances and
retreats for both host and pathogen, we use the term `trench warfare'
rather than `arms race' to describe the evolution of this host±
pathogen interaction.

Resistance-allele frequencies in local populations throughout the
northern hemisphere are generally high (Fig. 4), as required for our
model to accommodate the sequence data. A striking exception
is the midwest United States, where resistance-allele frequencies
are much lower than our model predicts. This indicates that the
pathogen recognized by Rpm1 may not be prevalent in the midwest.

We note that our model is deterministic, and in ®nite populations
drift and founder effects can lead to the rapid loss of variation in
local populations, whereas geographic variation can help to main-
tain polymorphism in the species as a whole26. Dynamical poly-
morphism is the hallmark of the trench-warfare hypothesis, but,
considering the effects of drift, trench warfare might not always lead
to the long-term maintenance of variation for disease resistance.
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Thus, the ®nding of a recently evolved disease resistance poly-
morphism in Arabidopsis, Rps2 (ref. 27), is not inconsistent with the
trench-warfare hypothesis. Population genetic studies of additional
disease-resistance loci will be needed to evaluate the generality of
this trench warfare model. Information on the ecological dynamics
and demography of disease resistance provided by these studies
should be valuable in applied contexts. M
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Methods

Plant materials and phenotyping. Seeds of 26 accessions (Table 1) and

A. lyrata were taken from the collections of J.B. and R.M., or received from

the Arabidopsis stock centres. Accessions were phenotyped for Rpm1 disease

resistance by dipping plants in liquid cultures of Pseudomonas syringae DC3000

(control) or DC3000::AvrRpm1 (from J. Dangl), noting resistance response or

disease symptoms after four days8. DNA from 447 individuals representing 40

populations of A. thaliana were assembled from the collections of J.B., R.M. and

N. Miyashita. Seed stocks have been donated to the ABRC. Seeds were

germinated in the greenhouse, and DNA was extracted according to standard

protocols28.

Genotyping. The Rpm1 junction region sequence (J. Dangl and M. Grant,

unpublished data) was extended to 2 kilobases (kb) 59 and 1 kb 39 of the

junction, by inverse PCR, cloning and sequencing of accessions La-er and Nd-0.

We used these sequences to design primers. A three-primer PCR (primers

1190+ TCGTGATTCCATTTGCTTGTA, R1- TCGGGTGTTGTTTTCGTCAT

and S1- GTGGAGCAAAAAGAGATGTG, designed by G. Wichman) gives

alternative products for resistance and susceptibility alleles. Before cloning

and/or sequencing the resistance alleles, the junction region was ampli®ed

using 59 primers (R5J+ CCCCGAGAGGCTGCTGAGAAATGGC and R5I-

CCATCATCAATAGGCGGTAATAATGCTGC) and 39 primers (R3I+ CGGT-

CAAGGGTTAAACACATTCCTGC and R3J- AACGGATCATCATTATTTC-

AAGTACATCACATCGC). Susceptibility alleles were ampli®ed using R5J+

and R3J-. An A. lyrata allele, including the junction region and the intronless

Rpm1 coding sequence, was assembled by shotgun-cloning and sequencing a

long-PCR product (primers R5J+ and R3J-). Cloning was into a modi®ed

pZero 2.1 vector (Strategene), and sequences were generated from PCR

products of multiple colonies. The ¯anking sequences and the A. lyrata coding

sequence have Genbank accession numbers AF122981±AF123027. Aligned

¯anking sequences are available from the author.

Population genetics analyses. We performed Tajima's D test15, sliding

window analyses and silent and replacement divergence22 estimation using

DNAsp29. Runs tests used the DNASlider program16, with recombination

parameters from 0 to 32 (10,000 replicates for conservative recombination

values). Population structure in A. thaliana was studied under a two-sub-

population equilibrium migration model30, conditional on the numbers of

segregating sites, using simulation code from R. Hudson. We chose the

migration parameter to maximize the probability of the homozygosity of

derived mutations in several published datasets17±20.

Balancing selection at a constant frequency was studied over a range of

frequencies by simulation (10,000 replicates), assuming that samples of

14 resistance and 13 susceptibility alleles coalesce independently at rates

proportional to their relative frequencies13 without recombination, and that the

sum of the number of intraclass polymorphisms for the two allelic classes

equals the observed sum of 15. We calculated the mean number of polymor-

phisms and the probability of 12 or more polymorphisms within the resistance

allelic class.

Ecological modelling. In the absence of ®eld observations of interactions

between A. thaliana and Pseudomonas, we based our model on the biology of

each species. Because rpm1 is a deletion, it cannot encode speci®city for an

alternative pathogen. We assume that P. syringae strains that interact with Rpm1

are speci®c to A. thaliana. Given A. thaliana's low heterozygosity28, we assume a

haploid host. We begin with an equation for host resistance allele frequency pt

in generation t,

pt �
pt 2 1

pt 2 1 � v�1 2 pt 2 1��1 2 I�
�1�

v is the ratio of the ®tnesses of uninfected susceptible and resistant individuals

and I is the fraction of infected susceptible individuals. Infected susceptible

individuals are assumed to have zero ®tness, although a low nonzero ®tness

does not affect our results. Importantly, epiphytic populations of Pseudomonas

on non-host plants contribute to subsequent epidemics23. Pathogen density zt

during host generation t is determined by

zt � lK�1 2 pt 2 1�I � gzt 2 1 �2�

Here l is epiphytic population growth between epidemics, K is host population

density, and g is long-term survival of pathogens. We use an SIR model11 to give

the proportion of susceptible individuals that are infected,

I � 1 2 exp�R0I�1 2 pt� � zt =NT � �3�

Here RO is the ®tness of pathogens produced during the epidemic and NT is the

threshold population density.

Re-scaling zt according to Ãzt � zt =NT shows that the dynamics depend only

on v, RO and a parameter ÃRo � lK=NT, the ®tness of pathogens from the

previous epidemic. Costs of resistance average 7%22; therefore, we set

v � 1=0:93 � 1:08. We ®t the model to the ratio of average pairwise distances

within Rpm1 resistance and susceptibility allelic classes pR=pS � 5:71, and to

the sampled resistance-allele frequency 0.52. We calculated the expected ratio of

average pairwise distances within allelic classes using a standard coalescence

formula10, into which we substituted harmonic means of resistance and

susceptibility allele frequencies from model runs of 10,000 generations (dis-

carding transients). The resulting parameter estimates are RO � 1:35,
ÃRo � 2:23 and g � 0:2; the expected ratio of average pairwise distances

within allelic classes is 5.7, and the frequency of resistance lies within 60.05

of the estimated frequency 13% of the time.
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Retrograde amnesia observed following hippocampal lesions in
humans and animals is typically temporally graded1,2, with recent
memory being impaired while remote memories remain intact,
indicating that the hippocampal formation has a time-limited role
in memory storage3,4. However, this claim remains controversial
because studies involving hippocampal lesions tell us nothing
about the contribution of the hippocampus to memory storage if
this region was present at the time of memory retrieval5,6. We
therefore used non-invasive functional brain imaging using

(14C)2-deoxyglucose uptake to examine how the brain circuitry
underlying long-term memory storage is reorganized over time in
an intact brain. Regional metabolic activity in the brain was
mapped in mice tested at different times for retention of a spatial
discrimination task. Here we report that increasing the retention
interval from 5 days to 25 days resulted in both decreased
hippocampal metabolic activity during retention testing and a
loss of correlation between hippocampal metabolic activity and
memory performance. Concomitantly, a recruitment of certain
cortical areas was observed. These results indicate that there is a
time-dependent reorganization of the neuronal circuitry under-
lying long-term memory storage, in which a transitory interaction
between the hippocampal formation and the neocortex would
mediate the establishment of long-lived cortical memory repre-
sentations.

The phenomenon of temporally graded retrograde amnesia
constitutes a major argument for a memory consolidation process
being required for stable memory formation7. Although it is gen-
erally accepted that this process involves a stabilization of synaptic
modi®cations after a learning experience, regardless of which brain
system is involved, it is not yet clear how different systems in an
intact brain reorganize over an extended period of time to support
long-term memory storage8,9. We therefore mapped (14C)2-deoxy-
glucose uptake10 in selected brain regions of the mouse to measure
regional metabolic activity associated with retrieval testing of a
recently versus remotely acquired spatial discrimination task. Our
objective was to understand the roles of the hippocampal formation
and the cortical areas during memory consolidation.

An intrajugular catheter11 was attached to male BALB/c mice that
were trained over nine consecutive daily sessions in an eight-arm
radial maze to discriminate the three arms that were constantly
baited with food from the ®ve arms that were never baited. After a
retention interval of either 5 days (5-day retention group; n � 9) or
25 days (25-day retention group; n � 8), chosen according to data
obtained from previous lesion experiments12, animals were tested
once under the same conditions as the initial acquisition. To
examine whether changes in functional metabolic activity of the
hippocampal formation at the 25-day retention interval are speci-
®cally related to the previously learned information, two additional
groups of mice were tested under different conditions. Animals were
placed either in the same maze as the initial acquisition but with a
different location of food (same context/different arms group;
n � 7) or in a different maze located in a different room (different
context/different arms group; n � 8) with respect to initial acquisi-
tion. Finally, two control groups included mice that were submitted
only to the nine initial training sessions (acquisition group; n � 7)
and mice that were maintained in their home cages (`quiet' control
group; n � 8) during the experimental period. Levels of regional
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Figure 1 Curves showing the progression of spatial discrimination performance

over the nine daily sessions of initial acquisition and the retention performance of

the 5-day (open circles) and 25-day (®lled circles) retention groups. *P , 0:05 as

compared to the 5-day retention group; ²P , 0:005 as compared to chance level.




